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& INTRODUCTION

Often, the medical student will cringe at the “drudgery” of the basic science
courses and see little connection between a field such as biochemistry and clin-
ical problems. Clinicians, however, often wish they knew more about the basic
sciences, because it is through the science that we can begin to understand the
complexities of the human body and thus have rational methods of diagnosis
and treatment.

Mastering the knowledge in a discipline such as biochemistry is a formidable
task. It is even more difficult to retain this information and to recall it when the
clinical setting is encountered. To accomplish this synthesis, biochemistry is
optimally taught in the context of medical situations, and this is reinforced later
during the clinical rotations. The gulf between the basic sciences and the patient
arena is wide. Perhaps one way to bridge this gulf is with carefully constructed
clinical cases that ask basic science-oriented questions. In an attempt to achieve
this goal, we have designed a collection of patient cases to teach biochemistry
related points. More importantly, the explanations for these cases emphasize the
underlying mechanisms and relate the clinical setting to the basic science data.
We explore the principles rather than emphasize rote memorization.

This book is organized for versatility: to allow the student “in a rush” to go
quickly through the scenarios and check the corresponding answers and to
provide more detailed information for the student who wants thought-provoking
explanations. The answers are arranged from simple to complex: a summary
of the pertinent points, the bare answers, a clinical correlation, an approach to
the biochemistry topic, a comprehension test at the end to reinforcement or
emphasis, and a list of references for further reading. The clinical cases are
arranged by system to better reflect the organization within the basic science.
Finally, to encourage thinking about mechanisms and relationships, we inten-
tionally did not primarily use a multiple-choice format. Nevertheless, several
multiple-choice questions are included at the end of each scenario to reinforce
concepts or introduce related topics.

HOW TO GET THE MOST OUT OF THIS BOOK

Each case is designed to introduce a clinically related issue and includes open-
ended questions usually asking a basic science question, but at times, to break
up the monotony, there will be a clinical question. The answers are organized
into four different parts:

Xiii
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xiv INTRODUCTION

PART I

1. Summary

2. A straightforward answer is given for each open-ended question.

3. Clinical Correlation—A discussion of the relevant points relating the
basic science to the clinical manifestations, and perhaps introducing
the student to issues such as diagnosis and treatment.

PART 11

An approach to the basic science concept consisting of three parts

1. Objectives—A listing of the two to four main principles that are criti-
cal for understanding the underlying biochemistry to answer the ques-
tion and relate to the clinical situation

2. Definitions of basic terminology

3. Discussion of topic

PART III

Comprehension Questions—FEach case includes several multiple-choice
questions that reinforce the material or introduces new and related concepts.
Questions about the material not found in the text are explained in the answers.

PART IV

Biochemistry Pearls—A listing of several important points, many clinically
relevant reiterated as a summation of the text and to allow for easy review,
such as before an examination.



Applying the Basic
Sciences to Clinical
Medicine

Part 1. Approach to Learning Biochemistry
Part 2. Approach to Disease

Part 3. Approach to Reading
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APPLYING THE BASIC SCIENCES TO CLINICAL MEDICINE 3

PART 1. APPROACH TO LEARNING BIOCHEMISTRY

Biochemistry is best learned by a systematic approach, first by learning the
language of the discipline and then by understanding the function of the var-
ious processes. Increasingly, cellular and molecular biology play an important
role in the understanding of disease processes and also in the treatment of dis-
ease. Initially, some of the terminology must be memorized in the same way
that the alphabet must be learned by rote; however, the appreciation of the way
that the biochemical words are constructed requires an understanding of mech-
anisms and a manipulation of the information.

PART 2. APPROACH TO DISEASE

Physicians usually tackle clinical situations by taking a history (asking ques-
tions), performing a physical examination, obtaining selective laboratory and
imaging tests, and then formulating a diagnosis. The conglomeration of the
history, physician examination, and laboratory tests is called the clinical data-
base. After reaching a diagnosis, a treatment plan is usually initiated, and the
patient is followed for a clinical response. Rational understanding of disease
and plans for treatment are best acquired by learning about the normal human
processes on a basic science level; likewise, being aware of how disease alters
the normal physiologic processes is understood on a basic science level.

PART 3. APPROACH TO READING

There are six key questions that help to stimulate the application of basic sci-
ence information to the clinical setting. These are:

1. What is the most likely biochemical mechanism for the disease
causing the patient’s symptom or physical examination finding?

2.  Which biochemical marker will be affected by treating a certain
disease, and why?

3. Looking at graphical data, what is the most likely biochemical
explanation for the results?

4. Based on the deoxyribonucleic acid (DNA) sequence, what is the

most likely amino acid or protein result, and how will it be mani-

fest in a clinical setting?

What hormone-receptor interaction is likely?

6. How does the presence or absence of enzyme activity affect the bio-
chemical (molecular) conditions, and how does that in turn affect
the patient’s symptoms?

g

1. What is the most likely biochemical mechanism for the disease
causing the patient’s symptom or physical examination finding?
This is the fundamental question that basic scientists strive to
answer—the underlying cause of a certain disease or symptom. Once
this underlying mechanism is discovered, then progress can be made
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regarding methods of diagnosis and treatment. Otherwise, our attempts
are only empiric, in other words, only by trial and error and observation
of association. Students are encouraged to think about the mechanisms
and underlying cause rather than just memorizing by rote. For example,
in sickle cell disease, students should connect the various facts together,
setting the foundation for understanding disease throughout their life:

In sickle cell disease, valine (a hydrophobic amino acid) is substi-
tuted for glutamate (a charged, hydrophilic amino acid) in the sixth
position in the B-globin chain of hemoglobin (Hb). This decreases the
solubility of hemoglobin when it is in the deoxygenated state, resulting
in its precipitation into elongated fibers in the red blood cell.

This causes the red blood cell to have less distensibility and thus to
sickle, leading to rupture of the red blood cell (hemolysis) and block-
age in small capillaries. The sludging in small capillaries leads to poor
oxygen delivery, ischemia, and pain.

Which biochemical marker will be affected by therapy?

After a diagnosis has been made and therapy initiated, then the
patient response should be monitored to assure improvement. Ideally,
the patient response should be obtained in a scientific manner: unbi-
ased, precise, and consistent. Although more than one physician or
nurse may be measuring the response, it should be as carefully per-
formed with little inter- (one person to the next) or intravariation (one
person measuring) as possible. One of the therapeutic measures
includes serum or imaging markers; for example, in diabetic ketoaci-
dosis, the serum glucose and pH would be measured to confirm
improvement with therapy. Another example would be to follow the
volume of a pulmonary mass imaged by CT scan after chemotherapy.
The student must know enough about the disease process to know
which marker to measure and the expected response over time.
Looking at graphical data, what is the most likely biochemical
explanation for the results?

Medicine is art and science. The art aspect consists of the way that the
physician deals with the human aspect of the patient, expressing empathy,
compassion, establishing a therapeutic relationship, and dealing with
uncertainty; the science is the attempts to understand disease processes,
making rational treatment plans, and being objective in observations. The
physician as scientist must be precise about how to elicit data and then
carefully make sense of the information, using up-to-date evidence.
Exercises to develop the skills of data analysis require interpretation of
data in various representations, such as in tables or on graphs.

Based on the DNA sequence, what amino acid or protein would be
produced, and how would the protein be manifested in a clinical
setting?

The clinician—-basic scientist collaboration requires each party to
“speak the same language” and translate forward and backward from
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science to clinical, and vice versa. Biochemical thinking is very step-
wise, for example, the relationship among DNA, ribonucleic acid
(RNA), proteins, and clinical findings. Since the genomic information
(DNA) codes for proteins that affect physiologic or pathologic
changes, it is of fundamental importance that the student becomes very

comfortable thinking about these relationships:

Forward: DNA — proteins — Clinical Manifestations
Backward: Clinical Findings — proteins’ effects — DNA

5. What hormone-receptor interaction is likely?

A hormone is a substance, usually a peptide or steroid, produced by
one tissue and conveyed by the bloodstream to another part of the body
to effect physiological activity, such as growth or metabolism. A
receptor is a cellular structure that mediates between a chemical agent
(hormone) and the physiologic response. The way that the hormone
causes its effect is vital to understand, because many diseases occur as
a result of abnormal hormone production, abnormal hormone receptor
interaction, or abnormal cellular response to the hormone-receptor
complex. For example, diabetes mellitus is manifest clinically by high
blood glucose levels. However, in type I diabetes (usually juvenile
onset), the etiology is insufficient insulin secreted by the pancreas.
(Insulin acts to put serum glucose into cells or store it as glycogen.) In
contrast, the mechanism in type II diabetes (usually adult onset) is a
defect of the insulin receptor messenger; in fact, the insulin levels in
these individuals are usually higher than normal. Understanding the
difference between the two mechanisms allows the scientist to
approach individualized therapy, and it allows the clinician to under-
stand the differences in these patients, such as the reason that type I
diabetics are much more prone to diabetic ketoacidosis (because of

insulin deficiency).

6. How does the presence or absence of enzyme activity affect the bio-
chemical (molecular) conditions, and how does that in turn affect

patient symptoms?

Enzymes are proteins that act as catalysts, speeding the rate at which
biochemical reactions proceed but not altering the direction or nature
of the reactions. The presence or absence of these important substances
affects the biochemical conditions, which then influence the other
physiologic processes in the body. Enzyme deficiencies are often
inherited as autosomal recessive conditions and may be passed from
parent to child. Clearly, when students begin to understand the role of
the enzyme and the chemical reaction that it governs, they begin to

understand the intricacies of the human biological processes.
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BIOCHEMISTRY PEARLS

#®  There are six key questions to stimulate the application of basic sci-
ence information to the clinical arena.

*®  Medicine consists of both art and science.

#®  The scientific aspect of medicine seeks to gather data in an objective

manner, understand physiologic and pathologic processes in light
of scientific information, and propose rational explanations.

#®  The skilled clinician must be able to translate back and forth between
the basic sciences and the clinical sciences.

REFERENCE

Braunwald E, Fauci AS, Kasper KL, et al., eds. Harrison’s Principles of Internal
Medicine, 15th ed. New York: McGraw-Hill, 2001.
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< CASE 1

A 15-year-old African-American female presents to the emergency room with
complaints of bilateral thigh and hip pain. The pain has been present for 1 day
and is steadily increasing in severity. Acetaminophen and ibuprofen have not
relieved her symptoms. She denies any recent trauma or excessive exercise.
She does report feeling fatigued and has been having burning with urination
along with urinating frequently. She reports having similar pain episodes in the
past, sometimes requiring hospitalization. On examination, she is afebrile
(without fever) and in no acute distress. No one in her family has similar
episodes. Her conjunctiva and mucosal membranes are slightly pale in col-
oration. She has nonspecific bilateral anterior thigh pain with no abnormalities
appreciated. The remainder of her examination is completely normal. Her
white blood cell count is elevated at 17,000/mm?, and her hemoglobin (Hb)
level is decreased at 7.1 g/dL. The urinalysis demonstrated an abnormal num-

ber of numerous bacteria.
© What is the most likely diagnosis?
© What is the molecular genetics behind this disorder?

© What is the pathophysiologic mechanism of her symptoms?
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ANSWERS TO CASE 1: SICKLE CELL DISEASE

Summary: A 15-year-old African-American female with recurrent bilateral
thigh and hip pain, anemia, and symptoms and laboratory evidence of a urinary
tract infection.

© Most likely diagnosis: Sickle cell disease (pain crisis).

@ Biochemical mechanism of disease: Single amino acid substitution on
hemoglobin beta chain, inherited in an autosomal recessive fashion (1 of
12 African Americans in United States are carriers of the trait).

@ Pathophysiologic mechanism of symptoms: The sickled red blood
cells cause infarction of bone, lung, kidney, and other tissue from
vasoocclusion.

CLINICAL CORRELATION

This 15-year-old female’s description of her pain is typical of a sickle cell pain
crisis. Many times, infection is a trigger, most commonly pneumonia or a urinary
tract infection. This case is consistent with a urinary tract infection, indicated by
her symptoms of urinary frequency, and burning with urination (dysuria). Her
white blood cell count is elevated in response to the infection. The low hemo-
globin level is consistent with sickle cell anemia. Since she is homozygous
(both genes coding for sickle hemoglobin), both her parents have sickle cell
trait (heterozygous) and thus do not have symptoms. The diagnosis can be
established with hemoglobin electrophoresis. Treatment includes searching for
an underlying cause of crisis (infection, hypoxia, fever, excessive exercise, and
extreme changes in temperature), administration of oxygen, intravenous fluids
for hydration, pain management, and consideration of a blood transfusion.

APPROACH TO SICKLE CELL DISEASE

Objectives

1. Understand the primary, secondary, tertiary, and quaternary levels of
protein structure.

2. Be able to describe the structure of hemoglobin and its role in oxygen
binding and dissociation.

3. Be able to describe the mechanism that amino acid substitution results
in sickle cell hemoglobin.
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Definitions

Allosteric effectors: Molecules that bind to enzymes or protein carriers at
sites other than the active or ligand binding site. On binding, allosteric
effectors either positively or negatively affect the enzymatic activity or
capability of the protein to bind its ligand.

Globin: The globular proteins that are the polypeptide components of myo-
globin and hemoglobin. They contain a hydrophobic pocket that holds
the heme prosthetic group.

Globin fold: The three-dimensional structure of the proteins that is com-
mon to myoglobin and the subunits of hemoglobin.

Heme: A porphyrin ring that has a Fe*? ion coordinately bound in the cen-
ter of the molecule. Heme binds oxygen in hemoglobin and myoglobin
and serves as an electron carrier in the cytochromes.

Hemoglobin: The tetrameric protein in high concentration in red blood
cells that binds oxygen in the capillaries of the lungs and delivers it to
peripheral tissues. Each globin subunit contains a heme group that binds
oxygen when the iron atom is in the ferrous (+2) oxidation state.

Myoglobin: A protein having a single globin polypeptide with a bound
heme group. It is located primarily in muscle cells and stores oxygen for
times when there is a high demand for energy.

Protein primary (I°) structure: The amino acid sequence of the protein,
listed from the amino-terminal amino acid to the carboxy-terminal amino
acid.

Protein secondary (II°) structure: The local three-dimensional spatial
arrangement of amino acids close to one another in the primary
sequence. o-Helices and B-sheets are the predominant secondary struc-
tures in proteins.

Protein tertiary (III°) structure: The overall three-dimensional structure
of a single polypeptide chain, including positions of disulfide bonds.
Noncovalent forces such as hydrogen bonding, electrostatic forces, and
hydrophobic effects are also important.

Protein quaternary (I'V°) structure: The overall three-dimensional arrange-
ment of polypeptide subunits in a multi-subunit protein.

DISCUSSION

The activity of a given protein is dependent on proper folding of its polypep-
tide chain to assume a defined three-dimensional structure. The importance
of protein folding to molecular medicine is emphasized by the fact that many
disease-causing mutations do not directly affect the active or ligand binding
site of proteins, but instead cause local or global alterations in protein struc-
ture or disrupt the folding pathway such that the native protein fold is not
achieved, or undesirable interactions with other proteins are promoted. The
molecular defect that changes adult hemoglobin (HbA) to sickle hemoglobin
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(HbS), leading to sickle cell anemia, is a classic example of mutations that
affect protein structure.

Protein structure is typically classified as consisting of four levels: primary
(I°), secondary (II°), tertiary (III°), and quaternary (IV°®). Primary struc-
ture is the sequence of amino acids in the protein. Secondary structure is
the local three-dimensional spatial arrangement of amino acids that are
close to one another in the primary sequence. o-Helices and B-sheets com-
pose the majority of secondary structures in all known proteins. Tertiary
structure is the spatial arrangement of amino acid residues that are far
apart in the linear primary sequence of a single polypeptide chain, and it
includes disulfide bonds and noncovalent forces. These noncovalent forces
include hydrogen bonding, which is also the primary stabilization force for
the formation of o-helices and B-sheets, electrostatic interactions, van der
Waals forces, and hydrophobic effects. Quaternary structure is the manner
in which subunits of a multi-subunit protein are arranged with respect to
one another.

Normal hemoglobin has four subunits called globins. Adult hemoglobin
has two o (¢, and a.,) and two B (B, and B,) globin chains. Each globin chain
has an associated heme prosthetic group, which is the site of oxygen binding
and release. All globin chains have similar primary sequences. The secondary
structure of globin chains consists of approximately 75 percent a-helix. The
similar primary sequence promotes a similar tertiary structure in all globins
that is called the globin fold, which is compact and globular in overall con-
formation. The quaternary structure of HbA can be described as a dimer
of o, B, and a0, dimers. The o dimers move relative to one another during
the binding and release of oxygen.

Hemoglobin must remain soluble at high concentrations within the red
blood cell to support normal oxygen binding and release properties. This is made
possible by a distribution of amino acid side chains in which hydrophobic
residues are sequestered in the interior core of the folded globin subunits,
while hydrophilic residues dominate the water-exposed surface of the globin
fold. The disk-shaped heme prosthetic group is inserted into a hydrophobic
pocket formed by the globin.

Hemoglobin, and the homologous monomeric protein myoglobin (Mb),
both bind and release oxygen as a function of the surrounding concentration,
or partial pressure of oxygen. A plot of percent saturation of Hb or Mb with
oxygen versus the partial pressure of oxygen is called the oxygen dissociation
curve. Unlike Mb, which has a simple hyperbolic oxygen dissociation curve
typical of ligand binding to a monomeric protein, the quaternary structure
of HbA allows it to bind oxygen with positive cooperativity giving a sig-
moidal oxygen dissociation curve (Figure 1-1). Essentially, binding of oxygen
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Figure 1-1. Oxygen saturation curves for hemoglobin and myoglobin.

to one HbA subunit increases the affinity of binding to other subunits in the
tetramer, thereby shifting the equilibrium between oxy and deoxy forms. The
net effect of this cooperativity is that HbA is able to release oxygen, whereas
Mb globin would be most saturated with oxygen at the partial pressure of oxy-
gen normally found in resting peripheral tissues. The quaternary structure of
HDbA also allows it to respond to 2,3-bisphosphoglycerate, carbon dioxide,
and hydrogen ion, all of which are heterotropic negative allosteric effec-
tors of oxygen binding.

Sickle cell anemia results from the nonconservative substitution of valine
for glutamate at residue 6 (Val-6) in the B-chain of hemoglobin. The
mutated hemoglobin is called HbS. The intrinsic oxygen binding properties of
HbA and HbS are the same, however, the solubility of deoxy HbS is reduced
because of exposure of Val-6 at the surface of the B-chain. Since hemoglobin
is present at very high concentrations in the red blood cell, deoxy HbS will
precipitate inside the cell. The precipitate takes the form of elongated fibers
because of the association of complementary hydrophobic surfaces on the - and
a-chains of deoxy HbS. At oxygen saturations found in arterial blood, the oxy
HbS predominates and HbS does not precipitate because Val-6 of the B-chain
is not exposed to the surface.

The tendency for deoxy HbS to precipitate is why clinical manifestations of
sickle cell anemia are brought on by exertion and why treatment includes
administration of oxygen. The stiff fibrous precipitate causes the red blood
cell to deform into the characteristic sickle shape and makes the normally mal-
leable cell susceptible to hemolysis.
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COMPREHENSION QUESTIONS

[1.1]

[1.3]

A newly married African-American couple, both from families having
histories of good health, are about to have a child. If the incidence of
the sickle cell trait is approximately 1/12 among persons of African
descent in the United States, what is the chance that they will give birth
to a child that is affected by sickle cell disease?

A. 1/12
B. 1/24
C. 1/96
D. 1/288
E. 1/576

A 25-year-old African-American male with sickle cell anemia, who has
been hospitalized several times for painful sickle cell crises, has suc-
cessfully been free of these crises since he has been on hydroxyurea
therapy. Treatment with hydroxyurea results in which of the following?

An increase in the oxygen affinity of HbS

An increase in the levels of hemoglobin F (HbF) in red blood cells
A decreased cooperativity in oxygen binding by HbS

A posttranslational modification of HbS that prevents polymerization
. A decreased ability of HbS to bind 2,3-bisphosphoglycerate (2,3-
BPG)
A pregnant woman is able to transfer oxygen to her fetus because fetal
hemoglobin has a greater affinity for oxygen than does adult hemoglo-
bin. Why is the affinity of fetal hemoglobin for oxygen higher?

oaw»

™

A. The tense form of hemoglobin is more prevalent in the circulation
of the fetus.

B. There is less 2,3-BPG in the fetal circulation as compared to maternal
circulation.

C. Fetal hemoglobin binds 2,3-BPG with fewer ionic bonds than the
adult form.

D. The Bohr effect is enhanced in the fetus.

E. The oxygen-binding curve of fetal hemoglobin is shifted to the right.

Answers

[1.1]

E. Since sickle cell anemia has an autosomal recessive inheritance
pattern and the incidence in the United States to persons of African
descent is approximately 1/12, then each parent has a 1/12 chance of
being a carrier. Since it is an autosomal recessive gene, then their off-
spring would have a 1/4 chance of being homozygous if both of their
parents were also carriers. Thus, the chances of having a child with
the sickle cell trait is (1/12)(1/12)(1/4) or 1/576.
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[1.2]

[1.3]

B. By inhibiting the enzyme ribonucleotide reductase, hydroxyurea
has been shown to increase the levels of fetal Hb (HbF, a,y,) by
mechanisms not fully understood. The increase in HbF concentra-
tions has the effect of decreasing HbS levels in the red blood cell. The
increased concentration of HbF disrupts the polymerization of HbS
and decreases the incidence of sickle cell crises. Hydroxyurea does
not affect either the oxygen affinity or cooperativity of oxygen bind-
ing of HbS, nor does it react with HbS to cause a posttranslational
modification or affect 2,3-BPG binding.

C. In adult hemoglobin 2,3-BPG binds to ionized residues in the
interface between the two B-chains, thus decreasing the oxygen affin-
ity. The y-chains of fetal hemoglobin have fewer ionized residues in
the corresponding interface and bind 2,3-BPG with less affinity,
which allows for a greater binding affinity for oxygen.

R/
L. %4

R/
L. %4

R/
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BIOCHEMISTRY PEARLS

The quaternary structure of HbA allows it to bind oxygen with pos-

Sickle cell anemia results from the nonconservative substitution

Precipitation of HbS is more likely to occur from exertion and deoxy-

The stiff fibrous precipitate of HbS causes the red blood cell to

itive cooperativity giving a sigmoidal oxygen dissociation curve.

of valine for glutamate at the sixth residue of the P-chain of
hemoglobin.

genation. Treatment consists therefore of oxygen and hydration.

deform into the characteristic sickle shape and makes the nor-
mally malleable cell susceptible to hemolysis.
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< CASE 2

A 21-year-old college student presents to the clinic complaining of a sudden
onset of chills and fever, muscle aches, headache, fatigue, sore throat, and
painful nonproductive cough 3 days prior to fall final exams. Numerous friends
of the patient in the dormitory reported similar symptoms and were given the
diagnosis of influenza. He said that some of them were given a prescription
for ribavirin. On examination, he appears ill with temperature 39.4°C (103°F).
His skin is warm to the touch, but no rashes are appreciated. The patient has

mild cervical lymph node enlargement but otherwise has a normal examination.
© What is the most likely diagnosis?
© What is the biochemical mechanism of action of ribavirin?

© What is the genetic make up of this infectious organism?
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ANSWERS TO CASE 2: RIBAVIRIN AND INFLUENZA

Summary: A college student complains of the sudden onset of fever, chills,
malaise, nonproductive cough, and numerous sick contacts in the fall season.

@ Likely diagnosis: Acute influenza infection

@ Biochemical mechanism of action of ribavirin: A nucleoside
analogue with activity against a variety of viral infections

@ Genetic makeup of organism: Ribonucleic acid (RNA) respiratory virus

CLINICAL CORRELATION

This 21-year-old college student has the clinical clues suggestive of acute
influenza. Typically, the illness occurs in the winter months with an acute onset
of fever, myalgias (muscle aches), headache, cough, and sore throat. Usually,
there are outbreaks with many individuals with the same symptoms. This patient
is young and healthy, and antiviral therapy is not mandatory. The best way to pre-
vent the infection is by influenza vaccination, usually given in October or
November of each year. Because of the antigenic changes of the virus, a new vac-
cine must be given each year. Patients who are at especially high risk for severe
complications or death should receive the vaccine each year. These include the
elderly and people with asthma, chronic lung disease, human immunodeficiency
virus (HIV) infection, diabetes, or chronic renal insufficiency.

APPROACH TO THE USE OF RIBAVIRIN IN INFLUENZA

Objectives

1. Know the structure of deoxyribonucleic acid (DNA) and RNA.

2. Understand the processes of denaturation, renaturation, and hybridiza-
tion of DNA.

3. Know the differences between RNA and DNA.

4. Be familiar with the differences between human and viral/bacterial
DNA and RNA.

Definitions

Base pairing: The hydrogen bonds formed between complementary bases
that are part of the polynucleotide chains of nucleic acids. The base pair-
ing is specific in that adenine will base pair with thymine (uracil in
RNA) and guanine will pair with cytosine.

Chargaff rule: the amount of adenine and thymine in DNA is equal; the
amount of cytosine and guanine are equal. (A =T, C = G). The amount
of purines equals the amount of pyrimidines.
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Helicase: An enzyme that will catalyze the separation of the strands of the
DNA double helix during replication.

Nucleoside: A nitrogenous base (purines such as adenine or guanine;
pyrimidines such as uracil, thymine, or cytosine) in an N-B-glycosidic
linkage to a pentose sugar (deoxyribose in DNA and ribose in RNA).

Nucleotide: A nucleoside that has a phosphoester bond to one of the
hydroxyl groups of the pentose sugar.

Polymerase: An enzyme that will add nucleotides to a growing nucleic
acid chain using a template strand to determine which nucleotide is
added. A nucleoside triphosphate condenses with the growing strand
releasing pyrophosphate.

Ribavirin: 1-B-p-ribofuranosyl-1H-1,2,4-triazole-3-carboxamide; a purine
nucleoside analog that exhibits antiviral activity against a broad spec-
trum of DNA and RNA viruses.

DISCUSSION

DNA and RNA are both polymers of nucleosides joined by 3’,5’-phospho-
diester linkages. Each nucleoside consists of a heterocyclic nitrogenous
base in a glycosidic link with a pentose sugar. The backbone of both DNA
and RNA is formed by the phosphate bridges between the 3’-hydroxyl
group of one pentose and the 5-hydroxyl group of another. The nitroge-
nous bases form the “side chains.”” DNA contains the bases adenine (A),
guanine (G), cytosine (C), and thymine (T), whereas RNA contains A,
G, and C but has uracil (U) instead of T. The pentose sugar in DNA is
2’-deoxyribose, whereas in RNA it is ribose.

The most stable DNA structure is formed when two polynucleotide
chains are joined by hydrogen bonding between the side chain bases. The
base pairing is specific in that adenine forms hydrogen bonds with thymine,
whereas guanine forms hydrogen bonds with cytosine. The result is an
antiparallel double helix in which one polynucleotide strand runs in the
5’ to 3’ direction, while the other runs in the 3’ to 5’ direction. The phosphate
groups are located on the outside of the double helix with the base pairs
forming the “stair steps” in the center of the spiral. RNA, on the other hand,
is usually single stranded (the exception is certain RNA viruses), but the
strand can loop back on itself and form regions of base pairing (A with U
and G with C). The presence of the hydroxyl group at the 2’-position makes
RNA much more susceptible to hydrolysis and decreases its stability.

The double helical structure of DNA must be disrupted during almost all
biological processes in which it participates, including DNA replication and
repair, as well as transcription of the DNA sequence information to RNA.
Experimentally, the double helix can be separated, or denatured, by
increasing the temperature to well above 50°C (122°F). If the temperature is
carefully decreased, renaturation occurs when the base pairs reform. Under
these conditions, hybridization can be induced by allowing the single strands
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of DNA form base pairs with complementary base sequences on another
strand of DNA or RNA. During replication, repair and transcription, complex
proteins (helicases during DNA replication, RNA polymerase during tran-
scription) cause the separation of the two strands.

The cellular DNA and RNA polymerases of higher organisms are much
more accurate than those of viruses because of their high specificities and, in the
case of DNA polymerases, proofreading capabilities. This accounts for the high
degree of mutation in viruses. However, this can have therapeutic advantages.

Ribavirin (1-B-p-ribofuranosyl-1H-1,2,4-triazole-3-carboxamide) is a
purine nucleoside analog exhibiting in vitro antiviral activity against a broad
spectrum of DNA and RNA viruses. Ribavirin has shown clinical efficacy
against both influenza A and B viruses. This antiviral activity is a result of the
resemblance of this compound to nucleosides. Studies showed that ribavirin
most closely resembles guanosine, as determined by x-ray crystallography
(Figure 2-1). Once in cells, ribavirin is converted to its 5’-phosphate deriva-
tives by cellular enzymes. The major metabolite is ribavirin-5’-triphosphate
(RTP), and the intracellular concentration of the mono-, di-, and triphosphate
derivatives probably is similar to that of other cellular nucleotides. Although
not all polymerase/replication systems use ribavirin as they do guanosine, it
has been shown that many of the systems that are inhibited by ribavirin are
reversed by the addition of guanosine.

Until 2001, it was thought that the mechanism of action of ribavirin
involved a decrease in cellular guanosine triphosphate (GTP) pools result-
ing from inhibition of inosine monophosphate dehydrogenase by ribavirin
monophosphate. More recently, the mechanism of action for ribavirin has
been expanded to include lethal mutagenesis of the viral genome as a result of
ribavirin triphosphate utilization by the error-prone viral RNA-dependent
RNA polymerase, and incorporation of ribavirin into viral RNA.

(o] (o]
N
¢ %NHZ </ NH
N’N /
HO-CH, HO- CH
Ribavarin Guanosine

Figure 2-1. Comparison of the structures of ribavirin (1-f-D-ribofuranosyl-
1H-1,2,4-triazole-3-carboxamide) with the purine nucleoside guanosine.
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Figure 2-2. The pseudo base (1,2,4-triazole 3-carboxamide) of ribavirin pairs
equivalently with cytosine and uracil. R denotes the polyribonucleotide strand.

In 2001 a critical study published in Nature Medicine showed in vitro use
of ribavirin triphosphate by a model viral RNA polymerase, poliovirus 3D pol.
Ribavirin incorporation is mutagenic, because it serves as a template for
incorporation of cytidine and uridine with equal efficiency (Figure 2-2).
Ribavirin reduces infectious poliovirus production to as little as 0.00001 percent
in cell culture. The antiviral activity of ribavirin correlates directly with its
mutagenic activity. These data indicate that ribavirin forces the virus into
“error catastrophe.” This study reveals a new concept about nucleoside analogs,
that is, mutagenic ribonucleosides may represent an important class of anti-RNA
virus agents.

RNA viruses like HIV and the influenza virus use a naturally high
mutation rate of their RNA polymerases with low fidelity for replication to
avoid and escape most treatments and vaccines. A RNA virus tends to mis-
takenly insert ribavirin into newly synthesized copies of their RNA genome.
But ribavirin adds so many extra mutations to the virus during the replication
of its genetic materials, it induces a flood of mutations and thus pushes the
virus into a kind of genetic meltdown.

COMPREHENSION QUESTIONS

[2.1] Influenza virus is a class Vb virus, which means that it has a single (-)-
stranded RNA for its genome. Which of the following best describes
the immediate fate of this (—)-RNA when the virus enters the host cell?

A. Tt is used directly to encode viral proteins.

B. It is used as a template to synthesize a (+)-strand viral messenger
RNA (mRNA).

C. Itis used as a template to synthesize viral DNA.

D. Itis converted to a provirus.

E. Itis integrated into the host cell genome.
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[2.2]

[2.3]

If a double-stranded DNA molecule undergoes two rounds of replica-
tion in an in vitro system that contains all of the necessary enzymes and
nucleoside triphosphates that have been labeled with 3?P, which of the
following best describes the distribution of radioactivity in the four
resulting DNA molecules?

A. Exactly one of the molecules contains no radioactivity.

B. Exactly one of the molecules contains radioactivity in only one
strand.

C. Two of the molecules contain radioactivity in both strands.

D. Three of the molecules contain radioactivity in both strands.

E. All four molecules contain radioactivity in only one strand.

A 48-year-old man has had a lengthy history of skin cancer. In the past
6 years he has had over 30 neoplasms removed from sun-exposed areas
and has been diagnosed with xeroderma pigmentosum. Which of the
following best describes the enzymatic defect in patients with xero-
derma pigmentosum?

DNA polymerase o
DNA polymerase y
DNA ligase

Excision repair enzymes
RNA polymerase 111

moNw

Answers

[2.1]

[2.2]

[2.3]

B. Class Vb viruses, since they have a minus single-stranded RNA
genome, cannot use their genomic RNA directly to encode viral pro-
teins. It is used to synthesize a (+)-stranded viral mRNA that is then
used to encode the viral proteins. The influenza virus does this by the
following mechanism: a virus-specific polymerase first cleaves an
oligonucleotide from a host cell mRNA. It uses this as a primer that
is elongated by the polymerase to synthesize the viral (+)-mRNA
using the (—)-viral RNA genome as the template.

C. After two rounds of replication using *?P-labeled nucleoside triphos-
phates (N'TPs), all four DNA molecules will be radioactive; two will be
radioactive in both strands, two will be radioactive in only one strand.

D. Xeroderma pigmentosum is a genetic disease in which the ability
to remove pyrimidine dimers caused by exposure to UV light is
impaired. The mechanism used to remove these pyrimidine dimers
(also used to repair DNA that has formed adducts with carcinogenic
compounds) is excision repair. The enzymes used in this repair mech-
anism cleave the affected strand on either side of damaged nucleotides.
The oligonucleotide containing the damaged nucleotides is removed
and the gap is filled in by DNA polymerase and DNA ligase.
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#®  The most stable DNA structure is formed when two polynucleotide
chains are joined by hydrogen bonding between the side chain
bases. The base pairing is specific in that adenine pairs with
thymine and guanine pairs with cytosine (A-T; G-C)

X Experimentally, the double helix can be separated, or denatured, by
increasing the temperature to well above 50°C (122°F); if the
temperature is carefully decreased, renaturation occurs when the
base pairs reform.

#®*  Ribavirin is a purine nucleoside analog exhibiting in vitro antiviral
activity against a broad spectrum of DNA and RNA viruses,
including clinical efficacy against both influenza A and B virus.

#®*  Ribavirin seems to cause mutagenic changes to RNA viruses, with
ribavirin being inserted into newly synthesized copies of their
RNA genome.
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< CASE3

A 32-year-old female is being treated with methotrexate for a recently diag-
nosed choriocarcinoma of the ovary, and presents with complaints of oral
mucosal ulcers. The patient recalls being advised not to take folate-containing
vitamins during therapy. An uncomplicated surgical exploration was per-
formed 5 weeks ago with removal of the affected ovary. The patient has been
taking methotrexate for 2 weeks and has never had any of the above symptoms
before. On examination, patient was afebrile and appeared ill. Several mucosal
ulcers were seen in her mouth. The patient also had some upper abdominal
tenderness. Her platelet count is decreased at 60,000/mm? (normal 150,000 to

450,000/mm?).
© What is the most likely etiology of her symptoms?
© What is the biochemical explanation of her symptoms?

© What part of the cell cycle does methotrexate act on?
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ANSWERS TO CASE 3: METHOTREXATE
AND FOLATE METABOLISM

Summary: A 32-year-old female has oral ulcerations and thrombocytopenia (low
platelet count) after beginning methotrexate initiated for recently diagnosed
ovarian cancer. She recalls being instructed to avoid folate during therapy.

@ Likely cause of her symptoms: Side effects of methotrexate
(antimetabolite chemotherapy) affecting rapidly dividing cells such as
oral mucosa.

4 Biochemical explanation of her symptoms: Related to effects of
methotrexate on cell cycle of all cells (particularly rapidly dividing cells).
Folate antagonists inhibit dihydrofolate reductase (tetrahydrofolate needed
for purine synthesis).

@ Cell cycle affected by methotrexate: Deoxyribonucleic acid (DNA)
synthesis (S) phase.

CLINICAL CORRELATION

Chemotherapeutic agents are used to treat various types of cancers. Although
some are specific for cancer cells, most chemotherapeutic agents are toxic for
both normal and cancer cells. Methotrexate acts as a folate antagonist, affect-
ing DNA synthesis. Because cancer cells divide faster than normal cells, a
higher proportion of these neoplastic cells will die. Nevertheless, normal cells
that also are rapidly dividing, such as the gastrointestinal mucosa, the oral
mucosa, and the bone marrow cells, may be affected. The patient was advised
to avoid folate during therapy, since folate would be an “antidote,” and would
allow the cancer cells to escape cell kill.

APPROACH TO THE CELL CYCLE

Objectives

1. Understand the components of the cell cycle.
2. Know how folate is involved in DNA synthesis.
3. Be familiar with the terminology of nucleoside and nucleotide.

Definitions

Cell cycle: The time interval between cell divisions in proliferating cells.
The cell cycle is divided into four phases: M phase, in which mitosis
takes place; G, phase, prior to synthesis of DNA; S phase, in which
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DNA and histones are synthesized to duplicate the chromosomes; and
G, phase, during which there is cell growth and synthesis of macro-
molecules. Under certain conditions, the cell can enter a quiescent, or
G, phase, which is not part of the regular cell cycle.

Dihydrofolate reductase (DHFR): The enzyme required to convert folic
acid to its active form, tetrahydrofolate. It requires the cofactor NADPH
as a source of reducing equivalents to reduce folate first to DHFR and
then to tetrahydrofolate.

Methotrexate: A drug that has a similar structure to DHFR. It binds to
DHEFR reductase and competitively inhibits it, thus decreasing the levels
of tetrahydrofolate in the cells. It effectively stops DNA synthesis in rap-
idly dividing cells such as cancer cells.

Tetrahydrofolate (THF): The active form of the vitamin folic acid. THF is
one of the major carriers of one-carbon units at various oxidation states
for biosynthetic reactions. It is required for the synthesis of the
nucleotide thymidylate (d{TMP). Although bacteria can synthesize folic
acid, eukaryotes must obtain folate from the diet. Dietary sources of
folate include leafy green vegetables (e.g., spinach and turnip greens),
citrus fruits, and legumes. Many breakfast cereals, breads, and other
grain products are fortified with folate.

DNA: Two large molecules composed of deoxynucleotides attached by
hydrogen bonds in a helical, antiparallel relationship.

Nucleosides: Nitrogenous base plus a sugar (bases in DNA are adenine
[A], thymine [T], cytosine [C], and guanine [G]; bases in RNA are A, C,
G, but uracil [U] instead of T; sugar moiety in DNA is deoxyribose, and
in RNA is ribose).

Nucleotide: Nucleoside plus phosphate group (see Table 3-1).

Deoxythymidylate (dTMP): DNA nucleotide consisting of the deoxyri-
bose sugar, thymidine as nitrogenous base, and one phosphate.

Table 3-1
TERMINOLOGY OF NUCLEIC ACIDS

Bases Purine (Adenine [A], Guanine [C])

Pyrimidine (Uracil [U], Cytosine [C], Thymine [T])
Sugar Deoxyribose (DNA), Ribose (RNA)
Base + Sugar Nucleoside

Base + Sugar + phosphate Nucleotide
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DISCUSSION

The cell cycle is defined as the time interval between cell divisions in prolif-
erating cells. It is important to note that the cell cycle is not a simple “clock.”
Movement through the cell cycle is controlled by a variety of proteins that
allow the cell to respond to various stimuli. The eukaryote cell cycle is com-
posed of the following four phases (Figure 3-1):

1. M phase—mitosis

2. G, phase (gap 1)—between mitosis and initiation of DNA synthesis
3. S phase—when DNA synthesis occurs

4. G, phase (gap 2)—cell growth and macromolecule synthesis

Although there is great variation in the length of the mammalian cell cycle
(hours to days), as a generalization, mammalian cells divide once every 24 hours.
The M and S phases of the cell cycle are relatively constant. Therefore, the
length of the mammalian cell cycle is determined by length of the G, and G,
phases. Cell division occurs during M phase, and the mitotic interphase is
composed of (G, + S + G,). M phase, or mitosis, is divided into four subphases,
prophase, metaphase, anaphase, and telophase. In prophase, the nuclear
membrane breaks down while the replicated chromosomes condense and are

Go

S~
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S

Figure 3-1. Cell cycle. (G, = cell growth; S = DNA synthesis and replication;
G, = proteins made in preparation for cell division; M = mitosis; G, = rest phase.)
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released into the cytoplasm. The chromosomes become aligned on the equato-
rial plate of the cell during metaphase, and they move from the equatorial
plate to the poles during anaphase. The final step in M phase, telophase, is
reformation of the nuclear membrane around the chromosomes followed by
cytokinesis, or formation of two daughter cells. During the G, phase, the cell
“monitors” itself and its environment. The cell is metabolically active and
undergoes continuous growth, but no DNA synthesis occurs during this phase.
During G, the cell makes a “decision” either to continue in the cell cycle and
divide or to “withdraw” from the cell cycle and differentiate. The synthesis of
DNA and histones to form two sets of chromosomes occurs during S phase. The
key event of the G, phase is for the cell to “make sure that its entire DNA has
replicated.” Continued cell growth and the synthesis of cellular macromole-
cules also occur during the G, phase, preparing for cell division.

Under certain conditions cells can leave G, and enter into the G, phase of
the cell cycle. This phase is not part of the regular cell cycle and represents a
specialized state, which can be temporary or permanent. Entry into the G, phase
can be triggered by growth factor withdrawal, negative growth factors, or lim-
ited protein synthesis. The cells in G are in a nonproliferative or quiescent
state, which can vary tremendously in length. Some cells differentiate and never
divide again. Others can resume proliferation to replace lost cells as a result of
injury or cell death. An important point is that cancer cells do not generally have
a G, phase.

Key regulatory proteins that govern the cell cycle are the cyclin-
dependent kinases (CDKs), which are serine/threonine protein Kinases,
and the cyclins, which are regulatory proteins that bind to the CDKs. Proteins
that inhibit the kinase activity (cyclin-dependent kinase inhibitors, or CDIs)
are also present in the cell. The CDKs are regulated by the levels of cyclins
and the CDK/cyclin complex phosphorylates proteins on serine or threonine
residues. The cyclins bind to and activate CDKs via protein—protein interac-
tions. Cyclins act as regulatory subunits controlling activity and specificity
of the CDK activity. These cyclins can themselves be phosphorylated and
dephosphorylated. Cyclin accumulation and degradation controls normal
cell cycle activity. For example, the degradation of specific cyclins by prote-
olysis at the metaphase-anaphase transition ends mitosis.

Tetrahydrofolate (THF) is the major source of 1-carbon units used in
the biosynthesis of many important biological molecules. This cofactor is
derived from the vitamin folic acid and is a carrier of activated 1-carbon units
at various oxidation levels (methyl, methylene, formyl, formimino, and
methenyl). These compounds can be interconverted as required by the cellu-
lar process. The major donor of the 1-carbon unit is serine in the following
reaction:

Serine + THF — Glycine + N3,N'0-methylene-THF
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All cells, especially rapidly growing cells, must synthesize thymidylate
(dTMP) for DNA synthesis. The difference between (T) and (U) is one methyl
group at the carbon-5 position. Thymidylate is synthesized by the methyla-
tion of uridylate (dUMP) in a reaction catalyzed by the enzyme thymidylate
synthase. This reaction requires a methyl donor and a source of reducing
equivalents, which are both provided by N>, N'%-methylene THF (Figure 3-2).
For this reaction to continue, the regeneration of THF from dihydrofolate
(DHF) must occur.

DHF + NADPH + H* — THF + NADPH"

The enzyme dihydrofolate reductase (DHFR) catalyzes this reaction,
which is a target of the anticancer drugs aminopterin and methotrexate.
These drugs are analogs of DHF and act as competitive inhibitors of DHFR.

N OH CH
| o N NTXY"55C—Cc7, R
O—P—0—CH, + | 2 H,
’ ° HNT N N
o 2 HeE
HO OH N3,N'°-Methylenetetrahydrofolate
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HO OH Dihydrofolate
dTMP

Figure 3-2. Thymidylate synthesized by the methylation of uridylate (dAUMP)
in a reaction catalyzed by the enzyme thymidylate synthase.
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Inhibition of this enzyme prevents the regeneration of THF and blocks dTMP
synthesis because of the lack of the methyl donor required for the reaction of
thymidylate synthase.

THF is also required as a donor of two carbon atoms in the synthesis
of the purine ring structure required for adenine and guanine. The carbon
atoms donated by THF are indicated in Figure 3-3. Therefore, a lack of THF
blocks the synthesis of the purine ring structure because of the lack of the abil-
ity of the cell to synthesize N'°-formyl-THF.

In summary, DNA synthesis requires synthesis of dTMP and the purines
adenine and guanine. THF, derived from the vitamin folic acid, is required
for the biosynthesis of these nucleotides. Treatment with methotrexate blocks
the cell’s ability to regenerate THF, leading to inhibition of these biosynthetic
pathways. The lack of nucleotides prevents DNA synthesis, and these cancer cells
cannot divide without DNA synthesis. Unfortunately, the effects of methotrexate
are nonspecific and other rapidly dividing cells such as epithelial cells in the
oral cavity, intestine, skin, and blood cells are also inhibited. This leads to the
side effects associated with methotrexate (and other cancer chemotherapy
drugs) such as mouth sores, low white blood cell counts, stomach upset, hair
loss, skin rashes, and itching.
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Figure 3-3. Origin of the atoms of the purine base ring system (RP = pentose
phosphate).
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COMPREHENSION QUESTIONS

[3.1]

[3.2]

A 44-year-old woman who recently lost her job because of absen-
teeism, presents to her physician complaining of loss of appetite,
fatigue, muscle weakness, and emotional depression. The physical
examination reveals a somewhat enlarged liver that feels firm and
nodular, and there is a hint of jaundice in the sclerae and a hint of alco-
hol on her breath. The initial laboratory profile included a hematolog-
ical analysis that showed that she had an anemia with enlarged red
blood cells (macrocytic). A bone marrow aspirate confirmed the suspi-
cion that she has a megaloblastic anemia because it showed a greater
than normal number of red and white blood cell precursors, most of
which were larger than normal. Further analyses revealed that her
serum folic acid level was 2.9 ng/mL (normal = 6 to 15), her serum B,
level was 153 pg/mL (normal = 150 to 750), and her serum iron level
was normal.

The patient’s megaloblastic anemia is most likely caused by which of
the following?

A. A decreased synthesis of methionine

B. A decreased conversion of dUMP to dTMP

C. A decrease in the synthesis of phosphatidyl choline
D. A decrease in the levels of succinyl CoA

E. A decreased synthesis of dUTP

A patient presents with a urinary tract infection and is prescribed a
combination drug containing trimethoprim and sulfamethoxazole. These
drugs are effective because they do which of the following?

Bind to operons to prevent synthesis of bacterial mRNA
Block transport across bacterial cell walls

Inhibit bacterial synthesis of cobalamin (B,)

Inhibit bacterial synthesis of THF

Inhibit synthesis of phospholipids in bacteria

mo QW

Methotrexate is often used as a chemotherapeutic agent to treat patients
with leukemia. This drug is effective because it inhibits cells in which
part of the cell cycle?

G, phase
S phase

M phase
G, phase
G, phase

moNw
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[3.4]

Leukemia patients are often given the compound Leucovorin
(N3-formyl THF) following treatment with the drug methotrexate. Why
is Leucovorin useful as part of this treatment protocol?

It facilitates the uptake of methotrexate by cells

It can be converted to THF by bypassing DHFR

It acts as an activator of thymidylate synthase

It prevents the uptake of methotrexate by normal cells
It stimulates cells of the immune system

moNw

Answers

[3.1]

[3.2]

[3.4]

B. Megaloblastic anemia is caused by a decrease in the synthesis of
deoxythymidylate and the purine bases usually caused by a deficiency
in either THF or cobalamin or both. This results in decreased DNA
synthesis, which results in abnormally large hematopoietic cells cre-
ated by perturbed cell division and DNA replication and repair. This
patient exhibits signs of chronic alcoholism, which often leads to a
folate deficiency. This can occur due to poor dietary intake, decreased
absorption of folate due to damage of the intestinal brush border cells
and resulting conjugase deficiency, and poor renal resorption of folate.

D. Bacteria must synthesize the folate that is required for their
biosynthetic processes; they do not have a transporter to bring folate
into the cell. Trimethoprim inhibits prokaryotic DHFR (eukaryotic is
not affected) and sulfamethoxazole is an analog of p-aminobenzoic
acid (PABA), a precursor to folic acid. Bacteria will use this analog
instead of PABA and produce a nonfunctional folate.

B. Methotrexate inhibits the synthesis of deoxythymidine by pre-
venting the regeneration of THF by inhibiting the enzyme DHFR.
Inhibiting the synthesis of deoxythymidylate prevents the cell from
synthesizing its DNA. DNA synthesis occurs exclusively during
S phase of the cell cycle.

B. Leucovorin (N3-formyl THF, folinic acid) is used as an antidote for
cells that have decreased levels of folic acid. Treatment of leukemia
patients with methotrexate kills the tumor cells but also other normal
rapidly dividing cells. N°>-formyl THF is normally administered 24
hours following treatment with methotrexate; it can be converted to
THF by these normal cells by bypassing the block caused by
methotrexate. Therefore, these normal cells can synthesize
deoxythymidine and carry out DNA synthesis.
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BIOCHEMISTRY PEARLS

% The eukaryote cell cycle is composed of the following four phases:
M phase, mitosis; G, phase (gap 1), between mitosis and initia-
tion of DNA synthesis; S phase, DNA synthesis; and G, phase
(gap 2), cell growth and macromolecule synthesis.

#*  The cells in G, are in a nonproliferative or quiescent state that can
vary tremendously in length.

< DNA synthesis requires the formation of dTMP and the purines ade-
nine and guanine. THF, derived from the vitamin folic acid, is
required for the biosynthesis of these nucleotides.

**  The cell cycle is regulated by specific proteins: CDKs, which are
serine/threonine protein kinases, and the cyclins, which are regu-
latory proteins that bind to the CDKs.

#*  Treatment with methotrexate blocks the cell’s ability to regenerate
THEF, leading to inhibition of these biosynthetic pathways. Thus
methotrexate affects DNA synthesis.
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< CASE 4

A 47-year-old female is brought to the emergency department with complaints
of malaise, nausea and vomiting, and fatigue. The patient reveals a long history
of alcohol abuse for the last 10 years requiring drinks daily especially in the
morning as an “eye opener.” She has been to rehab on several occasions for alco-
holism but has not been able to stop drinking. She is currently homeless and job-
less. She denies cough, fever, chills, upper respiratory symptoms, sick contacts,
recent travel, hematemesis, or abdominal pain. She reports feeling hungry and
has not eaten very well in a long time. On physical exam she appears malnour-
ished but in no distress. Her physical exam is normal. Her blood count reveals a
normal white blood cell count but does show an anemia with large red blood

cells. Her amylase, lipase, and liver function tests were normal.
© What is the most likely cause of her anemia?

© What is the molecular basis for the large erythrocytes?



36 CASE FILES: BIOCHEMISTRY

ANSWERS TO CASE 4: FOLIC ACID DEFICIENCY

Summary: 47-year-old alcoholic white female has fatigue, malaise, nausea,
vomiting, and poor nutritional intake with macrocytic anemia and no evidence
of pancreatitis, liver disease, or peptic ulcer disease.

© Cause of anemia: Folic acid deficiency.

© Molecular basis of macrocytosis: Abnormal proliferation of erythroid
precursors in the bone marrow, since folate deficiency encumbers the
maturation of these cells by inhibition of deoxyribonucleic acid (DNA)
synthesis.

CLINICAL CORRELATION

Folate is an essential vitamin, found in green leafy vegetables. It is essential
for many biochemical processes in the body, including DNA synthesis and red
blood cell synthesis. Recently, folate supplementation has been found to be
important in the prevention of fetal neural tube defects such as anencephaly
(absence of brain cerebral cortex and no skull or skin covering the brain), and
spina bifida (spinal cord malformation whereby the meninges are exposed
leading to neurologic deficits). Alcoholics in particular are at risk for folate
deficiency because of impaired gastrointestinal absorption and poor nutrition.
Macrocytic anemia (large red blood cells) may be seen with folate deficiency.
Treatment consists for folic acid replacement (usually 1 mg/day) by mouth
with correction of anemia over the following 1 to 2 months. The diet usually
requires adjustment, and correctable causes addressed (malnutrition in this
case). Notably, folate deficiency in pregnancy has been associated with neural
tube defects (NTDs) in fetuses. It is recommended that mothers take at least
400 pg of folic acid 3 months prior to conception to reduce the risk of NTD.
At times, more than 400 pg of folic acid per day is recommended prior to con-
ception. Some specific examples include a history of previous NTD, sickle cell
disease, multiple gestations, and Crohn disease.

APPROACH TO FOLATE AND DNA SYNTHESIS

Objectives

1. Understand the important metabolic roles of folic acid with production
of thymine, purine synthesis, and methionine.
2. Be aware of how folate deficiency causes megaloblastic anemia.
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Definitions

S-Adenosyl methionine: An important carrier of activated methyl groups.
It is formed by the condensation of ATP with the amino acid methionine
catalyzed by the enzyme methionine adenosyltransferase in a reaction
that releases triphosphate.

Dihydrofolate reductase: The enzyme that reduces folic acid (folate) first
to dihydrofolate and then to the active tetrahydrofolate. Dihydrofolate
reductase uses NADPH as the source of the reducing equivalents for the
reaction.

Folic acid: An essential vitamin composed of a pteridine ring bound to
p-aminobenzoate, which is in an amide linkage to one or more glutamate
residues. The active form of the enzyme is tetrahydrofolate (THF, FH ),
which is an important carrier of 1-carbon units in a variety of oxidation
states.

Megaloblastic anemia: An anemia characterized by macrocytic erythro-
cytes produced by abnormal proliferation of erythroid precursors in the
bone marrow due to a limitation in normal DNA synthesis.

Methotrexate: One of a number of antifolate drugs. Methotrexate is an
analog of folate which competitively inhibits dihydrofolate reductase.
Since a plentiful supply of THF is required for ongoing synthesis of the
pyrimidine nucleotide thymidylate, synthesis of this nucleotide is inhib-
ited resulting in decreased DNA synthesis.

Methyl trap: The sequestering of tetrahydrofolate as N3-methyl THF because
of decreased conversion of homocysteine to methionine as a result of a
deficiency of methionine synthase or its cofactor, cobalamin (vitamin B,,).

DISCUSSION

Folate (folic acid) is an essential vitamin which, in its active form of tetrahy-
drofolate (THF, Figure 4-1), transfers 1-carbon groups to intermediates in
metabolism. Folate plays an important role in DNA synthesis. It is required
for the de novo synthesis of purines and for the conversion of deoxyuridine
5-monophosphate (AUMP) to deoxythymidine 5’-monophosphate (ATMP).
Additionally, folate derivatives participate in the biosynthesis of choline, serine,
glycine, and methionine. However, in situations of folate deficiency, symptoms
are not observed from the lack of these products as adequate levels of choline
and amino acids are obtained from the diet. (See also Case 3.)

Folate deficiency results in megaloblastic anemia. Megaloblastic anemia
is characterized by macrocytic erythrocytes produced by abnormal prolif-
eration of erythroid precursors in the bone marrow. Folate deficiency
encumbers the maturation of these cells by inhibition of DNA synthesis.
Without an adequate supply of folate, DNA synthesis is limited by decreased
purine and dTMP levels.
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Figure 4-1. The structure of tetrahydrofolate, the active form of folic acid.

Folate exists in a pool of interconvertible intermediates each carrying a
1-carbon fragment in several different oxidation states (Figure 4-2). The total
body stores of folate is approximately 110 mg/70 kg and approximately
420 ug/70 kg is lost each day via the urine and feces. Two different forms
of folate are required for different aspects of nucleotide biosynthesis.
N'-formyl THF provides the C-2 and C-8 carbons for the de novo synthe-
sis of purine rings, and thus is critical for DNA metabolism.

The methylene form, N5,N'’-methylene THEF, is required for the production
of dTMP from dUMP. This reaction involves the transfer of a CH, group and
a hydrogen from N> N'°-methylene THF. In this process, THF is oxidized to
dihydrofolate (DHF). For subsequent dTMP production, THF must be regen-
erated. THF is produced from DHF by the enzyme DHF reductase (DHFR)
in a reaction requiring NADPH. DHFR is the target of methotrexate, an antifo-
late cancer chemotherapeutic, which by limiting the available pool of N3,
N'%-methylene THF, inhibits DNA synthesis in rapidly dividing cancer cells.
Methotrexate therapy can produce side effects resembling folate deficiency.
Additionally, bacterial DHFR is a target for antimicrobials.

Outside of DNA synthesis, folate plays a role in methylation metabolism.
The major methyl donor is S-adenosyl methionine (SAM), which is required
for many reactions. For example, SAM is needed for the production of nor-
epinephrine from epinephrine and for DNA methylation, which can influ-
ence gene transcription. After methyl group transfer, SAM is converted to
S-adenosyl homocysteine (SAH), which is hydrolyzed to homocysteine and
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Figure 4-2. Structures of the various 1-carbon carriers of tetrahydrofolate
(THF). THF can carry one-carbon units in the oxidation states of methanol
(N°-methyl THF), formaldehyde (N°N'*-methylene THF) or formic acid
(remaining structures).

adenosine. To restore the levels of methionine (an essential amino acid),
homocysteine must be methylated (Figure 4-3). This reaction is dependent on
N°-methyl THF and vitamin B ,. Methionine levels can be limiting, making
the availability of N3-methyl THF for conversion of homocysteine to methion-
ine critical. Further, in the absence of B,,, THF can be trapped in the N°>-methyl
THF form and thus be removed from the THF pool. This is referred to as the
“methyl trap,” which can impact other areas of 1-carbon metabolism, such as
dTMP production.
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Figure 4-3. Reaction pathways showing the interconversion of 1-carbon carri-
ers of tetrahydrofolate (THF). Note that all interconversions are reversible
except for the conversion of N> N'%-methylene THF to N°-methyl THF.

Folate deficiency perturbs DNA metabolism and methylation reactions.
Leafy green vegetables are good sources of folate; however, folate is labile
and may be damaged during food preparation. Another dietary source of folate
is cereal products, especially breads and breakfast cereals that have been forti-
fied with folic acid. Folate is also produced within the gut lumen by certain
intestinal bacteria; however, the amount of folate absorbed from this source
is minor in humans. In its simplest form, folate consists of three connected
chemical moieties: a pteridine ring (6-methylpterin), p-aminobenzoic acid
(PABA), and glutamate. In nature, folate is generally polyglutamated (deco-
rated by two to seven additional glutamic acid residues). Conjugases (y-glutamyl
carboxypeptidases) in the intestinal lumen cleave off extra glutamic acid
residues, and folate is absorbed by the mucosa of the small intestine (Figure 4-4).
In cases of chronic alcoholism, folate deficiency may result from poor nutri-
tion or from poor absorption of folate secondary to a conjugase deficiency.
Once folate deficiency occurs, abnormal megaloblastic replication of epithe-
lial mucosa can occur, which further impairs folate uptake.

After absorption, folate is reduced to THF by dihydrofolate reductase. The
majority of circulating folate is in the form of N3-methyl THF. Cells use spe-
cific transporters for THF uptake, and cellular machinery polyglutamates the
folate to aid in cellular retention.
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Figure 4-4. Intestinal absorption of dietary folates (THF-[Glu] ) and folic acid
(F) from fortified cereal products and vitamin supplements. In the duodenum and
upper jejunum, extra glutamate residues are cleaved by conjugases (y-glutamyl
carboxypeptidases). Folate (F) and reduced folate (THF) are absorbed by a
proton-coupled, high affinity folate transporter into the mucosal cell, con-
verted to N>-methyl THF and exported into the portal circulation. N3-methyl
THEF is taken up into cells by facilitative diffusion, converted to THF by the
B ,-requiring methionine synthase and then converted to a polyglutamate.



42

CASE FILES: BIOCHEMISTRY

In summary, folate is a vitamin acquired from the diet that is essential for
1-carbon metabolism. Inadequate folate levels inhibit DNA synthesis by lim-
iting purine nucleotide and dTMP levels, which results in the abnormal cel-
lular proliferation observed in megaloblastic anemia. Folate is also required to
replenish the methionine pool for SAM-dependent methylation reactions.

COMPREHENSION QUESTIONS

[4.1]

Because of the close interrelationship between the vitamins, patients
with deficiencies of either folate or vitamin B,, exhibit similar symp-
toms. Which of the following tests would best help distinguish between
a folate and vitamin B , deficiency?

A. Activity of methionine synthase
B. Blood level of cystathionine

C. Blood level of homocysteine

D. Blood level of methionine

E. Blood level of methylmalonate

For Questions [4.2] to [4.4] refer to the following list of vitamins:

[4.2]

[4.3]

A. Ascorbic acid (vitamin C)
B. Biotin

Cobalamin (vitamin B ,)
Folic acid

Niacin (vitamin B,)
Pantothenic acid
Riboflavin (vitamin B,)
Thiamine (vitamin B,)

TommoO

For each patient, described in the Questions [4.2] to [4.4], select the
vitamin that is most likely to be deficient.

A muscular 25-year-old male presents with dermatitis and an inflamed
tongue. A history reveals that he has been consuming raw eggs as part
of his training regimen for the past 6 months.

A 30-year-old male goes to his dentist complaining of loosening teeth.
Examination also reveals his gums are swollen, purple, and spongy. The
dentist also notes that the patient’s fingers have multiple splinter hem-
orrhages near the distal ends of the nail and that a wound on the
patient’s forearm has failed to heal properly.

A female neonate is found to have a small spina bifida in her lower
spinal column that could affect bladder and lower limb function.



CLINICAL CASES 43

Answers

[4.1]

[4.2]

[4.3]

[4.4]

E. Vitamin B, is a cofactor in two biochemical reactions, the con-
version of homocysteine to methionine by the enzyme methionine
synthase and the conversion of L-methylmalonyl-CoA to succinyl-
CoA by methylmalonyl-CoA mutase. N>-methyl THF is a methyl
donor in the methionine synthase reaction. A folate deficiency would
result in decreased methionine synthase activity and decreases in
methionine and cystathionine concentrations, while homocysteine levels
would be increased. A vitamin B, deficiency would also yield these
same results, but in addition methylmalonate levels would increase as
a consequence of a decrease in the activity of methylmalonyl-CoA
mutase activity.

B. Raw eggs contain a protein, avidin, which binds biotin strongly.
Because native avidin is resistant to hydrolysis by digestive pro-
teases, when it binds biotin it prevents its absorption. Avidin that has
been denatured by cooking will be broken down during the digestive
process. A biotin deficiency manifests itself as an erythematous, scaly
skin eruption and can also cause hair loss and conjunctivitis. A biotin
deficiency can also occur following prolonged total parenteral nutri-
tion if biotin is not supplemented.

A. The patient exhibits the classic symptoms of scurvy, a deficiency
in vitamin C. In addition to being an important biological antioxidant,
ascorbic acid is required for the hydroxylation of proline and lysine
residues of procollagen in the synthesis of collagen. A deficiency leads
to defects in collagen synthesis, which adversely affects the intercel-
lular cement substances in connective tissue, bones, and dentin.

D. The fetus needs a constant supply of cofactors for normal devel-
opment. Folic acid supplements of 400 pg/day prior to conception
have been shown to decrease the incidence of neural tube defects
such as spina bifida.

7
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7
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BIOCHEMISTRY PEARLS

Folate (folic acid) is an essential vitamin that, in its active form of

THEF is necessary for the de novo synthesis of purines and the conver-

The major metabolic perturbation in folate deficiency occurs in

tetrahydrofolate, transfers 1-carbon groups to intermediates in
metabolism and plays an important role in DNA synthesis.

sion of deoxyuridine 5-monophosphate (AUMP) to deoxythymi-
dine 5’-monophosphate ({TMP).

megaloblastic anemia.
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A 32-year-old male presents to your clinic with complaints of a sore throat. He
reports numerous upper-respiratory infections over the last 3 months. Patient
states that he required antibiotics for some of the infections. The patient’s sore
throat has been present for 4 days and is progressively worsening. He is no
longer able to eat solid foods because of the pain. Nobody else in contact with
him has been ill. Patient gives a history of intravenous (IV) drug use in the
past, but no other significant medical history is given. On exam, patient is
found to have a temperature of 37.8°C (100.0°F) and is in minimal distress
from the sore throat. His pharynx is erythematous and has numerous white
plaques coating the throat. There is also prominent cervical lymph node
enlargement. His chest is clear to auscultation and heart is regular rate and
rhythm. A CD4 T lymphocyte cell count is performed and is less than
200 cells/mm? (normal >500 cells/mm?). The responsible organism is composed

of ribonucleic acid (RNA) genome.
© What is the most likely diagnosis?

© What is the biochemical mechanism that the pathogen uses to affect
the patient’s cells?

© What enzyme is required for this pathogen to affect the host
genome?
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ANSWERS TO CASE 5: HUMAN IMMUNODEFICIENCY
VIRUS

Summary: A 32-year-old male with history of IV drug use has numerous
upper-respiratory symptoms and adenopathy, and he presents now with sore
throat with numerous white plaques. He also has a low CD4 count. The
pathogen has a ribonucleic acid (RNA) genome.

© Most likely diagnosis: Candida esophagitis secondary to human
immunodeficiency virus (HIV).

© Biochemical mechanism of disease: The HIV genome is composed of
single-stranded RNA. Reverse transcription of the viral RNA is required
to infect the host cells. HIV causes immunosuppression because it has a
propensity for attaching to helper T cells (CD4 cells), the cells that
support cell mediated immunity.

© Enzyme necessary: Reverse transcriptase.

CLINICAL CORRELATION

This 32-year-old male likely acquired HIV infection by sharing needles with an
infected individual. Initially, an HIV infection may cause systemic flu-like
symptoms, adenopathy, and fatigue. During this phase, the patient experiences
a viremia. The next phase is largely asymptomatic as the virus slowly causes
attrition of the CD4 helper T cells. When the levels of these important cells drop
to low levels, the patient will not be able to fend off organisms that are com-
monly colonizing the skin, gastrointestinal tract, or in the air. Treatment for
HIV infection includes agents that attack the unique aspects of the virus such
as nucleoside analogue reverse transcriptase inhibitors and protease inhibitors.

APPROACH TO HIV

Objectives

1. Understand normal transcription/translation.

2. Be familiar with reverse transcriptase and mechanism by which HIV
works.

3. Know the mechanism of action of HIV medications.

Definitions

Deoxyribonucleic acid (DNA) replication: The process by which DNA is
duplicated in the cell. This process takes place during the S-phase of the
cell cycle. DNA is duplicated in a semiconservative manner; that is, each
new DNA double-strand contains one of the original strands (parent
strands) and one of the newly synthesized strands (daughter strands).
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HIV: Human immunodeficiency virus; a retrovirus that causes acquired
immunodeficiency syndrome (AIDS).

Retrovirus: A virus in which the genetic material located in the virus is
RNA. The genetic information in the retrovirus must be converted to
DNA in the host by the process of reverse transcription.

Reverse transcription: The synthesis of DNA from an RNA template.

Transcription: The process by which the information contained in the
nuclear DNA is converted to cytosolic mRNA. This is accomplished by
RNA polymerases that synthesize an mRNA that has a complementary
sequence to the DNA strand that was used as the template.

Translation: The synthesis of proteins from mRNA. This is a process that
takes place on ribosomes and requires the participation of aminoacyl-
charged tRNAs, mRNA, and various initiation and elongation factors.

Exons: Sequence of nucleotides that appear in mature RNA.

Introns: Sequences of nucleotides that do not appear in mature RNA but
are excised and do not appear in messenger RNA.

Spliceosome: A complex of small nuclear ribonucleoprotein particles
(snRNPs) that catalyze the splicing, or removal of introns, of mRNA
precursors.

DISCUSSION

DNA is the biological blueprint material, which authentically carries all the
necessary cellular information and passes it from generation to generation.
Thus, it is essential for the cells to preserve the integrity of the DNA and keep
it as error free as possible. One is amazed with the versatile DNA molecule,
which dictates both the unique and the similar features of the offspring from
its parents. What are the processes that take place in a cell to duplicate and
interpret this genetic code into functional signals? DNA is duplicated in a
semiconservative fashion in a process called DNA replication.

DNA interpretation follows the central dogma (Figure 5-1): first, the DNA
is decoded to form messenger RNA (mRNA) in the nucleus by a process called
transcription. Transcription is a complex process involving an enzyme RNA

TRANSCRIPTION TRANSLATION
DNA & » RNA » Protein
Reverse TRANSCRIPTION
mRNA 5 AUG UAA-poly(A]
Protein N l C

Figure 5-1. The central dogma.
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polymerase and several transcription factors. The DNA strand that directs
RNA synthesis via complementary base pairing is called the template. RNA
synthesis is always unidirectional from 5’ (phosphate) to 3’ (hydroxyl). One
can organize transcription in a stepwise fashion: (1) binding of RNA poly-
merase to the DNA; (2) formation of the transcription bubble (separation of
the DNA strands); (3) addition of the first ribonucleic acid residue; and
(4) addition of the second residue, formation of a phosphodiester bond between
the ribonucleic acid residues, and release of pyrophosphate. The addition
process continues until the termination signal is encountered. Once the nascent
RNA chain emerges, it is capped with methylguanylate at the 5’ end and
polyadenylated in the 3’ end. This primary RNA transcript is processed further
by splicing machinery to yield the mature functional mRNA. Heterogenous
nuclear RNA (hnRNA) contains exons and introns. The introns are excised
and mature RNA enters the cytoplasm.

The mRNA is then processed in the cytoplasm by a process called trans-
lation. Translation involves the ribosomes along with a battery of initiating
(IF), elongation (EF), and release (RF) factors. An important rule to remem-
ber in translation is that each triplet nucleotide codon codes for a specific
amino acid (the three-letter genetic code). Maintaining the order of amino
acids is important to obtain a functional protein. mRNA is translated into pro-
tein with the help of transfer RNA (tRNA), which brings an amino acid
along with it (aminoacyl tRNA) and ribosomes. Ribosomes are in turn com-
posed of numerous proteins and several rRNA molecules. The stepwise
process of translation is as follows: (1) The ribosomal unit along with the ini-
tiation factors and formyl-methionine (fMet)-tRNA bind close to the ini-
tiating codon AUG in the 5’ region of the mRNA. (2) The ribosomal
complex consists of three sites, namely, A, P, and E. The aminoacyl tRNA
binds the triplet codon at the A site. The formyl-methionyl group forms a
peptide bond with the amino group of the aminoacyl tRNA in the P site,
releasing the now uncharged tRNA,, . which exits the ribosome assembly
through the E site. (3) Elongation continues until the ribosome encounters
one of the stop codons UAA, UAG, and UGA. (4) Termination of protein
synthesis occurs with the help of release factors which cleave the peptide
chain from the tRNA and dissolve the ribosomal complex.

In retroviruses such as HIV, where the genetic material is RNA rather
than DNA, reverse transcription occurs. The life cycle of HIV begins when
the virion binds to cell surface receptors (CD4 receptors) on helper T lym-
phocytes. This results in a conformational change that enables the viral coat to
fuse with the lymphocyte membrane, thus releasing the viral RNA and viral
proteins into the cytosol, including reverse transcriptase and integrase. The
RNA genome (Figure 5-2) is reverse transcribed into a double-stranded
DNA molecule by utilizing the reverse transcriptase enzyme. This enzyme
is an unusual DNA polymerase, because it uses both DNA and RNA as
template. First, it makes DNA from the RNA and uses this in turn to make the
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LTR | gag pol env LTR

Figure 5-2. Simplified HIV genome.

second strand of DNA. This double-stranded DNA is transported into the
nucleus and is recognized by the viral enzyme integrase, which catalyzes the
insertion of the viral DNA into the host genome thus establishing a permanent
infection. The final step is the transcription of the integrated viral DNA pro-
ducing a large amount of viral RNA, which is packaged in a capsid along
with the other essential proteins and can bud from the plasma membrane.
Based on the pathogenesis of HIV, it is very important to understand the tran-
scription mechanism of this virus. The HIV life cycle can be simplified and
drawn out as shown in Figure 5-3.
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Figure 5-3. Life cycle of HIV.
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The long terminal repeat (LTR) contains the enhancer and the pro-
moter regions of HIV. The gag encodes the structural proteins, which help in
packaging the RNA of the virus to generate new virus particles. The pol gene
encodes both the critical enzymes reverse transcriptase and integrase. The
eny codes for envelope proteins of the virus that along with the host plasma
membrane help the complete virus particle to bud off from the cell. Apart from
these proteins, the three regulatory proteins, namely, the negative factor Nef,
trans-activator of transcription Tat, and the regulator of viral gene expression,
Rey, can affect viral transcription output. Tat specifically promotes transcrip-
tional activity, while Rev is responsible for switching from early to late HIV
gene expression and is located in the 3’ end of the env gene. With the latest
research identifying new proteins in addition to the preexisting knowledge,
one wonders what would be the most effective antiretroviral therapy. The avail-
able drugs in the market include nucleoside reverse transcription inhibitors
and protease inhibitors.

Nucleoside reverse transcriptase inhibitors act as substrates for the
reverse transcriptase enzyme and require a phosphorylation event in order to
be activated. The nucleoside drugs lack the 3’-hydroxyl group; therefore,
their incorporation into viral DNA will effectively terminate the elongation
process. This class includes zidovudine, didanosine, stavudine, lamivudine,
and the latest, abacavir. As these agents affect very early events in pathogene-
sis of HIV they prevent acute infection of susceptible cells but have little effect
on already infected cells. The common side effects of these drugs are lactic
acidosis, hepatomegaly, anemia, anorexia, fatigue, nausea, and insomnia.
A subcategory to this class of drugs is the nonnucleoside inhibitors, which act
by binding close to the active site, inducing a conformation change and thereby
inhibiting enzyme function. Some of the members of the class are delavirdine,
nevirapine, and efavirenz. A major drawback with these nonnucleoside drugs
is that they are effectively metabolized by the cytochrome P450 system and are
prone to drug interaction. The most common adverse effects are rash, elevated
liver function, and impaired concentration.

Protease inhibitors are targeted towards the HIV proteases, which are
essential to activate precursors of gag-pol. HIV protease is essential for
infectivity and cleaves the viral polyprotein (gag-pol) into active viral enzymes
and structural proteins. The mechanism of action of these drugs is by binding
reversibly to the active site of HIV protease and blocking subsequent viral mat-
uration. This major class includes saquinavir, ritonavir, indinavir, and nelfi-
navir. Toxicities of protease inhibitors include nausea, vomiting, and diarrhea.

HIV inhibitor treatment eventually leads to the selection of resistant muta-
tions, one key reason being that the reverse transcriptase is error prone since
it lacks the 3” exonuclease activity. Currently, combinatorial inhibitors with dif-
ferent protein targets, for example, two reverse transcriptase (RT) nucleoside
inhibitors and one protease inhibitor (PI), are used in highly active antiretroviral
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therapy (HAART). To overcome drug resistance and find a definitive cure for
HIV infection several efforts are being made to develop vaccines and also use
ribozymes to target HIV mRNA. Because of the molecular understanding of
HIV, the future of anti-HIV therapy seems bright and promises an effective
cure for the AIDS patient.

COMPREHENSION QUESTIONS

[5.1] The current therapeutic strategy for patients who have been infected
with HIV is a multidrug regimen known as highly active antiretroviral
therapy (HAART). One type of drug used in this therapy is a nucleoside/
nucleotide analog, such as didanosine. Which of the following best
describes the mechanism of action of these drugs?

oaw»

E.

They inhibit the synthesis of viral proteins.

They directly bind to and inhibit reverse transcriptase.

They prevent the hydrolysis of the viral polyprotein.

They prematurely terminate the DNA synthesized by reverse
transcriptase.

They inhibit the viral enzyme integrase.

[5.2] Enzyme-linked immunosorbent assay (ELISA) is used for routine
screening of HIV infection and the Western blot test has been success-
fully used as a confirmatory test. Which of the following best describes
the strategy used to confirm the presence of an HIV infection by
Western blot analysis?

GEL ELECTROPHORESIS BLOT

AND BLOT INCUBATION
PERFORMED ON WITH BLOT DETECTS
A. HIV protein standards Patient serum Presence of anti-HIV
antibodies in serum
B. Patient serum Anti-HIV antibodies Presence of HIV
proteins in serum
C. Anti-HIV antibody standards Patient serum Presence of HIV
proteins in serum
D. Patient serum Labeled Presence of HIV RNA

oligonucleotides in serum
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[5.3]

[5.4]

The following diagram schematically represents the life cycle of the
human immunodeficiency virus (HIV). Which of the labeled steps best
indicates the site at which an HIV protease inhibitor disrupts the cycle?

HtIVgli:r)lgs HIV enters Synthesis of DNA A
0 host cell ~  from HIV RNA
receptors |

Integration of HIV B

DNA into host DNA
Assembly of new l

virus particles Synthesis of HIV RANA
\ followed by splicing :

D Translation of viral core & <——  Release of full-length HIV
. envelope proteins into cell cytoplasm

Given the mRNA nucleotide sequence, choose the best protein sequence
that will likely result. (Use the amino acid table in Questions [13.2] and
[13.3] in Case 13, keeping in mind that [T] and [U] are analogous).
mRNA 5" AUCGGAUGUCUCGGGUUCUGUAAAGGUAAUC 3’

Met-Ser-Arg-Val-Leu
Ser-Arg-Val-Leu
Met-Leu-Ser-Val
Ser-Arg-Val-Phe-Phe
Pro-Ser-Val-Gly

moQwy

Answers

[5.1]

[5.2]

D. The nucleoside/nucleotide analogs like azidothymidine (AZT) and
didanosine are incorporated into the DNA synthesized by HIV reverse
transcriptase. Because they do not have a 3’-hydroxyl group, they
cannot form a bond with the next nucleotide and the chain is termi-
nated. Host cell DNA synthesis is not affected because of the nuclear
DNA repair mechanisms.

A. In the Western blot confirmatory test, standard HIV proteins (gag,
pol, and env) are separated by gel electrophoresis and then blotted
onto a nitrocellulose membrane. The membrane is then incubated
with the patient’s serum. Any anti-HIV antibodies will bind to the
respective HIV protein on the membrane. Finally, a labeled antihu-
man antibody is added to indicate the presence of any anti-HIV anti-
body binding. The test is highly specific; that is, a positive result is
highly indicative of HIV infection.
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[5.3] E. The HIV proteins synthesized by the host cell are produced as a
long polyprotein that must be cleaved to the active HIV enzymes and
structural proteins. HIV protease inhibitors bind to and inhibit the
aspartic protease that hydrolyzes the polyprotein, thus preventing the
assembly of infective viral particles.

[5.4] A. The initiator codon is AUG and codes for Met; UCU = Ser;
CGG = Arg; GUU = Val; CUG = Leu; UAA = stop codon. The mRNA
is read in the 5" — 3’ direction.

BIOCHEMISTRY PEARLS

** DNA is decoded to form messenger RNA (mRNA) in the nucleus by
a process called transcription. RNA synthesis is always unidirec-
tional from 5’ (phosphate) to 3’ (hydroxyl), and begins at the 3’
end of the DNA chain toward the 5 end.

** The mRNA is processed in the cytoplasm (translation) involving the
ribosomes. Each triplet nucleotide codon codes for a specific
amino acid (the three-letter genetic code).

<> Messenger RNA is translated into protein with the help of tRNA,

which brings an amino acid along with it (aminoacyl tRNA) and

ribosomes.

#*  Some viruses such as HIV have RNA genomes, and they usually are
reverse transcribed into a double-stranded DNA molecule by uti-
lizing the reverse-transcriptase enzyme.
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< CASE 6

A 21-year-old female presents to the physician’s office with complaints of very
painful vulvar ulcers. The patient states she has had the symptoms for approxi-
mately 3 days, and they are worsening. She says that prior to the ulcerations,
there was a burning and tingling sensation of the skin in the same area. She has
noted similar symptoms like this before and has been told it is sexually trans-
mitted. On examination you see multiple extremely tender, vesicular (blister-
like) lesions on an erythematous (red) base on both labia majora of the vulva.
She has a moderate amount of tender inguinal lymph nodes bilaterally. The

physician uses a swab to sample the ulcer and send it off for diagnostic analysis.
© What is the most likely diagnosis?

0 If the test is for deoxyribonucleic acid (DNA), what method would
be used to amplify the fragments of DNA sampled?
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ANSWERS TO CASE 6: HERPES SIMPLEX VIRUS/
POLYMERASE CHAIN REACTION

Summary: A 21-year-old female presents with recurrent episodes of painful
ulcerations on vulva. The physician uses a swab to sample the ulcer for diag-
nosis. She also has some neurologic symptoms at the vulva prior to appearance
of lesions.

© Most likely diagnosis: Herpes simplex virus 2 (HSV-2) outbreak.

© Biochemical Technique: Polymerase chain reaction to amplify the small
amount of HSV DNA. This is a very sensitive diagnostic technique that is
able to detect small amounts of HSV DNA, and through in vitro
techniques, it is able to rapidly produce large quantities of DNA.

CLINICAL CORRELATION

This 21-year-old female has a recurrent episode of vulvar ulcers accompanied by
burning and tingling in the same region. These symptoms are caused by the her-
pes virus affecting the afferent nerve. After a primary infection, the herpes virus
lays dormant in the dorsal ganglia of the nerve root. Then in times of stress or
for unknown reasons, the virus becomes active and travels down the nerve to the
skin. Thus, the patient often has neurologic symptoms even before the outbreak
on the skin. Viral culture is an accurate method of diagnosis. Perhaps even bet-
ter is polymerase chain reaction (PCR), which can also be used for detection of
numerous infectious organisms, genetic mutations, and forensic testing.

APPROACH TO POLYMERASE CHAIN REACTION

Objectives

1. Describe the life cycle of herpes simplex viruses.
2. Describe the process of PCR.
3. Know the definitions and purpose of restriction endonucleases and

oligonucleotides.
4. Be familiar with how PCR may be used for identifying infections and
mutations.
5. Cite the advantages of PCR over other biotechnology involving recombi-
nant DNA.
Definitions

Annealing: The process of allowing single-stranded lengths of DNA to
base-pair to form double-stranded DNA. It is used most frequently when
referring to the process of binding an oligonucleotide primer or probe to
a longer DNA fragment.
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Denaturation: The process by which the secondary and tertiary structure
of proteins and nucleic acids is broken down to form random chains. In
the case of DNA, it specifically refers to the separation of double-
stranded DNA into single strands by the breaking of the hydrogen bonds
that form the complementary base pairing, usually by increasing the
temperature.

PCR (polymerase chain reaction): PCR is a method by which DNA or
DNA fragments can be amplified through several steps of denaturation,
annealing, and elongation. Through this process, the amount of target
DNA can be increased by a factor of 10° to 10°.

Restriction enzymes: Endonucleases isolated from bacteria that will selec-
tively cleave DNA having specific nucleotide sequences. The enzyme rec-
ognizes particular palindromic nucleotide sequences and will hydrolyze
both strands within that sequence. Molecular biologists use these enzymes
in various recombinant DNA techniques.

Taq DNA polymerase: A DNA polymerase isolated from the thermophilic
bacteria Thermus aquaticus. It has the advantage that it remains active dur-
ing the denaturation steps of PCR in which the temperature is increased to
separate the DNA strands.

Palindrome: having the same sequence in the complimentary strand as the
original strand of DNA or RNA when read from the 5’ to the 3’ direction.

Acyclovir (Acycloguanosine): Acycloguanosine, a prodrug that is activated
to the active acyclo-GTP, which inhibits viral DNA polymerase by acting
as a DNA chain terminator.

DISCUSSION

Herpes simplex viruses (HSV) are members of Herpesviridae which also
includes Epstein-Barr virus (infectious mononucleosis), varicella zoster virus
(chicken pox), and cytomegalovirus. Herpesviruses are large (150 nm diameter)
enveloped linear double-stranded DNA viruses. Because of the phospholipid
envelope, herpesviruses are sensitive to acids, detergents, solvents, and drying.
In general, herpesvirus replication begins with the attachment of the viral par-
ticle to the host cell surface, followed by the fusion of the viral envelope and
cell membrane and release of the viral nucleocapsid into the cell cytoplasm.
The nucleocapsid attaches to the nuclear envelope and then the viral genome
is released into the cellular nucleus. The herpesvirus genome is transcribed
and translated by host factors but it is replicated by a viral encoded DNA poly-
merase. This HSV DNA polymerase is an important target for drug therapy.
The viral nucleocapsids are formed in the nucleus and the envelope is acquired
from the nuclear or Golgi membrane. Mature viral particles are released from
the host cell by exocytosis or cell lysis. Depending on the herpesvirus and type
of host cell that is infected, a lytic, persistent (macrophages and lymphocytes),
or latent (nerve cells) infection can be established.
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HSV can infect many cell types (including macrophages, lymphocytes, and
neurons) causing lytic, persistent, and latent infections. Because of nerve cell
involvement in latent infections, a recurrence of the disease is often preceded
by a prodrome (sensations such as burning or tingling). Initial HSV-1 and
HSV-2 infections are usually established on mucous membranes. While HSV-1
and HSV-2 are respectively referred to as oral-herpes and genital-herpes based
on their typical site of infection, HSV-1 and HSV-2 can be found on both oral
and genital tissue.

Diagnosis can be made by examining infected tissue or cells for character-
istic cytopathologic effects, virus isolation and culture, or serology. Molecular
methods (such as, DNA in sifu hybridization, and PCR of vesicle fluid or
scrapings) are also used for diagnosis. The molecular methods are gaining
favor because they yield rapid results and identify the viral type or strain.
Because of these diagnostic advantages, PCR is the preferred method for diag-
nosis of HSV encephalitis.

The polymerase chain reaction (PCR) is an in vitro method for the expo-
nential amplification of a specific DNA region. Today, PCR is one of the
most important biochemical techniques and is applied in virtually all fields of
modern molecular biology. The ingredients for PCR reactions are very simple:
the target DNA to be amplified, a heat-stable DNA polymerase, the four
deoxyribonucleotides, two oligonucleotide primers, and a reaction buffer.
The entire PCR reaction is carried out in a single tube containing all these nec-
essary components. The target DNA segment is amplified with a high degree
of specificity by using two DNA oligonucleotide primers that are comple-
mentary to sequences on the 3’-flanking regions of opposite strands of the tar-
get segment. The PCR amplification occurs by repeated cycles of three
temperature-dependent steps called denaturation, annealing, and elonga-
tion as schematically presented in Figure 6-1. Native DNA exists as a double
helix; therefore the first step, denaturation, of the process separates the two
DNA chains by heating the reaction mixture to 90°C to 95°C (194°F to
203°F). In the second step, annealing, the reaction mixture is cooled to 45°C
to 60°C (113°F to 140°F) so that the oligonucleotide primers can bind or
anneal to the separated strands of the target DNA. In the final step of the
process, elongation, the DNA polymerase adds nucleotides to the 3’ ends of
the primers to complete a copy of the target DNA template. A heat-stable
DNA polymerase obtained from the thermophilic bacterium T. aquaticus is
used to synthesize the new strands in most PCR reactions. Since this Taqg DNA
polymerase works the best at around 72°C (161.6°F), the temperature of the
PCR mixture is raised to that temperature for elongation to proceed efficiently.
At the end of a three-step cycle, each target region of DNA in the vial has been
duplicated. This three-step cycle is then repeated multiple times. Each new
DNA strand can then act as a new template in the next cycle, yielding approx-
imately one million copies of a target DNA after 20 cycles. Therefore PCR
is a method able to amplify any DNA sequence virtually without limit and
allows the separation of the nucleic acid of interest from its context.
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Figure 6-1. PCR reaction diagram.

PCR is also becoming the leading method for detection of the continuously
increasing number of human pathogens. Examples include herpes simplex
virus (HSV), human papillomavirus, human immunodeficiency virus (HIV),
human T lymphotropic virus type I and type II, cytomegalovirus (CMV),
Epstein-Barr virus, human herpesvirus-6 (HHV-6), hepatitis B virus, B16 par-
vovirus, JC and BK viruses, rubella virus, mycobacteria, Toxoplasmosis gondii,
Trypanosoma cruzi, and malaria, with many more to follow. PCR can be applied
as a detection method for virtually any pathogen for which even limited nucleotide
sequence information is known and for which a specimen of infected tissue
can be readily obtained. In most cases PCR assays are more discriminative
than conventional serology. For example, it is difficult to distinguish HSV-I
from HSV-II or HIV-1 from HIV-2 by serology, yet such distinctions can be
readily made on the basis of PCR amplification of type-specific genetic
sequences. PCR yields rapid results, typically in 1 to 2 days in a clinical setting.
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It is applicable to a wide variety of clinical, pathologic, or forensic specimens,
as well as to formalin-fixed tissue, inactivated bacterial cultures, and archaeo-
logical specimens. However, since PCR detects nucleic acids from both liv-
ing and dead microbes, this must be taken into account if PCR is used to
monitor response to therapy.

Prior to the PCR method for detection of HSV-1 and HSV-2, clinical spec-
imens were analyzed using immunologic methods to confirm the virus iden-
tity following a viral culture. Such methods are time-consuming (3 to 12 days)
and expensive. In addition, cultivation of the virus is not always successful.
Turnaround time for viral culture averaged 108 hours for positive results and
154 hours for negative results. In comparison, the present PCR method of
HSV detection is specific, relatively fast and accurate. The method allows
detection of one to ten virus particles in the presence of microgram quantities
of cellular or heterogeneous DNA. The PCR assay offers increased sensitivity,
specificity, and improved turnaround time (24 to 48 hours) when compared
with traditional viral culture techniques. These methods have allowed a better
understanding of the physiopathogeny of the disease. In particular, PCR has
revealed the importance of asymptomatic viral shedding in infected patients.
PCR also helps diagnosis in many situations where viral isolation by culture
proves difficult or impossible, for example, in treated or atypical lesions, or in
newborn central nervous system infections. PCR has demonstrated the exis-
tence of prolonged viremia in infected newborns. PCR helps sequencing of the
viral genome for further epidemiologic studies or analysis of resistance to
antiviral drugs. Recently, PCR-derived techniques have been developed to
quantify viral load in real time, thus allowing a diagnosis in a few hours.

After amplification of the samples using PCR the identification of the
virus species can be achieved through restriction enzyme digestion, which
yields a unique pattern of different fragment sizes characteristic for each her-
pesvirus (or other pathogen). Restriction endonucleases are enzymes able to
cut double-stranded DNA at specific palindromic recognition sequences
that are mostly four to six nucleotides long. Furthermore, a well-designed
restriction enzyme panel allows the discrimination between human herpes virus
6 variant A and variant B. In this way, this method can readily detect human
herpesviruses, including occasional multiple infections, in a variety of clinical
samples. When PCR assay was compared to isolation and electron microscopy
for the detection of HSV in clinical samples, all specimens positive by con-
ventional methods were also positive by PCR. However, in a number of clini-
cal specimens in which HSV could not be detected by conventional methods,
PCR was able to demonstrate the presence of the virus.

Treatment of HSV typically involves the use of nucleoside analogs such as
acyclovir (acycloguanosine) that inhibit the viral DNA polymerase. Acyclovir
is a prodrug that is activated by viral thymidine kinase. The activated drug,
acyclo-GTP, inhibits the viral DNA polymerase by acting as a chain termina-
tor when it is incorporated into viral DNA.
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COMPREHENSION QUESTIONS

[6.1]

[6.2]

[6.3]

One of the steps in the PCR amplification of DNA fragments is the
denaturation step in which the temperature is raised to break the hydro-
gen bonds that make up the base pairing. Which of the following DNA
fragments would most likely require the greatest increase in tempera-
ture to cause complete denaturation?

A. 5-C-A-A-T-G-T-A-A-T-T-G-C-A-T-3’
3-G-T-T- A-C-A-T-T-A-A-C-G-T-A-5
B. 5-A-T-A-T-A-T-A-T-A-T-A-T-A-T-3’
3-T- A-T- A-T-A-T-A-T-A-T-A-T-A-5
C. 5-A-A-C-C-G-G-A-C-C-G-C-G-A-T-%
3’-T- T-G-G-C-C-T-G-G-C-G-C-T-A-5’
D. 5-A-G-A-G-A-G-A-G-A-G-A-G-A-G-3’
3’-T-C-T-C-T-C-T-C-T-C-T-C-T-C-5
E. 5-G-A-C-T-G-T-A-A-T-A-C-G-A-T-3
3’-C-T-G-A-C-A-T-T-A-T-G-C-T-A-5’

Restriction enzymes are used to cleave genomic DNA into smaller
fragments. Which of the following single-strand DNA sequences has
the best potential to be a site of action for a restriction endonuclease?

A. T-A-G-C-T-T
B. C-T-G-C-A-G
C. A-A-C-C-A-A
D. G-T-G-T-G-T
E. A-A-A-C-C-C

A 21-year-old woman was abducted when she went to the local con-
venience store. Her body was found the next morning in a wooded area
behind the store. The autopsy revealed that she had been sexually
assaulted and strangled. Crime scene investigators were able to collect
a semen sample from vaginal fluid as well as tissue samples from
underneath the victim’s fingernails. DNA samples were obtained from
three suspects besides the victim. A variable number of tandem repeats
(VNTR) analysis was performed on the DNA samples from the evidence
collected, the victim, and the suspect, and the results were compared.

Which of the following techniques is the most appropriately applied
for this analysis?

Allele-specific oligonucleotide probes
DNA sequencing

Northern blot

Southern blot

Western blot

moNw
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Answers

[6.1]

[6.2]

[6.3]

C. The temperature at which the DNA strands separate is dependent
on the number of hydrogen bonds that make up the base pairing.
Since G-C pairs have three hydrogen bonds while A-T pairs only
have two, then the strand that has the greatest number of G-C pairs
will have the higher melting temperature, Tm, which is the tempera-
ture at which half of the base pairs are broken. Interestingly, the
TATA box, the starting point of transcription in eukaryotes, has
weaker bonding.

B. Most of the sequences recognized by restriction endonucleases are
palindromes; that is, they have the same nucleotide sequence on both
strands when read in the 5" to 3" direction. Since choice B has the only
sequence that will be a palindrome when paired with its complemen-
tary strand, it is the most likely to be a site recognized by a restriction
endonuclease (it is the site recognized by the restriction endonuclease
Pst).

D. A VNTR analysis examines the hypervariable regions of the
human genome. These contain sequences that are repeated in tandem
a variable number of times and the length is unique for each individual.
Because it is DNA fragments that are being analyzed, the Southern
blot is the most appropriate technique to use to separate and detect
these regions. DNA sequencing is too time-consuming to be practical
for forensic analyses. The Northern blot is used to separate and detect
RNA, whereas the Western blot is used for proteins. Allele-specific
oligonucleotide probes are used when testing for the presence of a
genetic mutation that either introduces or removes a restriction site.
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BIOCHEMISTRY PEARLS

< Polymerase chain reaction (PCR) is an in vitro method for the expo-
nential amplification of a specific DNA region.

’:‘ PCR involves (1) denaturation, which separates the two DNA chains
by heating the reaction mixture to 90°C to 95°C (194°F to 203°F);
(2) annealing or cooling to 45°C to 60°C (113°F to 140°F) so that
the oligonucleotide primers can bind or anneal to the separated
strands of the target DNA; and (3) elongation with DNA poly-
merase (at 72°C [162°F] when Tag DNA polymerase used)
adding nucleotides to the 3" ends of the primers to a complete
copy of the target DNA template.

% GC pairs have three hydrogen bonds, whereas AT pairs have only
two hydrogen bonds and are therefore weaker.

#* A heat-stable DNA polymerase obtained from the thermophilic bac-
terium 7. aquaticus is used to synthesize the new strands in most
PCR reactions.

#*  Endonucleases usually act at sites of palindromes.
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< CASE7

A 39-year-old female presents to the clinic for a routine health maintenance
exam. The patient reports she is feeling nervous and anxious all the time with
frequent palpitations. On further questioning she reports having diarrhea and
has been losing weight. She has also noticed a change in hair and fingernail
growth and frequently feels warm while others are cold or comfortable. She
denies any history of depression or anxiety disorder and is not taking any med-
ications. On examination, her heart rate is 110 beats per minute. She has a
slight tremor and has increased reflexes in all extremities. A nontender thyroid
enlargement is appreciated in the thyroid region. Her TSH level is low at

0.1 mIU/mL. The patient is told that she has an autoimmune antibody process.
© What is the most likely diagnosis?

© What is the biochemical mechanism for this disorder?
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ANSWERS TO CASE 7: HYPERTHYROIDISM/STEROID
MESSENGER REGULATION OF TRANSLATION

Summary: A 39-year-old female has symptoms of nervousness, weight loss,
gastrointestinal and skin alterations, heart palpitations, heat intolerance, and
physical signs of hyperreflexia and a goiter.

@ Likely diagnosis: Hyperthyroidism, likely Graves disease.

© Biochemical mechanism: The most frequent cause of hyperthyroidism,
Graves disease, is an autoimmune process in which thyroid hypersecretion
is caused by circulating immunoglobulins that bind to the TSH receptor on
the thyroid follicular cells and stimulate thyroid hormone production. The
diagnosis is confirmed by increased thyroid stimulating IgG antibodies and
is frequently seen in other family members.

CLINICAL CORRELATION

This 39-year-old woman has symptoms of hyperthyroidism, thyroid excess.
This causes a tachycardia, tremor, nervousness, thin skin, weight loss through the
hypermetabolic state, and hyperreflexia. If unchecked, the high levels of thyroid
hormone can sometimes even cause adrenergic crisis (so called thyroid storm),
which has a high rate of mortality. Normally, the thyroid hormone (thyroxine)
is under tight control. The pituitary release of thyroid stimulating hormone is
stimulated by insufficient thyroxine, and suppressed by excess thyroxine. In
Graves disease, the most common cause of hyperthyroidism in the United
States, an autoimmune immunoglobulin is produced that stimulates the TSH
receptor of the pituitary. This is confirmed by either assaying for the thyroid-
stimulating immunoglobulin, or a radionuclide scan revealing diffuse
increased uptake throughout the thyroid gland. Treatment acutely includes
B-adrenergic antagonists and agents that inhibit the catabolism of thyroid
hormone such as propylthiouracil (PTU).

APPROACH TO STEROID MESSENGER REGULATION
OF TRANSLATION

Objectives

1. Understand the general mechanisms of hormone action.

2. Know about some of the specific mechanisms by which hormones acti-
vate receptors.
a. Know about hormones that bind to cell membrane receptors.
b. Know about hormones that act through cyclic nucleotides.
c. Know about hormones that act through calcium and the PIP, system.
d. Know about hormones that bind intracellular receptors and activate

genes.
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3. Be familiar with how immunoglobulins of Graves disease cause
hyperthyroidism.

4. Be aware of the mechanism of action of PTU and methimazole.

5. Understand the regulation of hormone levels.

Definitions

Effector: The protein in a signal transduction pathway (e.g., a hormonal
response) that produces the cellular response.

G protein: A guanosine triphosphate (GTP)-binding protein that serves as
a transducer in a signal transduction pathway. On binding GTP and
releasing guanosine diphosphate (GDP), a G protein is able to activate
the effector enzyme (e.g., adenylate cyclase).

Graves disease: An autoimmune disease in which the B lymphocytes syn-
thesize an immunoglobulin (thyroid-stimulating immunoglobulin, TSIg)
that binds to and activates the TSH receptor in such a way that the thy-
roid hormones do not feedback inhibit the receptor—effector interaction,
leading to a hyperthyroid condition.

Hormone: A chemical signal that is produced in one set of cells and directs
the activity in another set of cells that can be endocrine, paracrine, or
autocrine.

Receptor: A protein that will perceive the signal of a hormone or other
chemical signal (e.g., a neurotransmitter) by binding it and transmitting
that signal further down the signal transduction pathway.

Second messenger: A molecule that is synthesized within a cell in
response to a receptor binding a hormone.

Transducer protein: A protein (such as the o-subunit of a G protein) that
transmits the signal from a hormone-bound receptor to the effector protein.

DISCUSSION

Cellular biochemistry is a complex system of reactions and processes that
must be efficiently regulated and integrated with processes underway in other
cells and tissues. One method by which regulation is achieved is through the
interaction of hormones and their associated receptors located either within
or on the surface of the cell. A hormone is any substance in an organism that
carries a signal to change metabolic processes within a cell.

The hormonal-signaling process is summarized in Figure 7-1. Hormones
are released from secretory tissues in response to metabolic signals as well as
electrical or chemical signals from the nervous system. The released hormone
binds to a receptor, which can either be on the cell surface or, as in the case
of steroid and similar hormones, within the cell. The hormone-receptor
complex starts a series of events in which the signal is converted to other
chemical forms that bring about changes in the biochemical reactions within
the cell.
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Figure 7-1. The hormonal-signaling process.

Hormones can be grouped into three main classifications based on their
chemical structure and how they are synthesized. Peptide hormones include
the polypeptide hormones insulin and glucagon, as well as the smaller pep-
tides such as thyrotropin-releasing hormone (TRH) and the enkephalins. Some
peptide hormones, like thyrotropin (TSH) are glycoproteins. Amino acid-
derived hormones are synthesized from amino acid precursors. The cate-
cholamines and serotonin are included in this grouping, as are the thyroid
hormones, T, and T,. The third classification is the steroid and steroid-like
hormones, which includes the progestogens, corticosteroids, androgens,
estrogens, and calcitriol (the active form of vitamin D).

The cell-associated receptors are the molecular entities primarily respon-
sible for recognizing the hormonal signal. When the hormone binds to the
receptor, the hormone-receptor complex initiates the events that culminate in
the cellular response. These cell-associated hormone receptors can be classi-
fied into two main categories, nuclear receptors and cell-surface receptors.
Nuclear receptors are intracellular proteins present in either the cytosol or
the nucleus that bind hormones which cross the cell membrane by simple dif-
fusion. When nuclear receptors bind their cognate hormone, they undergo a
conformational change that enables them to bind to DNA at specific sites
called cis-response elements. When the hormone-nuclear receptor binds
specifically to these response elements, they influence transcription of the
DNA genome into messenger RNA, either by activating or repressing it.
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Cell-surface receptors, as their name implies, bind hormones on the
extracellular side of the cell membrane. When the hormone binds to its
receptor on the cell surface, the hormone-bound receptor either activates or
forms a complex with a transducer protein in the membrane that will
cause the activation of some enzymatic activity in the cytoplasm of the cell.
The enzymatic activity, sometimes called the effector, catalyzes the produc-
tion of a second messenger that mediates the intracellular response.

Most transducer proteins that interact with cell-surface receptors are GTP-
binding proteins, commonly called G proteins. G proteins typically are
composed of three subunits: o, 8, and y. When the receptor is in the unbound
state, all three subunits are bound together to form a heterotrimer that is in
close association with the membrane-bound receptor. In this state, GDP is
bound to the o-subunit (Figure 7-2). Binding of the hormone by the receptor
causes a conformational change such that the a-subunit is able to exchange the
bound GDP for a molecule of GTP. The GTP-bound ¢-subunit separates from
the By-dimer and is able to interact with the effector enzyme in either a stim-
ulatory or inhibitory manner, depending on the nature of the o-subunit. Some

Initiation of Signal Termination of Signal
Hormone-
OlappPY
Py
GDP
GTP

i

Intrinsic
GTPase activity
Hormone-
Receptor, Olgrp HZO

* By

Effector
Enzyme

Figure 7-2. Transduction by heterotrimeric G proteins.



70 CASE FILES: BIOCHEMISTRY

different G protein families are presented in Table 7-1. Common effector
enzymes are adenylate cyclase, which converts ATP into 3’,5’-cyclic AMP
(cAMP) and phospholipase C (PLC), which hydrolyzes the membrane lipid
phosphatidylinositol-4,5-bisphosphate (PIP,) to diacylglycerol and inositol-
1,4,5-triphosphate (IP3). ‘While GTP is bound to the o-subunit, the interaction
with the effector enzyme continues. However, the o-subunit also contains an
intrinsic GTPase activity that will hydrolyze GTP to GDP and inorganic
phosphate (P,). This provides a mechanism by which the hormonal signal can
be switched off, because GTP hydrolysis to GDP causes the o-subunit to
release the effector enzyme and reassociate with the By subunits.

The hormonal cascade known as the hypothalamic-pituitary-thyroid axis
employs G-protein transducers that activate both adenylate cyclase and
phospholipase C. After receiving an electrochemical signal from the central
nervous system (CNS), thyrotropin-releasing hormone (TRH) is released from
the arcuate nucleus and median eminence of the hypothalamus. TRH is car-
ried to the anterior pituitary via long portal vessels. In the anterior pituitary,
TRH binds to G protein—coupled TRH receptors on the cell surface of
thyrotrophs. This activates phospholipase C, releasing both DAG and IP,.
DAG activates protein kinase C (PKC), which phosphorylates target pro-
teins. The release of IP, opens Ca** channels in the endoplasmic reticulum,
thus releasing Ca®* from storage and increasing cytoplasmic [Ca?*]. Both of these
events result in the increase in synthesis and release of thyrotropin, also known
as thyroid-stimulating hormone or TSH, which is stored in secretory granules
within the thyrotroph. Circulating TSH binds to TSH receptors on the basolat-
eral membranes of the thyroid follicular cell. The TSH receptor is a G pro-
tein—coupled receptor that activates adenylate cyclase to produce cAMP
when hormone is bound. The increase in cAMP triggers a series of events

Table 7-1
G-PROTEIN FAMILIES AND THEIR FUNCTIONS

G, CLASS INITIATING SIGNAL DOWNSTREAM SIGNAL

G, [B-Adrenergic amines, glucagon, Stimulates adenylate cyclase
parathyroid hormone, thyrotropin
(TSH), corticotrophin, many others

G. Acetylcholine, a-adrenergic amines, | Inhibits adenylate cyclase
many neurotransmitters, chemokines

Gq Acetylcholine, a-adrenergic amines, Increases IP, and
TRH, many neurotransmitters intracellular calcium ion
G Photons Stimulates cGMP

t
(Transducin) phosphodiesterase
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within the follicular cell that result in the secretion of the thyroid hormones
thyroxine (T,; 3,5,3,5-tetraiodo-L-thyronine) and 3,5,3’a-triiodo-L-
thyronine (T,). These events include increases in

1. The transport of iodide ions across the basolateral membrane into the
thyroid follicular cell via the Na/I cotransporter (NIS)

2. lodination of tyrosine residues on colloidal thyroglobulin in the lumen
of the follicle

3. Conjugation of iodinated tyrosines to form T, and T, on thyroglobulin

4. The endocytosis of thyroglobulin into the follicular cell from the lumen

5. The hydrolysis of thyroglobulin in the lysosome to release T, and T,

6. The secretion of T, and T, into the bloodstream

Although the thyroid hormones are derived from amino acids, they act in
a fashion similar to that of the steroid hormones. In the circulation, almost
all of the thyroid hormones (99.98 percent of T, and 99.5 percent of T,) are
tightly bound to the proteins thyroxine binding globulin (TBG), albumin, and
transthyretin. However, the free, or “unbound,” T, and T, are responsible for the
biological effects of the thyroid hormones. The thyroid hormones enter the cell
either by simple or carrier-mediated diffusion across the cell membrane.
Within the cytoplasm, approximately 50 percent of T, is deiodinated to form T.
The hormones enter the nucleus where they bind to the thyroid hormone
receptor (THR). The affinity of the THR is approximately 10 times greater
for T, than it is for T,, one reason why T, is more biologically active than T,.
When T, or T, bind to THR, the complex is able to bind to the thyroid response
element of specific genes. The net effect of increased thyroid hormones is an
increase in basal metabolic rate. This is accomplished by increasing the
expression of genes that code for enzymes in both the catabolic and anabolic
pathways of fats, carbohydrates and proteins, as well as the expression of
the Na-K pump. The careful regulation of thyroid hormone secretion is there-
fore important in the overall regulation of metabolism. Thus, T, and T, exert a
negative feedback inhibition on the synthesis of TRH by the hypothalamus and
the secretion of TSH by the anterior pituitary, so that the levels of T, and T,
are tightly controlled.

Graves disease is an autoimmune disease in which the B lymphocytes syn-
thesize an immunoglobulin that binds to and activates the TSH receptor on
the thyroid follicular cell membrane. This thyroid-stimulating immunoglobulin
(TSIg) binds to and activates the TSH receptor in such a way that T, and T, do
not feedback inhibit the receptor—effector interaction. Thus, all of the processes
enumerated above that are sequelae of the TSH receptor binding hormone are
increased resulting in a hyperthyroid condition.

Nonsurgical treatments for Graves disease include administration of thion-
amide antithyroid drugs, which include propylthiouracil (PTU) and methi-
mazole, and/or treatment with radioactive iodine. The thionamides act by
inhibiting the enzyme thyroid peroxidase, an enzyme on the apical mem-
brane of the thyroid follicular cell that faces the lumen. This enzyme catalyzes
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the oxidation of iodide ion (I") to atomic iodine (I’), which is required for
the iodination of tyrosyl residues on thyroglobulin; these drugs decrease the
amounts of T, and T, synthesized. They also decrease the amount of TSIg that
is synthesized by mechanisms that are not understood. Radioactive iodine
treatments cause the progressive destruction of thyroid cells, thus reducing
thyroid function over a period of several weeks to months.

COMPREHENSION QUESTIONS

[7.1]1 The thyroid hormones T, and T, are synthesized in the follicular cells
of the thyroid gland. From which of the following essential amino
acids are the thyroid hormones synthesized?

Isoleucine
Lysine
Methionine
Phenylalanine
Valine

moNw

[7.2] The thyroid hormones T, and T, bind to the thyroid hormone receptor
(THR) in the target cells. Which of the following mechanisms best
describes the role of the THR?

A. Tt activates adenylyl cyclase to produce cAMP.
B. It activates the phosphoinositide cascade.

C. Itis a soluble guanylyl cyclase.

D. Itis a tyrosine kinase.

E. Itis a transcription factor.

[7.3] A 26-year-old male presents complaining of heat intolerance, heavy
sweating, tremulousness, and feeling “jittery inside.” Physical exami-
nation reveals reddened conjunctiva and warm and moist palms, but the
thyroid gland was not visibly enlarged. Which of the following tests
would be most helpful to obtain an accurate diagnosis?

Electrocardiogram
Free thyroxine level
Serum cortisol levels
Serum electrolytes
Serum glucose level

moQwy

Answers

[7.1] D. Thyroid hormones are synthesized from tyrosyl residues on thy-
roglobulin in the colloidal space of the thyroid follicular cells.
Although tyrosine can be obtained from the diet, it can also be syn-
thesized from the essential amino acid phenylalanine by the action of
phenylalanine hydroxylase.
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[7.2]

[7.3]

E. Thyroid hormones are similar to steroid hormones in that they bind
to receptors in the nucleus of the cell. On binding to the receptor, the
receptor—hormone complex binds to DNA affecting the transcription
of messenger RNA.

B. This patient appears to have a hyperthyroid condition even though
the thyroid does not appear to be enlarged. Thyroid function tests
would be most helpful to determine if this is the case. The free thy-
roxine level is a direct measure of the amount of free T,, the biolog-
ically active T,, in the serum. Elevation of the free T, indicates a
hyperthyroid condition.

R/
L. %4

R/
L. %4

R/
L. %4

R/
L. %4

BIOCHEMISTRY PEARLS

Hormones bind to receptors, which can either be on the cell surface
or, as in the case of steroid and similar hormones, within the cell.

The hormone—receptor complex starts a series of events in which the
signal is converted to other chemical forms that bring about
changes in the biochemical reactions within the cell.

Hormones that bind to cell-surface receptors activate or form a com-
plex with a transducer protein in the membrane that will cause the
activation of some enzymatic activity in the cytoplasm of the cell,
producing a second messenger.

Nuclear receptors are intracellular proteins present in either the
cytosol or the nucleus that bind hormones (steroids) which cross
the cell membrane by simple diffusion. The nuclear receptors
undergo conformational changes that enable them to bind to
DNA at specific sites.
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A 3-year-old Caucasian boy is brought to the clinic for a chronic productive
cough not responding to antibiotics given recently. He has no fever or sick
contacts. His medical history is significant for abdominal distention, failure to
pass stool, and emesis as an infant. He continues to have bulky, foul-smelling
stools. No diarrhea is present. He has several relatives with chronic lung and
“stomach” problems, and some have even died at a young age. The examina-
tion reveals an ill appearing, slender male in moderate distress. The lung exam
reveals poor air movement in the base of lungs bilateral and coarse rhonchi
throughout both lung fields. A chloride sweat test was performed and was

positive, indicating cystic fibrosis (CF).
© What is the mechanism of the disease?

© How might gel electrophoresis assist in making the diagnosis?
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ANSWERS TO CASE 8: CYSTIC FIBROSIS

Summary: A 3-year-old Caucasian male has a history of chronic pulmonary
and gastrointestinal problems and has a positive chloride sweat test. A family
history of similar symptoms is also present.

@ Likely diagnosis: Cystic fibrosis, which is an autosomal recessive
disorder resulting in defective chloride ion channels of exocrine glands
and epithelial tissues of the pancreas, sweat glands, and mucous glands
in the respiratory, digestive, and reproductive tracts.

@ Gel electrophoresis: Separates deoxyribonucleic acid (DNA) chains of
varying length and can allow identification of a specific gene sequences.

CLINICAL CORRELATION

Cystic fibrosis is an inherited condition affecting approximately 1 in 2500
white individuals. Affected patients usually have abnormal mucus secretion
and eccrine sweat glands leading to respiratory infections, gastrointestinal
obstruction, pancreatic enzyme dysfunction leading to malabsorption of nutri-
ents, and excessive electrolyte secretion. The protein cystic fibrosis trans-
membrane conductance regulator (CFTR) is defective, leading to abnormal
chloride transport. Approximately 70 percent of mutations are accounted for
by deletion of three specific base pairs at the F 508 position of the CFTR.
Oligonucleotide probes can be used to assay for this mutation, but other tests
are required for the less common mutations.

APPROACH TO GEL ELECTROPHORESIS
AND CLONING

Objectives

1. Understand the process of gel electrophoresis.

2. Know the difference between various types of blots.

3. Be familiar with DNA sequencing using the Sanger dideoxynucleotide
method.

4. Understand the process and uses of cloning DNA.

Definitions

Blotting: The transfer of proteins or nucleic acids from an electrophoresis
gel to a membrane support (such as nitrocellulose or nylon). The membrane
blot is then incubated with probes that bind the molecules of interest.

Complementary DNA (¢cDNA): A sequence of DNA copied from messen-
ger ribonucleic acid (mRNA), which does not contain introns that were
present in native DNA.
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CFTR: Cystic fibrosis transmembrane conductance regulator; a ligand-
gated chloride channel that is regulated by phosphorylation. It is a mem-
ber of the adenine nucleotide binding cassette (ABC) family of transport
proteins.

Electrophoresis: The technique by which charged molecules in solution
are separated in an electric field according to their different mobilities in
the supporting medium.

Gel electrophoresis: Electrophoresis using a gel as the supporting medium.
Common gels are polyacrylamide and agarose.

Northern blot: The technique by which molecules of ribonucleic acid
(RNA) are separated by gel electrophoresis, transferred to a membrane
support, and incubated with labeled oligonucleotide probes. Specificity
is obtained by using oligonucleotide probes that have sequences com-
plementary to the target RNA.

Southern blot: The technique by which molecules of DNA are separated
by gel electrophoresis, transferred to a membrane support, and incubated
with labeled oligonucleotide probes. Specificity is obtained by using
oligonucleotide probes that have sequences complementary to the target
DNA.

Western blot: The technique by which protein molecules are separated by
gel electrophoresis, transferred to a membrane support, and incubated
with labeled antibodies. Specificity is obtained using antibodies that will
bind the protein molecule of interest.

DISCUSSION

Cystic fibrosis is the most common lethal autosomal recessive disease affect-
ing the Caucasian population. It has a frequency of approximately 1 in 2500
and a carrier frequency of approximately 1 in 25. The protein affected is the
cystic fibrosis transmembrane conductance regulator (CFTR), which is a chlo-
ride ion channel. There are over 1000 mutations that have been discovered
in the CFTR gene and over 80 percent of these mutations lead to disease.
The mutations lead to (1) defective or decreased protein production, (2) defective
processing of the protein, (3) protein that is defective in the regulation of the
chloride channel, or (4) defect in the transport of chloride ions. The most com-
mon mutation, a deletion of a phenylalanine residue at amino acid position
508 (AF,), results in misfolding of the protein; it consequently does not traffic
to the membrane.

Defects in the CFTR decrease the ability of cells to transport Cl™ in a num-
ber of tissues, particularly the pancreas, airway epithelia, and sweat glands.
When CI” transport is defective in the pancreas, it leads to decreased HCO,~
secretion and decreased hydration that leads to thick secretions that block the
pancreatic ducts and destruction of the organ. In the lungs, the decreased
absorption of CI™ ions is thought to increase the absorption of the airway sur-
face liquid thus increasing the viscosity of mucous, decreasing mucociliary
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clearance and increasing the incidence of airway infections. In sweat glands,
defects in CFTR prevent the reabsorption of CI” in the sweat gland duct, thus
increasing the concentration of NaCl in sweat. The presence of salty sweat in chil-
dren with CF gives rise to the Northern Europe adage: “Woe to that child which
when kissed on the forehead tastes salty. He is bewitched and soon must die.”

Gel electrophoresis is a method routinely used in biochemistry and molec-
ular biology to separate, identify, and purify peptides, proteins, and DNA
fragments based on their size. Electrophoresis is a method by which
charged molecules in a solution are separated in an electric field because
of their different mobilities. The mobility of an ion in the electric field is
dependent on the charge of the ionized molecule, the voltage gradient of the
electric field, and the frictional resistance of the supporting medium. The
supporting medium of choice for most protein and peptide analyses, as well as
small DNA fragments, is polyacrylamide gel. For large DNA fragments,
agarose gel gives the best results.

In general, DNA molecules have a high negative charge-to-mass ratio
owing to their sugar-phosphate backbone. Therefore, when an electric field
is applied, DNA will migrate through the agarose (or polyacrylamide) gel
toward the positive pole in the electrophoresis apparatus. Because of the high
charge-to-mass ratio, the relative electrophoretic mobility of DNA depends
primarily on the size of the DNA molecule and porosity of the gel matrix,
which can be varied by the concentration of agarose or polyacrylamide in the
gel. Small DNA strands will move fast, whereas large fragments will lag
behind smaller fragments as the DNA migrates through the gel. To estimate
the size of DNA in the samples, molecular weight markers (a mixture of DNA
fragments of known molecular size) are applied to one of the lanes in the gel.
Gel electrophoresis separates DNA molecules based on their frictional coeffi-
cient, which is dependent on the length and conformation of the fragment. For
most linear double-stranded DNA molecules, separation will be according to
their molecular weight. However, circular DNA molecules (e.g., from bacte-
ria or plasmids) can adopt a super coiled structure and therefore will pass
through the gel with less resistance than the rod shape of linear DNA.

Gel electrophoresis can be applied as a method for detection of genetic dis-
eases such as Cystic fibrosis (CF). Larger deletions in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene will cause it to move
differently than the full-length wild type gene. In most cases, the DNA sample
of the patient is amplified by a polymerase chain reaction (PCR) using specific
primers. After the electrophoresis of the PCR samples the bands are visualized
under ultraviolet (UV) light using ethidium bromide staining.

Bands of molecules separated by electrophoresis can be detected in the gel
by various staining and destaining methods, such as the above mentioned
ethidium bromide. However, more specific information can be obtained by
application of blotting techniques. There are three different blotting tech-
niques based on whether DNA, RNA, or protein is being analyzed. However,
all blotting techniques have major steps in common. These include (1) the
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isolation of the biomolecules of interest (DNA, RNA, or protein); (2) sepa-
ration of the mixture using gel electrophoresis; and (3) subsequent transfer
of the sample molecules from the gel to a nitrocellulose or nylon mem-
brane. The final identification step involves incubation of the membrane
blot with probes that bind specifically to the molecule of interest. DNA is
analyzed using Southern blotting, named after E. M. Southern, who first
described this procedure in 1975. Based on this initial terminology, Northern
and Western blotting were given as names referring to RNA and protein-
blotting transfer, respectively. The major difference between the procedures
involves the probes used for detection and identification of the molecules of
interest. Southern and Northern blots take advantage of the ability of com-
plementary nucleic acid strands to hybridize.

In a Southern blot, after the DNA fragments have been transferred from the
electrophoretic gel to the membrane, they are allowed to interact with a single-
stranded DNA oligonucleotide that contains the sequence of nucleic acids in
the gene of interest. The oligonucleotide probe is usually radioactively
labeled, which allows the DNA band to be identified following exposure to
x-ray film. Northern blots are used to monitor the expression of a gene of
interest by determining the amount of mRNA present. Then the mRNA is
isolated, separated by electrophoresis, and, after transfer to a membrane, is
allowed to interact with a radioactive DNA polynucleotide that has a
sequence of the gene of interest. Visualization is by exposure to x-ray film.
In the case of a Western blot of a protein mixture, after the proteins have been
transferred to the membrane, the membrane is probed with an antibody that
binds specifically to the target protein/antigen. The antibody may be
radioactive or coupled to a fluorescent chromophore to allow easy detection.

The ability to sequence DNA and analyze genes at the nucleotide level has
become a powerful tool in many areas of analysis and research. The Sanger
dideoxynucleotide method of DNA sequencing was first developed in 1975
by Frederick Sanger, after whom the technique was named. The strategy used
in this method is to create four sets of labeled fragments, corresponding to
the four deoxyribonucleotides. It involves the enzymatic duplication of a
DNA strand that is complementary to the strand of interest. In the Sanger
method, 2’,3’-dideoxyribonucleotide triphosphates (ddNTPs) are used in
addition to deoxyribonucleotide triphosphates (ANTPs). Since the ddNTPs
lack the 3’-OH group, they will terminate DNA chain elongation because
they cannot form a phosphodiester bond with the next dNTP. Each of the four
sequencing reaction tubes (A, C, G, and T) would then contain a single-
stranded DNA template; a primer sequence; DNA polymerase to initiate syn-
thesis where primer is hybridized to the template; mixture of the four
deoxyribonucleotide triphosphates (AATP, dTTP, dCTP, and dGTP) to extend the
DNA strand; one labeled dNTP (using a radioactive element or dye); and one
ddNTP, which terminates the growing chain wherever it is incorporated. Tube A
would have ddATP, tube C ddCTP, and so forth. Since the concentration of
the ddNTP is low (approximately 1 percent of ANTP), the chain will terminate
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randomly at various positions throughout the chain, thus yielding an
array of different length DNA fragments each terminated with the particular
dideoxyribonucleotide. The fragments of varying length are then separated
by electrophoresis in parallel lanes (each corresponding to the four deoxyri-
bonucleotides) and the positions of the fragments analyzed to determine the
sequence. The fragments are separated on the basis of size, with the shorter
fragments moving faster and appearing at the bottom of the gel. The sequence
is then read from bottom to the top, yielding the 5" to 3’ sequence.

The ability to rapidly sequence DNA has become an important tool for
molecular biology. For example, the polymerase chain reaction (PCR) method
needs the information of the sequence flanking the region of interest to be able
to design specific oligonucleotides (primers) to amplify the specific DNA
region. Another important use is identifying restriction sites in plasmids,
which is useful in cloning a foreign gene into the plasmid. Before DNA
sequencing, molecular biologists had to sequence proteins directly, which was
a challenging and laborious process. Now amino acid sequences can be deter-
mined more easily by sequencing a piece of cDNA and finding an open
reading frame. In eukaryotic gene expression, sequencing made it possible to
identify conserved sequence motifs and determine important sites in the pro-
moter regions. Furthermore, sequencing can be used to identify the site of a
point mutation or other changes in the genome.

Recombinant DNA technology allows for a transfer of a DNA fragment
of interest into a self-replicating genetic element such as a bacterial plas-
mid or virus. This technology has allowed many human genes to be cloned in
Escherichia coli, yeast, or even mammalian cells, leading to easy production
of human recombinant proteins in vitro. These include insulin for diabetics,
factor VIII for males suffering from hemophilia A, human growth hormone
(GH), erythropoietin (EPO) for treating anemia, three types of interferons,
several interleukins, adenosine deaminase (ADA) for treating some forms of
severe combined immunodeficiency (SCID), angiostatin and endostatin for tri-
als as anticancer drugs, and parathyroid hormone with many more in develop-
ment.

Efforts toward gene therapy make use of recombinant DNA technology. In
the case of CF, which is the result of a defect in a single gene, direct insertion
of the normal gene should theoretically restore the function of CFTR in the
treated cells of the CF patient. Since respiratory failure is the major cause
of deaths (95 percent) in CF, lung cells have become the primary target for
efforts at treating CF with gene therapy. Another advantage is the ability of
delivering vectors containing the functional CFTR gene directly into the
patient’s airways by aerosol, without causing trauma to any other part of the
body. To date, CF trials rely on adenovirus, adeno-associated virus (AAV),
and cationic liposomes to mediate gene transfer to nasal epithelial cells and
respiratory epithelial cells. Adenoviruses do not integrate into the host chro-
mosome; therefore, the vectors derived from these viruses have the advantage
of negligible oncogenic potential. The disadvantages are the development of
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inflammation and the transient expression of the recombinant genes. Adeno-
associated viruses are unique among animal viruses, because they require
coinfection with an unrelated helper virus (either adenovirus or herpesvirus) for
productive infection in cell culture. However, AAV has the ability to integrate
into the host genome in the absence of a helper virus, but because it integrates
at a specific location, the risk of virus-induced mutagenesis and oncogenesis is
reduced. Liposomes, however, are synthetic lipid bilayers forming spherical
vesicles, with size ranging from 25 nm to 1 mm in diameter depending on how
they are made. Liposomes can transfect a variety of cell types, are biodegrad-
able and hypoimmunogenic, and can be manufactured to a drug standard.
Theoretically, there is no restriction on the size of the DNA to be delivered by
liposome. The disadvantages are short-term expression of the transferred gene,
no specific targeting ability, and a low transfection rate in vivo.

COMPREHENSION QUESTIONS

[8.1] A 30-month-old female child whose growth rate has been in the lower
10th percentile over the last year presents with chronic, nonproductive
cough and diarrhea with foul-smelling stools. She is diagnosed as hav-
ing cystic fibrosis. For which of the following vitamins is this child
most likely to be at risk of deficiency?

Ascorbic acid (vitamin C)
Biotin

Folic acid

Retinol (vitamin A)
Riboflavin (vitamin B,)

moaQw>

[8.2] Some forms of genetic diseases such as cystic fibrosis and sickle cell
anemia can be diagnosed by detecting restriction fragment length poly-
morphisms (RFLPs). Which of the following is most likely to be used
in an RFLP analysis?

Dideoxynucleotides
Mass spectrometry
Northern blot
Southern blot
Western blot

moNw

[8.3] Your patient has been diagnosed with cystic fibrosis and has been
determined to have the most common mutation, the AF, ¢ gene. Which
of the following is the most cost- and time-effective method for testing
family members to see who are carriers of the mutation?

Allele-specific oligonucleotide probe analysis
DNA fingerprinting analysis

DNA sequencing

Restriction length fragment polymorphism analysis

oaw»
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Answers

[8.1]

[8.2]

[8.3]

D. Because cystic fibrosis leads to pancreatic damage and diminution
of the ability to secrete HCO,~and pancreatic digestive enzymes with
the result that fat and protein are absorbed poorly. Retinol is a fat-
soluble vitamin that must be absorbed along with lipid micelles; other
fat-soluble vitamins are E, D, and K. The other vitamins listed are
water-soluble and their absorption is not significantly affected.

D. Restriction length fragment polymorphism analysis detects muta-
tions in the DNA that either introduce or eliminate a recognition site
for a restriction enzyme. This is detected by performing a Southern
blot analysis on patient DNA after incubation with a specific restric-
tion enzyme and comparing it to one performed on DNA obtained
from a normal gene.

A. If the mutation is known, radioactive or fluorescent probes can be
produced for alleles that contain the mutation and for those that have
a normal DNA sequence. The samples of DNA are spotted onto nitro-
cellulose paper in narrow bands. The paper is then incubated with the
probe either for the normal or the mutant sequence. Since it does not
involve an electrophoresis step, this type of analysis is much less
time-consuming (and less expensive).

7
L X4

7
L X4
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BIOCHEMISTRY PEARLS

Northern blot uses oligonucleotide probes to identify RNA,

Recombinant DNA technology allows for a transfer of a DNA frag-

Restriction length fragment polymorphism analysis detects muta-

Oligonucleotide probes can be directed against precise DNA

Southern blot identifies DNA, and Western blot identifies protein
molecules.

ment of interest into a self-replicating genetic element such as a
bacterial plasmid or virus.

tions in the DNA that either introduce or eliminate a recognition
site for a restriction enzyme.

sequences and yields a quick and accurate result.
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A 40-year-old male returned from a deer-hunting trip approximately 6 weeks
ago, and presents to clinic with multiple complaints. He states that recently he
has had worsening joint pain and “arthritis” in multiple joints that seems to move
to different spots. Patient also complains of some numbness in his feet bilater-
ally. The patient denies any medical problems and he had a normal annual phys-
ical prior to hunting trip. On further questioning, he remembered having a rash
on his body and the lesions were circular and appeared to be resolving in the
center. He noted that he felt really bad once he got home with muscle ache
(myalgias), joint ache (arthralgias), stiff neck, and severe headache. He also
remembered that many of his hunting friends had experienced flea and tick bites
and is quite sure he was bitten as well. The physical exam is essentially normal
except some joint tenderness of left knee and right shoulder. After making your

diagnosis you gave him a prescription for erythromycin.
© What is the most likely diagnosis?

© What is the biochemical mechanism of action of erythromycin?
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ANSWERS TO CASE 9: ERYTHROMY CIN
AND LYME DISEASE

Summary: A 40-year-old male who presents with migrating arthralgias and neu-
rologic changes which were preceded by a centrally clearing circular rash, myal-
gias, and headache after a hunting trip where he was exposed to fleas and ticks.

@ Diagnosis: Lyme disease

@ Biochemical site of action of erythromycin: Inhibits bacterial protein
biosynthesis at the translocation step of translation

CLINICAL CORRELATION

Lyme disease is a multisystem disease caused by the spirochete (spiral-shaped
bacteria), Borrelia burgdorferi, nearly always transmitted by tick bite. Lyme
disease is much more common in the New England area, usually during the
late spring and early summer months. The deer tick is the main vector of trans-
mission. The first stage is an acute infection with a red papule developing at
the site of the bite, sometimes with lymphadenopathy and fever. The second
stage includes disseminated infection and can lead to involvement of the heart,
brain, joints, and skin. The typical target-shaped skin lesions may be seen. The
third stage is a chronic infection and may last for years. Antibiotics are the
treatment of choice, usually tetracyclines or penicillins.

APPROACH TO PROTEIN BIOSYNTHESIS

Objectives
1. Understand protein biosynthesis (initiation, elongation, translocation,
termination).
2. Know key differences between prokaryotic and eukaryotic protein
synthesis.

3.  Know the role of ribosomal ribonucleic acid (rRNA).
4. Know the mechanism of action of different antibiotics with protein
biosynthesis.

Definitions

A-site: The acceptor site on the ribosome into which an aminoacyl-charged
transfer RNA (tRNA) is brought that has an anticodon that is comple-
mentary to the messenger RNA (mRNA) codon. The ribosome will then
catalyze the formation of a peptide bond with the aminoacyl group on
this tRNA and the growing peptide chain.
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Anticodon: The three-base sequence on a tRNA that will base pair with the
three-base sequence on the mRNA. The anticodon is specific for an
amino acid; it translates the DNA sequence into an amino acid sequence
in the protein produced.

Codon: The three-base sequence of an mRNA that code for a particular
amino acid.

Elongation factors: Proteins required for bringing the aminoacyl-tRNA to
the A-site, codon recognition, and translocation of the newly elongated
peptidyl-tRNA from the A-site to the P-site.

Initiation factors: Proteins required for assembly of the ribosomal com-
plex with mRNA and Met-tRNA so that protein synthesis can proceed.

Nucleolar organizing region (NOR): Area of the nucleolus where a great
deal of rRNA transcription and synthesis occurs.

P-site: The peptidyl site on the ribosome to which Met-tRNA is brought to
base pair with the mRNA sequence AUG. It is also the site to which the
peptidyl RNA is moved in a process known as translocation following
the formation of a new peptide bond.

Posttranscription modification of tRNA: The synthesis of tRNA involves
modification of some uridine nucleotides to unusual nucleotides, such as
pseudouridine, ribothymidine, and dihydrouridine.

Ribosomes: Complexes of proteins and rRNA on which protein synthesis
occurs. There are two major subunits to all ribosomes, a larger subunit
(50S for prokaryotes, 60S for eukaryotes) and a smaller subunit (30S for
prokaryotes, 40S for eukaryotes).

DISCUSSION

The synthesis of proteins involves converting the nucleotide sequence of spe-
cific regions of DNA into mRNA (transcription) followed by the formation of
peptide bonds in a complex set of reactions that occur on ribosomes (fransla-
tion). The amino acids incorporated into the protein are first activated by being
attached to a family of tRNA molecules, each of which recognizes, by com-
plementary base-pairing interactions, particular sets of three nucleotides
(codons) in the mRNA. Proteins are synthesized on ribosomes by linking amino
acids together in the specific linear order stipulated by the sequence of codons
in an mRNA. Ribosomes are compact ribonucleoprotein particles found in
the cytosol of all cells. All ribosomes are composed of a small and a large
subunit. The two subunits contain rRNAs of different lengths, as well as a dif-
ferent set of proteins. All ribosomes consist of two major rRNA molecules
(23S and 16S rRNA in bacteria, 28S and 18S rRNA in eukaryotes) and one or
two small RNAs. Small and large subunits are brought together by an mRNA
molecule and protein synthesis starts immediately. After the protein is synthe-
sized, the ribosomal subunits separate and are reused.

Protein synthesis is divided into three stages: initiation, elongation, and
termination.
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Chain initiation: Initiation requires the smaller ribosomal subunit, an ini-
tiation tRNA (with a 5’-CAU-3" anticodon), mRNA with its initiator
codon (5’-AUG-3’), and several initiation factors, all of which form the
ribosomal initiation complex. The initiation complex is near completion
when a tRNA carrying the amino acid methionine hydrogen bonds to
the AUG codon on the mRNA. When these components are in place, the
larger ribosomal subunit joins the complex in such a way that the initiator
met-tRNA_ is localized in the P- or peptidyl site (Figure 9-1). The chain
initiation phase ends and a second amino acid can be inserted.

Chain elongation: Elongation occurs by bringing an aminoacyl-charged
tRNA to the A- or acceptor site, followed by formation of the peptide
bond and the translocation of a tRNA from the A- to the P-site. Proteins
called elongation factors are the workhorses in the process of elongating
the nascent polypeptide chain by one amino acid at a time. Translation
elongation factors are involved in the following three-step cycle:

1. Codon recognition: A hydrogen bond forms between the mRNA
codon and the anticodon of the next aminoacyl tRNA at the empty
A-site of the ribosome.

2. Peptide bond formation: An enzyme called peptidyl transferase
embedded in the large ribosomal subunit catalyzes the formation of a
peptide bond between the polypeptide of the peptidyl-tRNA in the
P-site and the newly arrived aminoacyl tRNA in the A-site.

3. Translocation: The tRNA in the P-site is ejected so that the newly
formed peptidyl-tRNA located in the A-site can shift over to the P-site
freeing up the A-site for the next aminoacyl-charged tRNA.

Chain termination: Elongation comes to an end when one (or more) of
three stop codons (UAA, UAG, UGA) is encountered. A protein called
a release factor binds directly to the termination codon in the A-site. The
newly synthesized protein is hydrolyzed from the tRNA and both the
tRNA and the protein are released from the ribosome.

mRNA

Figure 9-1. Various sites of antibiotic action in protein synthesis.
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A list of key differences between prokaryotes and eukaryotes with respect
to protein synthesis is shown in Table 9-1. These include the existence of
multiple eukaryotic initiation factors that facilitate the assembly of the riboso-
mal protein synthetic machinery, whereas there are only three for prokary-
otes. An initiation site on bacterial mRNA consists of the AUG initiation
codon preceded with a gap of approximately 10 bases by the Shine-Dalgarno
polypurine hexamer, whereas the 5” Cap (a 7-methylguanylate residue in a
5’—35" triphosphate linkage) acts as an initiation signal in eukaryotes. In
prokaryotes, the first or N-terminal amino acid is a formyl-methionine
(fMet), but in eukaryotes it is usually a simple methionine. Additionally, the size
and nature of the prokaryotic ribosomes are quite different from the eukaryotic
ribosomes.

Ribosomal RNA (rRNA) is a component of the ribosomes, the protein
synthesis factories in the cell. rRNA molecules are extremely abundant,
making up at least 80 percent of the RNA molecules found in a typical
eukaryotic cell. Virtually all ribosomal proteins are in contact with rRNA.
Most of the contacts between ribosomal subunits are made between the 16S
and 23S rRNAs such that the interactions involving rRNA are a key part of
ribosome function. The environment of the tRNA-binding sites is largely
determined by rRNA. The rRNA molecules have several roles in protein syn-
thesis. 16S rRNA plays an active role in the functions of the 30S subunit. It
interacts directly with mRNA, with the 50S subunit, and with the anticodons
of tRNAs in the P- and A-sites. Peptidyl transferase activity resides exclusively
in the 23S rRNA. Finally, the rRNA molecules have a structural role. They fold
into three-dimensional shapes that form the scaffold on which the ribosomal
proteins assemble.

Many antibiotics act to inhibit protein synthesis in prokaryotes without
affecting eukaryotic cells much. Several important targets in protein synthesis
have been identified that are blocked by these agents to curb microorganism

Table 9-1
DIFFERENCES IN PROKARYOTIC AND
EUKARYOTIC PROTEIN SYNTHESIS

ORGANISM PROKARYOTE EUKARYOTE

Start fMet-tRNA Mt Met-tRNA Met

Recognition sequence Shine-Dalgarno sequence 5’ caps direct e-IFs

Initiation factors IF-1, IF-2, IF-3 multiple e-Ifs (>10)

Elongation factors EF-Tu, EF-G, EF-Ts Multi-subunit eEF-1,
eEF-2, eEF-3
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growth (see Figure 9-1). Aminoglycosides interfere with binding of fMet-
tRNA to the ribosome, thereby preventing correct initiation of protein synthe-
sis and partially freezing the complex. Puromycin, on the other hand, causes
premature termination of protein synthesis because it resembles tyrosyl-tRNA.
It can bind to the A-site on the ribosome, and the peptidyl transferase will form
a peptide bond between the growing peptide and puromycin. However, since
there is no anticodon to bind to the mRNA, the peptidyl-puromycin is released
from the ribosome following formation of the peptide bond, thus stopping the
synthesis. Tetracyclines inhibit protein synthesis in bacteria by blocking the
A-site on the ribosome and inhibiting binding of aminoacyl tRNAs.
Macrolides (see below) bind to the 50S subunit near the P-site to cause
conformational changes and inhibit translocation of the peptidyl tRNA
from the A-site to the P-site. Lincosamides bind near the P-site and interfere
with binding of the aminoacyl end of the AA-tRNA. They occupy the site or
change the ribosomal conformation such that it destabilizes the ribosomes and
the growing chains fall off the mRNA. Chloramphenicol inhibits protein syn-
thesis by bacterial ribosomes by blocking peptidyl transfer. It inhibits peptide
bond formation between AA-tRNA and the growing chain on the P-site by
inhibiting peptidyl transferase. Neomycin, kanamycin, and gentamicin inter-
fere with the decoding site in the vicinity of nucleotide 1400 in 16S rRNA of
30S subunit. This region interacts with the wobble base in the anticodon of
tRNA and blocks self-splicing of group I introns. Streptomycin, a basic trisac-
charide, causes misreading of the genetic code in bacteria at relatively low
concentrations but can inhibit initiation at higher concentrations.

Macrolide antibiotics constitute a group of 12- to 16-membered lactone rings
substituted with one or more sugar residues, some of which may be amino sug-
ars. Macrolides such as erythromycin (Figure 9-2) are generally bacteriostatic,
although some of these drugs are bactericidal only at very high concentrations.
Gram-positive bacteria accumulate approximately 100 times more erythromycin
than do gram-negative microorganisms. Cells are considerably more permeable
to the nonionized form of the drug, which explains increased antimicrobial activ-
ity observed at alkaline pH. The newer macrolides have structural modifications,
such as methylation of the nitrogen atom in the lactone ring, that improve acid
stability and tissue penetration of these agents. Macrolides act by binding
reversibly to the ribosomal subunits of sensitive microorganisms and thereby
inhibiting protein synthesis. Resistance to macrolides in clinical isolates is most
frequently a result of posttranscriptional methylation of an adenine residue of
23S ribosomal RNA, which leads to coresistance to macrolides. Other mecha-
nisms of resistance involving cell impermeability or drug inactivation have also
been detected. It is believed that erythromycin does not inhibit peptide bond for-
mation directly but rather inhibits the translocation step wherein a newly syn-
thesized peptidyl tRNA molecule moves from the acceptor site on the ribosome
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Figure 9-2. Chemical structure of erythromycin.

to the peptidyl or donor site. Erythromycin, which does not reach the peptidyl
transferase center, induces dissociation of peptidyl tRNAs containing six, seven,
or eight amino acid residues.

COMPREHENSION QUESTIONS

For each of the following steps in prokaryotic protein synthesis (Questions [9.1]
to [9.3]), indicate the most appropriate antibiotic (A-J) to inhibit the process.

A. Aminoglycosides
Chloramphenicol
Erythromycin
Gentamicin
Kanamycin
Lincosamides
Neomycin
Puromycin
Streptomycin
Tetracycline

[9.1] Transfer of the peptide from the peptidyl tRNA to the aminoacyl-tRNA
and formation of a peptide bond.

e EOmmONw

[9.2] Binding of aminoacyl-tRNA in the A-site of the ribosomal complex.
[9.3] Translocation of the peptidyl tRNA from the A-site to the P-site.



90

CASE FILES: BIOCHEMISTRY

[9.4]

[9.5]

The 6-year-old son of a migrant worker is brought to a clinic with
chills, headache, nausea, vomiting, and sore throat. The examining
physician notes a persistent grayish colored membrane near the tonsils.
History reveals that the patient has not been immunized against diph-
theria. Diphtheria toxin is potentially lethal in this unimmunized
patient because it causes which of the following?

A. Inactivates an elongation factor required for translocation in pro-
tein synthesis

Binds to the ribosome and prevents peptide bond formation
Prevents binding of mRNA to the 60S ribosomal subunit
Inactivates an initiation factor

Inhibits the synthesis of aminoacyl-charged tRNA

monQw

Replication of a particular DNA sequence is noted to be under inhibitory
control usually. However, when substance “A” is added, it binds to a
repressor, rendering the repressor inactive and allowing transcription to
occur. Which of the following terms describes agent “A”?

Histone
Operon
Polymerase
Transcriber
Inducer

moNw

Answers

[9.1]

[9.2]

[9.3]

[9.4]

B. Chloramphenicol inhibits protein synthesis by inhibiting peptidyl
transferase. This peptidyl group cannot be transferred to the aminoacyl-
tRNA in the A-site.

J. Tetracyclines bind to the A-site of the prokaryotic ribosome and
prevent aminoacyl-tRNAs from binding. Thus protein synthesis is
halted because new amino acids cannot be added to the growing protein.

C. Erythromycin and other macrolide antibiotics bind the 50S subunit
near the P-site and cause conformational changes that inhibit the
translocation of peptidyl tRNA from the A-site to the P-site.

A. Diphtheria toxin has two subunits. The B subunit binds to a cell
surface receptor and facilitates the entry of the A subunit into the cell.
The A subunit then catalyzes the ADP-ribosylation of elongation
factor 2 (EF2). EF2 is thus inhibited from participating in the translo-
cation process of protein synthesis; hence, protein synthesis stops.
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[9.5] E. An inducer is a small molecule that binds to and inactivates a
repressor, which allows the sequence of DNA to be transcribed. An
operon is a set of prokaryotic genes in close proximity that are coor-
dinated as “all off” or “all on.” An inducer may act to “turn on” the
operon. One classic example is the lac operon. When allolactose is
present, it serves as an inducer, and the operon is turned on, allowing
proteins to be formed that metabolize lactose.

BIOCHEMISTRY PEARLS
**  The synthesis of proteins involves converting the nucleotide
sequence of specific regions of DNA into mRNA (transcription),
followed by the formation of peptide bonds in a complex set of
reactions that occur on ribosomes (translation).

*®*  Protein synthesis is divided into three stages: initiation, elongation,

and termination.

#*  Ribosomal RNA (rRNA) is a component of the ribosomes, the protein

synthetic factories in the cell.

< Many antibiotics take advantage of the differences of the rRNA

between eukaryotic and prokaryotic cells.
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<+ CASE 10

A 20-year-old female presents to the ER with complaints of fever, pelvic pain,
and some nausea and vomiting increasing over the last 2 days. She denies diar-
rhea or sick contacts. She is currently sexually active with a new partner. On
examination she has a temperature of 38.9°C (102°F) and appears ill. She has
moderate bilateral lower abdominal tenderness and minimal guarding without
rebound or distention. Bowel sounds are present and normal. Pelvic exam
revealed a foul-smelling discharge through cervix with severe cervical motion
tenderness and bilateral adnexal tenderness. Cervical cultures were obtained.

Patient was begun on a quinolone antibiotic.
© What is the most likely diagnosis?
© What is the biochemical mechanism of action of the quinolone?

€@ What is the role of deoxyribonucleic acid (DNA) topoisomerases?
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ANSWERS TO CASE 10: PELVIC INFLAMMATORY
DISEASE

Summary: A 20-year-old female with history of new sexual partner, fever,
abdominal and pelvic pain, foul-smelling discharge through cervical os, and
severe cervical motion tenderness.

© Most likely diagnosis: Pelvic inflammatory disease
© Biochemical mechanism of action of quinolone: Inhibits DNA gyrase

@ Function of topoisomerases: Enzymes that assist in formation of
superhelices and regulate the breaking and rejoining of DNA chains

CLINICAL CORRELATION

Pelvic inflammatory disease (PID) is usually an acute infection affecting the
fallopian tubes and possibly the uterus and ovaries. It is generally sexually
transmitted, caused by organisms such as Chlamydia or Neisseria gonorrhoeae
(gonorrhea). The diagnosis is made clinically based on the typical history and
physical examination. A purulent cervical discharge is highly suggestive.
Nearly all patients have cervical motion tenderness, that is, pain with motion
and palpation of the cervix. The treatment is with antibiotics. Quinolone antibi-
otics have been popular in the past; however, increasing bacterial resistance,
particularly in Southeast Asia and California, has rendered these agents less
desirable. Complications of PID include infertility or ectopic pregnancy (preg-
nancy in the tube) as consequence of tubal damage.

APPROACH TO DNA TOPOLOGY

Objectives
1. Know about DNA superhelices.
2. Understand the role of topoisomerases and DNA gyrase.
3. Understand the importance of histones and nonhistone proteins.
4. Be familiar with nucleosomes and polynucleosomes.
5. Know about the chromosomal structure.

Definitions

DNA gyrase: A type II topoisomerase enzyme present in bacteria that
introduces negative supercoils into the DNA double helix in advance of
the replication fork.

Histones: Proteins containing a large number of positively charged amino
acids (lysine, arginine) that associate with DNA to form nucleosomes.
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Nucleosome: Disk-shaped particles that consist of a core of histone protein
around which DNA is wrapped. They are a structural unit of chromatin.

Supercoiling: The act of DNA winding on itself as a result of unwinding
caused by replication forks.

Topoisomerase: Enzymes that control the amount of supercoiling in DNA.
Type I topoisomerases will cleave one strand of DNA to relieve super-
coiling, whereas type II topoisomerases will cleave both strands of the
DNA double helix.

DISCUSSION

The quinolones are broad-spectrum synthetic antibiotic drugs that contain
the 4-quinolone ring (Figure 10-1). The first quinolone, nalidixic acid, was
synthesized in 1962. More recently, a family of fluoroquinolones has been
produced that contain a fluorine substituent at position 6 and a carboxylic acid
moiety in the 3 position of the basic ring structure. R, R, and X are substi-
tuted with different side chains for the purpose of increasing bioavailability of
the compound. A typical example of a fluoroquinolone is ciprofloxacin. The
quinolone antibiotics target bacterial DNA gyrase in many gram-negative bac-
teria such as Escherichia coli, Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, and the like.

The normal biological functioning of DNA-like ribonucleic acid (RNA)
transcription and DNA replication occurs only if it is in the proper topologi-
cal state. In duplex DNA, the two strands are wound about each other once
every 10 bp, that is, once every turn of the helix. Double-stranded circular
DNA can form either negative supercoils when the strands are underwound
or positive supercoils when they are overwound (Figure 10-2). Negative
supercoiling introduces a torsional stress that promotes unwinding or separa-
tion of the right-handed B-DNA double helix, while positive supercoiling
overwinds such a helix.

Supercoiling is controlled by a remarkable group of enzymes known as
topoisomerases, which alter the topology of the circular DNA but not its

Figure 10-1. Structural formula for a fluoroquinolone. R,, R, and X are side
chains.
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Figure 10-2. Positive and negative supercoiling in circular DNA.

covalent structure. There are two classes of topoisomerases. Type I topoiso-
merases relax DNA from negative supercoils formed by the action of type II
topoisomerase by creating transient single-strand breaks in DNA without any
expense of ATP. Type II topoisomerases (also called DNA gyrases) change
DNA topology by making transient double-strand breaks in DNA and
require ATP consumption (Figure 10-3).

During DNA replication, type II topoisomerase, or TOPO II, plays an
important role in the fork progression by continuous removal of the excessive
positive supercoils that stem from the unwinding of the DNA strands. TOPO II
has the ability to cut both strands of a double-stranded DNA molecule, pass
another portion of the duplex through the cut, and reseal the cut in a process
that uses ATP. Hydrolysis of ATP by TOPO IIs inherent ATPase activity pow-
ers the conformational changes that are critical for the enzyme’s operation.
Based on the DNA substrate, TOPO II can change a positive supercoil into a
negative supercoil or increase the number of negative supercoils by two.

The DNA gyrase of E. coli is composed of two 105,000-dalton A subunits
and two 95,000-dalton B subunits encoded by gyrA and gyrB genes, respec-
tively. The A subunits, which carry out the strand-cutting function of the
gyrase, are the site of action of the quinolones. DNA gyrase inhibition dis-
rupts DNA replication and repair, transcription, bacterial chromosome
separation during division, and other cell processes involving DNA. The
drugs inhibit gyrase-mediated DNA supercoiling at similar concentrations
that are required to inhibit bacterial growth (0.1 to 10 pg/mL). Mutations in
gyrA gene that encodes the A subunit of the polypeptide can confer resistance
to these drugs. Eukaryotic cells lack DNA gyrase but have a similar type of
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Figure 10-3. DNA gyrase action and quinolone inhibition.

topoisomerase that can remove positive supercoils from eukaryotic DNA to
prevent its tangling during replication. Quinolones inhibit eukaryotic topoiso-
merase at much higher concentrations (100 to 1000 pg/mL).

Although bacterial DNA is compacted as large circular chromosomes
with a single replication origin, most eukaryotic DNA is much more highly
organized and is associated with many proteins to form chromatin that con-
tains multiple replication origins. The general structure of chromatin has been
found to be remarkably similar in the cells of all eukaryotes. The most abun-
dant proteins associated with eukaryotic DNA (somewhat more than half its
mass) are histones, a family of basic proteins rich in the positively charged
amino acids lysine and/or arginine, which interact with the negatively
charged phosphate groups in DNA. There are five types of histones that are
evolutionarily conserved: H1, H2A, H2B, H3, and H4. Eight histone mole-
cules (two each of H2A, H2B, H3, and H4) form an ellipsoid approximately
11 nm long and 6.5 nm in diameter. DNA coiled around the surface of this ellip-
soid is termed the nucleosome core particle and has approximately 13/4 turns
or 166 bp before it proceeds on to the next (Figure 10-4). The complex of his-
tones plus DNA resembles a bead like structure and is called a nucleosome.
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Nucleosome core
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Figure 10-4. Schematic representation of nucleosomes showing DNA
wrapped around a core of histones H2A, H2B, H3, and H4. Histone H1 asso-
ciates with the linker region of DNA.

Composed of DNA and histones, nucleosomes are approximately 10 nm
in diameter and are primary structural units of chromatin. Between every two
nucleosomes there is a stretch of DNA, the linker region, which varies in
length from 15 to over 55 bp. Histone H1 can associate with the linker region
to aid in folding of DNA into more complex chromatin structures. The ques-
tion of how the highly ordered nucleosome is formed can be explained by the
fact that nucleosome assembly is facilitated by molecular chaperones. In the
presence of nucleoplasmin (an acidic protein) and DNA topoisomerase I
(nicking-closing enzyme) the nucleosome assembly proceeds rapidly without
histone precipitation. Nucleoplasmin binds to histones but not to DNA or
nucleosomes. It functions as a molecular chaperone to bring histones and
DNA together in a controlled fashion and prevents their nonspecific aggrega-
tion through their otherwise strong electrostatic interactions. The nicking-
closing enzyme acts to provide the nucleosome with its preferred level of
supercoiling. Six nucleosomes are packed per turn further into a spiral or sole-
noid to form a regular array of polynucleosomes of 30 nm length.

As a 30-nm fiber, the typical human chromosome would be 0.1 cm in length
and could span the nucleus more than 100 times. Clearly, there must be a still
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higher level of folding. This higher order packaging is one of the most fascinating
but also most poorly understood aspects of chromatin. Chromosomes are gener-
ally decondensed during interphase. Several studies of interphase chromosomes
have suggested that each long DNA molecule in a chromosome is divided into a
large number of discrete domains that are folded differently. The regions that are
least condensed correlate well with the regions that are actively synthesizing RNA.
All chromosomes adopt a highly condensed conformation during mitosis and
reflect a coarse heterogeneity of chromosome structure. Other complex chro-
mosomal structures found in eukaryotes are in histone-depleted metaphase chro-
mosomes. These structures form radial loops around a central fibrous protein
called scaffold. Most of these loops are organized into condensed 300 A filaments
but the exact nature of these formations is not known. Nonhistone proteins, whose
hundreds of varieties constitute approximately 10 percent of chromosomal pro-
teins, are thought to be involved in these processes.

COMPREHENSION QUESTIONS

[10.1] A 38-year-old woman, who works as an administrative assistant for a
large company, opened a package and found a suspicious white pow-
der. Analysis of the powder indicates that it contained traces of the bac-
terium Bacillus anthracis. The woman was treated with ciprofloxacin,
an effective antibiotic. Ciprofloxacin’s mechanism of action is best
described as an inhibition of which of the following?

Bacterial dihydrofolate reductase
Bacterial peptidyl transferase activity
Bacterial RNA polymerase

DNA gyrase

DNA polymerase III

[10.2] The Rubenstein-Taybi syndrome (RTS) is a genetic disease that is char-
acterized by distinctive facial features, broad thumbs, broad big toes,
and mental retardation. The affected gene is CBP (CREB-binding pro-
tein gene), which codes for a transcriptional activator. The RTS phe-
notype is best expressed by a haploinsufficiency model, in which two
functional copies of the gene are required to produce sufficient CBP
for proper development. CBP has a histone acetyltransferase activity,
which does which of the following ?

A. Inhibits RNA polymerase II

B. Helps expose the promoters of genes

C. Inhibits the splicing of heterogeneous nuclear RNA (hnRNA) to
messenger RNA (mRNA)

D. Prevents the addition of a poly-A tail to mRNA

E. Activates the formation of nucleosomes

moNw
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[10.3]

Acetylation and deacetylation of lysine residues on histone proteins
provide one mechanism by which transcription can be activated or
repressed. Which one of the histone proteins is least likely to partici-
pate in this process?

H1
H2A
H2B
H3
H4

moaw»

Answers

[10.1]

[10.2]

[10.3]

D. Ciprofloxacin is a fluoroquinolone antibiotic that will inhibit the
strand-cutting function of A subunit of DNA gyrase, a bacterial topoi-
somerase II that introduces negative supercoils ahead of the replication
fork. This disrupts DNA replication and repair, transcription, bacterial
chromosome separation, and other bacterial processes involving DNA.
At much higher concentrations, the type II topoisomerases of eukary-
otic cells can be inhibited.

B. When lysine residues in the N-terminal portion of histones are
acetylated, it decreases the positive charge of the histone proteins and
weakens the interaction between the histones and the DNA. As a
result, the nucleosomes are “opened up” and lead to gene activation.

A. Nucleosomes are disk shaped particles that consist of a core of his-
tone protein around which DNA is wrapped. A short linker region of
DNA joins nucleosomes. The core of the nucleosomes is made up of
two copies each of histones H2A, H2B, H3, and H4. These histone
proteins have N-terminal “tails” that contain lysine residues that can
be reversibly acetylated, affecting the electrostatic interaction of the
DNA with the histones. Histone H1 is not part of the nucleosomes
core, therefore acetylation would likely not affect the protein-DNA
interaction of the nucleosomes.
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BIOCHEMISTRY PEARLS

% The quinolone antibiotics target bacterial DNA gyrase in many
gram-negative bacteria.

<> Supercoiling is controlled by topoisomerases which alter the topol-
ogy of the circular DNA but not its covalent structure.

<> Type I topoisomerases relax DNA from negative supercoils
formed by the action of type II topoisomerase by creating tran-
sient single-strand breaks in DNA.

<> Type II topoisomerases (also called DNA gyrases) change DNA
topology by making transient double-strand breaks in DNA.

%  Histones are abundant proteins associated with eukaryotic DNA and
are a family of basic proteins rich in the positively charged amino
acids lysine and/or arginine, which interact with the negative
charges of DNA.
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< CASE 11

A 32-year-old female presents to your clinic with concerns over a recently
detected right breast lump. A mammogram performed revealed a right breast
mass measuring 3 cm with numerous microcalcifications suggestive of breast
cancer. During your discussion with the patient, she revealed that she had a sis-
ter who was diagnosed with breast cancer at the age of 39, a mother who
passed away with ovarian cancer at age 40 years, and a maternal aunt who had
both breast and colon cancer. Patient underwent an examination which
revealed a fixed and nontender breast mass on right side measuring 3 cm with
mild right axillary lymphadenopathy. No skin involvement is noted. A biopsy

was performed and revealed intraductal carcinoma.
© What cancer gene might be associated with this clinical scenario?

© What is the likely mechanism of the cancer gene in this case?
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ANSWERS TO CASE 11: ONCOGENES AND CANCER

Summary: A 32-year-old female with strong family history of breast, colon,
and ovarian cancer, who now presents with a fixed breast lesion that is biopsy-
proven carcinoma.

© Most likely cancer gene: Breast cancer (BRCA) gene

@ Likely mechanism: Inhibition of tumor-suppressor gene

CLINICAL CORRELATION

This young woman has developed breast cancer at age 32 years. Moreover, she
has two first-degree relatives with breast and/or ovarian cancer prior to
menopause. This makes BRCA gene mutation likely. The BRCAI gene resides
on chromosome 17. This gene encodes a protein which most likely is impor-
tant in deoxyribonucleic acid (DNA) repair. Thus, a mutation of the BRCA1
gene likely leads to abnormal cells propagating unchecked. A woman with a
BRCAI mutation has a 70 percent lifetime risk of developing breast cancer,
and a 30 to 40 percent risk of ovarian cancer. The vast majority of breast can-
cer is not genetically based, but occurs sporadically. However, familial-based
breast cancers are most common because of BRCAI mutation. BRCA2 is
another mutation that is more commonly associated with male breast cancer.
Other genetic mechanisms of cancer include oncogenes, which are abnormal
genes that cause cancer usually by mutations. Protooncogenes are normal
genes that are present in normal cells and involved in normal growth and
development, but if mutations occur, they may become oncogenes.

APPROACH TO ONCOGENES

Objectives
1. Know the definitions of oncogenes and protooncogenes.
2. Understand the role of promoter and repressor functions of DNA synthesis.
3.  Know the normal DNA replication.
4. Be familiar with DNA mutations (point mutations, insertions, deletions).
5. Know the process of DNA repair.
6. Understand the recombination and transposition of genes.

Definitions

Okazaki fragment: Short segments of DNA (approximately 1000 nucleotides
in prokaryotes, 100 to 200 nucleotides in eukaryotes) synthesized on the
lagging strand during DNA replication. As the replication fork opens,
the ribonucleic acid (RNA) polymerase primase synthesizes a short
RNA primer, which is extended by DNA polymerase until it reaches the
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preceding Okazaki fragment. The RNA primer on the previous Okazaki
fragment is removed, the gap filled in with DNA and the strands ligated.

Oncogene: Genes whose products are involved in the transformation of
normal cells to tumor cells. Most oncogenes are mutant forms of normal
genes (protooncogenes).

Primase: An RNA polymerase that synthesizes a short RNA primer com-
plementary to a DNA template strand that is being replicated. This RNA
primer serves as the starting point for addition of nucleotides in the
replication of the strand serving as a template.

Recombination: Any process in which DNA strands are cleaved and
rejoined resulting in an exchange of material between molecules of DNA.

Tumor suppressor genes: Genes that encode for proteins that normally
inhibit the progress of a cell through the cell cycle. If these genes are
mutated, a deficiency in the suppressor proteins creates unregulated cell
growth, a condition permissive for tumorigenesis.

DISCUSSION

DNA replication normally occurs during the S phase of the cell cycle. DNA
replication occurs in a semiconservative fashion and this is because of the intrin-
sic antiparallel nature of the double helix. All known DNA polymerases syn-
thesize DNA in a 5" to 3’ direction; this means that one strand will be
continuously synthesized and the other must be made through a discontinuous
mechanism and the production of Okazaki fragments. After this process is
finished, the cell will divide the newly replicated material in mitosis. In some
aberrant cases, the cell will replicate its DNA over and over again without per-
forming an intervening mitosis. This generates cells with abnormally high con-
tent of DNA, an abnormal form of DNA replication control.

DNA replication begins by separating the parental DNA strands. This
is accomplished by enzymes called helicases. They separate the strands and
move along the strands in a fixed direction at the expense of ATP, opening up
the strands so that the DNA polymerases can bind to them. To prevent
reannealing of the two strands, single-stranded binding proteins bind the two
complementary strands. The next step in the replication process is the lay-
ing down of an RNA primer, which is catalyzed by the enzyme primase.
DNA polymerases extend the chain by adding deoxyribonucleotides to the
5" end of the RNA primer. It does this in a continuous fashion on the lead-
ing strand, but for the lagging strand, the one with its 5’ end toward the
replication fork, a series of short segments termed Okazaki fragments
must be synthesized. The RNA primers of the Okazaki fragments are
removed as the DNA polymerase reaches the previous Okazaki fragment and
the DNA segments are then joined by DNA ligase.

DNA mutations arise from a variety of intrinsic and extrinsic factors.
Our genome is constantly under the assault of various genotoxic agents such
as ionizing radiation, oxygen free radicals, and UV light. These agents
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serve to introduce DNA double-strand breaks (DSBs) as well as thymine-
thymine dimers into the DNA. DSBs may generate deletion or insertion
mutations and could alter the reading frame of the genetic code, an event that
can easily lead to the malfunction of a protein. UV-induced dimers may generate
point mutations that also alter the reading frame.

To respond to the various forms of DNA damage, cells have evolved a host
of DNA repair mechanisms that serve to restore the genetic material. Depending
on the nature of the DNA damage (DSB versus ultraviolet [UV]-induced
thymine dimers, etc.), the cell will invoke a different mechanism of repair. In
addition, the stage of the cell cycle at which the lesion is detected and processed
can activate independent DNA repair pathways. For example, if a daughter
chromatid template is present in S or G, phase of the cell cycle, the cell will
use this unperturbed partner molecule to fix a DSB. This process is referred
to as homologous recombination (HR) and represents a major branch of the
DNA repair process. However, if the damage occurs during the G, phase of the
cell cycle, a period devoid of an existing chromatid template that can be
used for repair, a general end joining process will be used. This process,
referred to as nonhomologous end joining (NHE]), ligates the broken ends
together with little to no regard for the loss of intervening sequences. Therefore,
NHE] is considered an error prone process, but given the large size of the
genome and the presence of many forms of “junk DNA,” the NHEJ process
may not necessarily disrupt DNA sequences that encode proteins. In contrast to
NHEJ, HR is a process that is error free by virtue of the fact that the daugh-
ter chromatid is used as a template for repair.

Recombination and transposition of genes are two processes that mutate
the genetic material. As discussed above, recombination is integral to the
process of DNA repair. When DNA recombination is impaired through muta-
tion of specific genes (like BRCAI or Rad51), aberrant recombination takes
place, generating abnormal chromosomes that possess translocations from two
or more chromosomes. Translocations transpose genes from one chromoso-
mal environment to another and often this leads to a disruption in gene expres-
sion. Such events are known to cause gene amplification, a phenomenon often
associated with cancer. They may also generate chromosomes that possess two
centromeres (dicentrics), leading to a variety of cellular defects in mitosis.

DNA replication is tightly controlled by a variety of proteins that act to pro-
mote the process (i.e., DNA polymerases and cis-acting elements that bind to
DNA and recruit factors involved in the process) as well as ones that inhibit
the synthesis of DNA, either directly or indirectly. One factor that indirectly
inhibits DNA synthesis is the pS3 tumor suppressor. Tumor suppressors
refer to a general class of proteins that function to slow and alter cell
growth and development through a variety of mechanisms. In the absence of
these factors, cells will have a reduced capacity to perform a variety of func-
tions essential to maintain genomic stability. The p53 functions to control the
G, S boundary of the cell cycle, and if the cell is not prepared to enter
S phase, then DNA synthesis will be negatively regulated.
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A major cause of familial breast cancer results from mutation in the breast
cancer susceptibility gene, BRCAI. Originally identified in 1994, it was not
until 1997 when David Livingston and colleagues demonstrated that BRCA 1
is a nuclear protein that its function began to be understood. They found that
after treatment of cells with agents known to generate DNA damage (i.e.,
hydroxyurea, UV light, ionizing radiation), BRCAI was found to localize to
discrete nuclear structures typically called foci. Such foci are known to cor-
relate with sites of DNA damage or the sites of stalled replication forks in
S phase of the cell cycle. In addition to the striking nuclear localization of
BRCAI in response to DNA damaging agents, it was also observed that the
BRCAT1 protein was phosphorylated in response to these agents. Given this
and the wealth of data obtained from studying the cell cycle in yeast model
systems, it was concluded that BRCA1 functioned as a cell cycle regulator in
response to DNA damage.

Further studies have implicated BRCAI in the cellular response to DNA
double-stranded breaks (DSBs), a potentially lethal form of DNA damage.
Cells defective in BRCA1I possess numerous cytological and biological fea-
tures that have been known for years to be correlated with perturbation in the
maintenance of chromosome stability. This includes aneuploidy, centrosome
amplification, spontaneous chromosome breakage, aberrant recombina-
tion events, sensitivity to ionizing radiation, and impaired cell cycle check-
points. In addition, a variety of experiments have demonstrated roles for
BRCAI in enforcing the G,/M cell cycle transition, homologous recombination
between sister chromatids, as well as the restart of stalled replication in S phase.

The BRCAI tumor suppressor interacts with numerous cellular pro-
teins in large complexes. This includes a variety of proteins implicated in var-
ious DNA repair and cell cycle processes. In fact, BRCAI has been reported to
interact with as many as 50 proteins! Moreover, BRCA! has been shown to
function in various transcriptional mechanisms, suggesting that the function of
this important protein may go well beyond its well-documented role in DSB
repair. How the inactivation of BRCAI, a gene that appears to operate in DNA
repair pathways that appear generic to various cell types and predisposes
women to inherited forms of breast cancer, remains a mystery and the subject
of much debate. Given that BRCA appears to have key roles in transcriptional
regulation, it has been suggested that BRCA! could influence mammary tissue
through pathways that impinge on the biology of estrogen and estrogen-related
metabolites. In addition, it has been suggested that breast tissue differs from
other tissues in the types of DNA repair processes that are used. Perhaps there
are redundant DNA repair pathways in non-mammary tissue. In any event, the
complex behavior of BRCAI promises to challenge future researchers as they
search for the underlying mechanisms that initiate familial breast cancer.
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COMPREHENSION QUESTIONS

[11.1]

[11.2]

[11.3]

Hereditary retinoblastoma is a genetic disease that is inherited as an auto-
somal dominant trait. Patients with hereditary retinoblastoma develop
tumors of the retina early in life, usually in both eyes. The affected gene
(RB1) was the first tumor suppressor gene to be identified. Which of the
following best describes the function of the protein encoded by the RBI
gene?

A. It binds transcription factors required for expression of DNA repli-
cation enzymes.

B. It allosterically inhibits DNA polymerase.

C. It binds to the promoter region of DNA and prevents transcription.

D. It phosphorylates signal-transduction proteins.

Mutations in the tumor suppressor gene BRCAI are transmitted in an
autosomal dominant fashion. When a cell is transformed to a tumor
cell in individuals who have inherited one mutant allele of this tumor
suppressor gene, which of the following most likely occurs?

A. A transcription factor is over expressed.

B. Deletion or mutation of the normal gene on the other chromosome.
C. Chromosomal translocation.

D. Gene duplication of the mutant gene.

Women who inherit one mutant BRCA gene have a 60 percent chance
of developing breast cancer by the age of 50. The protein produced by
the BRCA1 gene has been found to be involved in the repair of DNA
double-strand breaks. Which of the following processes is most likely
to be adversely affected by a deficiency in the BRCAI protein?

Removal of thymine dimers
Removal of RNA primers
Removal of carcinogen adducts
Homologous recombination
Correction of mismatch errors

moQwy

Answers

[11.1]

A. The RBI protein binds to E2F transcription factors, preventing
them from activating transcription of the genes encoding enzymes
required for DNA replication, such as DNA polymerase. The RBI-E2F
complex acts as a transcription repressor. Midway through G, phase,
RBI is phosphorylated by cyclin-dependent kinases, releasing E2F to
activate transcription. A deficiency of RBI leads to unregulated tran-
scription of DNA replicatory enzymes and DNA synthesis.
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[11.2] B. Since BRCAI is inherited in an autosomal dominant fashion, then
one allele is sufficient to produce the BRCAI protein. However, if the
normal allele is somatically mutated or deleted, then the affected cell
cannot produce the BRCAI protein and can be transformed into a
tumor cell.

[11.3] D. BRCAI plays a significant role in the repair of double-strand breaks,
therefore, since homologous recombination requires a cleavage of both
strands of a DNA molecule, this event is most likely to be affected by
a deficiency in this protein. Thymine dimers, mismatches, and adducts
of DNA with carcinogens are effectively removed by a process of exci-
sion repair, in which a section of one strand of DNA is removed.

BIOCHEMISTRY PEARLS

< DNA replication normally occurs during the S phase of the cell
cycle.

** DNA replication occurs in a semiconservative fashion and this is
because of the intrinsic antiparallel nature of the double helix.

**  All known DNA polymerases synthesize DNA in a 5" to 3’ direction.

<  To respond to the various forms of DNA damage, cells have evolved
a host of DNA repair mechanisms that serve to restore the genetic
code.

% Tumor suppressors refer to a general class of proteins that function
to slow and alter cell growth and development through a variety
of mechanisms. BRCA tumor suppressor gene when mutated,
increases the risk of breast cancer.

#®  Inactivation of BRCAI , a gene that appears to operate in DNA repair
pathways that appear generic to various cell types, predisposes
women to inherited forms of breast cancer, but the exact mecha-
nism has been elusive.
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& CASE 12

A 25-year-old Mediterranean female presents to her obstetrician at 12-weeks
gestation for her first prenatal visit. This is her first pregnancy, and she is con-
cerned about her baby and the risk of inheriting a “blood” disease like others
in her family. The patient reports a personal history of mild anemia but noth-
ing as severe as her brother who required frequent transfusions and died at
age 10. The patient was told by her physician that she did not need to take iron
supplementation for her anemia. Patient denies having any anemic symptoms.
Her physical exam is consistent with a 12-week pregnancy and ultrasound
confirmed an intrauterine pregnancy at 12-weeks gestation. The patient’s hemo-
globin level shows a hypochromic, microcytic (small sized red cell) anemia
(hemoglobin, 9g/dL) and hemoglobin electrophoresis demonstrated increased
hemoglobin A2 level (4.0 percent) and increased fetal hemoglobin level, a
pattern consistent with B-thalassemia minor. The patient underwent chorionic
villus sampling to assess whether the fetus was affected, and the diagnosis

returned in several hours.
© What is the molecular genetics behind this disorder?

© What was the likely test and what is the biochemical basis?
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ANSWERS TO CASE 12: THALASSEMIA/
OLIGONUCLEOTIDE PROBE

Summary: A 25-year-old Mediterranean pregnant female has a history of
asymptomatic mild hypochromic, microcytic anemia, elevated hemoglobin A2
and F on electrophoresis. Her brother had severe hemolytic disease that
required transfusions and ultimately caused his premature death at age 10. She
is diagnosed with 3-thalassemia minor.

@ Molecular genetics: Impaired production of B-globin peptide chain.
Numerous mutations have been identified in the production of
ribonucleic acid (RNA) including in the promoter region and splice
junctions.

© Likely test: Oligonucleotide probe. After chorionic villus sampling is
performed, a radioactive probe can be used and hybridized with specific
genetic mutations in the fetus’ deoxyribonucleic acid (DNA), allowing
for prompt detection and prenatal diagnosis.

CLINICAL CORRELATION

Anemia is the abnormally low level of hemoglobin or red blood cell mass,
which has the potential of limiting the delivery of oxygen to tissue. By far, the
most common cause of anemia is iron deficiency, leading to small volume of
red blood cells (microcytic). Another common cause of microcytic anemia is
thalassemia. Certain ethnicities have higher incidences of thalassemia, for
example, Mediterranean or East Asian descent.

This patient is of Mediterranean descent, making thalassemia more likely.
Furthermore, the microcytic (small red blood cell size) anemia in the face of
elevated hemoglobin A2 and F is consistent with B-thalassemia minor. Patients
with [B-thalassemia major (Cooley anemia) typically have severe anemia
requiring frequent transfusions and shortened life expectancy. Infants will
appear healthy after birth, but as the hemoglobin F levels fall, the infant
becomes severely anemic. Females with B-thalassemia major who survive
beyond childhood are usually sterile.

APPROACH TO OLIGONUCLEOTIDE PROBES

Objectives

1. Know about the use of oligonucleotide probes for detection of muta-
tions.

2. Know how oligonucleotide segments are synthesized.

3. Be familiar with common mutations that cause thalassemias (substitu-
tions in TATA box, mutations in splice junction, and changes in stop
codon).
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Definitions

Erythropoiesis: Erythropoiesis is the development of mature red blood
cells containing hemoglobin (erythrocytes) from pluripotential stem
cells via a linear cascade.

Frameshift mutation: Insertion or deletion of a number of nucleotides that
are not divisible by three into a coding sequence, thereby causing an
alteration in the reading frame of the entire sequence downstream of the
mutation.

Locus control region: Regulatory region which is believed to regulate
transcription by opening and remodeling chromatin structure. It may
also have enhancer activity.

Promoter sequence: A regulatory region present at a short distance
upstream from the 5’ end of a transcription start site that acts as the bind-
ing site for RNA polymerase to initiate transcription.

Thalassemia: A group of genetic disorders that is characterized by the
absence of or reduced synthesis of one or more of the four globin chains
in hemoglobin. The sequelae can range from benign to fatal, depending
on the severity of the decrease in the globin chain.

Transposons: These are segments of DNA that can move around to different
positions in the genome of a single cell. In the process, they may cause
mutations and increase (or decrease) the amount of DNA in the genome.
These mobile segments of DNA are sometimes called “jumping genes.”

DISCUSSION

Thalassemia is a common condition in the Mediterranean region and its clini-
cal features were described as early as 1925. The term thalassemia is coined
from the Greek word, which means “the sea.” Mendelian transmission of tha-
lassemia was discovered in 1938. Later, it became apparent that thalassemia is
not a single disease but a group of genetic disorders, all of which arise from
abnormalities in hemoglobin synthesis. The thalassemias are characterized
by the absence or reduced synthesis of one or more of the four globin
chains of hemoglobin. There are four different genetic loci that control the
formation of o-, B-, y-, and d-chains of hemoglobin (Hb). Fetal Hb (HbF)
is formed from two o- and two y-chains. In adults, the y-chain is replaced
by the - and d-chains, which combine with two o-chains to form HbA
(o,B,, approximately 97 percent) and HbA, (c,Y,, approximately 3 percent)
(Figure 12-1). In the late 1970s, the gene was found to be localized to chro-
mosome 16, whereas the -, y-, and 8-genes were clustered on chromosome
11. Thus, although thalassemia does not occur in the fetus since the B-globin
genes are activated only after birth, prenatal diagnosis is possible.
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Normal:
oY, > o,
HbF HbA

B-Thalassemia:

| — X[

HbF HbA

e Increased level of HbF
e Precipitation of o chains
o Ineffective erythropoiesis

Figure 12-1. Maturation of hemoglobin from the fetal form to the adult form.
In B-thalassemias, because of a defect in the B-globin gene, the y-chain cannot
be effectively replaced with the B-chain.

Thalassemias are named according to the affected globin chain: Thus,
a disorder of the a-chain would be an o-thalassemia, and a disorder of the
B-chain would be a -thalassemia. There are two major forms of thalassemia,
one in which the B-globin chain is not produced (B°) and another in which
there is significantly reduced level of B-globin chain (B*). The positive cate-
gory includes variants with unusually high levels of HbF or HbA ), variants
with normal levels of HbA ), silent or benign variants, those that are inherited
in a dominant fashion, and variants that are not linked to the B-gene cluster.

A severe decrease in -globin levels leads to the precipitation of the o-
chain, which in turn causes a defect in the maturation of the erythroid precur-
sor, and erythropoiesis thus reducing red cell survival. The profound anemia in
the affected individual stimulates the production of erythropoietin leading to
the expansion of bone marrow and subsequent skeletal deformities. The hyper-
plasia of the bone marrow induces increased iron absorption leading to the
deposition of iron in tissues. If the concentration of iron in the tissues becomes
too high, it can lead to organ failure and death if appropriate therapeutic steps
are not taken.

There are at least 200 B-thalassemia alleles that have been characterized to
date. B-Thalassemias are caused primarily by point mutations within the
B-globin gene and the neighboring flanking region. There are two exceptions
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that are attributed to larger deletions ranging from 290 base pairs (bp) to greater
than 60 kbp. One is a family of upstream deletions, which down regulates the
locus control region, and the other affects the promoter region of B-globin
gene. The promoter region deletions typically include the mRNA CAP site,
TATA box, and CAAT elements. Apart from deletions, there are insertions of
6 to 7 kbp retrotransposons in the -globin gene that decrease the transcript
level to 15 percent in comparison to the control. In addition, there are also a
few thalassemia mutations that segregate independently of the B-globin gene,
such as those involving the trans-acting regulatory factors that affect the
expression of the -globin gene. One can thus broadly classify the different
classes of mutations which result in B-thalassemia as follows:

1. Transcription (deletion, insertion, etc.)

2. Messenger RNA (mRNA) processing (cryptic splice sites, consensus
sequence, poly A addition site, etc.)

3. Translation (initiation, nonsense, frameshift mutations)

4. Posttranslation stability (highly unstable B-chain)

5. Determinants unlinked to the B-globin gene cluster

The most common point mutations occur in the CAAT or TATA box in
the promoter sequence. The single base substitution A to G at position —29
in individuals of African descent leads to a mild form of the disease, whereas
the substitution A to C in those of Chinese descent leads to thalassemia major.
Also, a single nucleotide substitution in the GT/AG splice junction can lead
to a misspliced mRNA that does not allow the translation of a functional
B-globin chain. The C to T mutation at position —101 causes an extremely
mild deficit in B-globin gene. The effect is so mild that it is a “silent” or benign
mutation in heterozygotes. All the point mutations that prevent the translation
of the B-globin mRNA (for example, changing the start codon ATG to GTG,
or TGT to the stop codon TGA) or a single nucleotide frame shift lead to
B%-phenotype.

There are several biochemical techniques that can be used to accurately
determine the genetic defect that results in a particular thalassemia. Many of
these techniques make use of the polymerase chain reaction (PCR), which
amplifies the DNA and allows detection of multiple mutations at once.

The amplification refractory mutation system (ARMS) is a technique in
which the target DNA is amplified using a common primer and either muta-
tion specific primer for B-thalassemia or the correct sequence primer to the tar-
get. This method provides quick screening of the DNA to detect if the patient
carries the mutant gene or not. When both the primers are used in the same PCR
reaction, they compete to amplify the target, and the technique is termed COP
(competitive oligonucleotide priming), and the primers are labeled with different
fluorescent dyes to allow detection.
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A PCR restriction enzyme analysis takes advantage of the occurrence of
approximately 40 thalassemia mutations that either introduce or remove a
restriction endonuclease site. The PCR amplified target sequence is digested
using restriction enzymes (enzymes that cleave DNA at particular nucleotide
sequences) and the pattern of fragmentation on an agarose gel defines the pres-
ence or absence of a particular mutation.

Radio-labeled single stranded DNA oligonucleotide probes are allowed to
anneal with the target strand in an oligonucleotide hybridization analyses.
Typically, the target DNA is fixed onto nitrocellulose or nylon membrane. The
probe forms stable duplexes with target sequences from the heterogenous mix-
ture of many sequences in genomic DNA and is detected by autoradiography
using an x-ray film. In populations that have predominantly one common
mutation, a very successful and efficient hybridization analysis is the PCR
allele-specific oligonucleotide (ASO) assay. This requires that the sequence of
the common mutation is known. The amplified genomic DNA is transferred
onto a nylon membrane and probed using an allele-specific oligonucleotide,
that is, one that is complementary to the sequence of the DNA that contains
the mutation. The membrane is probed both with oligonucleotides having the
mutant and the correct DNA sequence of the B-globin gene. The genotype of
the DNA is determined by the presence or the absence of the hybridization sig-
nal. Recently, microchips, which are an array of oligonucleotides immobilized
on a glass plate, have been used to detect thalassemias. Fluorescent labeled DNA
from an individual is hybridized onto this microchip and the reaction is mon-
itored with a fluorescent microscope. This technique allows the study of a spe-
cific mutation using several hundred oligonucleotides simultaneously. It is
highly sensitive with a low background; however, the resolving power is low.

Using one or a more of the DNA analysis tools described above, effective
prenatal detection of various mutations in the B-globin gene cluster has been
successfully achieved. Although gene therapy for genetic diseases is in its
infancy, hopefully the future will bring effective treatment options for patients
affected with thalassemia.
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COMPREHENSION QUESTIONS

Micawley Talltwin is a 7-year-old child star who is brought to his pediatrician
by his parents after they noticed that he felt very fatigued. They also noted that
his abdomen seemed to be enlarged. Examination reveals an enlarged spleen.
Further history reveals that he has been taking vitamins and iron supplements
over the last few months. Laboratory tests show a microcytic anemia and ele-
vated iron levels in tissues.

[12.1]

[12.2]

[12.3]

[12.4]

Which of the following conditions is most consistent with the findings
in this patient?

Aplastic anemia
Cooley anemia
Pernicious anemia
Thalassemia major
Thalassemia minor

moQwy

After diagnosing Micawley Talltwin and ascertaining he is not agranu-
locytic, his physician prescribes subcutaneous infusion of deferroxam-
ine, an iron chelator, and monitors him for several weeks. What is his
condition most likely to be on reexamination?

A. TIron levels decrease, but he remains anemic.

B. Iron levels decrease, and anemia recovers.

C. He develops irreversible and severe agranulocytosis.
D. Iron and vitamin C levels decrease.

An electrophoretic analysis of Micawley Talltwin’s hemoglobin indi-
cates that although there is a decrease in the relative amount of the
B-chain with respect to the o-chain, both the B- and the o-chains
migrate at the same position as normal chains. Most likely his anemia
is caused by which of the following?

A. A defect in an enzyme involved in heme synthesis

B. A point mutation in the coding region of the gene coding for the 3-chain

C. A frameshift mutation in the coding region of the gene coding for
the B-chain

D. A mutation in the promoter of the B-chain gene

E. A mutation in the structural gene of the B-chain

As a medical geneticist, you analyze Talltwin’s DNA and find that he
is homozygous for thalassemia. Assuming the disease is autosomal reces-
sive, what can you deduce about the genotype of Mr. and Mrs. Talltwin?

Dad Talltwin is a carrier of the disease, and Mom Talltwin is normal.
Mom Talltwin is a carrier of the disease, and Dad Talltwin is normal.
Dad Talltwin is homozygous, and Mom Talltwin is normal.

Mom Talltwin is homozygous, and Dad Talltwin is normal.

Both Mom and Dad Talltwin are carriers of the disease.

moNwp
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Answers

[12.1]

E. The correct diagnosis is thalassemia minor because the patient had
been asymptomatic until age 7 years. If he had thalassemia major or
Cooley anemia, he would have exhibited symptoms as early as his
first birthday. Pernicious anemia leads to a macrocytic or mega-
loblastic anemia, whereas aplastic anemia is characterized by normal
sized erythrocytes.

[12.2] A.The iron chelator helps in excreting iron but has no role in increas-
ing red blood cell (RBC) production to counteract anemia.

[12.3] D. Since the B-chain is decreased with respect to the o-chain, it is
most likely that there is a mutation that decreases the expression of
the B-chain gene, in which a mutation in the promoter region could
result. A point mutation in the B-chain leading to an amino acid sub-
stitution could lead to changes in electrophoretic mobility but would
not alter the levels of expression. A frameshift mutation in the B-chain
would result in decreased B-chain on the electrophoregram.

[12.4] E. Thalassemia is autosomal recessive so Micawley Talltwin can get
the disease only if both the parents were to be heterozygotes (or a carrier)
of that particular trait.

BIOCHEMISTRY PEARLS

4% The thalassemias are characterized by the absence or reduced syn-
thesis of one or more of the four globin chains of hemoglobin.

#*  Thalassemias are named according to the affected globin chain;
thus, a disorder of the a-chain would be an o-thalassemia and a
disorder of the B-chain would be a B-thalassemia.

% The amplification refractory mutation system (ARMS) is a tech-
nique in which the target DNA is amplified using a common
primer and either mutation specific primer for B-thalassemia or
the correct sequence primer to the target.

** A PCR restriction enzyme analysis takes advantage of the occur-
rence of approximately 40 B-thalassemia mutations that either
introduce or remove a restriction endonuclease site.

#*  Radio-labeled single stranded DNA oligonucleotide probes are
allowed to anneal with the target strand in an oligonucleotide
hybridization analyses.

’:‘ With one common mutation, a very successful and efficient

hybridization analysis is the PCR allele-specific oligonucleotide
(ASO) assay. This requires that the sequence of the common
mutation is known.
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< CASE 13

An 8-year-old boy is brought to his pediatrician by his mother because she was
concerned that he was having language-speech problems, was hyperactive,
and was told by teachers that he may have mental retardation. The mother
reports a strong family history of mental retardation in males. The boy on
exam is found to have a large jaw, prominent ears, and enlarged testes
(macroorchidism). The mother was told her family had a genetic problem
causing the mental retardation. The patient underwent a series of blood tests
and was scheduled to see a genetic counselor, who expressed that the etiology
of the genetic defect was likely transmitted from his mother. The genetic coun-

selor states that his mother likely has a silent mutation.
© What is the most likely diagnosis?

© Which chromosome is likely to be affected?

© What are some types of biochemical mutations?
4

What is the biochemical basis of the different types of mutations?
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ANSWERS TO CASE 13: FRAGILE X SYNDROME

Summary: An 8-year-old boy has mental retardation, speech-language prob-
lems, hyperactivity, physical findings of large jaw, prominent ears, and
macroorchidism and has a strong family history of mental retardation. The
genetic counselor informs the mother that she is the carrier and that she has a
silent mutation.

© Most likely diagnosis: Fragile X syndrome (most common form of
familial mental retardation).

© Affected chromosome: Chromosome X

@ Types of mutations: Silent means protein product not affected;
missense means single amino acid substitution leading to significant
alteration (such as sickle cell); and nonsense means that a stop codon
is formed.

@ Molecular basis of disease: Mutation resulting in an increased number
of CGG repeats on the X chromosome. When the number of repeats
reaches a critical size, it can be methylated and inactivated resulting in
the disorder. Individuals who carry 50 to 199 repeats are phenotypically
normal and carry a premutation. If repeats exceed 200, the patient has a
full mutation; and if methylation occurs, he or she will be affected.

CLINICAL CORRELATION

Fragile X is the most common inherited form of mental retardation, affecting
primarily males. The clinical presentation can vary, but usually the affected male
has moderate to severe mental retardation, hyperactivity, typical facies such as
large jaw and large ears. Pigmented skin lesions (café au lait) can also be seen.
Because females have two copies of the X chromosome, they are “resistant” to
mutations on one gene. Fragile X affects the long arm of the X chromosome,
with multiple copies of triplicate repeats, usually CGG, leading to methylation
of the deoxyribonucleic acid (DNA). The fragile X mental retardation (FMR)
gene product is affected and, through a little-understood mechanism, leads to
mental retardation.

APPROACH TO MUTATIONS

Objectives

1. Know the definitions of point mutations (silent, missense, and non-
sense), insertions, deletions, and frameshift mutations.
2. Be familiar with the defect in fragile X syndrome.
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Definitions

Point mutation: The substitution of a single nucleotide in the genetic
material of an organism. These include silent, missense, and nonsense
mutations.

Silent mutation: A single nucleotide is exchanged by another, but this
alteration does not change the amino acid for which the codon codes.
The final protein product remains unchanged.

Missense mutation: A single nucleotide is exchanged by another, and this
alteration does have an effect on the coding amino acid. The final pro-
tein product is also modified. The modification may or may not be dele-
terious to the final protein, depending on the function of the amino acid.

Nonsense mutation: A single nucleotide is exchanged by another, which
produces a new stop codon at this position. This premature stop codon
generally results in a truncated form of the protein and most often leaves
it as an inactive form.

Deletion: One or more nucleotides are removed from the genetic sequence.
If the deletions are multiples of one or two, a frameshift will be the
result, which will likely damage the final protein product. A deletion of
three or a multiple of three does not shift the reading frame, rather it
would merely remove a codon(s). The final protein product would lose
amino acid(s), which may or may not leave it inoperative.

Insertion: One or more nucleotides are added to the genetic sequence.
These are the opposite of deletions.

Trinucleotide repeat expansion: Amplification from one generation to the
next of three nucleotide repeats in the coding or noncoding regions of
DNA. The mechanism may arise from DNA complimentary strand slip-
page. This is associated with fragile X syndrome and myotonic dystrophy.

DNA methylation: Process by which methyl groups are added to DNA
bases (most often cytosine). Methylation functions to regulate gene
expression because heavily methylated genes are not expressed. Also,
bacteria use methylated DNA as a defense mechanism. Every organism
has different patterns of methylated DNA, and bacteria take advantage
of this by destroying foreign DNA via nucleases, enzymes that cut DNA
at specific sites.

DISCUSSION

Replication often produces changes in the chemical makeup of DNA. Many
of these changes are easily repaired; however, those alterations in the DNA
base sequence that do not get repaired are referred to as mutations. There
are various types of mutations including point mutations, deletions, and
insertions.

Point mutations arise when one base pair is substituted for another, and
they are the most common types of mutations. Point mutations can be further
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subdivided into three categories; silent, missense, and nonsense. Silent
mutations do not affect the translated mRNA or final protein product—
thus the name silent. The genetic code is degenerate, which means that most
amino acids are encoded by several different codons or triplets of DNA/RNA
bases. Therefore, it is possible to switch a single base but not alter the result-
ing protein product (Table 13-1a). The sickle cell trait is a result of a missense
mutation. This type of point mutation actually does alter the protein prod-
uct. In the case of sickle cell hemoglobin, an adenine is replaced by a thymine,
causing a hydrophilic glutamic acid to be replaced with a hydrophobic valine
in the resulting protein (Table 13-1b). In a nonsense mutation, the mutation
brings about a premature stop in the gene of interest because the altered
codon now represents a stop codon (Table 13-1c). These are commonly seen
in muscular dystrophies and some cystic fibrosis cases. Aminoglycosides are
currently being used to treat premature stop codons as they affect the
translational accuracy of transfer ribonucleic acids (tRNAs), thereby allowing
recognition of incorrect codons including the stop codon. Ultimately, the
translation machinery reads through the premature stop codon because of
altered amino acid insertion by the tRNAs and produces full-length protein
instead of a truncated protein or degraded mRNA.

Table 13-1a
EXAMPLES OF MUTATIONAL EVENTS
SILENT MUTATION
GENETIC CODE SILENT MUTATION ENCOUNTERED

AMINO MUTANT AMINO

CODON AMINO ACID CODON ACID CODON ACID
GCC Alanine GcC Alanine GCT Alanine
GCT Alanine
GCA Alanine
GCG Alanine

Table 13-1b

MISSENSE MUTATION

B-Chain of normal hemoglobin | GTG | CAC | CTG | ACT | CCT | GAG | GAG
Gly | His | Leu | Thr | Pro | Glu | Glu

A missense mutation found in GTG | CAC | CTG | ACT | CCT | GTG | GAG
[B-chain of sickle cell hemoglobin | Gly | His | Leu | Thr | Pro | Val | Glu
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Table 13-1c¢
NONSENSE MUTATION

Normal GGC | CTG | ACA | GGG | CAA | AAA | CTG
Gly | Leu | Thr | Gly | GIn | Lys | Leu

A nonsense mutation found in | GGC | CTG | ACA | GGG | TAA | AAA | CTG
Duchenne muscular dystrophy | Gly | Leu | Thr | Gly | STOP

Another type of mutation is a deletion in which one or more DNA bases
have been removed. However, an insertion is a mutation wherein one or more
DNA bases have been added. These two types of mutations can cause a shift
in the open reading frame, called frameshift mutations, of a gene if the inser-
tion or deletion is a multiple of one or two bases. Typically, a frameshift
mutation will result in disease either as result of altering the protein prod-
uct, leaving it nonfunctional, or generation of a premature stop codon,
which confers a truncated form of the altered protein (Table 13-2). Both cases
present major problems because the altered protein will not likely be able to
carry out the normal duties required of it. Since codons are read as multiples
of three, an insertion or deletion of three or a multiple of three may or may not
be as deleterious to the gene as multiples of one or two. In this situation, the
resulting protein could include extra amino acids in the case of insertions or
lose amino acids in the case of deletions. It is possible that this could hinder
the protein from normally functioning.

Table 13-2
FRAMESHIFT MUTATION

FRAMESHIFT RESULTING IN ALTERED PROTEIN

CCC GCA TAT CAT TTT ACC
Pro Ala Tyr His Phe Thr
l
Deletion of TA
CCC GCA TCA TTT TAC
Pro Ala Ser Phe Tyr

FRAMESHIFT CAUSING PREMATURE STOP

CCC GCA TAT CAT TTT ACC
Pro Ala Tyr His Phe Thr
l
Deletion of TC

CCC GCA TAA

Pro Ala STOP
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Many forms of fragile X syndrome are examples of insertions in multi-
ples of three where the outcome is detrimental not because of altered amino
acid sequence but rather a loss of protein expression. Deletions and inser-
tions typically occur in highly repetitive sequences, and this is exactly what
is seen in fragile X. Fragile X syndrome is the most common form of
inherited mental retardation. It affects approximately 1 in 4000 males and
1 in 8000 females. Mutations of the X chromosome, including fragile X, may
account for the higher number of male patients in mentally handicapped facil-
ities. The fragile X mental retardation 1 (FMRI) gene is highly conserved.
Normal individuals have 7 to 60 (CGG) repeats in the 5’-untranslated
region, and the repeats are often broken up by AGG. Many fragile X indi-
viduals have an increase in the number of CGG repeats, which may
expand to over 230 repeats. This is termed the full mutation. Repeats rang-
ing from 60 to 230 are called a premutation. The premutation carrier has nor-
mal fragile X mental retardation protein (FMRP) levels, but the gene is
unstable in its passage to offspring.

The fragile X phenotype is mainly caused by the loss of FMRP resulting
from CGG trinucleotide repeat expansion of the FMRI1 gene. However,
some point mutations and deletions in the FMRI gene show the same pheno-
type as the repeat expansion. The alteration arising from the trinucleotide
repeat expansion within the promoter region of FMRI leads to enhanced local
methylation and ultimately transcriptional silencing. DNA methylation causes
protrusions in the DNA helix where the methylated cytosines interfere with
transcription factor binding. This is a common property used for gene regula-
tion. However, in the case of fragile X, the methylation signals to halt all
expression of FMRP. Loss of FMRP gives the phenotypical characteristics
commonly seen in fragile X patients.

COMPREHENSION QUESTIONS

[13.1] A 6-year-old boy visits his physician because his parents have noticed
autistic behavior and speech problems. The mother’s family does have
a history of mental retardation. Therefore, the physician suggested a
genetic screen of the fragile X mental retardation 1 (FMRI) gene for
fragile X syndrome. Polymerase chain reaction (PCR) revealed borderline
fragile X syndrome.

What situation most likely explains this result?

A. A complete loss of fragile X mental retardation protein (FMRP)

B. An FMRI gene CGG repeat expansion of 60 with partial DNA
methylation

C. An FMRI gene CGG repeat expansion of 230 with minor DNA
methylation

D. An FMRI gene CGG repeat expansion of 280 with complete DNA
methylation
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[13.2 to 13.3] Use the genetic code for Questions [13.2] and [13.3].

T C A G
Phe Ser Tyr Cys T
T Phe Ser Tyr Cys C
Leu Ser STOP STOP | A
Leu Ser STOP Trp G
Leu Pro His Arg T
C Leu Pro His Arg C
Leu Pro Gln Arg A
Leu Pro Gln Arg G
Ile Thr Asn Ser T
A Ile Thr Asn Ser C
Ile Thr Lys Arg A
Met Thr Lys Arg G
Val Ala Asp Gly T
G Val Ala Asp Gly C
Val Ala Glu Gly A
Val Ala Glu Gly G

Using the genetic code above, predict the type of mutation that had to
occur to show these alterations in the final protein product for
Questions [13.2] and [13.3]:

[13.2]
Phe | Thr | Val | Tyr | Leu | Gly | Met | — | Phe | Thr | Val |STOP
TTT | ACA| GTT| TAT | CTC | GGG| ATG
A. Missense mutation
B. Nonsense mutation
C. Silent mutation
D. Repeat expansion
[13.3]
Phe | Thr | Val | Tyr | Leu | Gly | Met | — | Phe | Thr | Phe | Ile | STOP|
TTT | ACC| GTT| TAT | CTA | GGG| ATG

A. Deletion of G in third codon
B. Deletion of A in second codon

C. Insertion of T between second and third codons

D. Insertion of GT between AC and A of second codon
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Answers

[13.1]

[13.2]

[13.3]

C. A CGG repeat expansion of 230 base pairs is just at the limit of
the number of repeats required to have the full mutation. Expansions
from 7 to 60 are seen in normal patients and those exceeding 230 are
positive for fragile X syndrome. Because some of the DNA was
methylated, this could help to silence the expression of FMRP and
cause some of the phenotype seen in the patient. Therefore, this sce-
nario would be considered borderline fragile X.

B. A nonsense mutation causes a premature stop codon on a single
nucleotide substitution. The original sequence, TAT, coding for a
tyrosine, must have been mutated to either TAA or TAG, leaving a
stop codon in place of the tyrosine.

A. Deletion of G in the third codon gives the sequence:

TTT ACC GTT TAT CTA GGG ATG —
TTT ACC TTT ATC TAG GGA TG

This causes a frameshift and a premature stop codon to be generated.
Therefore, the final protein product would look like the one in question.

Phe

Thr | Val | Tyr | Leu | Gly | Met | = | Phe | Thr | Phe | Ile |STOP

TTT

ACC| GTT| TAT | CTA | GGG| ATG TTT | ACC| TTT | ATC| TAG

7 7 7 7
L X4 L X4 L X4 L X4

7
L X4

BIOCHEMISTRY PEARLS

Mutations are alterations in the DNA base sequence that do not get
There are various types of mutations including point mutations,
Point mutations arise when one base pair is substituted by another,
Point mutations can be further subdivided into three categories:

Many fragile X individuals have an increase in the number of CGG

repaired.

deletions, and insertions.

and they are the most common types of mutations.
silent, missense, and nonsense.

repeats, which may expand to over 230 repeats.
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< CASE 14

A 40-year-old female presents to the emergency department with complaints
of lower back pain, fever, nausea, vomiting, malaise, chills, syncope, dizzi-
ness, and shortness of breath. Patient states that she has some burning with uri-
nation (dysuria). Her fever was as high as 39.4°C (103°F) at home earlier in
the day. She has a history of non-insulin-dependent diabetes mellitus but
denies any other medical problems. On exam, she is in moderate distress with
a temperature of 38.9°C (102°F) degrees, pulse of 110 beats per minute, res-
piratory rate of 30 breaths per minute, and blood pressure of 70/30 mm Hg.
Her extremities are cool to the touch with thready pulses. Her chest is clear to
auscultation bilaterally, and heart is tachycardic but with regular rhythm. She
has significant costovertebral tenderness on the right side. Her white blood cell
(WBC) count was elevated at 20,000/mm?>. The hemoglobin and hematocrit
were normal. Her glucose was moderately elevated at 200 mg/dL, and her
serum bicarbonate level is low. An arterial blood gas demonstrated a pH of
7.28 and parameters consistent with a metabolic acidosis. Her urinalysis

shows an abnormal number of gram-negative rods.
© What is the most likely diagnosis?

© What is the biochemical mechanism of the metabolic acidosis?
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ANSWERS TO CASE 14: ANAEROBIC METABOLISM

Summary: 40-year-old female with diabetes presents with fever 38.9°C (102°F),
chills, nausea, vomiting, back pain (costovertebral tenderness), chills,
increased WBC count, hypotension, and metabolic acidosis.

© Most likely diagnosis: Septic shock and pyelonephritis.

@ Likely cause of the metabolic acidosis: Lactic acid produced from
cells undergoing anaerobic metabolism as a result of tissue
hypoperfusion from shock.

CLINICAL CORRELATION

This patient developed septic shock, infection related hypotension, and low
blood pressure. The decreased blood pressure then led to insufficient red blood
cells and oxygen to be delivered to the various tissues in the body. Thus, the tis-
sue had to switch from aerobic metabolism to anaerobic metabolism. Lactate
accumulates, leading to acidemia. The treatment of septic shock is initially
intravenous fluids, since the body is relatively volume depleted as a result of the
vasodilation response to the infection. Sometimes, the blood pressure remains
low despite several liters of intravenous fluids; in these cases, so-called vasoac-
tive drugs are used such as dopamine infusion to cause vasoconstriction and
therefore elevate the blood pressure. Antibiotics are also important to treat the
infection. Finally, control of the source of the sepsis is critical. This may
include surgery to remove an abscess or necrotic bowel, or removal of a foreign
body, or simply debridement. Thus, septic shock is treated by supporting the
blood pressure, antibiotics, and source control. Worsening of the acidemia and
accumulation of lactate is a poor prognostic sign in septic shock.

APPROACH TO AEROBIC AND ANAEROBIC
METABOLISM

Objectives

1. Be very familiar with the tricarboxylic acid (TCA) cycle.
2. Know about the differences in energy production in aerobic and anaer-
obic conditions.

Definitions

Acceptor control: The regulation of the rate of an enzymatic reaction by
the concentration of one or more of the substrates.

Anaerobic glycolysis: The biochemical process by which glucose is con-
verted to lactate with the production of two moles of ATP. This process
is increased when the cellular demand for ATP is greater than the ability
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of the TCA cycle and oxidative phosphorylation to produce it because of
decreased oxygen tension or heavy exercise.

Glycolysis: The biochemical process by which glucose is converted to
pyruvate in the cytosol of the cell. It results in the production of 2 mol
of adenosine triphosphate (ATP) and 2 mol of the reduced cofactor
nicotinamide adenine dinucleotide (NADH), which transfers its reduc-
ing equivalents to the mitochondrion for the production of ATP via
oxidative phosphorylation.

Krebs cycle: Citric acid cycle, TCA cycle, the mitochondrial process by
which acetyl groups from acetyl-CoA are oxidized to CO,. The reduc-
ing equivalents are captured as NADH and FADH,, which feed into the
electron transport system of the mitochondrion to produce ATP via
oxidative phosphorylation.

DISCUSSION

Most of the energy that the body requires for maintenance, work, and growth
is obtained by the terminal oxidation of acetyl coenzyme A (acetyl-CoA)
that is produced by the catabolism of carbohydrates, fatty acids, and
amino acids. The oxidation of acetyl-CoA is achieved by mitochondrial
enzymes that make up the tricarboxylic acid cycle (TCA cycle, also called
the citric acid cycle or the Krebs cycle). All of the enzymes in this metabolic
pathway are located in the matrix of the mitochondria except one, succi-
nate dehydrogenase. Succinate dehydrogenase is a membrane-bound pro-
tein located on the inner mitochondrial membrane facing the matrix. The
two carbons that enter the TCA cycle as an acetyl group are effectively oxi-
dized to carbon dioxide. Oxygen is not directly involved in this process;
instead, reducing equivalents are captured by the electron carriers NAD* and
FAD producing three (NADH + H*) and one FADH,. A high-energy phosphate
bond is also produced in the form of GTP. The reduced cofactors NADH and
FADH, are then reoxidized by passing their reducing equivalents to O, through
the electron transport system (ETS) of the mitochondria with the production
of water and ATP via oxidative phosphorylation.

The TCA cycle is shown in Figure 14-1. In the first step, acetyl-CoA is
condensed with oxaloacetate to produce citrate with the release of free coen-
zyme A in a reaction catalyzed by citrate synthase. Citrate is then isomerized
to isocitrate by the enzyme aconitase. The next step involves the oxidative
decarboxylation of isocitrate to produce o-ketoglutarate. The enzyme cat-
alyzing this reaction, isocitrate dehydrogenase (IDH) requires the oxidized
electron carrier NAD* to accept the electrons released in the oxidation
and produce the first NADH + H*. a-Ketoglutarate is then converted to
succinyl-CoA in a second oxidative decarboxylation reaction catalyzed by
a-ketoglutarate dehydrogenase (a-KGDH). This reaction requires the partic-
ipation of two cofactors, oxidized NAD* and CoA, and results in the production
of a second NADH + H*. Succinyl-CoA is then transformed to succinate by
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Figure 14-1. The tricarboxylic acid (TCA) cycle, also known as the citric acid
cycle and the Krebs cycle. The overall reaction is

AcCoA + 3NAD" + FAD + GDP + P, —»
2CO, + 3NADH + FADH, + GTP + CoA

1 Citrate synthase 5 Succinate thiokinase
2 Aconitase 6 Succinate dehydrogenase
3 Isocitrate 7 Fumarase

4 o-Ketoglutarate dehydrogenase 8 Malate dehydrogenase
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succinate thiokinase with the release of free CoA. The high energy released
in the hydrolysis of the thioester bond of succinyl-CoA drives the phosphory-
lation of GDP to produce GTP. Succinate is then converted to oxaloacetate
in a series of reactions reminiscent of the B-oxidation of fatty acids. A double
bond is introduced into succinate in an oxidation catalyzed by succinate dehy-
drogenase, the only membrane-bound enzyme in the TCA cycle. The
reducing equivalents are captured as FADH,. The resulting fumarate is then
hydrated to form malate by the enzyme fumarase. Oxaloacetate is then
regenerated by the oxidation of malate by malate dehydrogenase with the
production of another NADH + H*.

Although the TCA cycle does not directly involve the participation of
molecular oxygen as a substrate, the reduced cofactors NADH and FADH,
must be reoxidized by the mitochondrial ETS for continued operation of the
cycle. Thus, the rate of oxidation of acetyl-CoA by the TCA cycle is to a
large degree regulated by the availability of the oxidized cofactors NAD*
and FAD. When tissues do not receive enough O, as a result of hypoperfusion,
the ETS cannot regenerate these cofactors at a sufficient rate and the reactions
that use them are inhibited because one of the required substrates is lacking
(acceptor control). Thus, acetyl-CoA builds up in the mitochondria, depleting
free CoA levels. Decreased levels of NAD* and CoA also inhibit the conver-
sion of pyruvate to acetyl-CoA by pyruvate dehydrogenase.

When the ETS and oxidative phosphorylation are compromised by a lack
of O,, cytosolic levels of ATP drop while ADP and AMP levels increase.
The flow of glucose through the glycolytic pathway is increased because of
allosteric activation of phosphofructokinase and pyruvate kinase by the
drop in ATP and rise in AMP concentrations. This results in an increased pro-
duction of NADH and pyruvate by the glycolytic pathway. However, since
electron transport is inhibited by a lack of O,, regeneration of NAD* by the
glycerol 3-phosphate or malate-aspartate shuttles, and the ETS is also
inhibited. To continue the production of ATP by the glycolytic pathway,
NAD" must be regenerated to accept more reducing equivalents when
glyceraldehyde 3-phosphate is oxidized to 1,3-bisphosphoglycerate. Lactate
dehydrogenase is activated by increased levels of pyruvate and NADH and
converts pyruvate to lactate with the regeneration of NAD" (Figure 14-2).
Lactate that cannot be reused by the cells that produce it is transported out
of the cell to the bloodstream.

Lactate has two metabolic fates, either complete combustion to CO, and
H,O or conversion back to glucose through gluconeogenesis. Both processes
require an active ETS and oxidative phosphorylation. Reduced oxygenation of
cells thus decreases the utilization of lactate and increases its production with
a resulting lactic acidosis.

When tissues are hypoperfused, the resulting anaerobic conditions have
energetic consequences. First, all catabolic processes that require an active
ETS and oxidative phosphorylation (e.g., B-oxidation of fatty acids and
amino acid breakdown) are inhibited. Thus, certain energy stores cannot be
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Figure 14-2. The conversion of pyruvate to lactate by the enzyme pyruvate
dehydrogenase. The reaction, which is reversible, uses the reducing equiva-
lents from NADH and regenerates NAD* for the continuation of the glycolytic
pathway when oxygen is limiting.

used by the cell. Energy needs must be met by catabolism of carbohydrates
through the glycolytic pathway. However, since under these anaerobic condi-
tions, pyruvate dehydrogenase, the TCA cycle and oxidative phosphoryla-
tion are compromised, only a fraction of the chemical energy that is obtained
from the oxidation of glucose under aerobic conditions is produced. Glucose
that is completely oxidized to CO, and H,O under aerobic conditions will pro-
duce between 36 and 38 mol of ATP per mole of glucose depending on the
shuttle used to transport cytosolic reducing equivalents to the mitochondria.
Only 2 mol of ATP are produced per mole of glucose converted to lactate
through anaerobic glycolysis. The ATP needs of the cell are met by the
increased rate of the glycolytic pathway.

COMPREHENSION QUESTIONS

[14.1] Phil Hardy has decided to train for an upcoming marathon. Nearing the
age of 50, Phil figures that after he trains he should be able to maintain
a 9 minute-per-mile pace, which would mean that he would finish the
race in approximately 4 hours. Given that he would be adequately
hydrating himself at the various water stations along the way, as he is
about to finish the 26 mile 385 yard course, what is the primary fuel
that his leg muscles would be using?

Fatty acids from the blood
Glycerol from the blood
Glycogen stored in muscle
Glucose from the blood
Ketone bodies from the blood

moQwy



CLINICAL CASES 137

[14.2]

[14.3]

A postoperative patient on intravenous fluids develops lesions in the
mouth (angular stomatitis). Urinalysis indicates an excretion of 15 ug
riboflavin/mg creatinine, which is abnormally low. Which of the following
TCA cycle enzymes is most likely to be affected?

Citrate synthase
Isocitrate dehydrogenase
Fumarase

Malate dehydrogenase
Succinate dehydrogenase

moNw

After excessive drinking over an extended period of time while eating
poorly, a middle-aged man is admitted to the hospital with “high out-
put” heart failure. Which of the following enzymes is most likely
inhibited?

Aconitase

Citrate synthase

Isocitrate dehydrogenase

o-Ketoglutarate dehydrogenase

Succinate thiokinase

moNw

Answers

[14.1]

[14.2]

[14.3]

A. After 4 hours of heavy exercise, glycogen stored in muscle cells
has been expended. Free glycerol cannot be used by the muscle cell
because it does not have the enzyme (glycerol kinase) that will phos-
phorylate it so that it can enter the glycolytic pathway. Although glu-
cose and ketone bodies can be taken up by the muscle cells and used
for energy, fatty acid oxidation provides most of the ATP for the
marathon runner at this point in the race.

E. The patient has demonstrated a deficiency in riboflavin (urinary
excretion of less than 30 pg/mg creatinine is considered clinically
deficient). Riboflavin is a component of the cofactor FAD (flavin
adenine dinucleotide), which is required for the conversion of succi-
nate to fumarate by succinate dehydrogenase.

D. This patient has exhibited symptoms of beri beri heart disease,
which is a result of a nutritional deficiency in vitamin B, (thiamine).
The active form of the vitamin, thiamine pyrophosphate, is a required
cofactor for o-ketoglutarate dehydrogenase.
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BIOCHEMISTRY PEARLS

**  Most of the energy that the body requires for maintenance, work,
and growth is obtained by the terminal oxidation of acetyl coen-
zyme A (acetyl-CoA), which is produced by the catabolism of
carbohydrates, fatty acids, and amino acids.

#®  The oxidation of acetyl-CoA is achieved by mitochondrial enzymes
that make up the tricarboxylic acid cycle (TCA cycle, also called
the citric acid cycle or the Krebs cycle).

#*  When the ETS and oxidative phosphorylation are compromised by
a lack of O,, cytosolic levels of ATP drop, while ADP and AMP
levels increase.

**  The flow of glucose through the glycolytic pathway is increased
because of allosteric activation of phosphofructokinase and pyru-
vate kinase by the drop in ATP and rise in AMP concentrations.

#®  The four carbon intermediates of the TCA cycle may be replenished
or increased by metabolites of the glucogenic amino acids enter-
ing at o-ketoglutarate, succinyl-CoA, or oxaloacetate. In addi-
tion, the C, pool can also be increased by the carboxylation of
pyruvate to oxaloacetate catalyzed by pyruvate carboxylase.
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< CASE 15

A 59-year-old male is brought to the emergency department by the EMS after
a family member found him extremely confused and disoriented, with an
unsteady gait and strange irregular eye movements. The patient has been
known in the past to be a heavy drinker. He has no known medical problems
and denies any other drug usage. On examination, he is afebrile with a pulse
of 110 beats per minute and a normal blood pressure. He is extremely disori-
ented and agitated. Horizontal rapid eye movement on lateral gaze is noted
bilaterally. His gait is very unsteady. The remainder of his examination is nor-
mal. The urine drug screen was negative and he had a positive blood alcohol

level. The emergency room physician administers thiamine.
© What is the most likely diagnosis?

© What is importance of thiamine in biochemical reactions?
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ANSWERS TO CASE 15: THIAMINE DEFICIENCY

Summary: A 59-year-old male with history of heavy alcohol use presents with
mental confusion, ataxia, and ophthalmoplegia.

© Most likely diagnosis: Wernicke-Korsakoff syndrome (thiamine
deficiency) often associated with chronic alcoholics.

© Importance of thiamine: An important water-soluble vitamin used as
a cofactor in enzymatic reactions involving the transfer of an aldehyde
group. Without thiamine, individuals can develop dementia, macrocytic
anemia (folate deficiency), gastritis, peptic ulcer disease, liver disease,
depression, nutritional deficiencies, cardiomyopathy, and pancreatitis.

CLINICAL CORRELATION

Thiamine, also known as vitamin B, is fairly ubiquitous. Thiamine deficiency
is uncommon except in alcoholics as a result of nutritional deficiencies and
malabsorption. The classic clinical triad of dementia, ataxia (difficulty with
walking), and eye findings may be seen, but more commonly, only forgetful-
ness is noted. Sometimes, thiamine deficiency can lead to vague symptoms
such as leg numbness or tingling. Because thiamine is water soluble, it can be
added to intravenous fluids and administered in that way. Other manifestations
include beri beri, which is cardiac involvement leading to a high cardiac out-
put, and vasodilation. Affected patients often feel warm and flushed, and they
can have heart failure.

APPROACH TO THIAMINE PYROPHOSPHATE

Objectives

1. Know about the role of thiamine pyrophosphate (TPP) in pyruvate
dehydrogenase.

2. Understand the role of TPP in a-ketoglutarate dehydrogenase and the
role of TPP in transketolase in pentose phosphate pathway.

3. Be familiar with how thiamine deficiency results in decreased energy
generation and how it results in decreased ribose and NADPH
production.

Definitions

Carbanion: A carbon within a molecule that has a negative charge because
of the removal of a proton (hydrogen ion).

Decarboxylation: The process of removing a carboxyl group (-COOH)
from a molecule. Frequently this is achieved by oxidizing the compound
in a process known as oxidative decarboxylation.
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Dehydrogenase: An enzyme that oxidizes a molecule by the removal of a
pair of electrons and one or two protons.

Nucleophilic addition: The process of forming a bond between an electron-
rich group (nucleophile) and an electron-deficient atom (electrophile).

Oxidation: The removal of electrons from an atom or compound.

Thiamine: Vitamin B,, a water-soluble vitamin containing a thiazolium
ring. The active form of the vitamin is thiamine pyrophosphate, which is
an important coenzyme for many biochemical reactions.

DISCUSSION

Thiamine (vitamin B)) is an important water-soluble vitamin that, in its
active form of thiamine pyrophosphate, is used as a cofactor in enzymatic
reactions that involve the transfer of an aldehyde group. Thiamine can be
synthesized by plants and some microorganisms, but not usually by animals.
Hence, humans must obtain thiamine from the diet, though small amounts
may be obtained from synthesis by intestinal bacteria. Because of its importance
in metabolic reactions, it is present in large amounts in skeletal muscle, heart,
liver, kidney, and brain. Thus, it has a widespread distribution in foods, but there
can be a substantial loss of thiamine during cooking above 100°C (212°F).

Thiamine is absorbed in the intestine by both active transport mechanisms
and passive diffusion. The active form of the cofactor, thiamine pyrophos-
phate (thiamine diphosphate, TPP), is synthesized by an enzymatic trans-
fer of a pyrophosphate group from ATP to thiamine (Figure 15-1). The
resulting TPP has a reactive carbon on the thiazole ring that is easily ionized
to form a carbanion, which can undergo nucleophilic addition reactions.

Reactive
carbon
NH,
) My
s =N | ~N
NH o
0 ¢ ATP AMP N//I\CH
)\ ~ CH3 3
s =N N
I ;Z»
— =
CH, N CH, TPP synthetase cl)
o'—r|=:o
HO .9
Thiamine 0—P=0

Thiamine pyrophosphate (TPP)

Figure 15-1. Activation of thiamine (vitamin B,) to the active cofactor, thiamine
pyrophosphate (TPP) by the enzyme TPP synthetase.
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Thiamine pyrophosphate is an essential cofactor for enzymes that cat-
alyze the oxidative decarboxylation of o-keto acids to form an acylated
coenzyme A (acyl CoA). These include pyruvate dehydrogenase (pyruvate
— acetyl-CoA), a-ketoglutarate dehydrogenase (0-KG — succinyl-CoA)
and branched-chain o-keto acid dehydrogenase. These three enzymes oper-
ate by a similar catalytic mechanism (Figure 15-2). Each of these enzymes is
a multi-subunit complex with three enzymatic activities that require the par-
ticipation of several cofactors. The first activity (E,) is the dehydrogenase
complex, which has TPP as the enzyme-bound cofactor. The carbanion form
of TPP attacks the carbonyl carbon of the a-keto acid, releasing CO, and leav-
ing a hydroxyalkyl-TPP intermediate. The hydroxyalkyl group reacts with the
oxidized form of lipoamide, the prosthetic group of dihydrolipoyl transacety-
lase (E,), which is the second component of the complex. The resulting acyl-
lipoamide reacts with coenzyme A (HSCoA) to form the product, acyl CoA,
and leaving lipoamide in the fully reduced form. To regenerate the fully oxi-
dized form of lipoamide for further rounds of the reaction, it interacts with the
third component of the complex, dihydrolipoyl dehydrogenase (E,), which
has covalently bound FAD. The FAD accepts the reducing equivalents from
the reduced lipoamide to form FADH, and oxidized lipoamide. The reducing
equivalents are then transferred to NAD* to form NADH, which is regener-
ated via the electron transport system with the production of ATP.

fo) HSCoA
[l (0]
0 R—-C-8 [l
R —C - SCoA
I HS
R-C-COO" TPP
E E SH
co, i
R- c|: - TPP s FAD
S/
Es
FADH, NADH
NAD*

Figure 15-2. The catalytic mechanism shared by the enzymes pyruvate dehy-
drogenase, a-ketoglutarate dehydrogenase, and branched-chain a-ketoacid
dehydrogenase. E, is the dehydrogenase complex; E, is the dihydrolipoyl
transacetylase subunit, and E, is the dihydrolipoyl dehydrogenase component.
E, and E, are specific to each enzyme, and E, is common to all three enzymes.



CLINICAL CASES 143

The E, and E, components are specific for each of the pyruvate dehy-
drogenase, o-ketoglutarate dehydrogenase, and branched-chain o-keto
acid dehydrogenase complexes. However, the E, component is identical for
all of the enzymes.

Thiamine pyrophosphate is also an important cofactor for the transketolase
reactions in the pentose phosphate pathway of carbohydrate metabolism
(Figure 15-3). These reactions are important in the reversible transformation
of pentoses into the glycolytic intermediates fructose 6-phosphate and glyc-
eraldehyde 3-phosphate. Again, it is the reactive carbon on the thiazole ring
of TPP that reacts with a ketose phosphate (xylulose 5-phosphate) to cause
the release of an aldose phosphate with two fewer carbons (glyceraldehyde
3-phosphate). The TPP-bound glycoaldehyde unit is then transferred to a different
aldose phosphate (ribose 5-phosphate or erythrose 4-phosphate) to produce a
ketose phosphate that has two carbons more (sedoheptulose 7-phosphate or
fructose 6-phosphate).

A deficiency in thiamine will decrease the efficiency of the enzymes for
which TPP is required as a cofactor. Thus, the rate of conversion of pyruvate
to acetyl-CoA and the flow of acetyl-CoA through the tricarboxylic acid cycle
will be depressed as a result of the inefficiency of the TPP-requiring enzymes
pyruvate dehydrogenase and a-ketoglutarate dehydrogenase. The production of
the reduced electron carrier, NADH, and the ATP produced from it via oxidative
phosphorylation will be decreased as a consequence. Because nervous tissue
and heart use at high rates ATP synthesized from the oxidation of NADH
produced from pyruvate conversion to acetyl-CoA and from the TCA cycle,
these tissues are most affected by a deficiency in thiamine. When deficient in
thiamine, the brain can no longer efficiently metabolize pyruvate through the
TCA cycle to produce ATP and thus must convert it to lactate to produce ATP.
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Figure 15-3. The reaction catalyzed by the enzyme transketolase, which trans-
fers a glycoaldehyde group from a ketose to an aldose.
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This increased conversion of pyruvate to lactate decreases the pH in areas of the
brain that have rapid ATP turnover rates and leads to cellular destruction.

A deficiency in thiamine also adversely affects the flux of glucose metab-
olized by the pentose phosphate pathway. Transketolase activity requires
the cofactor TPP to transfer the glycoaldehyde unit from a ketose to an
aldose in the remodeling reactions of the pathway. When these reactions cannot
proceed, precursor metabolites build up, and the flow through the pathway is
decreased. This results in a decreased production of NADPH and decreased
conversion of glucose to pentose, including ribose. This can lead to decreased
regeneration of reduced glutathione and susceptibility to oxidative stress.

Thiamine turnover is rapid because of the ubiquitous presence of thiaminase
enzymes that hydrolyze thiamine into its pyrimidine and thiazole compo-
nents. Thus, symptoms of thiamine deficiency can appear within 2 weeks of
a diet depleted in thiamine. In Western societies, severe thiamine deficiency is
most frequently found in alcoholics. Patients who chronically misuse alcohol
are prone to thiamine deficiency arising from a number of factors including poor
nutrition and poor absorption and storage, as well as an increased breakdown of
TPP. Alcohol is known to inhibit the active absorption of thiamine.

Thiamine deficiency is most frequently assessed by assaying erythrocyte
transketolase activity in the presence and absence of added TPP. If the red
blood cells have sufficient thiamine, the transketolase will be fully saturated
with TPP, and no increase in activity will be observed when TPP is added to
the assay system. An increase in transketolase activity indicates that the patient
is thiamine deficient.

COMPREHENSION QUESTIONS

[15.1] A full-term female infant failed to gain weight and showed metabolic
acidosis in the neonatal period. A physical examination at 6 months
showed failure to thrive, hypotonia, small muscle mass, severe head
lag, and a persistent acidosis (pH 7.0 to 7.2). Blood lactate, pyruvate,
and alanine were greatly elevated. Treatment with thiamine did not
alleviate the lactic acidosis.

Which of the following enzymes is most likely deficient in this patient?

Alanine aminotransferase
Phosphoenolpyruvate carboxykinase
Pyruvate carboxylase

Pyruvate dehydrogenase

Pyruvate kinase

moQwy



CLINICAL CASES 145

[15.2]

[15.3]

A 3-month-old male infant developed seizures and progressively wors-
ened, showing hypotonia, psychomotor retardation, and poor head con-
trol. He had lactic acidosis and an elevated plasma pyruvate level, both
more than seven times the normal amount. Pyruvate carboxylase activity
was measured using extracts of fibroblasts and was found to be less
than 1 percent of the normal level. Oral administration of which of the
following amino acids would you recommend as the best therapy for
this patient?

A. Alanine
B. Glutamine
C. Leucine
D. Lysine
E. Serine

A deficiency in thiamine (vitamin B,) would most likely lead to which
of the following clinical manifestations?

A decrease in carboxylase enzyme activity

A decrease in serum lactate concentrations

A decrease in red blood cell transketolase activity
An increase in urinary methylmalonate

An increase in prothrombin time

moNw

Answers

[15.1]

[15.2]

D. The increased concentrations of pyruvate, lactate, and alanine
indicate that there is a block in the pathway leading from pyruvate
toward the TCA cycle. A deficiency in pyruvate dehydrogenase
would lead to a buildup of pyruvate. Pyruvate has three fates other
than conversion to acetyl-CoA by pyruvate dehydrogenase: conver-
sion to oxaloacetate by pyruvate carboxylase, reduction to lactate by
lactate dehydrogenase, and transamination to the amino acid alanine.
Thus, because pyruvate builds up, an increase in lactate and alanine
would be expected if pyruvate dehydrogenase was deficient.

B. A deficiency in pyruvate carboxylase results in a diminution of
oxaloacetate, the C, acid that acts as the acceptor for an acetyl group
from acetyl-CoA. In order for the TCA cycle to continue efficiently,
C, acids must be replenished. Amino acids whose carbon skeletons
feed into the TCA cycle and increase the C, pool will accomplish
this. Glutamine, which is converted to o-ketoglutarate, will lead to an
increase in all of the C, acids (succinate, fumarate, malate, and
oxaloacetate). Alanine and serine are converted to pyruvate, which as
a result of the deficiency in pyruvate carboxylase will not increase the
C, pool. Lysine and leucine are ketogenic amino acids and thus also
do not increase the C, pool.



146

CASE FILES: BIOCHEMISTRY

[15.3]

C. In addition to being an important cofactor for the enzymes involved
in the oxidative decarboxylation of pyruvate, o-ketoglutarate, and
branched-chain o-ketoacids, thiamine is also a cofactor for the enzyme
transketolase, the enzyme that transfers a glycoaldehyde group from
a ketose sugar to an aldose sugar in the pentose phosphate pathway.
One of the diagnostic tools in determining a thiamine deficiency is
determination of the activity of red blood cell transketolase in the
presence and absence of added thiamine. A thiamine deficiency
would be expected to increase blood lactate concentrations. A defi-
ciency of biotin would lead to decreased carboxylase activity,
whereas an increased methylmalonate concentration would be
observed with a deficiency in vitamin B,,. A deficiency in vitamin K
would lead to an increase in prothrombin time.

BIOCHEMISTRY PEARLS

#*  Thiamine (vitamin B,) is an important water-soluble vitamin that, in
its active form of thiamine pyrophosphate, is used as a cofactor in
enzymatic reactions that involve the transfer of an aldehyde group.

**  Thiamine deficiency is uncommon except in alcoholics who, as a
consequence of nutritional deficiencies and malabsorption, may
become deficient.

’:‘ The classic clinical triad of dementia, ataxia (difficulty with walking),
and eye findings may be seen, but more commonly, only forget-
fulness is noted.

**  Thiamine pyrophosphate is also an important cofactor for many
dehydrogenase reactions as well as the transketolase reactions in
the pentose phosphate pathway of carbohydrate metabolism.
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& CASE 16

A 68-year-old female in a hypertensive crisis is being treated in the intensive
care unit (ICU) with intravenous nitroprusside for 48 hours. The patient’s
blood pressure was brought back down to normal levels; however, she was
complaining of a burning sensation in her throat and mouth followed by nau-
sea and vomiting, diaphoresis, agitation, and dyspnea. The nurse noticed a
sweet almond smell in her breath. An arterial blood gas revealed a significant
metabolic acidosis. A serum test suggests a metabolite of nitroprusside, thio-

cyanate, is at toxic levels.
© What is the likely cause of her symptoms?
© What is the biochemical mechanism of this problem?

© What is the treatment for this condition?
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ANSWERS TO CASE 16: CYANIDE POISONING

Summary: A 69-year-old female with new onset burning sensation in mouth
and throat, nausea and vomiting, agitation, and diaphoresis after a medication
error was noted. Metabolic acidosis is seen on the arterial blood gas. A thio-
cyanate level is in the toxic range.

€ Diagnosis: Cyanide poisoning from toxic dose of nitroprusside.

© Biochemical mechanism: Cyanide inhibits mitochondrial cytochrome
oxidase, blocking electron transport and preventing oxygen utilization.
Lactic acidosis results secondary to anaerobic metabolism.

@ Treatment: Supportive therapy, gastrointestinal (GI) decontamination,
oxygen, and antidotal therapy with amyl nitrite, sodium nitrite, and
sodium thiosulfate.

CLINICAL CORRELATION

Hypertensive emergencies are defined as episodes of severely elevated blood
pressure, such as systolic levels of 220 mm Hg and/or diastolic blood pressures
exceeding 120 mm Hg with patient symptoms of end-organ dysfunction. These
symptoms may include severe headache, neurological deficits, chest pain, or
heart failure symptoms. Hypertensive emergencies require immediate lowering
of the blood pressure to lower (but not necessarily to normal) levels. In contrast,
hypertensive urgencies are circumstances of markedly elevated blood pressures
in the absence of patient symptoms; lowering the blood pressure over 24 to 48
hours is reasonable in these cases.

One hazard of abruptly lowering the blood pressure is causing hypotension and
subsequent ischemia to the brain or heart. In other words, the very treatment
designed to prevent end-organ disease may cause the problem. To avoid precipi-
tous hypotension, agents that induce a smooth fall in blood pressure are preferable,
such as sodium nitroprusside, a titratable intravenous agent used for malignant
hypertension. Its desirable properties include the ability to precisely increase or
decrease the infusion to affect the blood pressure. One side effect of sodium nitro-
prusside is that its metabolite is thiocyanate, and with prolonged use, cyanide poi-
soning may result, which inhibits the electron transport chain. Thus, in clinical
practice, short-term nitroprusside is used, or serum thiocyanate levels are drawn.

APPROACH TO ELECTRON TRANSPORT SYSTEM
(ETS) AND CYANIDE
Objectives

1. Know about the function of the electron transport chain (ETC).
2. Understand what factors may inhibit the ETC.
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3. Be familiar with the biochemical process by which the therapy for
cyanide poisoning works. (Nitrates convert the hemoglobin to methemo-
globin which has a higher affinity for cyanide and promotes dissociation
from cytochrome oxidase. Thiosulfate reacts with cyanide which is
slowly released from cyanomethemoglobin to form thiocyanate. Oxygen
reverses the binding of cyanide to cytochrome oxidase.)

4. Recognize other ETC sites and agents of inhibition.

Definitions

Oxidative phosphorylation: The mitochondrial process whereby electrons
from NADH or reduced flavin bound in enzymes are transferred down
the electron transport chain to oxygen forming water and providing
energy through the formation of an hydrogen ion gradient across the
inner mitochondrial membrane. The hydrogen ion gradient is used to
drive the formation of ATP from ADP and inorganic phosphate (P,). This
process is also called coupled oxidative phosphorylation to emphasize
that ATP formation from ADP and P, is coupled to and linked with elec-
tron transport such that inhibition of one also inhibits the other.

Hydrogen ion gradient: A situation developed across the inner mitochon-
drial membrane wherein the concentration of hydrogen ions outside the
mitochondrion is higher than the concentration inside. Hydrogen ions
are extruded from the mitochondrion by the transfer of electrons from
complex I to coenzyme Q, from coenzyme Q to complex III, and from
complex III to complex IV. The gradient is discharged by ATP synthase,
which admits hydrogen ions into the mitochondrion thereby driving the
phosphorylation of ADP by P..

Electron transport chain: Present in the mitochondrial membrane, this
linear array of redox active electron carriers consists of NADH dehy-
drogenase, coenzyme Q, cytochrome c¢ reductase, cytochrome c, and
cytochrome oxidase as well as ancillary iron sulfur proteins. The elec-
tron carriers are arrayed in order of decreasing reduction potential such
that the last carrier has the most positive reduction potential and trans-
fers electrons to oxygen.

Reduction potential: The tendency of an electron carrier to give up elec-
trons, stated in electron volts, is called reduction potential. In any
reduction—oxidation reaction electrons flow from the species with the
more negative reduction potential to the more positive reduction
potential.

Cytochrome: A heme (protoporphyrin IX) containing electron transfer
protein. Some heme moieties are covalently attached to the protein
components (cytochrome c), whereas others have isoprenoid side chains
(cytochromes a and a,).

Iron sulfur proteins: These carry one electron and contain centers that
chelate iron with organic and inorganic sulfur. Some centers contain a
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single iron atom chelated by four cysteine sulfurs; others contain two
iron atoms chelated through four cysteine sulfurs and two inorganic sulfurs;
yet others contain four iron atoms chelated by four cysteine sulfurs and
four inorganic sulfurs.

Coenzyme Q (ubiquinone): A two electron accepting quinone that can
accept and transfer one electron at a time allowing it to exist in a semi-
quinone state as well as the fully oxidized quinone or fully reduced dihy-
droxy state. It is bound to multiple isoprenoid units (ubiquinone has ten
units), allowing it to bind to the membrane.

Flavin mononucleotide (FMN): An isoalloxazine ring bound to ribosyl
monophosphate in an N-glycosidic bond. FMN can accept two electrons
or donate one at a time to another electron acceptor.

Flavin adenine dinucleotide (FAD): An isoalloxazine ring bound to ribo-
syl monophosphate in an N-glycosidic bond which is attached to adeno-
sine monophosphate. Like FMN, FAD can accept or donate two
electrons one at a time to another electron acceptor.

DISCUSSION

The electron transport chain (ETC) or electron transport system (ETS)
shown in Figure 16-1 is located on the inner membrane of the mitochon-
drion and is responsible for the harnessing of free energy released as elec-
trons travel from more reduced (more negative reduction potential, E)) to
more oxidized (more positive E;) carriers to drive the phosphorylation of
ADP to ATP. Complex I accepts a pair of electrons from NADH (E} =-0.32 V)

ADP2

ATP/ADP
Translocase

ADP2

Cytosnl ATP ADP+P;

energy
utilization

Figure 16-1. Schematic diagram of electron transport chain ATP synthase and
ATP/ADP translocase.
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and passes the electron pair through the intervening carriers to complex IV,
which passes the electrons to one atom of molecular oxygen (E, =+0.82'V) to
form water with hydrogen ions (H*) from the medium.

The transport of electrons through the carriers is highly coupled to the for-
mation of ATP from ADP and P; through the formation and relaxation of the
proton gradient formed across the inner mitochondrial membrane by elec-
tron transport. Each time electrons are transported between complexes I
and III, between complexes III and IV, or between complex IV and oxygen,
protons are extruded from the mitochondrial matrix across the inner mem-
brane to the intermembrane space/cytosol. (The outer membrane poses no bar-
rier to proton passage.) In other words, the energy gained from these electron
transfers is used to pump protons from the mitochondrial matrix side to the
cytosol side. Because the mitochondrial membrane is impermeable to protons,
there is a gradient that develops with a higher concentration of protons outside
the matrix. The protons then come through the ATP synthase complex through
proton pores, and as they come back into the mitochondrial matrix, ADP is
phosphorylated to ATP. Thus, because the process of electron transport is
tightly coupled to ADP phosphorylation, ADP must be present for electron
transport to proceed, and therefore the ADP/ATP translocase must be able to
exchange a molecule of ADP in the cytosol for a molecule of ATP (newly
made) in the matrix of the mitochondria. When these various processes oper-
ate in concert the mitochondria are said to exhibit coupled respiration.

The components of the electron transport chain have various cofactors.
Complex I, NADH dehydrogenase, contains a flavin cofactor and iron sulfur
centers, whereas complex III, cytochrome reductase, contains cytochromes b
and c,. Complex IV, cytochrome oxidase, which transfers electrons to oxygen,
contains copper ions as well as cytochromes a and a,. The general structure of
the cytochrome cofactors is shown in Figure 16-2. Each of the cytochromes has
a heme cofactor but they vary slightly. The b-type cytochromes have proto-
porphyrin IX, which is identical to the heme in hemoglobin. The c-type
cytochromes are covalently bound to cysteine residue 10 in the protein. The a-type
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Figure 16-2. Heme active center of cytochromes a, b, and ¢ components of
electron transport chain.



152 CASE FILES: BIOCHEMISTRY

cytochromes have a long isoprenoid [(CH,~CH=C(CH,)~CH,),] tail bound at
one side-chain position.

Inhibition of the electron transport chain in coupled mitochondria can occur
at any of the three constituent functional processes; electron transport per se,
formation of ATP, or antiport translocation of ADP/ATP (Table 16-1). The
best known inhibitor of the ADP/ATP translocase is atractyloside in
the presence of which no ADP for phosphorylation is transported across
the inner membrane to the ATP synthase and no ATP is transported out.
In the absence of ADP phosphorylation the proton gradient is not reduced
allowing other protons to be extruded into the intermembrane space because
of the elevated [H*], and thus electron transfer is halted. Likewise the antibiotic
oligomycin directly inhibits the ATP synthase, causing a cessation of ATP for-
mation, buildup of protons in the intermembrane space, and a halt in electron
transfer. Similarly, a blockade of complex I, III, or IV that inhibits electron
flow down the chain to O, would also stop both ATP formation and ADP/ATP
translocation across the inner mitochondrial membrane.

Cyanide ion (CN") is a potent inhibitor of complex IV the cytochrome c oxi-
dase component of the electron transport system in the oxidized state of the heme
(Fe*"). It can be delivered to tissue electron transport systems as a dissolved gas
after breathing HCN or ingested as a salt such as KCN or as a medication lead-
ing to the formation of CN~ such as nitroprusside. Cyanide ion competes effec-
tively with oxygen for binding to cytochrome c oxidase at the oxygen-binding
site. Cyanide binding and therefore cyanide poisoning is reversible if treated
properly and early. The treatment strategy depends on dissociation of cyanide
from cytochrome a/a, (Fe**). Increasing the percentage of oxygen breathed
will increase the competition of oxygen over cyanide for the cytochrome a/a,
(Fe*). Two other medications foster this competition. Nitrite ion (NO,) is
administered to convert some oxyhemoglobin [HbOz(FeZ+)] to methemoglobin

Table 16-1
RESPIRATORY CHAIN SITES AND INHIBITORS

RESPIRATORY CHAIN SITES INHIBITOR
Complex I: NADH: CoQ reductase Piericidin A
Amytal
Rotenone
Complex III: Cytochrome c reductase Antimycin A
Complex IV: Cytochrome oxidase Cyanide ion

Carbon monoxide

ATP synthase Oligomycin

ADP/ATP translocase Atractyloside, Bongkrekate
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Hb(Fe*2)0, + NO,» ——» MetHb(Fe*3)OH + NO4~
MetHb(Fe*3)OH + cyt alay(Fe*3)-CN-—— cyt a/as(Fe*3) + MetHb(Fe+3)-CN-

MetHb(Fe*3)-CN- + S,042 —> SCN- + SO;2 + MetHb(Fe+3)OH
rhodanese

Figure 16-3. Strategy for reversal of cyanide binding to cytochrome oxidase
(cyt a/a, Fe'").

[met-HbOH(Fe*")], another competitor for cyanide binding (Figure 16-3). The
cyanide adduct of methemoglobin is formed releasing cytochrome oxidase in the
Fe** form ready to bind oxygen and disinhibit the electron transport chain. To
remove the cyanide adduct in a nontoxic fashion, thiosulfate ion is administered.
The mitochondrial enzyme rhodanese catalyzes the conversion of cyanide and
thiosulfate to thiocyanate and sulfite. Thiocyanate is incapable of inhibiting
cytochrome oxidase and is excreted. The methemoglobin can be reconverted to
oxyhemoglobin by NADH and methemoglobin reductase.

Other sites of the electron transport chain can be targets of inhibitors based
on similarity in structure to enzyme components or to substrates of the various
components. For instance, the fish poison rotenone resembles the isoallox-
azine ring of the FMN cofactor of complex I, the NADH CoQ reductase.
Rotenone binds the enzyme quite avidly and prevents transfer of electrons
from NADH to coenzyme Q through the iron sulfur centers and thus inhibits
oxidation of NADH and subsequent reduction of oxygen to water. On the other
hand, carbon monoxide resembles molecular oxygen and binds with a higher
affinity than oxygen to complex IV, the cytochrome oxidase component,
inhibiting transfer of electrons to oxygen.

COMPREHENSION QUESTIONS

A 16-month-old girl was found to have ingested approimately 30 mL of an
acetonitrile-based cosmetic nail remover when she vomited 15 minutes
postingestion. The poison control center was contacted, but no treatment was
recommended because it was confused with an acetone-based nail polish
remover. The child was put to bed at her normal time, which was 2 hours
postingestion. Respiratory distress developed sometime after the child was put
to bed, and she was found dead the next morning.

[16.1] Inhibition of which of the following enzymes was the most likely cause
of this child’s death?

Cytochrome c reductase
Cytochrome oxidase
Coenzyme Q reductase
NADH dehydrogenase
Succinate dehydrogenase

moNw
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[16.2]

[16.3]

[16.4]

[16.5]

[16.6]

Which of the following best describes the reason for the latency of ace-
tonitrile toxicity and why prompt treatment would have prevented this
child’s respiratory distress and death?

A. Acetonitrile crosses the mitochondrial membrane slowly.

B. Acetonitrile induces hemolysis by inhibiting glucose 6-phosphate
dehydrogenase.

C. Acetonitrile is only poorly absorbed by the intestinal system.

D. Complex IV of the electron transport system binds acetonitrile
weakly.

E. Cytochrome P450 enzymes oxidize acetonitrile and slowly release
cyanide.

Inhibition of oxidative phosphorylation by cyanide ion leads to
increases in which of the following?

Gluconeogenesis to provide more glucose for metabolism
Transport of ADP into the mitochondria

Utilization of fatty acids substrates to augment glucose utilization
Utilization of ketone bodies for energy generation

Lactic acid in the blood causing acidosis

moNwp

Which of the following procedures best describes the emergency inter-
vention for cyanide poisoning?

A. Decrease the partial pressure of oxygen

B. Treatment with nitrites to convert hemoglobin to methemoglobin.
C. Treatment with thiosulfate to form thiocyanate

D. Use of Mucomyst (N-acetylcysteine) taken orally

An unskilled worker in a water garden/plant nursery was sent to sweep
up a spill of a white powder in the storage shed. Later he was found
with labored breathing and convulsions. On further examination, the
white powder was identified as rotenone.

Respiratory distress is induced on rotenone exposure because it
inhibits the complex that catalyzes which of the following?

Electron transfer from NADH to coenzyme Q

Oxidation of coenzyme Q

Reduction of cytochrome ¢

Electron transfer from cytochrome c to cytochrome a,/a,
Electron transfer from cytochrome a,/a, to oxygen

moQwy

The major metabolic consequence of perturbation of the electron trans-
fer in mitochondria is which of the following?

Increased production of NADPH
Increased oxidation of NADH
Increased reduction of O, to H,O
Decreased regeneration of NAD*
Decreased reduction of FAD

moQwy
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Answers

[16.1]

[16.2]

[16.3]

[16.4]

[16.5]

[16.6]

B. The culprit here is cyanide produced from acetonitrile. Cyanide
inhibits the electron transport chain of cytochrome oxidase.

E. Acetonitrile itself is not the toxicant but undergoes metabolism
and produces cyanide, which is the toxic agent here.

E. Gluconeogenesis requires ATP, which is in short supply, turning up
the catabolism of glucose to lactate in the absence of an intact electron
transport chain. ADP cannot be transported into the mitochondrion
because ATP, its antiporter partner, isn’t made by oxidative phos-
phorylation as a result of cyanide inhibition of cytochrome oxidase.
Metabolism of fatty acids and ketone bodies requires a functional
electron transport chain for their metabolism, and these possibilities
are also ruled out.

B. Increased oxygen competes with cyanide bound to cytochrome
oxidase displacing it. Nitrites bind to hemoglobin converting it to
methemoglobin, which binds cyanide more tightly than cyanohe-
moglobin and pulls cyanide from cyanohemoglobin to form
cyanomethemoglobin. Thiosulfate is used to displace cyanide from
cyanomethemoglobin to form thiocyanate, which can be excreted, a
happy ending for cyanide poisoning. N-acetylcysteine is used for
acetaminophen toxicity and not cyanide toxicity.

A. Rotenone binds avidly to the flavoprotein NADH CoQ reductase,
complex I (also called NADH dehydrogenase). The central portion of
the rotenone structure resembles the isoalloxazine ring of the FMN
molecule, and when it binds to complex I, rotenone prevents the
transfer of electrons from NADH to coenzyme Q.

D. Inhibition of the electron transport chain shuts down the major
pathway of regenerating NAD* from the NADH produced in inter-
mediary metabolism. This forces the cytosolic conversion of pyruvate
to lactate to regenerate NAD* so that glycolysis can continue in the
absence of a functioning electron transport system.
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K/ .

**  The electron transport chain (ETC) or electron transport system
(ETS) is located on the inner membrane of the mitochondrion
and is responsible for the harnessing of free energy. The chain
consists of a series of carriers arranged along the inner membrane
of mitochondria that transport electrons from NADH and reduced
flavin carriers to molecular oxygen.

o2 :

#*  Energy is released as electrons travel from more reduced (more neg-
ative reduction potential, E}) to more oxidized (more positive E})

. carriers to drive the phosphorylation of ADP to ATP.

**  The components of the electron transport chain have various cofactors,

. which form vital complexes.

**  The disruption of various complexes may interfere with the ETC,
leading to inability to manufacture ATP.

‘0‘ . . .

#*  The energy gained from electron transfer is used to drive protons out

of the inner mitochondrial matrix to the cytosol, establishing a
gradient of protons. As the protons come back into the matrix via
the ATP synthase complex, ADP is phosphorylated to ATP.

#*  The normal mitochondria produce ATP as they transport electrons to
oxygen; any interference with ATP synthesis or translocation
across the mitochondrial membrane will inhibit electron transfer.

**  Rotenone binds avidly to the flavoprotein NADH CoQ reductase,
complex I (also called NADH dehydrogenase).
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< CASE 17

An elderly couple is taken by ambulance to the emergency department after
their son noticed that they were both acting “strangely.” The couple had been
in good health prior to the weekend. Their son usually visits or calls them
daily, but because of a terrible blizzard was not able to make it to their house.
They had been snowed in at their house until the snowplows cleared the roads.
They had plenty of food and were kept warm by a furnace and blankets. When
the son was able to see them for the first time in 2 days, he noticed that they
both were complaining of bad headaches, confusion, fatigue, and some nausea.
On arrival to the emergency department, both patients were afebrile with normal
vital signs and O, saturation of 99 percent on 2 L. of O, by nasal cannula. Their
lips appeared to be very red. Both patients were slightly confused but other-
wise oriented. The physical examinations were within normal limits.

Carboxyhemoglobin levels were drawn and were elevated.
© What is the most likely cause of these patients’ symptoms?

© What is the biochemical rationale for 100 percent O, being the
treatment of choice?
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ANSWERS TO CASE 17: CARBON MONOXIDE
POISONING

Summary: Two elderly patients, with no medical problems present with acute
mental status change, fatigue, red lips, and nausea after being snowed in their
home during a blizzard with warmth provided by a furnace. The carboxyhe-
moglobin level is elevated.

@ Most likely cause: Carbon monoxide poisoning (increase
carboxyhemoglobin level).

© Rationale for treatment: Administration of 100 percent O, displaces
CO from hemoglobin.

CLINICAL CORRELATION

Carbon monoxide, a molecule with one carbon and one O, atom, binds very
avidly to hemoglobin. It is a colorless and odorless gas and may arise from
internal combustion engines, fossil-fueled home appliances (heaters, furnaces,
stoves), and incomplete combustion of almost all natural and synthetic materials.
Because it does not give warning signs, CO is considered a significant hazard.
The patient generally has confusion and symptoms of O, deprivation, but not
the symptoms of dyspnea, since the hemoglobin is saturated. The lips are a
distinct red color as a result of the hemoglobin being “oxygenated.” However,
because CO binds so avidly to the hemoglobin, no transfer of O, occurs in the
peripheral tissue. Carbon monoxide also disrupts the O,-dependent steps of the
electron transport chain, leading to unavailability of ATP. Treatment is thus 100
percent O, to displace the CO from the hemoglobin, and in severe cases, hyper-
baric therapy to increase the amount of O, available to “drive out” the CO.

APPROACH TO ELECTRON TRANSFER CHAIN (ETC)
AND CARBON MONOXIDE

Objectives

1. Understand the process by which CO causes symptoms.
2. Know how CO disrupts O, transport and uncouples the ETC.

Definitions

Oxidase: An enzyme requiring molecular O, as a substrate to produce
water as a reduced product. In the case of cytochrome oxidase, water is
the only product of oxygen reduction. With some other oxidases (called
mixed function oxidases), one atom of molecular oxygen is converted to
water, whereas the other atom of oxygen may be a hydroxylated product.
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Methemoglobin: Hemoglobin in which the iron atom has been oxidized to
the ferric (+3) state and is therefore incapable of binding O,.

Carboxyhemoglobin: Hemoglobin that has bound CO is called carboxy-
hemoglobin. Carbon monoxide binds to hemoglobin with 200 times the
affinity of O,.

DISCUSSION

Carbon monoxide poisoning has two primary effects: interference with O,
transport to tissues and interference with the interaction of O, with
cytochromes, especially the cytochromes in the electron transport chain.

The transport of O, from the lungs to peripheral tissues and central organs
is mediated by hemoglobin, a four subunit (20~ and 2-globin chains) protein.
Hemoglobin has four active sites enabling it to bind four molecules of O, per
molecule in the lungs for transport by the red blood cell to distant tissues,
where O, is released for direct use or for binding to other proteins such as mus-
cle myoglobin. Although the globin portion of myoglobin is similar to hemoglo-
bin, it acts as a monomer with only one O,-binding site. The four O,-binding
sites of hemoglobin exhibit positive cooperativity in binding O,. The binding
of the first molecule of O, occurs with a modest affinity but causes a confor-
mational change that enhances hemoglobin’s binding affinity for a second
molecule of O,. Likewise, the binding of the second enhances the binding
affinity for the third and the third, for the fourth molecule of O,.

Carbon monoxide competes with O, for the four hemoglobin-binding sites,
but CO binds 220 times more avidly to hemoglobin than O,. Moreover, CO
shows the same positive cooperativity that O, does. These features combine
in favor of CO binding. Atmospheric air is 21 percent O,, whereas the usual
CO concentration is 0.1 parts per million (ppm). In heavy traffic, the CO concen-
tration may be 115 ppm. A nearly tenfold increase, up to 1000 ppm (0.1 percent)
carbon monoxide, results in a 50 percent carboxyhemoglobinemia. Although the
reduction in O, -transport capacity is proportional to the proportion of carboxy-
hemoglobin [COHb], the amount of O, available to tissues for use is further
reduced by the inhibitory effect of COHb on the dissociation of oxyhemo-
globin. Although the average person may show no symptoms at 10 percent
of hemoglobin in the form of COHb, any complication such as anemia that
reduces O, transport capacity may exhibit symptoms at a lower percentage of
carboxyhemoglobin. At 10 to 20 percent COHb, headache and dilation of
cutaneous blood vessels may appear, whereas at 20 to 30 percent,
headaches may become stronger. At 30 to 40 percent carboxyhemoglobin,
serious headache, dizziness, disorientation, nausea, and vomiting occur.
At levels exceeding 40 percent, patients usually collapse and have worsen-
ing of other symptoms. These symptoms reflect failure of O, transport as well
as direct inhibition of O,-binding cytochromes such as cytochrome oxidase or
myoglobin.
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In the electron transport chain (see Figure 16-1 in Case 16) only complex
IV (cytochrome oxidase) interacts directly with O,. As with hemoglobin,
CO has a higher affinity for cytochrome oxidase than O,. Thus CO binds
tightly to cytochrome oxidase and inhibits the transfer to O,. In tightly
coupled mitochondria the binding of CO to cytochrome oxidase also results in
the inhibition of the phosphorylation of adenosine diphosphate (ADP),
reducing the production of adenosine triphosphate (ATP). This becomes
more profound as additional molecules of cytochrome oxidase are bound by
CO. Similarly, myoglobin also binds CO more avidly than O,, and the trans-
fer of O, to enzymes requiring O, is inhibited.

The binding of CO to hemoglobin is fully dissociable, and dissociation
requires ventilation. After removal from exposure to CO, administration of
O, reverses CO binding to hemoglobin. Utilization of 100 percent O, accel-
erates the washout of CO. Use of hyperbaric chambers with pressures up
to 2 atmospheres speeds up the CO washout process even more. Addition of 5
to 7 percent CO, to the O, is sometimes used as a prompt to ventilatory
exchange. One disadvantage of the addition of CO, is the serious acidosis that
results when the respiratory acidosis produced by CO, inhalation is added to
the metabolic acidosis produced by O, deprivation in the tissues because of
CO poisoning.

COMPREHENSION QUESTIONS

An elderly couple living in the suburbs of Hanover, New Hampshire, was
snowbound for several days in their home during a blizzard. During periods of
electrical outage they relied on an unvented gas heater to warm one room in
their home where they stayed throughout the blizzard. As soon as the roads
cleared, their granddaughter came to check on them and found them disori-
ented, complaining of headache, fatigue, and nausea and breathing and walk-
ing hesitantly and with a stumbling gait.

[17.1] Laboratory data show a remarkably increased carboxyhemoglobin
level in the blood. The best explanation for this finding is that CO has
which of the following effects?

A. Tt increases the hydrogen ion concentration causing oxyhemoglo-
bin to precipitate

It changes the valence state of iron in hemoglobin

It competitively displaces O, from oxyhemoglobin

It converts myoglobin to carboxyhemoglobin at a rapid rate

It prevents transfer of O, across the alveolar membranes

monw
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[17.2]

[17.3]

Which of the following treatment strategies is the most effective reme-
diation for CO poisoning?

A. Removal from CO source

B. Removal from CO source and administration of 100 percent O,

C. Administration of 5 to 7 percent CO, to stimulate respiration followed
by 100 percent O,

D. Administration of 5 to 7 percent CO, to stimulate respiration

E. Removal from CO source and administration of 5 to 7 percent CO,
to stimulate respiration

In addition to forming carboxyhemoglobin, the toxic effects of CO
include inhibition of which of the following enzymes involved in
oxidation-reduction reactions?

NADPH dehydrogenase
Coenzyme Q reductase
Cytochrome c reductase
Succinate dehydrogenase
Cytochrome oxidase

moNw

Answers

[17.1]

[17.2]

[17.3]

C. Carbon monoxide binds to hemoglobin with 220 times the affinity
of O,. Thus CO displaces O, from oxyhemoglobin to form carboxy-
hemoglobin. Carbon monoxide has no appreciable effect on pH such
as CO, may have. It does not change the valence state of iron or inter-
fere with O, transport across membranes. CO binding does not
change myoglobin to hemoglobin.

B. Removal from the CO is always the first step. Increasing the O,
concentration serves to displace the CO to hemoglobin and
cytochrome oxidase. Adding CO, may stimulate respiration rate, but
it also causes an additional pH perturbation.

E. Carbon monoxide binds to cytochrome oxidase but not to the other
enzymes listed.
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* . T . .

%*  Carbon monoxide poisoning interferes with O, transport to tissues
and the interaction of O, with cytochromes, especially the

. cytochromes in the electron transport chain (ETC).

«

#*  The four O, binding sites of hemoglobin exhibit positive coopera-
tivity in binding O,, leading to the sigmoid shape of hemoglobin
dissociation curve.

The binding of the first molecule of O, occurs with a modest affin-
ity but causes a conformational change that enhances hemoglo-
bin’s binding affinity for a second molecule of O,, and so on.

% Carbon monoxide binds 220 times more avidly to hemoglobin than O,.

X/
%
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< CASE 18

A 27-year-old male presented to the emergency department with the signs and
symptoms of acute appendicitis. He was promptly sent to the operating room
for an emergency appendectomy. The patient was prepped and draped for the
surgery, and halothane was given as an inhalation anesthetic. Two minutes
after the anesthetic was given, the patient was noted to have an extremely ele-
vated temperature, muscle rigidity, and tachypnea. An arterial blood gases test
revealed a metabolic acidosis, and the serum electrolytes demonstrated hyper-
kalemia. A nurse quickly went to talk to the family about the events, and the
family mentioned that the only other person to have surgery in their family had
a similar reaction and died. The physician makes a diagnosis of malignant

hyperthermia (MH).
© What is the biochemical basis of this disease?

© What is the best treatment for this condition?
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ANSWERS TO CASE 18: MALIGNANT
HYPERTHERMIA

Summary: 27-year-old male with acute appendicitis undergoing a halothane
inhaled anesthetic with acute onset of hyperthermia, tachypnea, respiratory
acidosis, hyperkalemia, and family history of similar events. The tentative
diagnosis is MH.

@ Biochemical mechanism: Uncoupling of oxidative phosphorylation.

@ Treatment: Supportive care with attempts to bring temperature down,
correct blood gas and electrolyte abnormalities, and give dantrolene.

CLINICAL CORRELATION

Malignant hyperthermia is an untoward response of susceptible individuals to
preoperative anesthesia utilizing halothane and succinylcholine, although
other inhalation anesthetics such as enflurane and isoflurane have been recog-
nized as milder prompts for this complication of anesthesia. The frequency of
occurrence is 1 in 15,000 children and 1 in 100,000 adults. The inheritance is
dominant in 50 percent of cases and recessive in 20 percent, suggesting a more
complex basis for this response. The clinical findings are muscle rigidity,
hyperthermia, seizure, cardiac arrhythmias, and sometimes death. Prevention
is the key, in that every patient should be queried about personal or family his-
tory of complications during surgery. Once a patient is found to have MH, the
clinician should alert other family members to the same possibility. The mus-
cle relaxant, dantrolene, is the treatment of choice. Even with prompt recogni-
tion and therapy, mortality is as high as 5 percent.

APPROACH TO OXIDATIVE PHOSPHORYLATION
(UNCOUPLING)

Objectives

1. Understand how malignant hyperthermia is caused by the uncoupling
of oxidative phosphorylation.

2. Understand the biochemical mechanism for the heat production.

3. Be familiar with the mechanism of how dantrolene reverses the effects.

Definitions

Malignant hyperthermia: An unusual adverse response to some inhala-
tion anesthetics such as halothane in which there is an acute dramatic
elevation in body temperature as well as tachypnea, muscle rigidity, and
hyperkalemia.
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Ca?" signaling: Many enzymes in metabolism and signaling pathways are
responsive to Ca?* concentrations. Calcium is sequestered within tissues
(e.g., within cisternae in the sarcoplasmic reticulum of muscle) and
released on signal increasing the Ca?* concentration in the cytosolic
compartment and eliciting Ca?*-induced responses. Increased calcium
concentration stimulates the activity of muscle phosphorylase kinase
and activates pyruvate dehydrogenase phosphatase to increase the meta-
bolic flow of glucose to CO, and H,0.

Ca? channel: A transport system allowing passage of the charged calcium
ion through a hydrophobic membrane.

DISCUSSION

Hyperthermia is a rare complication of anesthesia that is not completely
understood. Most of the evidence points to the ryanodine receptor (chromo-
some 19q13.1) as the defective gene product. This receptor is the Ca?
release channel of muscle sarcoplasmic reticulum. Stimulation of this chan-
nel leads to excessive Ca?* release from the cisternae of the sarcoplasmic
reticulum, and that Ca?* prompts muscle contraction, an increase in body
temperature, tachycardia, and subsequent metabolic acidosis.

The scheme in Figure 18-1 summarizes the effects of Ca?* release on
processes that bring about the complex of symptoms seen in malignant

Activation of phosphorylase kinase and glycogen breakdown

Increased actin/myosin-based muscle contraction

Increased utilization of ATP

Increased glycolysis, TCA cycle, and ATP formation

Activation of uncoupling proteins by fatty acids mobilized

from storage depots

Figure 18-1. Direct and indirect effects of Ca?* release in aberrant response to
anesthetics halothane and succinylcholine.
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hyperthermia. Increased Ca** release triggers the binding of adenosine
triphosphate (ATP)-charged myosin to actin to initiate muscle contraction.
This muscle contraction may be repeated to the point of muscle rigidity with
attendant muscle damage and release of myoglobin. The sustained muscle
contraction uses increased amounts of ATP increasing demands on glycolysis,
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation. Ca?* release
serves to activate, at least partially, phosphorylase kinase, which speeds the
mobilization of glycogen stores for ATP generation. Sympathetic outflow trig-
gered by these changes leads to increased activation of glycogen breakdown
and lipolysis. Fatty acids serve as a signal to increase the levels of uncoupling
proteins in various tissues. The uncoupling proteins form channels in mito-
chondria allowing proton reentry into the mitochondrial matrix. Because
the phosphorylation of adenosine diphosphate (ADP) to ATP depends on the
proton gradient through the ATP synthase, these channels collapse the proton
gradient allowing electron transport to occur without the phosphoryla-
tion of ADP (Figure 18-2). Since ATP is being consumed at an elevated rate
and mitochondrial production of ATP is compromised, glycolysis increases to
compensate for the shortfall in ATP production. Pyruvate and lactate, the
end products of glycolysis, increase in concentration, giving rise to the
metabolic acidosis observed.

The uncoupling proteins (UCP 1 to 5) are a physiologic mechanism for
maintaining body temperature through selective uncoupling of electron
transport from ATP synthesis. The free energy release normally captured in
the formation of the high-energy phosphate bond when phosphorylating ADP
to ATP is lost as heat and changes body temperature. Physiologically, sympa-
thetic outflow and catecholamine hormone release prompt new synthesis of
the uncoupling proteins in response to the hypothalamus sensing lowered body
temperature. In the case of malignant hyperthermia, this mechanism is trig-
gered by anesthetic challenge to the calcium release channel and the subse-
quent metabolic and signaling changes assembled above unfold.

ADP ATP
[ ] [ ] f inside
[}
electron - Carrier | e Carrier | e Carrier ATP mito
source — > © ;lComplex > Complex - Complex synthase membrane
. outside

v ¥ ¥

Figure 18-2. Electron transport system showing development of proton gradient
outside the mitochondrial membrane by the passage of electrons down the chain.
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() >~NH

Figure 18-3. Structure of dantrolene (1-[[[5-(4-nitrophenyl)-2 furanyl]-
methylene]amino]-2, 4 imidazolidinedione).

Treatment of MH depends on cessation of anesthesia, mechanical means
to reduce the temperature, and the correction of blood electrolyte and gas
parameters to normal. In addition, dantrolene (Figure 18-3) is infused initially
intravenously and then may be given orally. Dantrolene brings about the
reduction in contraction of skeletal muscles by decreasing the amount of
Ca?** released from the sarcoplasmic reticulum. A serious side effect of
dantrolene use is its potential hepatotoxicity. The hepatotoxicity is fatal to 0.1
to 0.2 percent of patients treated for 60 days or longer. Thus, use of dantrolene
for longer than 45 days requires monitoring of hepatic markers.

COMPREHENSION QUESTIONS

A young and otherwise healthy student undergoing preparation for a simple sur-
gical procedure was noticed to have an elevating temperature and respiratory
rate with muscle rigidity following the onset of anesthesia using halothane and
succinylcholine. Laboratory findings revealed elevated levels of calcium, hydro-
gen ion, pyruvate, and lactate. The diagnosis was malignant hyperthermia.

[18.1] The muscle rigidity observed in this patient is most likely prompted by
which of the following?

A. The patient’s fear of surgery

B. Increased levels of hydrogen ion, causing the muscles to become
immobile

C. Increased Ca** levels in muscle tissue, triggering muscle contraction

D. Increased pyruvate and lactate, causing precipitation of muscle
protein

E. Increased body temperature
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[18.2]

[18.3]

Rapidly elevating body temperature was observed in this patient. The
underlying cause for this pyretic episode is which of the following?

A. Hypothalamic upward adjustment of body temperature set point in
response to cold operating room temperature

B. Muscles producing heat from exertion of contraction

C. Uncoupling proteins allowing dissipation of the mitochondrial
hydrogen ion gradient releasing energy as heat

D. Metabolism of fatty acids from lipid storage depots releasing heat

E. Elevated consumption of ATP to support muscle contraction releas-
ing heat

Which of the following best describes the mechanism of action of

dantrolene in the treatment of MH?

Decrease of Ca* release

Reduction of body temperature with hypothalamic set temperature
Effect on mitochondrial ATP production

Nuclear transcription attenuation

Recoupling of the sodium and ATP channels

moNw

Answers

[18.1]

[18.2]

[18.3]

C. Release of Ca’* triggers actin-myosin reaction, prompting muscle
contraction. Neither fear of surgery nor hydrogen ion levels causes
concerted muscle contraction. Increased pyruvate/lactate or tempera-
ture tends to counteract contraction.

C. Malignant hyperthermia does not involve central brain control of
temperature but is caused by metabolic alterations. Regardless of the
source of energy—whether fatty acids or the utilization of ATP to
support muscle contraction—the electron transport chain is involved.
Uncoupling of oxidation from ADP phosphorylation is caused by
uncoupling proteins that dissipate energy as heat. This causes the ele-
vation of body temperature seen in this patient.

A. Dantrolene brings about reduction in contraction of skeletal muscles
by decreasing the amount of Ca®* released from the sarcoplasmic retic-
ulum. In addition, supportive care is aimed at decreasing body temper-
ature and correcting the metabolic acidosis and electrolyte balance.
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<> Malignant hyperthermia is most likely, given that anesthetic agents
stimulate a calcium release channel, leading to excessive Ca**
release from the cisternae of the sarcoplasmic reticulum, in turn
causing muscle contraction, an increase in body temperature,

. tachycardia, and subsequent metabolic acidosis.

<

#*  Although the uncoupling proteins (UCP 1 to 5) are a physiologic
mechanism for maintaining body temperature through selective
uncoupling of electron transport from ATP synthesis, MH is a
pathologic exaggeration of this process.

* . . . .

**  The treatment of MH includes stopping the anesthesia, cooling the
patient, and administration of dantrolene, which reduces muscle
contractions by decreasing the amount of Ca®* released from the
sarcoplasmic reticulum.

REFERENCE

Goodman AG, Gilman LS, eds. The Pharmacological Basis of Therapeutics, 10th ed.
New York: McGraw-Hill, 2001:295-303.
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< CASE 19

A 40-year-old obese female presents to the emergency center with complaints
of worsening nausea, vomiting, and abdominal pain. Her pain is located in the
midepigastric area and right upper quadrant. She reports a subjective fever and
denies diarrhea. Her pain is presently constant and sharp in nature but previ-
ously was intermittent and cramping only after eating “greasy” foods. On
examination she has a temperature of 37.8°C (100°F) with otherwise normal
vital signs. She appears ill and in moderate distress. She has significant mide-
pigastric and right upper-quadrant tenderness. Some guarding is present but no
rebound. Her abdomen is otherwise soft with no distention and active bowel
sounds. Laboratory values were normal except for increased liver function
tests, white blood cell count, and serum amylase. Ultrasound of the gallblad-
der revealed numerous gallstones and a thickening of the gallbladder wall.

A surgery consult was immediately sought.
© What is the most likely diagnosis?

© What is the role of amylase in digestion?
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ANSWERS TO CASE 19: PANCREATITIS

Summary: 40-year-old female with history of intermittent right upper-quadrant
pain worsening after “greasy”” meals and now with constant midepigastric pain,
nausea, and vomiting with elevated liver function tests and amylase.

@ Diagnosis: Gallstone pancreatitis.

ole of amylase: Enzyme for carbohydrate metabolism, used to digest
Role of 1 Enzyme fi bohyd boli d to dig
glycogen and starch.

CLINICAL CORRELATION

Acute pancreatitis is an inflammatory process in which pancreatic enzymes
are activated and cause autodigestion of the gland. In the United States, alco-
hol use is the most common cause, and episodes are often precipitated by
binge drinking. The next most common cause is biliary tract disease, usually
passage of a gallstone into the common bile duct. Hypertriglyceridemia is also
a common cause, and that occurs when serum triglyceride levels are greater
than 1000 mg/dL, as is seen in patients with familial dyslipidemias or diabetes.
When patients appear to have “idiopathic” pancreatitis, that is, no gallstones
are seen on ultrasound, and no other predisposing factor can be found, biliary
tract disease is still the most likely cause: either biliary sludge (microlithiasis),
or sphincter of Oddi dysfunction. Abdominal pain is the cardinal symptom
of pancreatitis, and it is often severe, typically in the upper abdomen with
radiation to the back. The pain is often relieved by sitting up and bending
forward and is exacerbated by food. Patients also commonly have nausea and
vomiting, also precipitated by oral intake. The treatment includes nothing by
mouth, intravenous hydration, pain control, and monitoring for complications.

APPROACH TO AMYLASE AND CARBOHYDRATE
METABOLISM

Objectives

1. Be aware of the role of amylase in carbohydrate metabolism.

2. Understand the cause for increased amylase in pancreatitis.

3. Understand why conservative treatment (intravenous [IV] fluids, NPO,
pain medication, and possibly a nasogastric tube) is effective in treat-
ment of this condition.

Definitions

o-Amylase: An endosaccharidase that catalyzes the hydrolysis of a(1—4)
glycosidic bonds present in glycogen and starch. It is present in both
saliva and pancreatic digestive juice. (See Figure 25-1b in Case 25 for a
diagram showing the o(1—4) glycosidic bonds in starch.)
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Endosaccharidase: An enzyme that randomly hydrolyzes glycosidic bonds
within polysaccharides.

Lipase: An enzyme that hydrolyzes the ester linkage between a fatty acid
and glycerol in a triglyceride.

Pancreas: A major endocrine and exocrine organ located behind the stom-
ach. It secretes pancreatic juice into the duodenum to neutralize the
effluent from the stomach and supply digestive enzymes. It also synthe-
sizes and secretes the hormones insulin, glucagon, and somatostatin into
the bloodstream from cells within the islets of Langerhans.

Zymogen: A proenzyme; an inactive precursor of an enzyme stored in
secretory granules. After secretion, the zymogen is activated by cleavage
of certain peptide bonds either by low pH or by other enzymes.

DISCUSSION

The pancreas is a major exocrine organ that synthesizes and secretes diges-
tive enzymes. It also produces and secretes NaHCO, to neutralize the acidic
effluent from the stomach. The pancreas also has an 1mp0rtant endocrine role
because it synthesizes and secretes the hormones insulin, glucagon, and
somatostatin into the bloodstream from cells within its islets of Langerhans.

The exocrine gland is divided into small globules that are drained by an
intralobular duct. The intralobular ducts feed into the interlobular duct, which
is joined to the main pancreatic duct. The pancreatic duct joins with the com-
mon bile duct (usually) in the hepatopancreatic ampulla, which exits into the
duodenum. The secretory unit of the pancreas consists of the acinus and the
intercalated duct. The epithelial cells of the intercalated duct have high con-
centrations of the enzyme carbonic anhydrase, which generates HCO,™ from
CO, and H,0O for neutralization of stomach acid entering the duodenum The
acinus is a cluster of acinar cells that are grouped around the intercalated duct.
The acinar cells are specialized epithelial cells that synthesize and secrete the
20 or so enzymes that will be used to digest the macromolecules in the lumen
of the intestine. Most of the digestive enzymes, particularly those used to degrade
proteins, are synthesized as zymogens or proenzymes that must be activated.
These proenzymes are synthesized on ribosomes on the rough endoplasmic
reticulum. They are then transported to the Golgi apparatus and are sequestered
in zymogen granules until they are secreted. Storing these inactive enzymes in
zymogen granules protects the acinar cell from digesting itself. Secretion of
these zymogens is regulated by cholecystokinin receptors and muscarinic acetyl-
choline receptors. The proenzymes are activated in the intestine, usually by the
action of trypsin. There are some enzymes that are synthesized and stored as the
active enzymes in the zymogen granules. These include o-amylase, carboxyl
ester lipase, lipase, colipase, RNase, and DNase.

Acute pancreatitis is a result of anatomical changes that arise from two
events. The first is the autodigestion of the acinar cells by inappropriate activation
of the pancreatic enzymes (especially trypsinogen) within the cell. The second is
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the cellular injury response that is mediated by proinflammatory cytokines.
The mechanisms by which the digestive enzymes become activated within the
acinar cell are unclear. However, such inappropriate activation of pancreatic
enzymes leads to destruction of the acinar cell and surrounding fat deposits,
and it weakens the elastic fibers of the blood vessels, resulting in leakage.

Obstruction of the main pancreatic duct as a result of a gallstone lodged
in or near to the hepatopancreatic ampulla can result in acute pancreatitis. One
theory is that obstruction increases the pressure in the main pancreatic duct.
The increase in pressure causes interstitial edema, which impairs the blood
flow to the acinus. The lack of blood flow leads to ischemic injury of the aci-
nar cell, resulting in release of the digestive enzymes into the interstitial space.
How this leads to premature activation of the proenzymes stored in the acinar
cell is unclear.

a-Amylase and lipase are two digestive enzymes that are synthesized and
stored in the acinar cell as the active enzymes. Amylase is an endosaccharidase
that catalyzes the hydrolysis of the o(1—4) glycosidic bonds that form the
main polymeric backbone of the polysaccharides starch and glycogen. Present
in both saliva and pancreatic juice, it is the pancreatic form of the enzyme that
breaks down most of the dietary polysaccharides. o-Amylase hydrolyzes
dietary starch and glycogen to glucose, maltose, maltotriose, and an oligosac-
charide referred to as the o-limit dextrin.

Pancreatic lipase is the primary digestive enzyme for the breakdown of
triglycerides. It acts on triglycerides to hydrolyze the fatty acyl ester bonds.
Lipase is specific for the ester bonds in the 1’- and 3’-positions to produce free
fatty acids and B-monoacylglycerols. Pancreatic lipase is strongly inhibited by
bile acids and therefore requires the presence of colipase, a small protein that
binds to the lipase and activates it.

Since both o-amylase and lipase are stored in the pancreas as the active
enzymes, they are important blood markers to help diagnose acute pancreati-
tis. The serum level of a-amylase will increase in the first 12 hours following
the onset of acute pancreatitis. During the next 48 to 72 hours, the levels will
usually fall back to normal values. Serum lipase levels also rise, but they
remain elevated after the oi-amylase levels have returned to normal and may
take 7 to 10 days to normalize.

Most cases (85 to 90 percent) of acute pancreatitis that are caused by gall-
stones will resolve on their own, and therefore conservative treatment modal-
ities are appropriate. These include pain management with analgesics,
administration of intravenous fluids to maintain the intravascular volume and
electrolyte balance, as well as removal of oral alimentation to decrease the
secretion of pancreatic juice. Nasogastric suction has also been used to
decrease gastrin release from the stomach and to eliminate gastric emptying
into the duodenum. However, controlled trials have not demonstrated the effi-
cacy of nasogastric suction in the treatment of mild to moderate acute
pancreatitis.



CLINICAL CASES 175

COMPREHENSION QUESTIONS

[19.1] Prior to a race, many marathon runners will try to increase their glyco-
gen concentrations by loading up with foods with a high starch content,
such as pasta. o.-Amylase secreted by the pancreas will digest the
starch into which of the following major products?

Amylose, amylopectin, and maltose
Glucose, galactose, and fructose
Glucose, sucrose, and maltotriose
Limit dextrins, maltose, and maltotriose
Limit dextrins, lactose, and sucrose

moQwy

[19.2] A 3-month-old infant presents with hepatosplenomegaly and failure to
thrive. A liver biopsy reveals glycogen with an abnormal, amylopectin-
like structure with long outer chains. Which of the following enzymes
would most likely be deficient?

a-Amylase

Branching enzyme
Debranching enzyme
Glycogen phosphorylase
Glycogen synthase

moOw

[19.3] A 3-year-old Caucasian female presents with chronic diarrhea and a
failure to thrive. Stools were oily. History reveals that she was breast-
fed and had no problems until she was weaned. Which of the enzymes
would be expected to be deficient following stimulation with secretin?

Cholesteryl esterase
Gastric lipase

Hormone sensitive lipase
Lipoprotein lipase
Pancreatic lipase

moNw

Match the following enzymes (A-D) to the products yielded.

A. Sucrose and lactose
B. Glucose and fructose
C. Glucose and galactose
D. Glucose

[19.4] Lactase
[19.5] Sucrase
[19.6] Maltase
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Answers

[19.1]

[19.2]

[19.3]

[19.4]
[19.5]
[19.6]

D. a-Amylase hydrolyzes o(1—4) glycosidic bonds present in starch
(amylose and amylopectin) in a random fashion leaving primarily the
disaccharide maltose, the trisaccharide maltotriose, and an oligosac-
charide known as the o-limit dextrin, which is composed of 6 to 8
glucose residues with one or more o(1—6) glycosidic bonds.
Galactose and fructose are not present in starch.

B. Amylopectin is plant starch that has some o(1—6) branch points,
but not as many as normal glycogen. Glycogen, which has an
amylopectin-like structure, has fewer branch points than normal
glycogen and would be less soluble within the cell. A deficiency in
the branching enzyme will introduce fewer o(1—6) branch points.

E. Neither hormone sensitive lipase nor lipoprotein lipase is a diges-
tive enzyme. The patient’s symptoms are consistent with an inability
to absorb triglycerides, which would eliminate cholesteryl esterase
from consideration. Since the patient did not have any problems
while being breast-fed, then the most likely enzyme to be deficient is
pancreatic lipase, since gastric lipase is most active on short chain
triglycerides, such as those that are found in breast milk.

C. Lactase breaks down lactose into glucose and galactose.
B. Sucrase breaks down sucrose into glucose and fructose.

D. Maltase and isomaltase convert maltose and isomaltose into glucose.

7
L X4

7
L X4

7
L X4

BIOCHEMISTRY PEARLS

The pancreas is a large exocrine organ that has a role in the diges-

Acute pancreatitis occurs from autodigestion of the acinar cells by

The three major breakdown products of amylase are maltose, mal-

tion of food as well as an endocrine organ which secretes insulin,
somatostatin, and glucagon.

inappropriate activation of the pancreatic enzymes (especially
trypsinogen) within the cell, leading to cellular injury mediated
by proinflammatory cytokines.

totriose, and o-dextrins. Enzymes in the brush border of the
intestines continue to digest the carbohydrates.
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< CASE 20

A 21-year-old primigravid female at 35-week gestation presents to the hospi-
tal with nausea, vomiting, and malaise over the last several days. Patient has
also noticed that her eyes were turning yellow in color. Her prenatal course has
otherwise been unremarkable. On examination she is found to have elevated
blood pressure, proteinuria, increased liver function tests, prolonged clotting
studies, hyperbilirubinemia, hypofibrinogenemia, and hypoglycemia. A pelvic
ultrasound identified a viable intrauterine pregnancy measuring approximately
35-week gestation. After admission, the mother underwent an emergent
cesarean delivery, and she subsequently developed a worsening hypoglycemia
and coagulopathy and went into hepatic coma with renal failure. After review-
ing all the laboratory results and her clinical picture, the patient was diagnosed

with acute fatty liver of pregnancy.
© What is an associated biochemical disorder?

© What is the etiology of the hypoglycemia?
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ANSWERS TO CASE 20: ACUTE FATTY LIVER
IN PREGNANCY

Summary: 21-year-old female at 35-week gestation with malaise, nausea and
vomiting, jaundice, elevated blood pressures, elevated liver function tests, coagu-
lopathy, hypoglycemia, and subsequently hepatic coma and renal failure. She has
been diagnosed with acute fatty liver of pregnancy.

@ Associated biochemical defect: Fetal deficiencies of long chain
3-hydroxyacyl-coenzyme A dehydrogenase (LCHAD).

@ Cause of hypoglycemia: Decreased liver glycogen after liver undergoes
fatty infiltration and subsequent liver failure. Histology reveals swollen
hepatocytes in which the cytoplasm is filled with microvesicular fat.

CLINICAL CORRELATION

Acute fatty liver of pregnancy is a poorly understood condition affecting only
pregnant women with the clinical manifestations of hypoglycemia, liver fail-
ure, metabolic acidosis, renal failure, and coagulopathy. Affected patients may
become jaundiced or encephalopathic from liver failure, usually reflected by
an elevated ammonia level. Profound hypoglycemia is common. The mortal-
ity rate is approximately 10 to 15 percent. Management is delivery, with sup-
portive measures such as magnesium sulfate to prevent seizures, replacement
of blood or clotting factors, and management of the blood pressure. The patho-
physiology may be related to fetal deficiencies of long chain 3-hydroxyacyl-
coenzyme A dehydrogenase (LCHAD).

APPROACH TO GLYCOGEN AND CARBOHYDRATE
METABOLISM

Objectives

1. Know about glycogen storage, synthesis, and degradation.
2. Be familiar with the regulation of glycogen synthesis and degradation.
3. Understand the role of liver glycogen in carbohydrate metabolism.

Definitions

GLUT 2: Glucose transporter isoform 2, a facilitative glucose transporter
present in the liver, the 3-cells of the pancreas, and the basolateral sur-
face of intestinal epithelial cells.

Adenylate cyclase: The enzyme that, when activated by hormones bind-
ing to receptors, catalyzes the cyclization of adenosine triphosphate
(ATP) to cyclic adenosine monophosphate (cAMP) with the release of
pyrophosphate.



CLINICAL CASES 181

Branching enzyme: 1,4-0-Glucan branching enzyme; an enzyme that
removes an oligosaccharide of about seven glucosyl residues from the
nonreducing end of a glycogen chain and transfers it to another chain,
creating an o(1—6) glycosidic bond.

Debranching enzyme: A bifunctional enzyme that catalyzes two reactions
in the degradation of glycogen. It transfers a trisaccharide from the
nonreducing end of a four glucosyl residue branch of the glycogen mol-
ecule to the nonreducing end of the same or adjacent glycogen molecule
(oligo-1,4-1,4-glucantransferase activity). It also hydrolyzes the
0o(1—6) linkage of the remaining glucosyl residue of the branch, releas-
ing free glucose (amylo-1,6-glucosidase activity).

Glycogen: The storage form of glucose in tissues. It is a large polysaccha-
ride composed of glucose residues in primarily o((1—4) glycosidic link-
ages with some o(1—6) branch points.

Glycogenesis: The synthesis of glycogen from glucose 1-phosphate.

Glycogenolysis: The breakdown of glycogen to glucose 1-phosphate (and
some small amount of free glucose).

Glycogen phosphorylase: The enzyme that causes the release of glucose
1-phosphate from glycogen. It accomplishes this by catalyzing a phos-
phorolysis of glucosyl residues from glycogen; that is, it breaks the
o(1—4) glycosidic bonds by adding inorganic phosphate and releasing
glucose 1-phosphate.

Glycogen synthase: The enzyme that causes the addition of glucosyl
residues to a growing glycogen molecule using UDP-glucose and releas-
ing inorganic pyrophosphate.

DISCUSSION

Acute fatty liver of pregnancy (AFLP) is a rare (occurring in 1 in 7000 to
16,000 deliveries) but potentially fatal disease that typically develops during
the third trimester. Patients most commonly present with clinical and labora-
tory evidence of acute hepatic failure with decreased hepatic metabolic activ-
ity. Hypoglycemia, nausea and vomiting, jaundice, general malaise, elevated
blood pressure, disseminated intravascular coagulation, hemorrhage, infec-
tion, and encephalopathy are the most common clinical findings. The etiology
of the syndrome is not clear, although recent reports have linked some cases
of AFLP with a fetal inborn error in fatty acid metabolism. For the major-
ity of cases in which an inborn error in the fetus does not appear to play a role,
the cause of the disease is unknown.

One of the primary functions of the liver is to maintain blood glucose
levels. When blood glucose levels are high following a meal, the liver takes in
glucose via the high capacity, insulin-insensitive glucose transporter GLUT 2
and converts it into glycogen for storage, metabolizes it to pyruvate by glycol-
ysis, or uses it to produce NADPH and pentoses for biosynthetic processes via
the pentose phosphate pathway. When blood glucose levels drop after fasting or
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vigorous exercise, the liver mobilizes its glycogen stores in response to
glucagon and epinephrine and exports glucose into the blood. As glycogen lev-
els are depleted, the liver begins to synthesize glucose via gluconeogenesis. In
addition to a source of carbons to synthesize glucose, which it obtains from
either lactate or the breakdown of amino acids, the liver also needs a source of
energy in the form of ATP. B-Oxidation of fatty acids provides the reducing
equivalents (NADH and FADH,), by which ATP is synthesized through the
action of the electron transport system and oxidative phosphorylation.

The storage form of glucose is glycogen, which is stored in both muscle
and liver. However, the function of stored glycogen is different in these two
tissues. Muscle uses glycogen as a fuel reserve to provide ATP for its own
needs, whereas the liver uses stored glycogen as a reservoir for glucose to
maintain blood glucose levels. When blood glucose concentrations drop,
glucagon and epinephrine are released into the bloodstream and bind to
glucagon and epinephrine receptors on hepatocytes. The binding of the hormones
to the receptors activates adenylate cyclase producing 3’,5’-cyclic AMP
(cAMP). When cAMP binds to cAMP-dependent protein kinase (PKA), it is
activated and is able to phosphorylate target proteins. This leads to activation
of glycogen phosphorylase, the enzyme primarily responsible for mobilizing
glucose from glycogen. Phosphorylase, which is stabilized by pyridoxal
phosphate (vitamin B6), catalyzes the phosphorolysis of glycogen; it cleaves
the 1,4-glycosidic bond of a terminal glucose residue from the nonreducing end
of the glycogen molecule using inorganic phosphate (Figure 20-1). The products
are glucose 1-phosphate and glycogen that is shorter by one glucose residue.

Mobilization of glycogen stores also requires the participation of a
debranching enzyme because phosphorylase ceases to cleave a-1,4-glycosidic
linkages four glucosyl residues from an o-1,6-branch site. The debranching
enzyme has two catalytic activities: a transferase activity and a glucosidase

GLYCOGEN
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Synthase a

Phosphorylase UDP-glucose
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Figure 20-1. Reactions involved in the synthesis and breakdown of glycogen.
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activity. The enzyme’s transferase activity removes an oligosaccharide com-
posed of the terminal three glucosyl residues from the four residue branch and
transfers it to a free 4-hydroxyl group of the terminal glucosyl residue of
another branch. The remaining glucosyl residue that is in an o-1,6-glucosidic
linkage is then hydrolyzed by the glucosidase activity to release free glucose.

Glucose 1-phosphate released from glycogen by phosphorylase is converted
to glucose 6-phosphate by phosphoglucomutase. Glucose-6-phosphatase,
which is only present in liver and other gluconeogenic tissues, hydrolyzes the
phosphate to produce free glucose. Glucose is then exported from the liver via
the GLUT 2 transporter to increase the blood glucose concentration.

Following a meal, glycogen concentrations within the liver rise rapidly to
high levels; this can be up to 10 percent of the wet weight of the liver. Glucose
in the blood is transported into the hepatocyte by the GLUT 2 transporter and
is converted to glucose 6-phosphate by glucokinase. Phosphoglucomutase
then catalyzes the readily reversible reaction that converts glucose 6-phosphate
to glucose 1-phosphate. The glucose 1-phosphate is further activated to UDP-
glucose by glucose 1-phosphate uridylyltransferase in a reaction that con-
sumes UTP and produces inorganic pyrophosphate. This reaction is
thermodynamically favored by the hydrolysis of pyrophosphate by pyrophos-
phatase, which also makes the formation of UDP-glucose an irreversible reaction.
Glycogen synthase catalyzes the addition of a glucosyl residue to a glycogen
molecule using UDP-glucose as the substrate, forming an o(1—4) glycosidic
bond and releasing UDP. Since glycogen synthase cannot create an o(1—06)
linkage, an additional enzyme is required to form branches. When a chain of
at least 11 glucosyl residues has been synthesized, 1,4-o-glucan branching
enzyme removes a chain of about seven glucosyl residues and transfers it to
another chain, creating an o(1—6) glycosidic bond. This new branch point
must be at least four glucosyl residues away from another branch point.

Since the synthesis and mobilization of glycogen together form a poten-
tial futile cycle, the competing processes must be regulated to prevent waste
of ATP/UTP. This is accomplished by hormonal as well as allosteric controls.
The enzymatic cascade, that is promulgated when glucagon or epinephrine bind
to their respective receptors on the liver cells, is presented in Figure 20-2. The
cAMP that is produced by activation of adenylate cyclase binds to PKA and
activates it so that it can phosphorylate its target proteins. These include phos-
phorylase kinase, glycogen synthase, and inhibitor 1. Phosphorylation of
glycogen synthase converts it to an inactive form, whereas phosphorylation of
phosphorylase kinase and inhibitor 1 activate them. The phosphorylated
inhibitor 1 is then able to bind strongly to protein phosphatase 1, but it is a
poor substrate and is hydrolyzed slowly. Although the phosphorylated
inhibitor 1 is bound to the phosphatase, it will inhibit it from acting on other
phosphorylated proteins. Thus, while protein phosphatase 1 is inhibited, those
proteins that are activated by phosphorylation remain active, and those that are
inhibited by phosphorylation stay in their inactive form.
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Figure 20-2. The mobilization of glycogen in the liver in response to hor-
monal signals. Binding of the hormones glucagon and/or epinephrine causes
the activation of adenylate cyclase resulting in the production of cyclic AMP,
which activates protein kinase A. By phosphorylation reactions, protein kinase
A inactivates glycogen synthase, activates a cascade that results in active

glycogen phosphorylase, and produces an active inhibitor of protein phos-
phatase 1.
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Phosphorylation of phosphorylase kinase partially activates it so that it can
phosphorylate phosphorylase b to its active form. Phosphorylase kinase is
also partially activated by Ca”*; full activation is obtained when it both binds
Ca?* and is phosphorylated. Conversion of phosphorylase b to phosphorylase
a enables glucose 1-phosphate to be released from glycogen. Thus, glucagon
and epinephrine start a cascade that mobilizes glucose from glycogen and at
the same time inhibits the storage of glucose as glycogen.

When blood glucose levels are elevated, insulin is secreted from the pan-
creatic cells. When insulin binds to hepatic insulin receptors, it results in the
activation of a complex series of kinases that leads to the activation of pro-
tein phosphatase 1. Protein phosphatase 1 dephosphorylates phosphory-
lase kinase, phosphorylase, and inhibitor 1, thus inactivating them and
inhibiting the phosphorolysis of glycogen. It also dephosphorylates glycogen
synthase, converting it to its active form and enabling the storage of glucose as
glycogen. In addition, the liver form of phosphorylase a is inhibited by ele-
vated intracellular concentrations of glucose. Thus insulin favors the storage
of glycogen and inhibits its mobilization.

Although the etiology of the AFLP syndrome is unclear, it does appear to
be a defect affecting mitochondrial processes. Liver biopsy usually will show
mitochondrial disruption and microvesicular fat deposits, indicating decreased
B-oxidation of fatty acids. The fatty acids, since they cannot be efficiently oxi-
dized in the mitochondria, are converted to triglycerides, which build up in the
hepatocyte. The fat infiltration decreases the amount of glycogen that can be
stored and mobilized to maintain blood glucose levels. Gluconeogenesis is
also depressed because ATP is not available from the oxidation of fatty acids.
Thus, blood glucose levels decline.

As noted above, there have been reports that link some cases of AFLP with
a defect in fatty acid metabolism in the fetus. These include fetal deficiencies
of long chain 3-hydroxyacyl-coenzyme A dehydrogenase (LCHAD),
carnitine-palmitoyl transferase 1 (CPT 1), and medium chain acyl-
coenzyme A dehydrogenase (MCAD). The mechanism by which defective
fetal fatty acid oxidation causes maternal illness is not known. However, since
the fetus uses primarily glucose metabolism for its energy needs, it is likely
that toxic products from the placenta, which does use fatty acid oxidation,
cause the maternal liver failure.
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COMPREHENSION QUESTIONS

For Questions [20.1] and [20.2] refer to the following case:

A female infant appeared normal at birth but developed signs of liver disease
and muscular weakness at 3 months. She had periods of hypoglycemia, par-
ticularly on awakening. Examination revealed an enlarged liver. Laboratory
analyses following fasting revealed ketoacidosis, blood pH 7.25, and eleva-
tions in both alanine transaminase (ALT) and aspartate transaminase (AST).
Administration of glucagon following a carbohydrate meal elicited a normal
rise in blood glucose, but glucose levels did not rise when glucagon was
administered following an overnight fast. Liver biopsy revealed an increase in
the glycogen content (6 percent of wet weight).

[20.1] In which of the following enzymes is a genetic deficiency most likely
for this patient?

Branching enzyme
Debranching enzyme
Glucose-6-phosphatase
Glycogen synthase
Muscle phosphorylase

moNw

[20.2] To prevent the frequent episodes of hypoglycemia, which of the fol-
lowing dietary supplements would be most appropriate for this patient?

Casein (milk protein)
Fish oil

Fructose

Lactose

Uncooked cornstarch

moQwy

[20.3] A 17-year-old male presents complaining of an inability to perform
strenuous exercise without bringing on painful muscle cramps and
weakness. He indicated that mild to moderate exercise resulted in no
problems. When he was administered an ischemic exercise test, his
serum lactate concentrations did not increase significantly. A defi-
ciency in which of the following enzymes is most likely the cause of
the patient’s muscle cramps?

Carnitine palmitoyl transferase II
Glucose-6-phosphatase

Glycogen phosphorylase

Glycogen synthase

Very long chain acyl-CoA dehydrogenase

moQwy
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[20.4]

A 23-year-old male has been vigorously working on the yard and
begins to feel slightly light-headed from hypoglycemia. He drinks a
can of soda and is aware of the competition for the glucose to be stored
in his liver as glycogen versus used as energy in his muscles. What is
the best explanation regarding the fate of the glucose in the soda?

A. The lower Km of hexokinase versus the Km of glucokinase will tilt
the glucose toward glycolysis.

B. The bolus of glucose via the soda will lead to a higher glucose
level, inducing storage of the glucose into glycogen in the liver.

C. The muscle is using high levels of glucose, leading to an increased
level of glucose 6-phosphate thus inhibiting glucokinase.

D. The glucose will be equally used by muscle for metabolism and
liver for glycogen storage.

Answers

[20.1]

[20.2]

[20.3]

B. Definitive diagnosis would await analysis of the glycogen struc-
ture and enzyme activities, but the hepatomegaly, increased liver
glycogen content, fasting hypoglycemia, and muscle weakness are
consistent with Cori disease, glycogen storage disease type III. The
increase in glycogen content results from an inability to degrade
glycogen beyond the limit dextrin of phosphorylase. A deficiency in
the debranching enzyme leaves glycogen with short outer branches.

E. Because fasting hypoglycemia results from an inability to break
down glycogen past the limit dextrin of phosphorylase, a patient with
type III glycogen storage disease should be given frequent meals high
in carbohydrates. Uncooked cornstarch is an effective supplement
because it is slowly digested, and therefore the glucose is released
slowly into the bloodstream, helping to maintain blood glucose
concentrations.

C. Although a deficiency in a number of enzymes can result in exer-
cise intolerance, the lack of an increase in serum lactate following
ischemic exercise points to an inability to a defect in the breakdown
of glycogen in the muscle. The muscle depends on glycogenolysis for
intense exercise, and fatigue rapidly ensues when glycogen is
depleted. Patients with a deficiency in the muscle isoform of glyco-
gen phosphorylase (McArdle disease) can tolerate mild to moderate
exercise, but get muscle cramps with strenuous exercise as a conse-
quence of the lack of glycogenolysis in the muscle cell.
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[20.4] A. Hexokinase is found in most tissues, and because of the very low
Km for glucose, it is designed to work maximally to provide ATP for
tissue even at low levels of glucose. Hexokinase is inhibited by glucose
6-phosphate and is most active with low levels of glucose 6-phosphate.
Glucokinase found in the liver has a high Km for glucose and is very
active after a meal. The glucose in the soda would likely be used for

ATP production.
BIOCHEMISTRY PEARLS

% The etiology of the syndrome is not clear, although recent reports
have linked some cases of AFLP with a fetal inborn error in fatty

. acid metabolism.

**  Following a meal, glycogen concentrations within the liver rise rap-
idly to high levels; this can be up to 10 percent of the wet weight

. of the liver.

** Liver insufficiency may be associated with hypoglycemia.
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A 29-year-old male presents to the emergency department with complaints of
dark-colored urine, generalized fatigue, myalgias, and weakness after com-
pleting a marathon. The patient states that this was his first marathon. He has
no significant medical history and denies any medications or drug use. On
examination, he appears moderately ill and is afebrile with normal vital signs.
Physical exam reveals diffuse musculoskeletal tenderness. Urinalysis revealed
large amounts of blood (hemoglobin and myoglobin), and serum creatine
phosphokinase (CPK) was significantly elevated, as well as the potassium

level on his electrolytes. The serum lactate level was markedly elevated.
© What is the most likely diagnosis?
© What is the most appropriate treatment?

© What is the biochemical basis for the markedly elevated serum
lactate level?
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ANSWERS TO CASE 21: RHABDOMYOLYSIS

Summary: 29-year-old marathon runner with acute episode of generalized myal-
gias, weakness, fatigue, and dark-colored urine with urine myoglobin/hemoglobin,
hyperkalemia, and significantly increased CPK isoenzyme.

© Most likely diagnosis: Rhabdomyolysis (skeletal muscle cell lysis)
after strenuous exercise.

@ Treatment: Aggressive intravenous hydration to help clear the excess
myoglobin from the serum, and correction of electrolyte abnormalities
and treatment of kidney failure if present.

@ Biochemical basis for elevated lactate: Nicotinamide adenine
dinucleotide (NADH) levels increase because of the relative lack
of oxygen for muscle, adenosine diphosphate (ADP) and adenosine
monophosphate (AMP) concentrations rise in the cytoplasm, leading to
an increased flux of glucose through the glycolytic pathway in the
muscle, causing pyruvate levels to increase. Pyruvate is reduced by
NADH to lactate in a reaction catalyzed by lactate dehydrogenase.
Lactate is transported out of the muscle cell to the blood.

CLINICAL CORRELATION

Skeletal muscle has a need for oxygen and fuel (glucose and fatty acids). Short
exertion allows for replenishment of these important substrates; however, long,
grueling demands on muscle, such as running a marathon, can lead to relative
deprivation of oxygen (because of either overexertion or dehydration and
insufficient blood flow to the muscles). This lack of oxygen leads to the con-
version to the glycolytic pathway versus the tricarboxylic acid (TCA) pathway
for adenosine triphosphate (ATP) production. Marathon running has been
shown to effect increases in the blood and urinary concentrations of a number
of biochemical parameters that result from exertional muscle damage (rhab-
domyolysis) and hemolysis. These include increases in serum myoglobin,
CPK, as well as an increase in the anionic gap leading to a metabolic acidosis.
In the case of marathon runners, this is usually caused by an increase in the
serum lactate concentration. Other causes of thabdomyolysis include cocaine
intoxication, hyperthermia, convulsions, or toxins.



CLINICAL CASES 191

APPROACH TO OXIDATIVE PHOSPHORYLATION
AND LACTATE

Objectives

1. Understand how hypoxemia (e.g., rhabdomyolysis) leads to reduced
oxidative phosphorylation and increased lactic acid production.

2. Be familiar with the pyruvate cycle and the importance of NADH levels.

3. Know about the lactic acid pathway.

Definitions

Anion gap: A calculation of the routinely measured cations minus the rou-
tinely measured anions. Since in all fluids the sum of the positive
charges (cations) must be balanced with the negative charges (anions),
the anion gap is an artifact of measurement. Because the [K*] is small,
it is usually omitted from the calculation. The equation most frequently
used to calculate the anion gap is

AG = [Na*] — ([CI"] + [HCO,])

Gluconeogenesis: The series of biochemical reactions in which glucose is
synthesized in the liver (and other gluconeogenic tissues) from small
organic acids such as lactate, pyruvate, and oxaloacetate.

Hematin: Heme in which the coordinated iron is in the ferric (Fe3*) oxida-
tion state.

Myoglobin: A large heme-containing protein that is able to bind oxygen
and release it in tissues in which the oxygen tension is low.

B-Oxidation: The series of biochemical reactions in which fatty acids are
degraded to acetyl-CoA, which then enters the tricarboxylic acid cycle
for the production of energy in the form of reducing equivalents and
GTP. Each round of B-oxidation shortens the fatty acid by two carbons
and, in addition to acetyl-CoA, produces NADH and FADH,, which are
fed into the electron transport system for the production of ATP.

DISCUSSION

The exercising muscle’s sources of energy are primarily glucose and fatty
acids. The muscle obtains glucose from the blood or the breakdown of stored
glycogen in the muscle. Fatty acids are acquired as free fatty acids from the
blood or from the breakdown of triglycerides that are stored in the muscle. For
complete oxidation of these sources of energy, the metabolic intermediate
acetyl coenzyme A (acetyl-CoA) must be oxidized through the TCA cycle,
and the reducing equivalents produced (NADH and FADH,) must be trans-
ferred to O, through the mitochondrial electron transport system. This electron
transfer process produces a proton gradient across the inner mitochondrial
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matrix that drives the synthesis of ATP by ATP synthase. For this process to
continue, a plentiful supply of oxygen must be supplied to the tissues.

It has been estimated that at the beginning of the marathon, a runner who is
running at a reasonable pace consumes energy in a ratio of 75 percent carbo-
hydrate to 25 percent fatty acids. This ratio will decrease as glycogen stores in
the body diminish. However, as exertion continues and the muscle starts to rely
more on the B-oxidation of fatty acids to provide its energy needs, its oxygen
demand increases, placing a heavier demand on the heart to provide oxy-
genated blood. If the runner does not take steps to replace fluids lost through
sweat, dehydration will occur, resulting in decreased perfusion of the muscle
with adequately oxygenated blood.

If the muscle uses ATP faster than it can be produced by oxidative phos-
phorylation either by overexertion or because O, uptake is limited, NADH lev-
els increase in the mitochondria and in the cytoplasm. ADP and AMP
concentrations in the cytoplasm will rise as ATP is used by the muscle for con-
traction. This will increase the flux of glucose through the glycolytic pathway
in the muscle, causing pyruvate levels to increase. To regenerate the oxidized
cofactor NAD* that is required in the conversion of glyceraldehyde 3-phosphate
to 3-phosphoglycerate, pyruvate is reduced by NADH to lactate in a reaction
catalyzed by lactate dehydrogenase. Lactate is transported out of the muscle
cell to the blood.

Lactate in the blood is taken up by the liver and used as a carbon
source in the synthesis of new glucose by the gluconeogenic pathway. The
liver must first reoxidize lactate to pyruvate in a reaction that is catalyzed by
lactate dehydrogenase and generates NADH. Pyruvate cannot be directly con-
verted to phosphoenolpyruvate (PEP) by pyruvate kinase because under phys-
iologic conditions; the reaction is thermodynamically irreversible in favor of
the formation of pyruvate. Instead, pyruvate must enter the mitochondria and
be carboxylated by the enzyme pyruvate carboxylase to form oxaloacetate
in a reaction that requires biotin as a cofactor (Figure 21-1). Oxaloacetate is
then reduced to malate by malate dehydrogenase and malate then exits the
mitochondrion. In the cytosol, malate is reoxidized back to oxaloacetate by
cytoplasmic malate dehydrogenase. The cytoplasmic oxaloacetate is then
converted to PEP by PEP carboxykinase in a reaction that requires GTP.
(In a minor alternate pathway, mitochondrial oxaloacetate can be converted to
PEP by the mitochondrial form of the enzyme PEP carboxykinase. PEP then
exits the mitochondrion to the cytosol.) The pathway from PEP to glucose is
identical to that of glycolysis except for two reactions, as shown in Figure 21-2.
Fructose 1,6-bisphosphate is converted to fructose 6-phosphate by hydrolysis
of phosphate by the enzyme fructose-1,6-bisphosphatase. The final reaction is
hydrolysis of glucose 6-phosphate to glucose by glucose-6-phosphatase.
Hepatic glucose produced via gluconeogenesis is then delivered to the blood for
use by the brain and muscle. This process by which extrahepatic lactate is taken
back to the liver, converted to glucose by gluconeogenesis, and returned to
extrahepatic tissues is called the Cori cycle. When the rate of lactate production
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Figure 21-1. Interconversion of phosphoenolpyruvate (PEP) and pyruvate.
The conversion of PEP to pyruvate is thermodynamically irreversible in the
cell. To convert pyruvate back to PEP for gluconeogenesis, pyruvate must
enter the mitochondrion, be carboxylated to oxaloacetate (OAA), and reduced
to malate. After exiting the mitochondrion, malate is oxidized back to OAA
and converted to PEP by the action of phosphoenolpyruvate carboxykinase.
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by muscle exceeds the rate at which the Cori cycle can operate, lactate accu-
mulates in the blood leading to lactic acidemia.

During a marathon run, there is constant stretching and tearing of the leg
muscle fibers each time the foot hits the ground. This constant shock causes
damage to the muscle cells, resulting in a release of cellular contents to the
extracellular matrix and the bloodstream. The concentrations of myoglobin,
which is in high concentration in slow twitch (red) muscle fibers, and K*,
which is concentrated in all cells, therefore rise in the blood. When the con-
centration of myoglobin increases above 0.5 to 1.5 mg/dL, it is excreted into
the urine. Normally myoglobin is not toxic to the kidney; however, when the
pH of the urine drops below 5.6, myoglobin undergoes oxidation to produce
hematin (porphyrin bound Fe**), which is toxic to the kidney and can lead to
acute renal failure. This toxic effect is exacerbated when the urine is concen-
trated as a result of dehydration.

COMPREHENSION QUESTIONS

[21.1] During the course of a marathon race a runner expends a large amount
of energy and must use stored sources of fuel as well as oxygen.
Compared to the beginning of the race (first mile), which of the fol-
lowing best describes the utilization of glycogen and fatty acids as
fuels and amount of oxygen consumed after running for 26 miles?

Glycogen used  Fatty acids used Oxygen consumed

A ) T T
B. ) ! l
C. ) l T
D d T T
E l ! l

[21.2] During an extended period of exercise, the enzymes involved in the
glycolytic pathway in muscle tissue are actively breaking down glucose
to provide the muscle energy. The liver, to maintain blood glucose lev-
els, is synthesizing glucose via the gluconeogenic pathway. Which of
the following enzymes involved in these pathways would be most likely
to exhibit Michaelis—Menten kinetics, that is, have a hyperbolic curve
when plotting substrate concentration versus velocity of the reaction?

Fructose-1,6-bisphosphatase
Hexokinase

Lactate dehydrogenase
Phosphofructokinase 1
Pyruvate kinase

moQwy
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[21.3]

A known alcoholic is found lying semiconscious at the bottom of a
stairwell with a broken arm by his landlady, who called an ambulance
to take him to the emergency room. Initial laboratory studies showed a
relatively large anion gap of 34 (normal = 9 to 15). His blood alcohol
was elevated at 245 mg/dL (intoxication level = 150 to 300 mg/dL),
and his blood glucose was 38 mg/dL (low normal). The patient’s large
anion gap and hypoglycemia can best be explained by which of the
following?

Decreased secretion of glucagon

Increased secretion of insulin

Increased urination resulting from the diuretic effect of alcohol
Inhibition of dehydrogenase enzymes by NADH

Inhibition of glycogenolysis by ethanol

moNw

Answers

[21.1]

[21.2]

[21.3]

D. At the beginning of the race, a runner running at a reasonable pace
consumes energy at a ratio of approximately 75 percent carbohydrate:
25 percent fatty acids. However, by the end of the race, glycogen
stores are for the most part depleted, and the generation of ATP must
come from the B-oxidation of fatty acids, which produces reducing
equivalents for oxidative phosphorylation. This requires an increase
in the amount of oxygen consumed.

C. The activity of regulatory enzymes such as fructose-1,6-bisphos-
phatase, hexokinase, phosphofructokinase 1, and pyruvate kinase are
frequently controlled by binding allosteric effectors. These allosteric
enzymes usually exhibit sigmoidal kinetics. Lactate dehydrogenase is
not controlled by allosteric effectors and therefore would be expected
to exhibit Michaelis—Menten kinetics.

D. Alcoholics frequently do not eat while binge drinking, so it is most
likely that his liver glycogen stores became depleted and could not
increase his blood glucose levels. The metabolic stress leads to the
increase in secretion of epinephrine and other hormones that mobilize
fatty acids from stored triglycerides in adipose cells. These fatty acids
undergo B-oxidation in the liver but are converted to ketone bodies
because of the inhibition of the TCA cycle by high levels of NADH
produced by the oxidation of ethanol first to acetaldehyde and
acetate. Key gluconeogenic dehydrogenases are also inhibited by the
elevated levels of NADH, including lactate dehydrogenase, glycerol
3-phosphate dehydrogenase, and malate dehydrogenase.
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BIOCHEMISTRY PEARLS

< Exercising muscle’s sources of energy are primarily glucose and
fatty acids.

**  With insufficient oxygen to meet the muscle demands, NADH lev-
els increase in the mitochondria and in the cytoplasm, ADP and
AMP concentrations in the cytoplasm will rise, and glucose will
be shunted to the glycolytic pathway in the muscle. The pyruvate
is converted to lactate, which causes the metabolic acidosis.

% Muscle injury can lead to myoglobinemia and myoglobinuria (red
urine) and may crystallize in the renal tubules leading to renal
insufficiency.
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A 50-year-old Hispanic female presents to your clinic with complaints of
excessive thirst, fluid intake, and urination. She denies any urinary tract infec-
tion symptoms. She reports no medical problems, but has not seen a doctor in
many years. On examination she is an obese female in no acute distress. Her
physical exam is otherwise normal. The urinalysis revealed large glucose, and

a serum random blood sugar level was 320 mg/dL.
© What is the most likely diagnosis?
© What other organ systems can be involved with the disease?

© What is the biochemical basis of this disease?
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ANSWERS TO CASE 22: TYPE II DIABETES

Summary: 50-year-old obese Hispanic female presents with polydipsia, polypha-
gia, and urinary frequency and elevated random blood sugar of 320 mg/dL.

@ Diagnosis: Type II diabetes.

@ Other organ systems involved: Cardiovascular, eye, peripheral nerves,
gastrointestinal, kidney.

@ Biochemical basis: Insulin resistance as a result of a postinsulin
receptor defect. The insulin levels are normal or increased as compared
with normal individuals; however, the insulin is not “recognized,” and
thus the glucose levels remain elevated.

CLINICAL CORRELATION

Diabetes mellitus is characterized by elevated blood glucose levels. It is com-
posed of two types depending on the pathogenesis. Type I diabetes is charac-
terized by insulin deficiency and usually has its onset during childhood or
teenage years. This is also called ketosis-prone diabetes. Type II diabetes is
caused by insulin resistance and usually has elevated insulin levels, and it is
diagnosed in the adult years. Type II diabetes is far more common than type I
diabetes. Risk factors include obesity, family history, sedentary life style, and,
in women, hyperandrogenic states or anovulation.

Diabetes mellitus is now recognized as one of the most common and sig-
nificant diseases facing Americans. It is estimated that 1 of 4 children born
today will become diabetic in their lifetime because of obesity and inactivity.
Also, it has been noted that diabetes has a severe effect on blood vessels, par-
ticularly in the pathogenesis of atherosclerosis (blockage of arteries by lipids
and plaque), which can lead to myocardial infarction or stroke. Diabetes mel-
litus is treated as equivalent to a prior cardiovascular event in its risk for future
atherosclerotic disease. Diabetes is also associated with immunosuppression,
renal insufficiency, blindness, neuropathy, and other metabolic disorders.

APPROACH TO INSULIN AND GLUCOSE

Objectives

1. Understand the role of insulin on carbohydrate metabolism.
2. Be aware of the role of glucagon on carbohydrate metabolism.
3. Know about the processes of gluconeogenesis and glycogenolysis.
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Definitions

Diabetes mellitus: An endocrine disease characterized by an elevated blood
glucose concentration. There are two major forms of diabetes mellitus:
type I, or insulin-dependent, and type II, or non—insulin-dependent. Type
I is caused by a severe lack or complete absence of insulin. Type II is
caused by resistance to insulin, that is, an inability to respond to physi-
ologic concentrations of insulin.

Fructose 2,6-bisphosphate: A metabolite of fructose 6-phosphate pro-
duced by the bifunctional enzyme 6-phosphofructokinase-2/fructose
bisphosphatase-2 (PFK-2/FBPase-2). It serves as an allosteric effector
that activates 6-phosphofructokinase-1 and inhibits fructose bisphos-
phatase-1, thus stimulating the movement of glucose through the gly-
colytic pathway and inhibiting gluconeogenesis.

Glucagon: A polypeptide hormone synthesized and secreted by the o.-cells
of the islets of Langerhans in the pancreas. Glucagon is released in
response to low blood glucose levels and stimulates glycogenolysis and
gluconeogenesis in the liver.

Insulin: A polypeptide hormone synthesized and secreted by the -cells of
the islets of Langerhans in the pancreas. Insulin is released in response
to elevations in blood glucose and promotes the uptake of glucose into
cells by increasing the number of GLUT 4 glucose transporters on cell
surfaces.

Protein kinase A: An enzyme that will phosphorylate target proteins. It is
activated by increased cAMP concentration in the cell that is a response
to the activation of adenylate cyclase by binding of certain hormones on
cell surfaces.

DISCUSSION

Every cell in the human body uses glucose as an energy source. Indeed, certain
cells have an obligate requirement for glucose to meet their energetic demands
(e.g., erythrocytes). Neurons, although can use alternative fuel sources under
extreme conditions (e.g., ketone bodies during prolonged starvation), have a
strong preference toward glucose utilization. Circulating levels of glucose must
therefore be maintained sufficiently high to meet the energy demands of the
body. Chronic elevations in blood glucose levels are also detrimental, being
associated with oxidative stress and glycation of cellular proteins. It has been
suggested that the latter mediate many of the complications associated with
chronic hyperglycemia, such as diabetic microvascular disease and retinopathy.

Despite diurnal variations in meal times, blood glucose levels are normally
maintained within a narrow range. This is made possible in large part by the
counter regulatory actions of the peptide hormones insulin and glucagon.
Insulin, secreted by the B-cells of pancreatic islets when blood glucose levels
increase, promotes glucose utilization and represses endogenous glucose
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production (Figure 22-1a). In contrast, glucagon, secreted by the o-cells of
pancreatic islets when blood glucose levels are low, represses glucose utiliza-
tion and promotes endogenous glucose production (Figure 22-1b). A careful
balance between the actions of insulin and glucagon therefore help maintain
blood glucose levels within a normal range.

Insulin receptors are essentially expressed ubiquitously, in large part as a
result of the mitogenic actions of this peptide hormone. In terms of glucose
metabolism, the actions of insulin on the liver, adipose, and skeletal muscle will
be the focus of this discussion, although insulin-mediated changes in satiety and
blood flow undoubtedly play a role in whole body glucose homeostasis. On bind-
ing to its cell surface receptor, insulin elicits a complex cascade of cellular sig-
naling events that have not been elucidated fully to date. This in turn increases
glucose transport into the cell (skeletal muscle and adipose), promotes storage of
excess carbon from glucose as glycogen (skeletal muscle and liver) and triglyc-
eride (TAG; liver and adipose), increases glucose utilization as a fuel source
(skeletal muscle, liver, and adipose), and decreases endogenous glucose produc-
tion (liver) (see Figure 22-1a). These actions of insulin can be either acute (affect-
ing activity of preexisting proteins) or chronic (altering protein levels).

Skeletal muscle and adipose express two major isoforms of glucose trans-
ports, GLUT 1 and GLUT 4. GLUT 1, a ubiquitously expressed glucose
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Figure 22-1a. The flow of glucose to tissues under conditions of elevated
blood glucose concentration. When [glucose], , is high, the insulin:glucagon
ratio is high, leading to the uptake of glucose into the tissues. Abbreviation:
TAG = triacylglycerol
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Figure 22-1b. The flow of glucose to tissues under conditions of low blood
glucose concentration. When [glucose],, ;i low, the insulin:glucagon ratio is
low, leading to glycogenolysis and gluconeogenesis in the liver. Abbreviation:
TAG = triacylglycerol

transporter, resides almost exclusively at the cell surface, where it facilitates a
constant “basal” rate of glucose uptake into the cell. In contrast, GLUT 4,
whose expression is limited to skeletal muscle, heart, and adipose, can be
found both at the cell surface and within specialized intracellular vesicles.
Redistribution of GLUT 4 from intracellular vesicles to the cell surface in
response to insulin results in increased rates of glucose transport, thereby facil-
itating insulin-stimulated glucose disposal. In contrast to skeletal muscle and
adipose, the liver expresses GLUT 2. This is a freely reversible glucose trans-
porter that resides permanently at the cell surface. GLUT 2 enables glucose to
pass down its concentration gradient, allowing increased hepatic glucose
uptake when blood glucose levels are high and increased hepatic glucose
efflux when blood glucose levels are low.

Once within the cell, glucose undergoes one of several fates. Insulin pro-
motes incorporation of glucose moieties into glycogen, the storage form of glu-
cose in mammals. This is driven in large part by insulin-mediated activation of
protein phosphatase 1 (PP1; Figure 22-2a). PP1 dephosphorylates (hydrolytic
removal of regulatory phosphate groups from serine/threonine residues on
target enzymes) a number of key proteins involved in glycogen metabolism.
Dephosphorylation and activation of glycogen synthase (GS), with a con-
comitant dephosphorylation and inactivation of glycogen phosphorylase (GP),
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Figure 22-2a. Insulin stimulation of the flux of glucose through the glycolytic
pathway. Insulin activates protein phosphatase 1, which in turn activates glycogen
synthase, phosphofructokinase, and pyruvate kinase. Abbreviations: fructose
1,6-bisphosphate (F1,6BisP); fructose 6-phosphate (F6P); glucose 1-phosphate
(G1P); glucose 6-phosphate (G6P); glycogen phosphorylase (GP); glycogen
synthase (GS); phosphoenolpyruvate (PEP); phosphofructokinase (PFK); pyru-
vate kinase (PK); protein phosphatase 1 (PP1)

will stimulate net glycogen synthesis (glycogenesis) by liver and muscle, in
response to insulin. One way in which insulin promotes PP1-mediated effects
on glycogen metabolism is through the targeting of PP1 to the glycogen parti-
cle, a subcellular domain comprised of glycogen itself, as well as the enzymes
required for glycogen synthesis and degradation. The glycogen binding subunit
is a docking protein allowing PP1 association with the glycogen particle.
Insulin induces tyrosine phosphorylation of this glycogen binding subunit,
thereby promoting PP1 binding and therefore increased glycogenesis.

The glycogen capacity of a cell is of finite size. Once this capacity is
reached, excess glucose must undergo alternative metabolic fates. Insulin pro-
motes flux of glucose through the glycolytic pathway (glucose — 2 pyruvate),
again in part through PP1 activation (see Fig. 22-2a). As glycogenolysis is the
reciprocal pathway to glycogenesis, gluconeogenesis (the synthesis of glucose)
is the reciprocal pathway to glycolysis. Gluconeogenesis occurs primarily in
the liver and to a lesser extent in the kidney. PP1 increases glycolytic flux in
the liver through activation of phosphofructokinase (PFK; indirect effect
through dephosphorylation of a bifunctional enzyme, resulting in increased intra-
cellular levels of fructose 2,6-bisphosphate, an allosteric activator of PFK) and
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pyruvate kinase (PK; direct effect). Glycolytically derived pyruvate could
potentially undergo one of two fates in the liver, namely, full oxidation (via
Krebs cycle and oxidative phosphorylation) and/or entry into the fatty acid
synthesis pathway. However, humans on a Western diet, in which excess calo-
ries are more often a mixture of carbohydrate and fat, tend to use ingested car-
bohydrate as a fuel, while fatty acids are stored as triglyceride in adipose
tissue. The latter is driven by insulin.

When blood glucose levels begin to decline (e.g., during an overnight fast),
so too does insulin secretion. In contrast, circulating levels of glucagon
increase. The latter targets primarily hepatic glucose metabolism in humans,
increasing glucose production and decreasing glucose utilization. On binding
to its cell surface receptors, glucagon increases the activity of protein kinase
A (PKA; Figure 22-2b). In turn, PKA stimulates net glycogen breakdown
(glycogenolysis) through phosphorylation of phosphorylase kinase (increases
activity) and glycogen synthase (decreases activity). The former phosphory-
lates and activates glycogen phosphorylase. PKA further antagonizes the
effects of insulin through inactivation of PP1. PKA phosphorylates the glyco-
gen binding subunit at specific serine residues, causing the release of PP1 from
the glycogen particle. Once released, PP1 binds to inhibitor 1, further inacti-
vating PP1 activity. This PP1-inhibitor 1 association is promoted by PKA-
mediated phosphorylation of inhibitor 1. Gluconeogenesis is also stimulated

Glucagon
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Figure 22-2b. Glucagon promotion of glycogenolysis and gluconeogenesis in
the liver. Glucagon binding leads to the activation of protein kinase A, which
activates glycogen phosphorylase and fructose-1,6-bisphosphatase, while
inhibiting glycogen synthase, pyruvate kinase, and protein phosphatase 1.
Abbreviations: protein kinase A (PKA); the rest are the same as in Figure 22-2a.
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by glucagon-induced PKA activation, through activation of fructose-1,6-
bisphosphatase (F1,6BisPase; indirect effect through phosphorylation of a
bifunctional enzyme, resulting in decreased intracellular levels of fructose 2,6-
bisphosphate, an allosteric inhibitor of F1,6BisPase) and pyruvate kinase
(reverse of PP1 effects). Glycogenolysis- and gluconeogenesis-derived glu-
cose is exported out of the liver to help maintain blood glucose levels.
Abnormalities in the above described glucose homeostatic mechanisms
arise during diabetes mellitus. Two major forms of diabetes mellitus exist,
insulin-dependent (type I) and non—insulin-dependent (type II) diabetes. Type
I diabetes is caused by a severe lack or complete absence of insulin. Also
known as early onset diabetes, this disease is often caused by an autoimmune
destruction of pancreatic B-cells. In contrast, type II diabetes is caused by
insulin resistance in the face of insulin insufficiency. Insulin resistance is
defined as an inability to respond to a physiologic concentration of insulin.
The pancreas initially compensates by producing more insulin. At this stage,
the patient is described as glucose intolerant. As the disease progresses, the
degree of insulin resistance often worsens. Type II diabetes occurs when
insulin secretion is not sufficient to maintain normoglycemia. The disease is
thus characterized by both hyperinsulinemia and hyperglycemia (Figure 22-3).

Normal glucose homeostasis
Normoglycemia and normoinsulinemia

Insulin Resistance i—’

Compensated insulin secretion by f-cell
Hyperinsulinemia with normoglycemia
(Glucose Intolerance)

|

B-Cell decompensation
Insulin insufficiency to maintain normoglycemia
Hyperinsulinemia with hyperglycemia
{Type I Diabetes)

|

B-Cell failure
Severe hyperglycemia
Require insulin injections
{Type | + |l Diabetes)

Figure 22-3. Schematic diagram showing the effects of insulin resistance leading
to diabetes mellitus.
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The degree at which different organs develop insulin resistance is often not
uniform. Skeletal muscle insulin-mediated glucose disposal (which is nor-
mally responsible for 60 percent of whole body glucose disposal) is generally
more affected, followed next by insulin suppression of hepatic glucose output.
The combination of decreased peripheral glucose utilization and increased
hepatic glucose production (driven by hepatic insulin resistance as well as
increased circulating glucagon levels in type II diabetics) together contribute
to the hyperglycemia. Insulin signaling in adipose tissue appears least affected
in type II diabetics. Hyperinsulinemia, in the face of hyperglycemia and
dyslipidemia (often associated with type II diabetes), drives lipogenesis in
adipose tissue and may therefore contribute to the obesity often associated
with this disease.

COMPREHENSION QUESTIONS

A 64-year-old man is presented to his family doctor with complaints of fre-
quent episodes of dizziness and of numbness in his legs. During a routine his-
tory and physical examination, the doctor finds that the patient leads a
sedentary lifestyle, is obese (body mass index of 32), and has hypertension
(blood pressure of 200/120 mm Hg). The patient is asked to return to the clinic
a week later in the fasting state, during which time a blood specimen is
obtained, and a glucose tolerance test is performed. Humoral analysis reveals
fasting hyperglycemia, hyperinsulinemia, dyslipidemia, and glucose intoler-
ance. The diagnosis is type II diabetes mellitus.

[22.1] Alterations in substrate metabolism within which of the following
organs can be a cause for the observed humoral analysis?

Brain
Kidney
Liver
Heart
Spleen

moQwy

[22.2] A mutation, leading to decreased activity, in the gene encoding for which
of these proteins is most consistent with this clinical presentation?

Glucagon

Glucose transporter isoform 1
Glycogen phosphorylase
Pyruvate carboxylase

Protein phosphatase 1

moaQw»
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[22.3]

Which of the following complications is less likely to occur in type II
diabetics, as opposed to type I diabetics?

Retinopathy

Weight gain
Cardiovascular disease
Hypoglycemic coma
Neuropathy

moNw

Answers

[22.1]

[22.2]

[22.3]

C. Of the organs listed, changes in hepatic metabolism are most
likely to affect circulating glucose and lipids. This in turn influences
pancreatic insulin secretion. During type II diabetes mellitus,
increased hepatic glucose output contributes to the observed hyper-
glycemia and subsequent hyperinsulinemia, whereas complex alter-
ations in lipid metabolism contribute to dyslipidemia. In contrast,
changes in metabolic fluxes within the brain, kidney, heart, and
spleen are often a consequence, rather than cause, of their environ-
ment. For example, the heart increases further reliance on fatty acids
as a fuel in the diabetic milieu.

E. The underlying cause of type II diabetes mellitus is insulin resist-
ance (an inability to respond normally to physiological concentra-
tions of insulin). Protein phosphatase 1 is an integral mediator of the
metabolic effects of insulin. Failure to activate protein phosphatase 1
adequately in response to insulin would therefore attenuate the meta-
bolic actions of this hormone. Decreased activity of glucose trans-
porter 1, glycogen phosphorylase, and pyruvate carboxylase would
influence basal glucose transport, glycogenolysis, and gluconeogen-
esis, respectively. Decreased glucagon levels would tend to improve
effectiveness of insulin action.

D. Hypoglycemia is a common complication associated with over sup-
plementation of type I diabetics with insulin. This is less common in
type II diabetics, because insulin therapy generally occurs only in the
later stages of the pathogenesis of this disease. Retinopathy, cardiovas-
cular disease, and neuropathy are common complications associated
with both forms of diabetes mellitus. In contrast to type I diabetics,
type II diabetics tend to be overweight. Whether weight gain is a cause
or consequence of disease progression is under current debate.
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BIOCHEMISTRY PEARLS

**  Serum glucose levels are tightly controlled: Insulin promotes glu-
cose utilization and represses endogenous glucose production,
whereas glucagon represses glucose utilization and promotes
endogenous glucose production.

% Several types of glucose transport proteins appear on specific tissues
affecting the movement of glucose across cell membranes.

#®*  Glucose is converted into glycogen, the storage form of glucose in
mammals, in a process regulated by insulin and insulin-mediated
activation of protein phosphatase 1 (PP1).
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& CASE 23

A 2-year-old black girl is being seen by the hematologist after her pediatrician
found her to be severely anemic with splenomegaly and jaundice. Her mother
gives a possible history of a “blood problem” in her family but doesn’t know
for sure. Her hemoglobin electrophoresis was normal, and the complete blood
count (CBC) revealed a normocytic anemia. The platelet and white blood cell
counts are normal. On the peripheral smear, there are many bizarre erythro-
cytes, including spiculated cells. A diagnosis of pyruvate kinase deficiency is

made.
© What is the biochemical mechanism for this disorder?

€@ How is this disorder inherited?
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ANSWERS TO CASE 23: HEMOLYTIC ANEMIA

Summary: A 2-year-old black girl has normocytic anemia, jaundice,
splenomegaly, and peripheral smear showing spiculated cells. A family history
of similar symptoms is possible.

© Biochemical mechanism: Pyruvate kinase deficiency usually will
manifest clinical symptoms on red blood cells (RBCs) with no apparent
metabolic abnormalities in other cells. Insufficient adenosine
triphosphate (ATP) is produced in the red cell and its membrane is
affected, is rigid and removed by the spleen.

@ Inheritance: Autosomal recessive.

CLINICAL CORRELATION

Hemolytic anemia is not a common cause of anemia, but should be considered
in patients with elevated serum bilirubin or urine bilirubin levels. Lysis of the
erythrocyte can occur from various mechanisms such as medications, antibodies
against red blood cells, infection, coagulopathy, and mechanical processes such
as abnormal heart valves, and enzyme deficiencies of the red blood cell. Patients
may notice fatigue, dizziness from the anemia, and dark colored (classically
“coke-colored” urine) from the bilirubinuria.

Confirmation of hemolysis can be obtained by the peripheral blood smear
revealing fragmented red blood cells, or increased serum bilirubin or
decreased serum haptoglobin. Immunoglobulins can cause red blood cell lysis
by attacking various proteins on the surface of erythrocytes; autoimmune
processes (body attacking itself), or alloimmune (immunoglobulins from out-
side) such as from a blood transfusion or a fetus from the mother. The Coombs
tests can assess for immunoglobulin on the red blood cell or circulating in the
serum. Typically, hemolysis of the erythrocyte is associated with increased
levels of RBC precursors in the bone marrow and thus immature forms of the
erythrocytes in the bloodstream; therefore, an increased reticulocyte concen-
tration supports the increased destruction of red blood cells.

APPROACH TO PYRUVATE METABOLISM

Objectives

1. Understand the role of pyruvate kinase in pyruvate metabolism.
2. Be familiar with the Embden-Meyerhof pathway of RBC metabolism.
3. Know how pyruvate kinase deficiency results in anemia.
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Definitions

Hemolytic anemia: A pathologic condition in which there is an abnormally
lowered number of circulating RBCs caused by rupture of RBCs as a
result of membrane abnormalities or deficient enzyme(s) level within the
red blood cell.

Glucose 6-phosphate dehydrogenase: The enzyme that catalyzes the rate
regulating step of the hexose monophosphate shunt, which produces
NADPH required for inactivating oxygen radicals and thereby protects
the RBC membrane from radical attack and rupture.

Pyruvate kinase: Last ATP-producing step in glycolysis and critical in the
RBC for maintaining energy supply (ATP levels).

Methemoglobin reductase: Red blood cell enzyme that uses nicotinamide
adenine dinucleotide (NADH) to convert the iron of oxidized hemoglo-
bin (methemoglobin) from the ferric (Fe3*) to reduced ferrous state
(Fe?*) hemoglobin, which alone is capable of binding O,.

DISCUSSION

Hemolytic anemia has many causes, though this case has the marks of under-
supply of RBCs caused by an enzyme deficiency within the RBC rather than
a membrane abnormality or an environmental factor such as an autoantibody
or mechanical trauma.

The RBC in the course of its maturation loses its mitochondria, ribosomes, and
nucleus and consequently the functions associated with those organelles such as
new enzyme synthesis and mitochondrial energy formation. Thus the enzyme
endowment present at maturation of the RBC cannot be replaced. In terms
of energy production in the RBC, only the glycolytic pathway (Embden-
Meyerhof pathway) is available. This pathway together with the hexose
monophosphate shunt (pentose phosphate pathway) is shown in Figure 23-1 as
the only metabolic pathways that use glucose in RBCs. As a consequence of
this limited metabolic capacity, glucose is the only fuel usable by the RBC to
generate ATP. Glucose metabolism is required in the RBC to maintain the
ionic milieu within the cell, to maintain the heme cofactor of hemoglobin in
its reduced (Fe?") state, to maintain reduced sulfhydryl groups, to maintain the
shape of the RBC plasma membrane and to produce 2,3-bisphosphoglycerate,
a modulator of hemoglobin affinity for oxygen. To accomplish these tasks
approximately 90 percent of the glucose in the RBC is metabolized directly to
pyruvate/lactate while approximately 10 percent is first metabolized through
the hexose monophosphate shunt before reentry into the glycolytic pathway.

Approximately 90 percent of all cases of known RBC enzyme deficien-
cies involve either altered protein or decreased protein levels of pyruvate
kinase whereas 4 percent are variants of glucose 6-phosphate isomerase,
which converts glucose 6-phosphate to fructose 6-phosphate. Most of these
enzyme deficiencies are inherited in an autosomal recessive pattern.
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Figure 23-1. Metabolism of glucose in erythrocytes. The following abbrevia-
tions are used G6P, glucose 6-phosphate; 6-PG, 6-phosphogluconate; y-Glu-Cys,
v-glutamyl-cysteine; Gly, glycine; GSH, reduced glutathione; GSSG, glu-
tathione disulfide; ROOH, organic hydroperoxides; FOP, fructose 6-phosphate;
R-5-P, rebulose-5-phosphate; F-1,6-BP, fructose 1, 6-bisphosphate; DHAP
dehydroxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; Hb, hemo-
globin (Fe*?); metHb, hemoglobin (Fe*3); 1,3-BPG, 1,3-bisphosphoglycerate;
2,3-BPG, 2,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; 2-PG,
2-phosphoglycerate; PEP, phosphoenolpyruvate.



CLINICAL CASES 213

As shown in Figure 23-1, 2 mol of ATP are formed per mole of glucose
metabolized by the glycolytic cycle. The primary final product of glucose
metabolism by glycolysis in the RBC is not pyruvate, as in other tissues most
of the time, but lactate. Since RBCs have no mitochondria, NAD* cannot be
regenerated by shuttling NADH produced in glycolysis into the mitochondrial
electron transport system. Therefore, the only option to continue glycolysis is
to regenerate NAD* from NADH by reducing pyruvate to lactate in the lactate
dehydrogenase reaction. But lactate is not the sole product of RBC glycolysis.
Methemoglobin reductase uses some of the NADH produced by glycolysis to
reduce methemoglobin (Fe**) back to active hemoglobin (Fe?*) capable of
binding O, for transport to the tissues. Thus the final products are a mixture of
lactate and pyruvate with lactate being the primary product.

In tissues other than the RBC, pyruvate has alternative metabolic fates that,
depending on the tissue, include gluconeogenesis, conversion to acetyl-CoA
by pyruvate dehydrogenase for further metabolism to CO, in the tricarboxylic
acid (TCA) cycle, transamination to alanine or carboxylation to oxaloacetate
by pyruvate carboxylase (Table 23-1). In the RBC, however, the restricted
enzymatic endowment precludes all but the conversion to lactate. The pyruvate
and lactate produced are end products of RBC glycolysis that are transported
out of the RBC to the liver where they can undergo the alternative metabolic
conversions described above.

How does compromise of pyruvate kinase activity lead to anemia? Pyruvate
kinase lies at the end of the glycolytic pathway in RBCs followed only by lac-
tate dehydrogenase. In any linked pathway where the product of one reaction
is the substrate for the next reaction a compromise in one reaction affects the
entire pathway. The RBC depends exclusively on glycolysis to produce ATP to
discharge all energy-requiring tasks. Pyruvate kinase activity is critical for the
pathway and therefore critical for energy production. If ATP is not produced
in amounts sufficient to meet the energy demand, then those functions are
compromised. Energy is required to maintain the Na*/K* balance within the
RBC and to maintain the flexible discoid shape of the cell. In the absence of
sufficient pyruvate kinase activity and therefore ATP, the ionic balance fails,
and the membrane becomes misshapen. Cells reflecting pyruvate kinase insuf-
ficiency rather than a change in membrane composition are removed from the
circulation by the macrophages of the spleen. This results in an increased num-
ber of circulating reticulocytes and possibly bone marrow hyperplasia, which
is a biological response to lowered RBC count as a result of hemolysis of
erythrocytes.



214 CASE FILES: BIOCHEMISTRY

Table 23-1
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COMPREHENSION QUESTIONS

A young man with normocytic anemia, jaundice, and splenomegaly was diag-
nosed as having RBC pyruvate kinase deficiency after a peripheral blood
smear showed spiculated cells.

[23.1]

[23.2]

[23.3]

Since in this patient pyruvate kinase is abnormal not only is less pyruvate
made but intermediates above pyruvate in the glycolytic pathway build up
slowing the pathway. Which of the following products may not be made

in the appropriate amounts in the RBC because of the deficiency of

pyruvate?

A. Glucose

B. Oxaloacetate
C. acetyl-CoA
D. Lactate

In the RBCs of the patient described above, which of the following
would be expected?

ADP to ATP ratios would be elevated above normal.
NADP* would increase relative to NADPH.
Ribulose 5-phosphate levels would decrease.
NADH to NAD" ratios would decrease.
Methemoglobin levels would increase.

Mo oW

The glycolytic pathway is a multistep process by which glucose is broken
down to a three-carbon metabolite. Some of the steps are listed below:

Conversion of 3-phosphoglycerate to 2-phosphoglycerate
Conversion of phosphoenolpyruvate to pyruvate
Conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate
Conversion of glucose to glucose 6-phosphate

Conversion of fructose 6-phosphate to fructose 1,6-bisphosphate

Nk w D=

Which of the following is the correct order of these conversions?

4-55-51-52->3
4-53-51-52->5
45553152
4-51-53->5->2
4-55-53-2->1

moNw
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Answers

[23.1] D. The RBC has no mitochondria so glucose cannot be made from
pyruvate or acetyl-CoA or oxaloacetate. The RBC does have lactate
dehydrogenase and conversion to lactate depends on pyruvate levels.

[23.2] A. In the RBC a deficiency of pyruvate kinase would tend to shunt
glucose toward the hexose monophosphate pathway increasing ribu-
lose 5-P levels, and the ratio of NADP* to NADPH would decrease.
NADH to NAD" ratios would increase as a result of lower pyruvate
levels making more NADH available to reduce methemoglobin and
regenerate NAD". Because pyruvate kinase is deficient, the last ATP
formation site is compromised, and so is the formation of ATP in the
RBC elevating the ADP to ATP ratio.

[23.3] C. Glucose to glucose 6-phosphate — fructose 6-phosphate — fruc-
tose 1,6-bisphosphate — glyceraldehyde 3-phosphate — 1,3-
bisphosphoglycerate — 3-phosphoglycerate — 2-phosphoglycerate —
phosphoenolphosphate — pyruvate.

BIOCHEMISTRY PEARLS

**  The enzyme endowment present at maturation of the RBC cannot be
replaced, and only the glycolytic pathway (Embden-Meyerhof
pathway) is available for energy production in the RBC.

*®  Glucose metabolism is required in the RBC to maintain the ionic
milieu within the cell, the vast majority via conversion to lactate.

*®  The vast majority of RBC enzyme deficiencies involve either altered
protein or decreased protein levels of pyruvate kinase.

**  Insufficient pyruvate kinase activity compromises erythrocyte ATP
production, leading to ionic imbalance and misshaped cell mem-
branes. These cells are removed from the circulation by the
macrophages of the spleen.

<> Pyruvate kinase catalyzes one of the three irreversible steps in the
glycolytic pathway, the others being the phosphorylation of glu-
cose to glucose 6-phosphate and the phosphorylation of fructose
6-phosphate to fructose 2,6-bisphosphate.
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A 3-year-old boy is brought to the emergency department after several
episodes of vomiting and lethargy. His pediatrician has been concerned about
his failure to thrive and possible hepatic failure along with recurrent episodes
of the vomiting and lethargy. After a careful history is taken, you observe that
these episodes occur after ingestion of certain types of food, especially high in
fructose. His blood sugar was checked in the emergency department and was

extremely low.
© What is the most likely diagnosis?
© What is the biochemical basis for the clinical symptoms?

© What is the treatment of the disorder?
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ANSWERS TO CASE 24: FRUCTOSE INTOLERANCE

Summary: A 3-year-old boy with failure to thrive and possible hepatic failure.
He presents with hypoglycemia and recurrent episodes of nausea and vomit-
ing after ingestion of foods high in fructose.

4 Diagnosis: Fructose intolerance.

@ Biochemical basis of disorder: Because of a genetic disorder, the
hepatic aldolase B enzyme is defective, and functions normally in
glycolysis but not in fructose metabolism. Glucose production is
inhibited by elevated fructose 1-phosphate. When fructose is ingested,
severe hypoglycemia results.

© Treatment: Avoid dietary fructose.

CLINICAL CORRELATION

Individuals with a deficiency in aldolase B have the condition known as fruc-
tose intolerance. As with most enzyme deficiencies, this is an autosomal reces-
sive disease; it does not cause difficulty as long as the patient does not consume
any foods with fructose or sucrose. Frequently, children with fructose intoler-
ance avoid candy and fruit, which should raise some eyebrows! Likewise, they
usually do not have many dental caries. However, if chronically exposed to
fructose-containing foods, infants and small children may have poor weight
gain and abdominal cramping or vomiting.

APPROACH TO DISACCHARIDE METABOLISM

Objectives

1. Know about the metabolism of disaccharides, specifically fructose.
2. Know about the role of aldolase B in fructose metabolism.

Definitions

Disaccharide: Two sugar molecules (monosaccharides) linked together by
a glycosidic bond. The major disaccharides obtained in the diet are malt-
ose [4-(o-D-glucosido)-D-glucose], sucrose [B-D-fructofuranosyl-o-D-
glucopyranoside], and lactose [4-(B-D-galactosido)-D-glucose].

Essential fructosuria: A rare, benign genetic condition in which fructose
spills over to the urine because the liver, kidney, and intestine lack the
enzyme fructokinase.

Fructokinase: An enzyme present in the liver, kidney, and intestine that
will phosphorylate fructose to fructose 1-phosphate at the expense of
an ATP.
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Fructose intolerance: A genetic deficiency in the liver enzyme aldolase B.
The absence of this enzyme leads to a build up of fructose 1-phosphate
and depletion of liver ATP and phosphate stores.

GLUT 5: A facilitative glucose transporter isoform present in the small
intestine and other tissues that will transport fructose (and glucose to a
lesser extent) across the plasma membrane.

B-Glycosidase: A bifunctional, membrane-bound enzyme located on the
brush-border membrane of the small intestine. This single polypeptide
enzyme has two activities, lactase and glycosylceramidase, located in
different domains of the protein. It will hydrolyze lactose to glucose and
galactose.

SGLT1: A sodium-dependent glucose transporter located on the luminal
side of the intestinal epithelial cells. It will transport glucose and galac-
tose across the intestinal cell using a sodium ion gradient.

SGLT2: A sodium-dependent glucose transporter that has a high specificity
for glucose and is specific to the kidney.

Sucrase-isomaltase complex: An enzyme complex comprised of two
enzyme units. Both units have high a-1,4-glucosidase activity and will
hydrolyze maltose and maltotriose to glucose. The sucrase unit will also
hydrolyze sucrose to fructose and glucose, whereas the isomaltase unit
will hydrolyze o-1,6 bonds found in isomaltose and the limit dextrins of
starch.

DISCUSSION

The major disaccharides obtained in the diet are maltose, sucrose, and lac-
tose. Maltose is primarily obtained from the consumption of the plant stor-
age polysaccharide starch. Starch is degraded to glucose and small branched
oligosaccharides called limit dextrins by exhaustive digestion by o-amylase.
The limit dextrins are further enzymatically hydrolyzed to a branched tetrasac-
charide by glucoamylase and to maltotriose and maltose and ultimately to glu-
cose by the sucrase-isomaltase complex. Both of these enzyme complexes are
located on the brush-border membrane of the small intestine. Sucrose, or
table sugar, is hydrolyzed to glucose and fructose by the sucrase subunit of
the sucrase-isomaltase complex. Lactose, or milk sugar, is enzymatically con-
verted to glucose and galactose by B-glycosidase, also located on the brush-
border membrane of the small intestine. This membrane-bound enzyme is a
single polypeptide that has lactase and glycosylceramidase activities located in
different domains of the protein.

Glucose and galactose are absorbed from the lumen of the intestine by the
sodium-dependent glucose transporter, SGLT1, which is located on the
luminal side of the intestinal epithelial cells. Fructose absorption is not
dependent on a sodium gradient. It is transported into the intestinal cell by
facilitative diffusion by a glucose transporter isoform, GLUT 5. Fructose
transport is less rapid than glucose transport, and GLUT 5 does not have a high
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capacity. Thus, in most individuals, ingestion of fructose in amounts greater
than 0.5 to 1.0 g/kg body weight can result in malabsorption. Fructose enters
the bloodstream, along with glucose and galactose, via the GLUT 2 trans-
porter. Fructose is taken up by the liver by the same GLUT 2 transporter,
along with glucose and galactose. There is a large gradient between the extra-
cellular and intracellular concentrations of fructose in the liver cells, indicat-
ing that the rate for fructose uptake by the hepatocyte is low.

In the liver, kidney, and intestine, fructose can be converted to glycolytic/
gluconeogenic intermediates by the actions of three enzymes—fructokinase,
aldolase B, and triokinase (also called triose kinase)—as shown in Figure 24-1.
In these tissues, fructose is rapidly phosphorylated to fructose 1-phosphate
(F1P) by fructokinase at the expense of a molecule of adenosine triphosphate
(ATP). This has the effect of trapping fructose inside the cell. A deficiency in
this enzyme leads to the rare but benign condition known as essential fructo-
suria. In other tissues such as muscle, adipose, and red blood cells, hexokinase
can phosphorylate fructose to the glycolytic intermediate fructose 6-phosphate
(F6P).

Fructose 1-phosphate is further metabolized to dihydroxyacetone phos-
phate (DHAP) and glyceraldehyde by the hepatic isoform of the enzyme
aldolase, which catalyzes a reversible aldol condensation reaction. Aldolase is
present in three different isoforms. Aldolase A is present in greatest concen-
trations in the skeletal muscle, whereas the B isoform predominates in the
liver, kidney, and intestine. Aldolase C is the brain isoform. Aldolase B has
similar activity for either fructose 1,6-bisphosphate (F16BP) or F1P; however,
the A or C isoforms are only slightly active when F1P is the substrate.

Glyceraldehyde may be converted to the glycolytic intermediate, glyceralde-
hyde 3-phosphate (GAP), by the action of the enzyme triokinase. This enzyme
phosphorylates glyceraldehyde at the expense of another molecule of ATP. The
GAP can then enter into the glycolytic pathway and be further converted to pyru-
vate, or recombine with DHAP to form F16BP by the action of aldolase.

ATP ADP
Fructose LA Fructose 1-phosphate ——g» DHAP + Glyceraldehyde
Fructokinase Aldolase B ATP
Triokinase
ADP
Glyceraldehyde
3- phosphate

Figure 24-1. The metabolic pathway for the entrance of fructose into the gly-
colytic pathway. Fructokinase rapidly converts fructose to fructose 1-phosphate,
which in the liver is cleaved by aldolase B to dihydroxyacetone phosphate
(DHAP) and glyceraldehyde.
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A deficiency in aldolase B leads to the condition known as fructose intol-
erance. This inherited condition is benign as long as the patient does not con-
sume any foods with fructose or sucrose. Patients with this condition usually
develop an aversion to sweets early in life and as a result frequently are with-
out any caries. However, infants and small children if chronically exposed to
fructose-containing foods usually exhibit periods of vomiting and poor feed-
ing, as well as a failure to thrive. A defect in the aldolase B gene results in a
decrease in activity that is 15 percent or less than that of normal controls. This
results in a buildup of F1P levels in the hepatocyte. Because the maximal rate
of fructose phosphorylation by fructokinase is so high (almost an order of
magnitude greater than that of glucokinase), intracellular levels of both ATP
and inorganic phosphate (P,) are significantly decreased. The drop in ATP con-
centration adversely affects a number of cellular events, including detoxifica-
tion of ammonia, formation of cyclic AMP (cAMP), and ribonucleic acid
(RNA) and protein synthesis. The decrease in intracellular concentrations of P,
leads to a hyperuricemic condition as a result of an increase in uric acid for-
mation. AMP deaminase is inhibited by normal cellular concentrations of P..
When these levels drop, the inhibition is released and AMP is converted to
IMP and, ultimately, uric acid (Figure 24-2).

The toxic effects of F1P can also be exhibited in patients that do not have
a deficiency in aldolase B if they are parenterally fed with solutions contain-
ing fructose. Parenteral feeding with solutions containing fructose can result in
blood fructose concentrations that are several times higher than can be
achieved with an oral load. Since the rate of entry into the hepatocyte is
dependent on the fructose gradient across the cell, intravenous loading results
in increased entry into the liver and increased formation of F1P. Since the rate
of formation of F1P is much faster than its further metabolism, this can lead
to hyperuricemia and hyperuricosuria by the mechanisms described above.

Ho0 NH3

AMP LL, IMP Uric acid
AMP Deaminase L
»
&)

Pi

Figure 24-2. The inhibition of AMP deaminase by inorganic phosphate (P,).
A decrease in [P] increases the activity of AMP deaminase and leads to
increased production of uric acid.
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COMPREHENSION QUESTIONS

[24.1]

[24.2]

A 22-year-old soldier collapses from dehydration during maneuvers in
the desert and is sent to a military hospital. Prior to enlisting, a physi-
cian observed a high level of glucose in his urine during an examina-
tion. At first, he was not allowed to enlist because he was suspected of
being a diabetic. Further tests, however, determined that his insulin
level was normal. A glucose tolerance test exhibited a normal pattern.
Laboratory tests following his dehydration episode repeat the previous
findings, but further testing of the urine reveals that only D-glucose is
elevated. Other sugars were not elevated.

This patient’s elevated urinary glucose and his dehydration episode are
caused by a deficiency in which of the following?

GLUT 2
GLUT 4
Insulin receptor
SGLTI

SGLT2

Your patient is a 7-month-old baby girl, the second child born to unre-
lated parents. She did not respond well to breast-feeding and was
changed entirely to a formula based on cow’s milk at 4 weeks.
Between 7 and 12 weeks of age, she was admitted to the hospital twice
with a history of screaming after feeding, but was discharged after
observation without a specific diagnosis. Elimination of cow’s milk
from her diet did not relieve her symptoms; her mother reported that
the screaming bouts were worse after the child drank juice and that she
frequently had gas and a distended abdomen. Analysis of a liver nee-
dle biopsy did not reveal any liver enzyme deficiencies. Overall, the
girl is thriving (weight greater than 97th percentile) with no abnormal
findings on physical examination.

moQwy

If a biopsy of intestinal tissue were obtained from your patient and ana-
lyzed, which of the following would most likely be deficient or
defective?

GLUT 2
GLUT 5
Isomaltase

Lactase
SGLT1

moQwy
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[24.3]

A 24-year-old African-American female presents with complaints of
intestinal bloating, gas, cramps, and diarrhea following a meal includ-
ing dairy products. A lactose-tolerance test confirms your suspicion
that she had a deficiency of lactase in her intestine. Which of the fol-
lowing dairy products could you recommend that would be least likely
to cause her difficulties in the future?

Condensed milk
Cottage cheese
Ice cream

Skim milk
Yogurt

moNw

Answers

[24.1]

[24.2]

[24.3]

E. The patient has normal levels of blood insulin and exhibits a nor-
mal glucose tolerance test. This indicates that glucose absorption
from the intestine is normal as is clearance of glucose from the blood.
The presence of glucose in the urine is most likely a kidney problem.
Because the defect seems to involve only D-glucose and no other
sugar, this points to a transporter with high specificity. The kidney
has the GLUT 2, SGLTI, and SGLT2 transporters. GLUT 2 and
SGLT1 are present in other tissues, and a defect in these would be
expected to result in more serious sequelae. SGLT2 is a sodium-
dependent glucose transporter specific to the kidney that has a high
specificity for glucose. The glucose is present in the urine because of
a failure to reabsorb it as a consequence of a defect in SGLT2. This
leads to a loss of water also, because it is reabsorbed with glucose.

B. Because the patient’s liver enzymes are normal and her symptoms
seem to correlate with her intake of fruit juices, most likely her prob-
lem stems from an inability to absorb fructose. Since removal of
cow’s milk from her diet did not eliminate the problem, a lactase defi-
ciency can be ruled out. GLUT 5 is the primary transporter of fruc-
tose in the intestine and a deficiency in this transporter would lead to
an inability to absorb fructose in the gut, making it a substrate for
bacterial metabolism that produces various gases, including hydrogen,
as well as organic acids.

E. The microorganisms that convert milk to yogurt (Streptococcus
salivarius thermophilus and Lactobacillus delbrueckii bulgaricus)
metabolize most of the lactose in the milk, thus removing the source
of this patient’s intestinal disquietude. Yogurt is also a good source of
dietary calcium.



224 CASE FILES: BIOCHEMISTRY

BIOCHEMISTRY PEARLS

‘:‘ The major disaccharides obtained in the diet are maltose, sucrose,
and lactose.

<> Sucrose, or table sugar, is hydrolyzed to glucose and fructose.

< Lactose, or milk sugar, is enzymatically converted to glucose and
galactose by P-glycosidase, also located on the brush-border
membrane of the small intestine.

A deficiency in aldolase B leads to the condition known as fructose
intolerance.

REFERENCES

Gitzelmann R, Steinmann B, Van den Berghe G. Disorders of fructose metabolism.
In: Scriver CR, Beaudet AL, Sly WS, et al., eds. The Metabolic and Molecular
Bases of Inherited Disease, 7th ed. New York: McGraw-Hill, 1995.

Semenza G, Auricchio S. Small-intestinal disaccharidases. In: Scriver CR, Beaudet
AL, Sly WS, et al., eds. The Metabolic and Molecular Bases of Inherited
Disease, 7th ed. New York: McGraw-Hill, 1995.

Luduefia RF. Learning Biochemistry: 100 Case-Oriented Problems. New York:
Wiley-Liss, 1995.



< CASE 25

A 38-year-old female presents to the clinic with complaints of alternating diar-
rhea and constipation. She reports some abdominal discomfort and bloating
that are relieved with her bowel movement. She states that her episodes are
worse in times of stress. She denies any blood in her diarrhea. She denies any
weight loss or anorexia. Her physical exam is all within normal limits. She has
been prescribed a cellulose-containing dietary supplement, which her doctor

says will increase the bulk of her stools.
© What is the most likely diagnosis?

© What is the biochemical mechanism of the dietary supplement’s
effect on the intestines?
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ANSWERS TO CASE 25: IRRITABLE BOWEL SYNDROME

Summary: A 38-year-old female complains of alternating constipation and
diarrhea associated with times of stress and abdominal cramping and bloating
relieved with bowel movements. She is prescribed a cellulose dietary
supplement.

@ Diagnosis: Irritable bowel syndrome.

© Biochemical mechanism: Cellulose-containing foods are not digestible
but swell up by absorbing water and correlate with larger softer stools.
The increase in dietary fiber also increases the intestinal transit time and
decreases the intracolic pressure, thereby decreasing the symptoms of
irritable bowel.

CLINICAL CORRELATION

Irritable bowel syndrome affects many individuals in Western countries, and it
manifests as abdominal cramping and bloating in the absence of disease. It is
thought to be caused by increased spasms of the intestines. Constipation with
or without episodes of diarrhea may be seen. Weight loss, fever, vomiting,
bloody stools, or anemia would be worrisome and should not be attributed to
irritable bowel syndrome. Typically, affected patients are anxious and may be
under stress. After ruling out other disease processes, a trial of fiber-containing
foods, stress reduction, and avoidance of aggravating foods are effective ther-
apies. Patients should be advised to avoid laxative use. Rarely antispasmodic
or antiperistaltic agents can be used. Notably, increased fiber in the diet may
also decrease the absorption of fats and may lower the risk of colon cancer.

APPROACH TO INDIGESTIBLE POLYSACCHARIDES

Objectives

1. Know about the indigestible polysaccharides.
2. Be aware of B-1,4 cellulose bonds.
3. Know about the major types of fiber.

Definitions

Cellulose: A polysaccharide composed of B-D-glucopyranose units joined
by a B(1—4) glycosidic bond, which is not hydrolyzed by enzymes in
the digestive tracts of humans.

Gums: Complex polysaccharides composed of arabinose, fucose, galac-
tose, mannose, thamnose, and xylose. Gums are soluble in water and,
because of their mucilaginous nature, slowly digestible.
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Hemicellulose: Polysaccharides with a random, amorphous structure that
are components of plant cell walls. Unrelated to cellulose structurally,
they are composed of a variety of monosaccharides, including some
acidic sugars, with xylose being the most prevalent.

Insoluble fibers: Components of plant cell walls that are insoluble in water
and not broken down by the body’s digestive enzymes.

Lignins: Aromatic polymers formed by the irreversible dehydration of sug-
ars. Because of their structure, they cannot be broken down by the diges-
tive enzymes and make up part of the stool bulk.

Mucilaginous: Having a characteristic that is like the viscous and sticky
nature of glue.

Pectins: One of the soluble fibers in the diet composed primarily of poly-
mers of galacturonic acid with varying amounts of other hexose and pen-
tose residues.

Soluble fibers: Mucilaginous fibers such as pectin and true plant gums that
are soluble in water and digestible by the enzymes of the intestinal tract.
By absorbing water and forming viscous gels, they decrease the rate of
gastric emptying.

DISCUSSION

Simply stated, dietary fiber is that part of food that remains intact and not
absorbed following the digestive process in humans. It consists of all of the
components of the cell walls of plants that are not broken down by the body’s
digestive enzymes. Dietary fiber can be grouped into two main categories,
those that are soluble and those that are insoluble in water. The soluble fibers
include pectins, gums, some hemicelluloses, and storage polysaccharides
(starch and glycogen). The insoluble fibers include cellulose, most hemicellu-
loses, and lignins.

Cellulose is a major structural component of plant cell walls. Cellulose is a
long, linear polymer of glucose (B-D-glucopyranose) units that are joined by
B(1—4) glycosidic bonds (Figure 25-1a). Cellulose molecules have an

Cellobiose unit

o 0 OA/O\/Ox
V\\ HOM HOM HO%
B1— 4

Cellulose

Figure 25-1a. The molecular structure of cellulose, indicating the repeating
disaccharide unit, cellobiose.
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Maltose unit
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Figure 25-1b. The molecular structure of starch, indicating the repeating dis-
accharide unit, maltose, as well as the a-1,6-glycosidic bond present in the
branch points of amylopectin.

extended, rigid structure that is stabilized by interchain hydrogen bonds.
Starch, the plant storage polysaccharide, which is also a polymer of glucose,
differs in its structure in that the glucose monomer units are joined by o(1—4)
glycosidic bonds (Figure 25-1b). Starch is composed of two types of poly-
mers, amylose, which has a nonbranched helical structure, and amylopectin,
which is branched with ou(1—6) glycosidic bonds joining the branches to the
main polymer chain. Although starch is easily digested by salivary and pan-
creatic amylase and the disaccharidases present on the brush border of intes-
tinal mucosal cells, cellulose cannot be hydrolyzed. The B(1—4) glycosidic
bonds of the cellulose chain cannot be cleaved by the amylases present in the
digestive tract.

Hemicelluloses are also polysaccharides that are structural components of
plant cell walls. However, unlike what their name implies, they are unrelated
to cellulose. They are polymers that are made up of a variety of sugar monomers
that include glucose, galactose, mannose, arabinose, and xylose, as well as
acidic forms of these monosaccharides. Xylose is the monosaccharide that is
most abundant. Hemicelluloses have a random, amorphous structure that is
suitable for their location in the plant cell wall matrix. Depending on their
molecular structure, hemicelluloses are partially digestible.

Lignins are formed by the irreversible dehydration of sugars that result in aro-
matic structures. The remaining alcohol or phenol OH groups can react with
each other and with aldehyde and ketone groups to form polymers. An example
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of a lignin molecule in the early stage of condensation is shown in Figure 25-2.
These polymers cannot be broken down by the digestive enzymes and, like cel-
lulose and the indigestible portion of hemicelluloses, form the stool bulk.

The soluble fibers such as pectin and true plant gums are mucilaginous and
are digestible. Pectins are predominantly polygalacturonic acids with varying
amounts of other hexose or pentose residues. True plant gums are complex
polysaccharides composed of primarily arabinose, fucose, galactose, mannose,
rhamnose, and xylose. The gums are soluble in water and are digestible by the
enzymes in the intestinal tract. Both pectins and gums are mucilaginous; they
absorb water to form viscous gels in the stomach that decrease the rate of gas-
tric emptying.

Although cellulose and hemicellulose are insoluble, they absorb water to
swell and increase the stool bulk. This results in larger, softer stools. It has
been shown that diets plentiful in insoluble fiber also increase the transit time
of food in the digestive tract and decrease intracolonic pressure. Lignins, in
addition to increasing stool bulk, also bind organic molecules such as choles-
terol and many potential carcinogens. The mucilaginous nature of the soluble
fibers, pectins, and gums tends to decrease the rate at which carbohydrates are
digested and absorbed, thus decreasing both the rise in blood glucose levels
and the ensuing increase in insulin concentration.

OH
o
o) OH
HC® OH
HO
= o
Ol
CH, OH

H,C 0

o) 0 OH
o - OH

HO 0
OH
Lignin

Figure 25-2. A lignin molecule in an early stage of condensation. The aro-
matic rings are a result of irreversible dehydration of sugar residues.
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COMPREHENSION QUESTIONS

[25.1]

[25.2]

[25.3]

A patient with type I diabetes mellitus has fasting and postprandial
blood glucose levels that are frequently above the normal range despite
good compliance with his insulin therapy. He was referred to a dietician
that specialized in diabetic patients. The patient was recommended to
incorporate foods high in dietary fiber. Which of the following dietary
fibers would be most helpful in maintaining a normal blood glucose
level?

A. Cellulose

B. Hemicellulose
C. Lignins

D. Pectins

Some individuals complain of flatulence following a meal plentiful in
beans, peas, soybeans, or other leguminous plants. All legumes contain
the oligosaccharides raffinose and stachyose that contain glycosidic
linkages that are poorly hydrolyzed by intestinal enzymes but are good
sources of energy for intestinal bacteria that convert these sugars to H,.
Which of the following glycosidic bonds are contained in raffinose and
stachyose and are not hydrolyzed by our intestinal enzymes but can be
by intestinal flora?

Galactose (0.1—6) glucose
Galactose (B1—4) glucose
Glucose (B1—2) fructose
Glucose (01 —4) glucose
Glucose (B1—4) glucose

moNw

Cellulose is the most abundant polysaccharide and is an important
structural component of cell walls. Strict vegetarians consume a large
amount of cellulose, but it is not a source of energy because it is indi-
gestible by the human intestinal tract. Cellulose is indigestible because
it contains which of the following glycosidic bonds?

Galactose (B1—4) glucose
Galactose (B1—6) galactose
Glucose (a1 —4) glucose
Glucose (B1—2) fructose
Glucose (B1—4) glucose

moQwy
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Answers

[25.1] D. Pectins and gums are soluble dietary fibers that absorb water and
form mucilaginous gels. In doing so, they delay gastric emptying and
decrease the rate at which monosaccharides such as glucose and fruc-
tose and disaccharides are absorbed by the intestinal tract. By
decreasing the rate of sugar absorption, postprandial spikes in blood
glucose concentration are avoided.

[25.2] A. Raffinose and stachyose are sucrose molecules that have one and
two galactose residues in an o.1—6 glycosidic linkage. These bonds
are not hydrolyzed by intestinal enzymes, but can be broken down by
intestinal bacteria to produce CO, and H,. Although they contain the
glucose (B1—2) fructose link, sucrase can hydrolyze that bond. The
galactose (B1—4) glucose, glucose (0t1—4) glucose, and glucose
(B1—4) glucose linkages are not found in these oligosaccharides.

[25.3] E. Cellulose is a polymer of glucose in B1,4 glycosidic linkages. This
bond is not hydrolyzed by intestinal enzymes or the flora of the
human intestine. It makes up the bulk of the stool.

BIOCHEMISTRY PEARLS

#* Dietary fiber comprises those components that are not digestible,
which can be grouped into two main categories, those that are
soluble and those that are insoluble in water.

’:‘ The soluble fibers include pectins, gums, some hemicelluloses, and
storage polysaccharides (starch and glycogen). The insoluble
fibers include cellulose, most hemicelluloses, and lignins.

**  Cellulose is a long, linear polymer of glucose (B-D-glucopyranose)
units that are joined by f(1—4) glycosidic bonds, which cannot
be broken by human enzymes.

<> Starch, the plant storage polysaccharide, which is also a polymer of
glucose, differs in its structure in that the glucose monomer units
are joined by ou1—4) glycosidic bonds.
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< CASE 26

A 56-year-old male presents to your clinic for follow-up on his diabetes. He
has had diabetes since the age of 12 and has always required insulin for ther-
apy. He reports feeling very tremulous and diaphoretic at 2 AM with the blood
sugars in the range of 40 mg/dL, which is very low. He, however, notes that
his morning fasting blood sugar is high without taking any carbohydrates. His
physician describes the morning high sugars as a result of biochemical

processes in response to the nighttime hypoglycemia.

© What are the biochemical processes that govern the response to the
nighttime hypoglycemia?
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ANSWER TO CASE 26: SOMOGYI EFFECT

Summary: A 56-year-old man with a long history of insulin diabetes with
evening hypoglycemia and fasting morning hyperglycemia.

€ Biochemical mechanism of hypoglycemia: The low nighttime serum
blood sugar stimulates the counter-regulatory hormones to try to raise
the glucose level. These include epinephrine, glucagon, cortisol, and
growth hormone, which affect the glucose level and raise it by the time
morning comes around.

CLINICAL CORRELATION

This individual has a classic manifestation of the Somogyi effect, which is
fasting morning hyperglycemia in response to hypoglycemia in the early
morning and late night hours. The danger is that if nighttime blood glucose
levels are not measured, the physician may interpret the patient as having
hyperglycemia and require even higher doses of insulin. This would be exactly
the wrong treatment, since the hypoglycemia is leading to counter-regulatory
hormone reaction, and a very low sugar level bound to the high level in the
morning. The diagnosis is established by measuring a 2 AM glucose level, and
when confirmed, then the bedtime NPH insulin (intermediate to long acting)
needs to be decreased.

APPROACH TO GLUCOSE AND COUNTER-

REGULATORY HORMONES
Objectives
1. Understand regulation of glycogen and glucose production.
2. Understand how insulin and epinephrine affect glucose levels.
3. Be familiar with the regulation of glucagons.
4. Know about diabetic ketoacidosis and biochemical mechanism.

Definitions

Epinephrine: Adrenaline; a catecholamine hormone derived from the
amino acids phenylalanine or tyrosine that is synthesized and secreted
by the adrenal medulla in response to stress.

GLUT 2: Glucose transporter isoform 2; a transport protein located on the
plasma membrane of liver, pancreas, intestine, and kidney that will allow
glucose to cross the membrane depending on the concentration gradient.
GLUT 2 is the transporter that enables export of glucose from the liver.

Ketoacidosis: An elevation of the ketone body concentration that decreases
the pH of the arterial blood to a pathologic condition.
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Ketogenesis: The production of ketone bodies by the liver in response to
increased B-oxidation with a decreased rate of the Krebs cycle as a result
of shuttling C, acids from the mitochondrion for the synthesis of glucose
via gluconeogenesis.

Ketone bodies: Acetoacetate, 3-hydroxybutyrate, and acetone. Acetoacetate
and B-hydroxybutyrate are formed by liver enzymes that condense
molecules of acetyl-CoA, thus regenerating CoA for continual use in
B-oxidation of fatty acids. Acetone is a spontaneous decomposition
product of acetoacetate. Ketone bodies are exported from the liver and
can be used by some extrahepatic tissues for energy generation.

Oxidative phosphorylation: The process by which adenosine triphosphate
(ATP) is synthesized from a hydrogen ion gradient across the mitochon-
drial inner membrane. The hydrogen ion gradient is formed by the action
of protein complexes in the mitochondrial membrane that sequentially
transfer electrons from the reduced cofactors nicotinamide adenine din-
ucleotide (NADH) and FADH, to molecular oxygen. Movement of
hydrogen ions back into the mitochondrion via ATP synthase drives the
synthesis of ATP.

Protein phosphatase 1: An enzyme that will hydrolyze phosphate groups
from target proteins such as glycogen synthase, phosphorylase, phos-
phorylase kinase, and the phosphorylated form of inhibitor 1. The phos-
phorylated inhibitor 1 is a substrate that binds well but is hydrolyzed
slowly. While bound to protein phosphatase 1, the phosphorylated
inhibitor 1 serves as an inhibitor of the enzyme.

DISCUSSION

The liver is a highly specialized organ that plays a central role in whole body
glucose metabolism. During periods of increased glucose availability, the liver
increases uptake, storage, and utilization of glucose. In contrast, when exoge-
nous glucose availability declines (e.g., during an overnight fast), the liver
increases glucose production, thereby helping to maintain blood glucose levels.
The liver uses two mechanisms for endogenous glucose production, the mobi-
lization of intracellular glycogen (glycogenolysis) and the synthesis of glucose
from noncarbohydrate precursors (gluconeogenesis) (Figure 26-1). These
pathways converge at glucose 6-phosphate. The latter is hydrolyzed to free
glucose by glucose-6-phosphatase, the enzyme unique to gluconeogenic tis-
sues, such as the liver. Once generated, glucose passes down its concentration
gradient (e.g., from the cytosol of the liver cell to the blood during periods of
decreased blood glucose levels), via glucose transporter isoform 2 (GLUT 2).
During periods of increased glucose availability (e.g., postprandially), glu-
cose in excess of the energetic demands of the organism is stored as glycogen
(the storage form of glucose in mammals). Although found within the cytosol
of virtually every cell, glycogen is primarily concentrated in muscle (cardiac
and skeletal) and liver. The purpose of glycogen synthesis (glycogenesis) is to
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Figure 26-1. Schematic diagram showing the events that lead to the export of
glucose from the liver cell during times of low blood glucose.

anticipate subsequent periods of decreased glucose availability (e.g., overnight
fast). During the latter period of time, glycogen will be mobilized as a readily
available source of glucose. In the case of muscle, glycogen is used selfishly,
as an energy source by the myocyte only. In contrast, liver glycogen will be
mobilized to help maintain blood glucose levels. The biochemical pathways of
glycogenesis and glycogenolysis are illustrated in Figure 26-2.

As glycogenesis is the reciprocal pathway to glycogenolysis, gluconeogen-
esis is the reciprocal pathway to glycolysis. Glycolysis, the “lysis” of glucose
to two pyruvate molecules, is a ubiquitous metabolic pathway, whereas gluco-
neogenesis occurs in only a select number of tissues, including the liver. During
periods of increased glucose availability, flux through the glycolytic pathway
increases, thereby utilizing this readily available fuel source. In contrast, during
periods of decreased glucose availability, rates of gluconeogenesis increase, in
an attempt to maintain blood glucose levels. The sources of carbon for gluco-
neogenesis depend on the given metabolic situation (e.g., exercise, starvation,
diabetes mellitus), and include glycerol, amino acids, and lactate. Although the
majority of fatty acid—derived carbon cannot be used for the net synthesis of
glucose, fatty acid metabolism plays a central role in gluconeogenesis.
Gluconeogenesis is an energetically demanding process, which is driven by the
B-oxidation of fatty acids. When the rate of acetyl-CoA generation through
fatty acid B-oxidation exceeds the rate of acetyl-CoA oxidation via the Krebs
cycle and oxidative phosphorylation (ox phos), acetyl-CoA accumulates. This
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Figure 26-2. The biochemical pathways of the synthesis of glycogen (glyco-
genesis) and its breakdown to glucose 6-phosphate (glycogenolysis).

acetyl-CoA is shunted into the pathway of ketone body synthesis (ketogenesis),
allowing continued B-oxidation of fatty acids and therefore maintenance of
high rates of gluconeogenesis. The interplay between glycolysis, gluconeogen-
esis, B-oxidation, and ketogenesis is illustrated in Figure 26-3.
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Figure 26-3. Schematic diagram of the interplay of fatty acid breakdown and
ketone body formation with the synthesis (gluconeogenesis) and degradation
of glucose (glycolysis). The B-oxidation of fatty acids provides the energy that
drives the formation of glucose.
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Flux of carbon through the pathways of hepatic glucose metabolism
described above is strongly influenced by the hormones insulin, glucagon, and
epinephrine. Insulin is secreted from the B-cells of pancreatic islets during
periods of increased glucose availability. This peptide hormone helps to lower
blood glucose back within the normal range by stimulating glycogenesis and
glycolysis, and simultaneously inhibiting glycogenolysis and gluconeogene-
sis. The effects of insulin on hepatic glucose metabolism are mediated in large
part by the enzyme protein phosphatase 1 (PP1). For a more detailed discus-
sion of the mechanism by which PP1 affects glucose metabolism, see Case 22.

When blood glucose levels begin to decline (e.g., during an overnight fast),
so too does insulin secretion. In contrast, secretion of glucagon from o.-cells of
pancreatic islets is stimulated. The latter targets primarily hepatic glucose
metabolism, increasing glucose production (via gluconeogenesis and
glycogenolysis), and decreasing glucose utilization. Glucagon acts in larger part
by reversing the effects of insulin-mediated PP1 activation. On binding to its cell
surface receptor, glucagon increases the activity of protein kinase A (PKA),
which phosphorylates many of the proteins/enzymes that PP1 dephosphorylates.
For a detailed discussion, of the mechanism by which PKA acts, see Case 22.

Like glucagon, epinephrine secretion increases during periods of
decreased glucose availability. Binding of epinephrine to B-adrenergic recep-
tors on the surface of the hepatocyte results in activation of PKA, thereby
increasing further hepatic glucose production through glycogenolysis and glu-
coneogenesis (Figure 26-4). Epinephrine is also able to bind to a second recep-
tor on the surface of the hepatocyte, the P-adrenergic receptor, causing
elevation of intracellular Ca?* levels. The latter allosterically activates a kinase
called phosphorylase kinase, which in turn augments activation of
glycogenolysis.

Abnormalities in the above described glucose homeostatic mechanisms
arise during diabetes mellitus. Two major forms of diabetes mellitus exist,
insulin-dependent (type I) and insulin-independent (type II) diabetes. Type 1
diabetes is caused by a severe lack or complete absence of insulin. Also known
as early onset diabetes, this disease is often caused by an autoimmune destruc-
tion of pancreatic -cells. Lack of insulin, in the face of elevated glucagon and
epinephrine, leads to high rates of hepatic glucose output, being driven by
B-oxidation of fatty acids. The latter results in an excessive production of ketone
bodies and subsequent ketoacidosis. Treatment of type I diabetes involves reg-
ular monitoring of blood glucose levels and insulin administration as required.
Insulin therapy associated with an evening meal will lower blood glucose lev-
els. The latter triggers release of the counter-regulatory hormones glucagon
and epinephrine, thereby stimulating hepatic glucose production. This inad-
vertently results in elevated glucose levels in the morning (the Somogyi
effect). In contrast to type I diabetes, type II diabetes is caused by insulin
resistance in the face of insulin insufficiency. The disease is thus characterized
by both hyperglycemia and hyperinsulinemia. Ketoacidosis is a much less
common complication of type II diabetes.
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Figure 26-4. Schematic diagram showing how epinephrine leads to the break-
down of glycogen, the synthesis of glucose and export of glucose to the blood-
stream. Epinephrine binds to both o~ and -adrenergic receptors on the plasma
membrane of hepatocytes, leading to increased release of Ca?* and activation
of adenylate cyclase and protein kinase A.

COMPREHENSION QUESTIONS

A 27-year-old man has been rushed to the emergency room following his sud-
den collapse and entry into a state of unconsciousness. Examination of per-
sonal belongings revealed the patient is an insulin-dependent diabetic.

[26.1] A rapid decline in which of the following humoral factors likely trig-
gered the sudden collapse of the patient?

Insulin

Glucagon

Fatty acids

Glucose

Triglyceride

[26.2] Which of the following is least likely to contribute to the hyper-
glycemia associated with uncontrolled type I diabetes?

moAQwy

Decreased skeletal muscle glucose uptake
Decreased adipose lipogenesis

Increased adipose lipolysis

Increased hepatic gluconeogenesis
Increased skeletal muscle glycogenolysis

moOw
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[26.3]

Which of the following changes in hepatic metabolism best explains
the increased incidence of ketoacidosis observed in type I diabetes?

Increased glucose uptake
Increased protein synthesis
Increased lipoprotein synthesis
Increased B-oxidation
Increased glycogen breakdown

moOw

Answers

[26.1]

[26.2]

[26.3]

D. Glucose is the primary source of energy for the central nervous
system. A sudden decrease in circulating glucose levels will therefore
impair ATP generation, in turn impeding cognitive function. If hypo-
glycemia persists, the patient will slip into a coma and eventually die.
This unfortunately common complication in type I diabetics is a con-
sequence of oversupplementation with insulin. In contrast, a sudden
decrease in circulating insulin, glucagon, fatty acids, or triglyceride
would have little immediate effect on cognitive function.

E. Unlike the liver, skeletal muscle cannot export glucose into the cir-
culation. Once glucose enters the myocyte, it is destined for use by
that cell. Thus, intramyocellular glycogen is used as a fuel source by
skeletal muscle and therefore cannot contribute to the hyperglycemia
observed in uncontrolled type I diabetes. In contrast decreased insulin-
mediated glucose utilization by skeletal muscle and adipose will con-
tribute to hyperglycemia, as will decreased insulin-mediated
suppression of hepatic glucose output. Decreased insulin-mediated
suppression of lipolysis will indirectly contribute to hyperglycemia,
by providing alterative, nonglucose, fuels (fatty acids and ketone bod-
ies) for organs such as skeletal muscle and the liver.

D. Decreased circulating insulin signals a need to increase hepatic
glucose production. This is an energetically demanding process,
driven by B-oxidation of fatty acids. However, acetyl-CoA, the major
end product of B-oxidation, cannot be used for glucose production.
Instead, acetyl-CoA is shunted into the pathway of ketone body syn-
thesis (ketogenesis). In contrast, carbon from intrahepatic glycogen
will contribute less to ketone body synthesis in uncontrolled type I
diabetes mellitus. Net glucose uptake, protein synthesis, and lipopro-
tein synthesis are decreased, as opposed to increased, during uncon-
trolled type I diabetes.
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#®  The liver uses two mechanisms for endogenous glucose production,
the mobilization of intracellular glycogen (glycogenolysis)
and the synthesis of glucose from noncarbohydrate precursors
(gluconeogenesis).

#*  Flux of carbon through the pathways of hepatic glucose metabolism
described above is strongly influenced by the hormones insulin,
glucagon, and epinephrine.

*®  Lack of insulin, in the face of elevated glucagon and epinephrine,
leads to high rates of hepatic glucose output, being driven by
B-oxidation of fatty acids. The latter results in an excessive
production of ketone bodies and subsequent ketoacidosis.
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< CASE 27

A 51-year-old male presents to the emergency center with chest pain. He states
that he has had chest discomfort or pressure intermittently over the last year
especially with increased activity. He describes the chest pain as a pressure
behind his breastbone that spreads to the left side of his neck. Unlike previous
episodes, he was lying down, watching television. The chest pain lasted
approximately 15 minutes then subsided on its own. He also noticed that he
was nauseated and sweating during the pain episode. He has no medical prob-
lems that he is aware of and has not been to a physician for several years. On
examination, he is in no acute distress with normal vital signs. His lungs were
clear to auscultation bilaterally, and his heart had a regular rate and rhythm
with no murmurs. An electrocardiogram (ECG) revealed ST segment elevation
and peaked T waves in leads II, III, and aVF. Serum troponin I and T levels are

elevated.
© What is the most likely diagnosis?

© What biochemical shuttle may be active to produce more adenosine
triphosphate (ATP) per glucose molecule?
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ANSWERS TO CASE 27: MYOCARDIAL INFARCTION

Summary: A 51-year-old male with a history of chest pain with exertion pres-
ents with retrosternal chest pressure that radiates to the neck. He has nausea
and diaphoresis while at rest. The patient has ST segment elevation and peaked
T waves in the inferior ECG leads. The troponin I and T levels are elevated.

@ Likely diagnosis: Acute myocardial infarction.

@ Biochemical shuttle: The malate-aspartate shuttle is primarily seen in
the heart, liver, and kidney. This shuttle requires cytosolic and
mitochondrial forms of malate dehydrogenase and glutamate-oxaloacetate
transaminase and two antiporters, the malate-a-ketoglutarate antiporter
and the glutamate-aspartate antiporter, which are both localized in the
mitochondrial inner membrane. In this shuttle cytosolic nicotinamide
adenine dinucleotide (NADH) is oxidized to regenerate cytosolic NAD™*
by reducing oxaloacetate to malate by cytosolic malate dehydrogenase.

CLINICAL CORRELATION

The most common cause of death of Americans is coronary heart disease. The
patient’s symptoms in this case are very typical of myocardial infarction, that is,
chest pressure or chest pain, often radiating to the neck or to the left arm. The
pain is usually described as deep and “squeezing chest pain.” Cardiac muscle
is perfused by coronary arteries with very little redundant or shared circula-
tion; thus, occlusion of one coronary artery usually leads to ischemia or necro-
sis of the corresponding cardiac muscle. Laboratory confirmation of
myocardial infarction (death of cardiac muscle) includes ECG showing eleva-
tion of the ST segment and/or increase of the cardiac enzymes. When there is
insufficient oxygen available for the cardiac muscle, then the glycolytic path-
way must be used, which leads to a very small amount of ATP per glucose
molecule. The malate-aspartate shuttle can offer two or three more times the
ATP by oxidizing NADH to regenerate cytosolic NAD* by reducing oxaloac-
etate to malate by cytosolic malate dehydrogenase.

APPROACH TO GLYCOLYSIS AND THE
MALATE-ASPARTATE SHUTTLE

Objectives

1. Be familiar with glycolysis.
2. Know the role of glycerol 3-phosphate and the malate-aspartate shuttle.
3. Be aware of the role of mitochondria in glycolysis.



CLINICAL CASES 245

Definitions

Myocardial infarction: An area of heart muscle is inadequately perfused
as a result of cardiac vessel occlusion resulting in ischemia, cell death,
and loss of cell constituents including enzymes into the circulation.
Electrocardiographic changes occur as a result of damaged heart tissue.

Angina: Transient disruption of adequate blood flow to a portion of heart
muscle leading to pain and a temporary shift to anaerobic glycolysis pro-
ducing pyruvate and lactate that are released into the circulation.

Aerobic glycolysis: Metabolism of glucose to pyruvate. Pyruvate in the
presence of sufficient oxygen can be metabolized to CO, via the tricar-
boxylic acid cycle in the mitochondrion-producing NADH and FADH,,
which contribute elections through the electron transfer chain to molec-
ular oxygen producing H,O and ATP.

Anaerobic glycolysis: Metabolism of glucose to lactate in the absence of
sufficient oxygen. When oxygen is lacking, pyruvate is converted to lac-
tate, and no further oxidative pathway is available.

Electron shuttles: Enzymatic processes whereby electrons from NADH
can be transferred across the mitochondrial barrier. The glycerol 3-
phosphate shuttle uses the reduction of dihydroxyacetone phosphate to
glycerol 3-phosphate and reoxidation to transfer electrons from cytoso-
lic NADH to coenzyme Q in the electron transport chain. The malate-
aspartate shuttle uses malate and aspartate in a two-member transfer
exchange to transfer electrons from cytosolic NADH to mitochondrial
NADH (see Figures 27-2 and 27-3).

DISCUSSION

Myocardial infarction arises when perfusion of cardiac muscle is inadequate,
resulting in insufficient oxygen delivery to that portion of cardiac muscle. This
causes the affected muscle to rely on anaerobic metabolism for its energy sup-
ply with concomitant production of lactic acid. Even transient ischemia can
lead to changes in muscle tissue but prolonged ischemia leads to breakdown
of muscle cells and release of cellular proteins such as creatine kinase, lactic
acid dehydrogenase, and troponin I. Reperfusion by thrombolytic treatment
or mechanical means can restore oxygen levels and return the metabolic
processes to aerobic metabolism. A secondary consequence of reperfusion is
reperfusion injury in which the highly reduced state of injured cells meets
increased oxygen concentration and produces reactive oxygen radicals. Most
notable of these is the hydroxyl radical (OH"), which attacks tissue compo-
nents such as lipids and protein sulthydryl groups. Myocardial infarction
causes changes in the pathways of energy generation triggered by oxygen
insufficiency in the affected heart muscle.

The glycolytic pathway for all cells under conditions of adequate tissue
oxygenation is shown in Figure 27-1. Two molecules of ATP are required to



246 CASE FILES: BIOCHEMISTRY

p\
0 dlhydroxﬂacetone-l’
#
glucose qucose-&P !ructose-ﬁ P fmctose-1 6 bisP E i
G-6-P F-6-P QWWNEMY"& -P
NAD*
NADH
(0] (0] 0

v v // // ’/

H 10 C —OH

Gafir Bl

H 3 ATP ADP Hz0
Py P-enolpy 2-P-glycerate 3-P-glycerate 1,3-bisP-glycerate
PEP 2PG PG 1,3 BPG
1 Hexokinase 6 3-Phosphoglyceraldehyde dehydrogenase
2 Glucose-6-P isomerase 7 Phosphoglycerate kinase
3 6-Phosphofructokinase 8 Phosphoglyceromutase
4 Fructose 1,6-bisphosphate aldolase 9 Enolase
5 Triosephosphate isomerase 10 Pyruvate kinase

Figure 27-1. Glycolytic pathway.
*From glyceraldehyde 3-phosphate onward, two 3-carbon molecules/glucose proceed

through the pathway requiring a total of 2NAD* and 4ADP producing a total of 4ATP,
2NADH, and 2H,0.

initiate the pathway one at the hexokinase step to phosphorylate glucose to
glucose 6-phosphate and a second to phosphorylate fructose 6-phosphate to
fructose 1,6-bisphosphate. Cleavage of fructose 1,6-bisphosphate by aldolase
yields two triose phosphates, glyceraldehyde 3-phosphate, and dihydroxyace-
tone phosphate, which is isomerized to glyceraldehyde 3-phosphate by triose
phosphate isomerase. The oxidation of the aldehyde group to the acid level
through the reduction of NAD* to NADH with the concomitant binding of
inorganic phosphate to produce 1,3-bisphosphoglycerate is catalyzed by
3-phosphoglyceraldehyde dehydrogenase. This step requires NAD™ regeneration
to continue. Inorganic phosphate is present in tissues at such a high concen-
tration (typically 25 mM) as not to be limiting. The first substrate level phos-
phorylation occurs next wherein phosphoglycerate kinase catalyzes the transfer
of the acyl phosphate group of 1,3-bisphosphoglycerate to adenosine diphos-
phate (ADP), yielding ATP and 3-phosphoglycerate. Phosphoglucomutase
shifts the phosphate of 3-phosphoglycerate to carbon position 2 producing
2-phosphoglycerate. Enolase catalyzes the removal of the elements of water
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between carbon positions 2 and 3 to produce phosphoenolpyruvate. Pyruvate
kinase then catalyzes the second substrate level phosphorylation of ADP to pro-
duce ATP and pyruvate, the end product of aerobic glycolysis. Since fructose
1,6-bisphosphate is cleaved to two triose phosphate moieties and each triose
phosphate produces two ATP molecules, the total produced by substrate level
phosphorylation is four ATPs. But two ATP molecules are consumed in the acti-
vation of hexose leaving two ATPs as the net gain from glycolytic substrate level
phosphorylation.

As noted above, however, NAD* must be regenerated from the NADH pro-
duced or the glycolytic cycle would cease. Under aerobic conditions regenera-
tion of cytosolic NAD* from cytosolic NADH is accomplished by transferring
electrons across the mitochondrial membrane barrier to the electron transfer
chain where the electrons are transferred to oxygen. There are two different
shuttle mechanisms whereby this transfer of electrons across the membrane
to regenerate cytosolic NAD* can be accomplished, the glycerol 3-phosphate
shuttle and the malate-aspartate shuttle.

The glycerol 3-phosphate shuttle (Figure 27-2) functions primarily in
skeletal muscle and brain. The shuttle takes advantage of the fact that the
enzyme glycerol-3-phosphate dehydrogenase exists in two forms, a cytosolic
form that uses NAD" as cofactor and a mitochondrial FAD-linked form.
Cytosolic glycerol-3-phosphate dehydrogenase uses electrons from cytosolic
NADH to reduce the glycolytic intermediate dihydroxyacetone phosphate to
glycerol 3-phosphate, thereby regenerating cytosolic NAD*. The newly formed

MITOCHONDRIAL
CYTOSOL (|:H2—0-® INNER MEMBRANE
(I::O
CH,=OH
NADH DHAP —----- DHAP FADH, CoQ
NAD* G3P ----- » G3P FAD CoQH,
CH,-0-®
glycerol-3-P HEC0H glycerol-3-P
dehydrogenase CH,=OH dehydrogenase
NAD* - linked FAD - linked
(cytosolic) (mitochondrial

inner membrane)

Figure 27-2. Glycerol 3-phosphate shuttle.



248 CASE FILES: BIOCHEMISTRY

glycerol 3-phosphate is released from the cytosolic form of the enzyme and
crosses to and is bound to the mitochondrial FAD-linked glycerol-3-phosphate
dehydrogenase, which is bound to the cytosolic side of the mitochondrial inner
membrane. There the mitochondrial glycerol-3-phosphate dehydrogenase
reoxidizes glycerol 3-phosphate to dihydroxyacetone phosphate (preserving
mass balance) reducing its FAD cofactor to FADH,. Electrons are then passed
to coenzyme Q of the electron transport chain and on to oxygen generating
two additional ATP molecules per electron pair and therefore per glycerol
3-phosphate.

The malate-aspartate shuttle, however, functions primarily in the heart,
liver, and kidney (Figure 27-3). This shuttle requires cytosolic and mitochon-
drial forms of malate dehydrogenase and glutamate-oxaloacetate transaminase
and two antiporters, the malate-o-ketoglutarate antiporter and the glutamate-
aspartate antiporter, which are both localized in the mitochondrial inner mem-
brane. In this shuttle cytosolic NADH is oxidized to regenerate cytosolic
NAD" by reducing oxaloacetate to malate by cytosolic malate dehydrogenase.

INNER
MITOCHONDRIAL MITOCHONDRIAL
CYTOPLASM MEMBRANE MATRIX
NAD* [ | NAD*
NADH
malate __| | _~ malate NADH
(2]
OAA oKG oKG OAA
glu __» glu >
5
asp asp

1 malate dehydrogenase (cytosolic)

2 malate - KG antiporter (mitochondrial inner membrane)

3 malate dehydrogenase (mitochondrial matrix)

4.  glutamate - OAA transaminase (mitochondrial matrix)

5 glutamate - aspartate antiporter (mitochondrial inner membrane)
6.  glutamate - OAA transaminase (cytosolic)

Figure 27-3. Malate-aspartate shuttle.
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Malate is transported into the mitochondrial matrix while a-ketoglutarate is
transported out by the malate-o-ketoglutarate antiporter, a seeming mass
unbalance. Next malate is oxidized back to oxaloacetate producing NADH
from NAD" in the mitochondrial matrix by mitochondrial malate dehydroge-
nase. Oxaloacetate cannot be transported per se across the mitochondrial
membrane. It is, instead transaminated to aspartate from the NH, donor gluta-
mate by mitochondrial glutamate-oxaloacetate transaminase. Aspartate is
transported out of the matrix whereas glutamate is transported in by the
glutamate-aspartate antiporter in the mitochondrial membrane, obviating the
apparent mass unbalance noted above. The last step of the shuttle is catalyzed
by cytosolic glutamate-oxaloacetate transaminase regenerating cytosolic
oxaloacetate from aspartate and cytosolic glutamate from o.-ketoglutarate both
of which were earlier transported in opposing directions by the malate-o.-
ketoglutarate antiporter. The net effect of this shuttle is to transport electrons
from cytosolic NADH to mitochondrial NAD*. Therefore, those electrons can
be presented by the newly formed NADH to electron transport system com-
plex I thereby producing three ATPs by oxidative phosphorylation. Note that
depending on which shuttle is used (i.e., which tissue is catalyzing glycolysis)
either two or three extra ATPs are produced by oxidative phosphorylation per
triose phosphate going through the latter steps of glycolysis.

In nonaerobic glycolysis, as in the case when a tissue is subjected to an
ischemic episode (i.e., myocardial infarction), neither the extra ATP produced
by the shuttle nor the ATPs produced by normal passage of electrons through
the electron transport chain are produced because of oxygen insufficiency.
Therefore glycolysis must increase in rate to meet the energy demand. In dam-
aged tissue this increased rate is compromised. Moreover the shuttle mecha-
nisms to regenerate NAD" from NADH formed by glycolysis are unavailable,
as shown in Figure 27-4. Glycolysis under ischemic conditions satisfies the
requirement for NAD* by reducing pyruvate, the glycolytic end product under
normative conditions, to lactate with the reducing equivalents of NADH.

The new end product lactate accumulates in muscle cells under ischemic
conditions and damages cell walls with its low pH causing rupture and loss of
cell contents such as myoglobin and troponin I. These compounds as well as
other end products combine to cause increased cell rupture and pain.

Reopening vasculature by reperfusion as rapidly as possible is a first step
in treatment. Thrombolysis within an hour after infarction gives best results.
Supportive measures, regulation of heart rate and pressure are required fol-
lowing the infarction to allow recovery from the ischemic episode and repair
of tissue damage. Nutritional monitoring is required both for tissue repair and
prevention of recurrence.
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Figure 27-4. Glycolytic pathway under conditions of insufficient oxygen.

COMPREHENSION QUESTIONS

A middle-aged man, after an episode of retrosternal chest pressure with radi-
ation to the neck and associated nausea and diaphoresis while at rest, was
given a diagnosis of unstable angina and possibly myocardial infarction.
Subsequent laboratory findings of increased serum levels of troponin I and
cardiac enzymes were consistent with the diagnosis.

[27.1] If the patient described above did indeed have angina, which of the fol-
lowing change(s) in metabolism in the affected area would occur?

Increased oxidative phosphorylation

Increased rate of fatty acid oxidation

Increased conversion of pyruvate to acetyl-CoA
Increased formation of lactate

Increased use of ketone bodies

moQwy

[27.2] In the case described above an ischemic episode very likely occurred.
What changes in glucose metabolism would be observed?

The overall rate of glucose utilization would decrease.

Pyruvate kinase is allosterically inhibited.

The rate of ATP production in the cytosol increases.

NADH is reoxidized to NAD* via the glycerol 3-phosphate shuttle.

oaw»
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[27.3]

If the patient described does indeed have angina, his is a focal lesion
wherein only one portion of heart muscle is affected while other por-
tions still receive adequate oxygen enabling the malate-aspartate shut-
tle to function. Which of the following is involved in this shuttle to
transfer electrons across the mitochondrial barrier?

Malate-aspartate antiporter
Malate-a-ketoglutarate antiporter
Glutamate-o-ketoglutarate antiporter
Aspartate-o-ketoglutarate symporter
Malate-glutamate symporter

moOw

Answers

[27.1]

[27.2]

[27.3]

D. In this case the problem is insufficient oxygen reaches an area of
cardiac muscle. In the absence of sufficient oxygen, the use of the
electron transfer chain to generate ATP from ADP is severely com-
promised, and therefore all products feeding into that chain accumu-
late reducing the formation of tricarboxylic acid products. Fatty acid
oxidation, formation of acetyl-CoA from pyruvate oxidation of
ketone bodies, and oxidative phosphorylation are all decreased. In
glycolysis under reduced oxygen conditions, one pyruvate is con-
verted to lactate to reoxidize NADH to NAD* to meet the requirement
for glycolysis to continue. Therefore, there is increased formation of
lactate.

C. The rates of both glucose utilization and ATP generation by gly-
colysis increase to compensate for the absence of sufficient ATP pro-
duction from oxidative phosphorylation as a result of oxygen
deprivation. Under these circumstances, ATP is used as rapidly as it
is made so it is not present in sufficient concentration to inhibit pyru-
vate kinase. Furthermore, fructose 1,6-bisphosphate tends to stimu-
late pyruvate kinase activity.

B. The malate-o-ketoglutarate antiporter carries malate from the
cytosol, where it is oxidized to oxaloacetate by mitochondrial malate
dehydrogenase forming NADH. In order for the malate-o.-ketoglutarate
antiporter to function a molecule of o-ketoglutarate must be transported
from the mitochondrial matrix to the cytosol. The only other transporter
involved in this shuttle mechanism is the aspartate-glutamate antiporter.
None of the other suggested transporters is required in this shuttle
mechanism.
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» Coronary heart disease is the most common cause of mortality in
Americans.

<> Myocardial infarction is suspected with the typical chest pain, ECG
findings of ST segment elevation, and increased cardiac enzymes.

% When oxygen is unavailable, the anaerobic glycolytic pathway is
used.

#*  Two shuttles allow for more ATP to be generated under aerobic con-
ditions: the glycerol 3-phosphate shuttle, which functions prima-
rily in skeletal muscle and brain, and the malate-aspartate shuttle,
primarily in the heart, liver, and kidney.
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& CASE 28

A Jewish couple of Eastern European descent presents to the clinic for prena-
tal counseling after their only child died early in childhood. The family could
not remember the name of the disorder but said it was common in their ances-
try. Their first child was normal at birth, a slightly larger than normal head cir-
cumference, an abnormal “eye finding,” and a severe progressive neurologic
disease with decreased motor skills and eventually death. The autopsy is con-

sistent with Tay-Sachs disease.
© What type of inheritance is this disorder?

© What is the biochemical cause of the disorder?
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ANSWERS TO CASE 28: TAY-SACHS DISEASE

Summary: A Jewish couple of Eastern European descent presents for prenatal
counseling after having a child die with a progressive neurologic disorder with
loss of motor skills and abnormally large head and an abnormal eye examina-
tion. An autopsy shows Tay-Sachs disease.

@ Inheritance: Autosomal recessive; 1:30 carrier rate in Ashkenazi Jews.

© Molecular basis of disorder: Lysosomal storage disorder with
deficiency of hexosaminidase A enzyme resulting in G,,, gangliosides
accumulating throughout the body.

CLINICAL CORRELATION

Tay-Sachs disease is a fatal genetic disorder where harmful amounts of lipids
called ganglioside G,,, accumulate in the nerve cells and brains of those
affected. Infants with this disorder appear normal for the first several months
of life, and then as the lipids distend the nerve cells and brain cells, progres-
sive deterioration occurs; the child becomes blind, deaf, and eventually unable
to swallow. Tay-Sachs disease occurs mainly in Jewish children of Eastern
European descent, and death from bronchopneumonia usually occurs by age 3
to 4 years. A reddish spot on the retina also develops, and symptoms first
appear around 6 months of age. It is a lysosomal storage disorder with insuf-
ficient activity of the enzyme hexosaminidase A, which catalyzes the
biodegradation of the gangliosides. The diagnosis is made by the clinical sus-
picion and serum hexosaminidase level. Currently there is no treatment avail-
able for this disease.

APPROACH TO LYSOSOMAL STORAGE

Objectives

1. Be familiar with the lysosomal storage disorders.
2. Know about the synthesis and degradation of sphingolipids.

Definitions

Ceramide: A component of all sphingolipids that is composed of a long-
chain fatty acyl group in an amide linkage to sphingosine.

Ganglioside: Complex carbohydrate-rich glycosphingolipids containing
three or more monosaccharides esterified to ceramide with at least one
of the sugars being N-acetylneuraminic acid (sialic acid). Gangliosides
are membrane components found on nerve endings.
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Gangliosidoses: The build-up of gangliosides in the lysosome as a result of
the deficiency of one or more enzymes involved in the degradation of
gangliosides.

I-cell disease: A disease in which there is a buildup of a number of differ-
ent biomolecules that are normally degraded in the lysosome as a result
of a deficiency in an enzyme that modifies lysosomal enzymes so that
they are targeted to the lysosome.

Lysosomal storage disorders: Genetic diseases that are a result of a defi-
ciency of one or more enzymes present in the lysosome. This leads to a
buildup of the biomolecules that are normally degraded in the lysosome.

Sphingolipid: Any of a number of lipid molecules that contain sphingosine
as part of its molecular structure. These include ceramide, sphin-
gomyelin, cerebrosides, sulfatides, and gangliosides.

Tay-Sachs disease: A genetic disease that is a result of a deficiency in hex-
osaminidase A (B-N-acetylhexosaminidase), an enzyme that is involved
in the degradation of gangliosides in the lysosome. The disease is preva-
lent in Jewish children of Eastern European descent and leads to a
buildup of ganglioside G,,, in nerve cells of the brain and neuronal
dysfunction.

DISCUSSION

Sphingolipids are a class of lipids found in biological membranes in which
the backbone of the lipid molecule is sphingosine, an 18-carbon amino
alcohol. This is in contrast to the glycerol backbone found in lipids such as
phospholipids. The precursor molecules for the synthesis of sphingosine are
palmitoyl-CoA and serine, which condense to form 3-dehydrosphinganine
(3-ketodihydrosphingosine; Figure 28-1). This is followed by a reduction reac-
tion using NADPH to form sphinganine (dihydrosphingosine). Ceramide is
formed in a two-step reaction by the formation of an amide bond between
sphinganine and a long-chain fatty acid (usually behenic acid, a saturated
C-22 fatty acid). This is followed by an oxidation reaction using FAD that
introduces a trans-double bond into the sphinganine backbone.

Ceramide is a building block for all other sphingolipids. Figure 28-2 shows
the synthesis of some of these sphingolipids from ceramide. The reaction of
phosphatidyl choline and ceramide (via esterification) yields sphingomyelin, a
phosphate-containing subclass of sphingolipids found in the nervous tissue of
higher animals. The addition of one or more sugar residues to ceramide yields
the glycosphingolipids. The glycosphingolipid cerebroside contains one residue
of glucose or galactose.

Gangliosides are complex carbohydrate-rich sphingolipids containing
three or more sugar residues esterified to ceramide with one of the sugars
being sialic acid (N-acetylneuraminic acid, or NANA). Gangliosides are syn-
thesized by the stepwise addition of nucleoside-activated sugar residues
to ceramide. Ganglioside nomenclature is a bit unusual. The ganglioside is
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Figure 28-1. Biosynthesis of ceramide.
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Diacylglycerol
Ceramide + Phosphatidyl choline —L) Sphingomyelin

+ UDP-Glucose l

or Cerebroside
+ UDP-Galactose [ i

ubpP

Figure 28-2. The formation of sphingomyelin and cerebrosides from ceramide.

represented by the letter G followed by a subscript letter and a number. The
subscript letter indicates the number of sialic acid residues present in the mol-
ecule M =1, D =2, T =3), and the number is equal to 5 minus the number of
neutral sugars. Over 60 gangliosides have been characterized, and the structure
of one of these, ganglioside G,;,, is schematically represented in Figure 28-3.
Glycosphingolipids function in cell-cell recognition and tissue immunity.
Gangliosides are found at nerve endings and may be important in nerve
impulse transmission.

Sphingolipids are constantly being turned over in the lysosomes of cells by
specific hydrolytic enzymes that remove the sugars in a stepwise fashion.
Defects in these enzymes can occur and result in disease states resulting from
the accumulation of undegraded sphingolipids. Lysosomal storage diseases
are a group of approximately 40 different diseases that occur in approximately
1 in 5000 live births. Many of these diseases are characterized by a deficiency
in a specific lysosomal enzyme, but some diseases can be caused by the inabil-
ity of enzymes to be translocated to the lysosome (I-cell disease), defective
transport of small molecules out of the lysosome (cystinosis), or a deficiency
in sphingolipid activator proteins, which are small molecular weight proteins
that participate in the degradation of sphingolipids. The net result in all of

o @ Ganglioside Gy

Figure 28-3. The schematic structure of ganglioside G,;,. The nomenclature is
as follows: G stands for ganglioside; the subscript letter indicates the number
of sialic acid residues; the numeral is equal to 5 — (number of neutral sugars).
Abbreviations: GalNAc = N-acetylgalactosamine, Gal = galactose; Glc = glucose;
NANA = N-acetylneuraminic acid (sialic acid).
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these diseases is a lack of the ability of the cell to breakdown sphingolipids in
the lysosome. The accumulation of these macromolecules or partial derivatives
of these molecules in the lysosome results in the pathologic conditions associated
with the lysosomal storage diseases known as sphingolipidoses.

Proteins destined for the lysosome must contain certain carbohydrate sig-
nals. In I-cell disease the enzyme that catalyzes the addition of a mannose-6-
phosphate moiety to the protein is defective. Without the addition of this
mannose residue the proteins cannot be transported to the lysosome.

Tay-Sachs disease results from a deficiency in the enzyme hex-
osaminidase A (B-N-acetylhexosaminidase). The human gene for this enzyme
is found at chromosome position 15q23-q24. The deficiency in hex-
osaminidase A leads to the accumulation of ganglioside G,,, in the nerve cells
of the brain. Hexosaminidase A removes a terminal N-acetylgalactosamine
(GalNAc) residue from ganglioside G,,, to form ganglioside G,,, (Figure 28-4).
The inability of patients with Tay-Sachs disease to remove these sugar residues
results in the accumulation of gangliosides in the lysosome. This results in
swelling of the neurons containing these lipid-filled lysosomes and the dis-
ruption of neuronal function.

Ganglioside Gm2

@ Fexosaminfdase A

Ganglioside Gy3

Figure 28-4. The reaction catalyzed by hexosaminidase A, the enzyme defi-
cient in patients with Tay-Sachs disease.

Ceramide

Ceramide
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Table 28-1
LYSOSOMAL STORAGE DISORDERS

DISEASE DEFICIENT ENZYME CONSEQUENCE
Tay-Sachs disease B-N-acetylhexosaminidase | Increased ganglioside G,;,
Gaucher disease B-Glucosidase Increased glucocerebrosides
Fabry disease a-Galactosidase A Accumulation of

glycosphingolipids with
o-Galactosyl moieties

Farber disease Ceramidase Increased ceramide

Niemann-Pick disease | Sphingomyelinase Accumulation of sphingomyelin

I-cell disease N-Acetylglucosaminyl- Incorrect packaging of
1-phosphotransferase lysosomal enzymes impairing

lysosome function

Other lysosomal storage disorders include G,,, gangliosidoses, G,,, gan-
gliosidoses, Gaucher disease, Niemann-Pick disease, Fabry disease, fucosidosis,
Schindler disease, metachromatic leukodystrophy, Krabbe disease, multiple
sulfatase deficiency, Farber disease, and Wolman disease. Table 28-1 illus-
trates the enzyme deficiencies found in some of these disorders.

COMPREHENSION QUESTIONS

[28.1] A couple is seen in your office for genetic counseling regarding Tay-
Sachs disease. They are very knowledgeable and request more infor-
mation about the specific enzyme that is defective in this disease. You
explain that Tay-Sachs results from the lack of an enzyme activity nec-
essary for which of the following?

A. Removal of N-acetylgalactosamine from ganglioside G,,,

B. Addition of N-acetylgalactosamine to ganglioside G,,,

C. Removal of the disaccharide galactose-N-acetylgalactosamine
from ganglioside G,,,

D. Addition of the disaccharide galactose-N-acetylgalactosamine to
ganglioside G,,,

E. Removal of a galactose residue from ganglioside G,,,
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[28.2]

[28.3]

Tay-Sachs disease involves the metabolism of gangliosides.
Gangliosides are composed of a ceramide backbone with at least which
one of the following?

Phosphorylated sugar residue
Glucose residue

Galactose residue

Sialic acid residue

Fructose residue

moNw

The genetic disease which results from a mutation in the gene coding
for the enzyme hexosaminidase (B-N-acetylhexosaminidase) is called
what?

Huntington disease
Lesch-Nyhan syndrome
Tay-Sachs disease
Amyotrophic lateral sclerosis
Neurofibromatosis

moNw

Answers

[28.1]

[28.2]

[28.3]

A. Tay-Sachs disease is the result of the lack of the enzyme B-N-
acetylhexosaminidase. This enzyme hydrolyzes a terminal N-
acetylgalactosamine from the ganglioside G,,,. This ganglioside is
found in high concentrations in the nervous system and is normally
degraded in the lysosome by the sequential removal of terminal sug-
ars. The lack of B-N-acetylhexosaminidase results in the accumula-
tion of the partially degraded ganglioside in the lysosome leading to
significant swelling of the lysosome. The abnormally high level of
lipid in the lysosome of the neuron affects its function resulting in the
disease.

D. Gangliosides are carbohydrate-rich lipids in which an oligosac-
charide chain is attached to ceramide. The oligosaccharide chain
must contain at least one acidic sugar such as N-acetylneuraminate or
N-glycosylneuraminate. These sugars are commonly referred to as
sialic acid residues. Gangliosides are synthesized by the stepwise
addition of sugar residues to ceramide.

C. Tay-Sachs disease is the result of the lack of the enzyme [-N-
acetylhexosaminidase. Affected infants show weakness and retarded
motor skills before 1 year of age. Other abnormalities follow, and
death usually occurs before age 3.
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BIOCHEMISTRY PEARLS

<> Sphingolipids are a class of lipids found in biological membranes in
which the backbone of the lipid molecule is sphingosine, an 18-
carbon amino alcohol.

&

#*  Sphingolipids are constantly being turned over in the lysosomes of
cells by specific hydrolytic enzymes that remove the sugars in a
stepwise fashion. Defects in these enzymes can result in accumu-
lation of undegraded sphingolipids.

**  This disease results from a deficiency in the enzyme hexosaminidase
A (B-N-acetylhexosaminidase). The deficiency in hexosaminidase
A leads to the accumulation of ganglioside G,,, in the nerve cells
of the brain.

%*  Other lysosomal storage disorders include G,;, gangliosidoses, G,,,

gangliosidoses, Gaucher disease, Niemann-Pick disease, Fabry

disease, fucosidosis, Schindler disease, metachromatic leukodys-
trophy, Krabbe disease, multiple sulfatase deficiency, Farber dis-
ease, and Wolman disease.
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< CASE 29

A 6-year-old boy is brought to his pediatrician with profound mental retarda-
tion. Upon questioning the mother, several members of both the mother’s and
father’s family have had mental retardation. She also has noticed that he
appears very active and restless frequently getting into trouble in school. On
examination, the boy appears restless and his speech is significantly delayed
and incomprehensible. The boy has coarse facial features but otherwise has a

normal exam. Laboratory tests reveal an elevated level of heparan sulfate.
© What is the most likely diagnosis?
© What is the inheritance pattern of this disorder?

© What are some other causes of mucopolysaccharidoses?
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ANSWERS TO CASE 29: SANFILIPPO SYNDROME

Summary: A 6-year-old boy with severe mental retardation, family history of
mental retardation, language delays, and behavioral problems.

€ Diagnosis: Sanfilippo syndrome
@ Inheritance pattern: Autosomal recessive

@ Other causes: Hunter syndrome, Hurler syndrome, or Morquio syndrome

CLINICAL CORRELATION

Excessive accumulation of proteins, nucleic acids, carbohydrates, and lipids
can result from deficiency of one or more lysosomal hydrolases. Lysosomal
storage diseases are classified by the stored material. Accumulation of gly-
cosaminoglycans results in mucopolysaccharidoses. Common causes of this
disorder include: Hunter syndrome, Hurler syndrome, and Sanfilippo syndrome.
Sanfilippo syndrome is inherited in an autosomal recessive pattern and clini-
cally evident by profound mental retardation, lack of normal developmen-
tal milestones, and significant language delay. Sanfilippo syndrome results
in an excess of heparan sulfate and can be caused by a variety of enzyme
deficiencies.

APPROACH TO LYSOSOMAL DEGRADATION
OF GLYCOSAMINOGLYCANS

Objectives

1. Understand the structural roles of glycosaminoglycans and
proteoglycans.

2. Describe how glycosaminoglycans and proteoglycans are synthesized.

3. Describe the biochemical pathways needed for glycosaminoglycan
catabolism.

4. Explain why lysosomal enzyme deficiencies and glycosaminoglycan
accumulation result in clinical signs/symptoms.

Definitions

Endoglycosidase: An enzyme that hydrolyzes an interior glycosidic bond
between two sugars in a polysaccharide or oligosaccharide to produce
two smaller oligosaccharides.

Exoglycosidase: An enzyme that hydrolyzes the glycosidic bond between
the terminal two sugars of an oligo- or polysaccharide releasing the ter-
minal sugar from the nonreducing end of the polymer, leaving it one
sugar shorter.
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Glycosaminoglycan (GAG): Formerly known as mucopolysaccharide;
a heteropolysaccharide composed of a repeating disaccharide of an
N-acetylated hexosamine (glucosamine or galactosamine) and an acidic
hexose (glucuronic acid or iduronic acid); this repeating disaccharide
unit is frequently sulfated in one or more positions; most glycosamino-
glycans are covalently linked to a core protein in structures known as
proteoglycans.

Hyaluronan: Formerly known as hyaluronic acid; a glycosaminoglycan
composed of alternating residues of glucuronic acid and N-
acetylglucosamine. Hyaluronan is not sulfated nor is it covalently linked
to a protein.

Mucopolysaccharidosis: A genetic disorder involving a lack of a lysoso-
mal enzyme required for the degradation of glycosaminoglycans leading
to buildup of glycosaminoglycans in the lysosome and increased excre-
tion of glycosaminoglycan fragments in urine.

Sulfatase: An enzyme that catalyzes the hydrolysis of sulfate ester bond
releasing free inorganic sulfate from the substrate.

DISCUSSION

The extracellular matrix that surrounds and binds certain types of cells is com-
posed of a number of components including fibrous structural proteins such as
various collagens, adhesive proteins like laminin and fibronectin, and proteo-
glycans that form the gel into which the fibrous structural proteins are embed-
ded. Proteoglycans are very large macromolecules consisting of a core protein
to which many long polysaccharide chains called glycosaminoglycans are
covalently bound. Due to the high negative charge of the glycosaminoglycans,
the proteoglycans are very highly hydrated, a property that allows the proteo-
glycans to form a gel-like matrix that can expand and contract. The proteo-
glycans are also effective lubricants.

The glycosaminoglycans (GAGs, formerly called mucopolysaccharides) are
long, linear polymers of repeating disaccharide units containing an acidic sugar
(glucuronic acid or iduronic acid) and a hexosamine (glucosamine or galac-
tosamine, both usually N-acetylated). The exception to this general structure is
keratan sulfate, which has galactose in place of the acidic hexose. Table 29-1
lists the various types of GAGs and the structures of their repeating disaccha-
ride units. The GAGs are often highly sulfated, which increases their negative
charge and their ability to bind water molecules. All of the GAGs except
hyaluronan are covalently linked to one of approximately 30 different core
proteins to form proteoglycans. The core protein is synthesized on the rough
endoplasmic reticulum and transferred to the Golgi where nucleoside
diphosphate—activated acidic and amino sugars are alternately added to the
nonreducing end of the growing polysaccharide by glycosyltransferases,
resulting in the characteristic repeating disaccharide structure common to the
GAGs. Hyaluronan, which is not sulfated nor covalently linked to a core protein,



Table 29-1
GLYCOSAMINOGLYCAN COMPOSITION

Glycosaminoglycan | Repeating Disaccharide Unit *

Coo CHyOH

Hyaluronan

H NHCOCH3

GlcA B(1-3) GlcNAc B(1-+4)

CHAQH)

Chondroitin sulfate

H NHCOCH3

GlcA B(1—+3) GalNAc B(1—+4)

CH,OH

Dermatan sulfate

H ZOH: H NHCOCH3

IdoA B(1—-3) GalNAc B(1—+4)

coo- CHAOH

H {OH: H NH:’EOCH;::
Heparan sulfate / GlcA B(1—+4) GIcNAc a(1—+4)
Heparin **

H GHAOH)

H o i NH{COCH3)

IdoA o(1--4) GlcNAC a(1~4)

CH,OH CH5OH)

Keratan sulfate I & 11

H NHCOCH3

Gal B(1-4) GlcNAc B(1-+3)

* Dashed ellipses indicate possible sites of sulfation

** Heparan sulfate contains primarily GlcA; heparin contains primarily IdoA

Abbreviations used: Gal = galactose; GalNAc = N-acetylgalactosamine; GlcA = glucuronic acid;
GlcNAc = N-acetylglucosamine; IdoA = iduronic acid
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is synthesized at the plasma membrane by hyaluronan synthases. Hyaluronan
synthases are integral membrane proteins that catalyze the alternate addition
of UDP-glucuronate and UDP-N- acetylglucosamine to the reducing end of
the growing hyaluronan polymer at the inner surface of the plasma membrane
as it extrudes the nonreducing end of the GAG into the extracellular space.
Hyaluronan can then assemble into large macromolecular complexes with
other proteoglycans, which are noncovalently attached to hyaluronan by link
proteins.

Degradation of proteoglycans during normal turnover of the extracellular
matrix begins with proteolytic cleavage of the core protein by proteases in the
extracellular matrix, which then enters the cell via endocytosis. The endo-
somes deliver their content to the lysosomes, where the proteolytic enzymes
complete the degradation of the core proteins and an array of glycosidases and
sulfatases hydrolyze the GAGs to monosaccharides. The lysosomes contain
both endoglycosidases, which hydrolyze the long polymers into shorter
oligosaccharides, and exoglycosidases that cleave individual acidic- or
aminosugars from the GAG fragments.

Lysosomal catabolism of GAGs proceeds in a stepwise manner from the
non-reducing end, as is shown with the degradation of heparan sulfate in
Figure 29-1. If the terminal sugar is sulfated, the sulfate bond must be
hydrolyzed by a specific sulfatase before the sugar can be removed. When the
sulfate has been removed, a specific exoglycosidase then hydrolyzes the ter-
minal sugar from the non-reducing end of the oligosaccharide leaving it one
sugar shorter. Degradation continues in this stepwise fashion, alternating
between removal of sulfates by sulfatases and cleavage of the terminal sugars
by exoglycosidases. If removal of a sulfate leaves a terminal glucosamine
residue, it must first be acetylated to N-acetylglucosamine because the lyso-
some lacks the enzyme required to remove glucosamine. This is accomplished
by an acetyltransferase that uses acetyl-CoA as the acetyl group donor. When
the glucosamine residue has been N-acetylated it can be hydrolyzed by o-N-
acetylglucosaminidase, allowing the continuation of the stepwise degradation
of the GAG.

Disease states known as mucopolysaccharidoses occur when there is a
genetic deficiency of the enzymes involved in the lysosomal breakdown of the
GAGs. A deficiency of any of these enzymes can lead to the accumulation of
partially degraded GAGs in lysosomes and increased urinary excretion of
GAG fragments. Histologic examination of affected cells shows large vacuoles,
which are lysosomes engorged with partially degraded GAGs. Because GAGs
are present throughout the body, deficiencies of enzymes that degrade them
affect bone, connective tissues, and other organs.

The mucopolysaccharidoses are classified into seven clinical types and all
are transmitted by autosomal recessive inheritance except for Hunter syn-
drome (MPS II, iduronate sulfatase deficiency), which is an X-linked disorder.
Diagnosis of the specific disorder is made by measuring the specific enzyme
activities in leukocytes or cultured skin fibroblasts. Because it takes some time
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Figure 29-1. Lysosomal degradation of heparan sulfate. Dark arrows indicate the
site of action of the enzyme, which is listed in italics. Mucopolysaccharidoses
(MPS) due to a deficiency of the indicated enzymes are listed in bold to the right
of the enzyme.
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for the GAGs to accumulate, individuals with a mucopolysaccharidosis usually
have a period of normal development before symptoms appear. Depending on
the type and severity of the disorder, physical symptoms can include coarse
facial features, dwarfism and deformities of the skeleton, cardiovascular
impairments, hepatosplenomegaly, neurologic deficits, and mental retardation.
As shown in Figure 29-1, Sanfilippo syndrome can be caused by a deficiency
of one of four different enzymes that degrade heparan sulfate. Although the
facial coarsening is mild in individuals with Sanfilippo syndrome, the accumu-
lation of heparan sulfate in lysosomes leads to severe neurologic and mental
impairment that result in death usually by the end of the second decade of life.

COMPREHENSION QUESTIONS

[29.1] A 5-year-old boy is seen by a pediatrician because his parents are con-
cerned about his aggressive behavior, hyperactivity, and a loss of lan-
guage skills. He also has recently become increasingly unsteady on his
feet and has experienced a recent seizure. Slight facial feature coars-
ening is noted. In which of the following processes is this child most
likely to have a disorder?

A. Mobilization of glycogen

B. Gluconeogenesis

C. Salvage of purine bases

D. Degradation of glycosaminoglycans
E. Cholesterol metabolism

[29.2] A 15-month-old white female is brought to the pediatrician because of
recurrent upper-respiratory tract infection. During physical exam the
girl is noted to have a short stature, some clouding of the corneas,
coarse facial features, and an enlarged tongue. She also appears to have
some hearing loss and other developmental delays. The pediatrician
suspects the child has a mucopolysaccharidosis. Which of the follow-
ing is she least likely to have?

Hurler syndrome (MPS 1)
Hunter syndrome (MPS 1I)
Morquio syndrome (MPS 1V)
Sly syndrome (MPS VII)
Sanfilippo syndrome (MPS III)

moOw
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[29.3]

A 3-year-old male with coarse facial features, progressive loss of
motor skills, hepatosplenomegaly and chronic diarrhea is suspected of
having Hunter syndrome (MPS II). Which of the following monosac-
charide residues would be expected to be found at the nonreducing end
of glycosaminoglycans in this patient’s urine?

. N-Acetylglucosamine
N-Acetylgalactosamine
Glucuronate

. Iduronate

Iduronate 2-sulfate

MU O® >

Answers

[29.1]

[29.2]

[29.3]

D. The patient is exhibiting the classic symptoms of Sanfilippo syn-
drome, which is a deficiency in one of four different lysosomal
enzymes that breakdown glycosaminoglycans leading to the buildup
of heparan sulfate and dermatan sulfate in lysosomes.

B. All of the mucopolysaccharidoses are transmitted by autosomal
recessive inheritance except Hunter syndrome (MPS 1II), a deficiency
in iduronate sulfatase that is X-linked recessive. Since Hunter syn-
drome is X-linked, it is almost exclusively seen in males. Since our
patient is female, she would not be expected to have an X-linked
disorder.

E. Since this patient is suspected of having Hunter syndrome, a defi-
ciency in iduronate sulfatase, iduronate 2-sulfate would be expected
to be present at the nonreducing end of glycosaminoglycans found in
this patient’s urine. A deficiency of iduronate sulfatase would prevent
the sulfate ester bond of iduronate 2-sulfate residues from being
hydrolyzed and further degradation of the glycosaminoglycan would
be halted.

BIOCHEMISTRY PEARLS

Often enzyme deficiencies are inherited as autosomal recessive dis-

Mucopolysaccharidoses occur when there is a genetic deficiency of

In Sanfilippo syndrome, the accumulation of heparan sulfate in lyso-

orders, so that both chromosomes are defective for the individual
to be affected.

the enzymes involved in the lysosomal breakdown of the
glycosaminoglycans.

somes leads to severe neurologic and mental impairment that
result in death usually by the end of the second decade of life.
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< CASE 30

A 48-year-old male presents to the clinic because of concerns about heart dis-
ease. He reports that his father died from a heart attack at age 46, and his older
brother has also had a heart attack at age 46 but survived and is on medications
for elevated cholesterol. The patient reports chest pain occasionally with
ambulation around his house and is not able to climb stairs without significant
chest pain and shortness of breath. The physical exam is normal, and the
physician orders an electrocardiogram (ECG), exercise stress test, and blood
work. The patient’s cholesterol result comes back as 350 mg/dL (normal 200).
The physician prescribes medication, which he states is directed at the rate-

limiting step of cholesterol biosynthesis.
© What is the rate-limiting step of cholesterol metabolism?

© What is the class of medication prescribed?
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ANSWERS TO CASE 30:
HYPERCHOLESTEROLINEMIA

Summary: A 48-year-old male with strong family history of heart disease and
now angina and exertional dyspnea presents with a significantly elevated cho-
lesterol level. A medication is prescribed that is directed at the rate-limiting
step of cholesterol biosynthesis.

@ Rate-limiting step: The enzyme hydroxymethylglutaryl-CoA reductase
(HMG-CoA reductase) catalyzes an early rate-limiting step in
cholesterol biosynthesis.

© Likely medication: HMG-CoA reductase inhibitor, otherwise known as
“statin” medications.

CLINICAL CORRELATION

Hyperlipidemia is one of the most treatable risk factors of atherosclerotic vas-
cular disease. In particular, the level of the low-density lipoprotein (LDL) cor-
relates with the pathogenesis of atherosclerosis. Exercise, dietary adjustments,
and weight loss are the initial therapy of hyperlipidemia. If these are not suf-
ficient, then pharmacologic therapy is required. The exact LDL targets depend
on the patient’s risk of cardiovascular disease. For example, if an individual
has had a cardiovascular event previously (heart attack or stroke), the LDL tar-
get is 100 mg/dL; 1 to 2 risk factors without prior events = 130 mg/dL; and no
risk factors = 160 mg/dL.

APPROACH TO LIPID METABOLISM

Objectives
1. Know about cholesterol metabolism.
2. Understand the role of serum lipoproteins.
3. Be aware of the types of hereditary hyperlipidemias.
4. Know why the LDL level is increased with familial hypercholesterolemia.

Definitions

Apolipoprotein: The protein component of a lipoprotein; in addition to
being a structural component of a lipoprotein, apolipoproteins also serve
as activators of enzymes and ligands for receptors.

Chylomicron: A lipoprotein synthesized by the intestine to transport
dietary lipids to peripheral tissues and the liver.
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HDL: High-density lipoprotein; synthesized in the liver, the HDL serves as
a source of apolipoproteins for other lipoproteins, as the site of action for
the conversion of cholesterol to cholesterol ester in the plasma by the
enzyme lecithin-cholesterol acyltransferase (LCAT), and delivers cho-
lesterol esters derived from peripheral membranes to the liver. It is com-
monly called the “good cholesterol.”

LDL: Low-density lipoprotein; a product of the degradation of very-low-
density lipoproteins (VLDLs) by the action of lipoprotein lipase. LDLs
are taken up by a receptor-mediated endocytosis by both peripheral tis-
sues and the liver. It is commonly called the “bad cholesterol.”

Lipoprotein: A macromolecular particle composed of varying quantities of
protein, triacylglycerol, phospholipids, cholesterol, and cholesterol esters.
The lipoprotein structure has a phospholipid and free cholesterol skin sur-
rounding a core composed of triacylglycerol and cholesterol esters, with
the proteins imbedded on the surface. They serve as carriers of lipid in
the circulation.

VLDL: Very-low-density lipoprotein; synthesized by the liver to transport
triacylglycerol from the liver to peripheral tissues.

DISCUSSION

Although cholesterol can be synthesized in almost all cells, the liver, intes-
tine, and the steroidogenic tissues such as the adrenal glands and repro-
ductive tissues are the primary sites. In the liver, cholesterol is synthesized
in the endoplasmic reticulum (ER) along with phospholipids, triacylglyc-
erides, and apoproteins. Prelipoprotein particles are assembled in the ER and
then transferred to the Golgi. Further processing and addition of cholesterol
esters occur in the Golgi, culminating in the formation of secretory granules
containing lipoprotein particles. These vesicles then fuse with the plasma
membrane and export cholesterol from the cell via exocytosis in the form of
VLDLs (see below), which then enter the circulation. As the lipoprotein com-
plexes are transported through the bloodstream they are converted from VLDL
to IDL to LDL by the removal of triacylglycerides by lipoprotein lipase, which
is located on the surface of capillary epithelial cells.

Cholesterol and triacylglycerides (TAGs) are transported as complexes in
the form of lipoprotein particles. These lipoprotein particles contain a core of
TAGs and cholesteryl esters surrounded by a monolayer of phospholipids,
cholesterol, and specific proteins called apoproteins. The apoproteins, spe-
cific to each type of lipoprotein, enable the hydrophobic lipids to be trans-
ported in the aqueous environment of the bloodstream. They also contain
signals that target the lipoprotein particles to the cells or activate enzymes. The
lipoprotein particles vary in density depending on the lipid/protein ratio and
are named based on these densities. The higher the lipid/protein ratio, the
lower the density of the particle.
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Table 30-1
MAJOR APOPROTEINS INVOLVED IN LIPID TRANSPORT
BY LIPOPROTEINS
APOPROTEIN | LOCATION FUNCTION
A HDL Activates LCAT (lecithin-cholesterol
acyltransferase)
B-48 Chylomicrons, chylomicron | Structural, binds to B-48:E receptor
remnants in liver
B-100 VLDL, IDL, LDL Structural, binds to LDL receptor in
liver and extrahepatic tissues
C-II Chylomicrons, VLDL, Binds to and activates lipoprotein
(IDL), HDL lipase
E Chylomicrons, chylomicron | Structural, binds to B-48:E receptor
remnants, VLDL, in liver
(IDL), HDL

The major classes of lipoproteins (Table 30-1) and some of their properties

are

Chylomicrons
* Lowest density
* Transport dietary lipids from the intestine to target tissues

Very-low-density lipoproteins (VLDLs)

* Produced by liver cells to transport endogenously synthesized lipids to

target cells
* Production controlled by lipid availability
* Contain five different apoproteins

Intermediate density lipoproteins (IDLs)

Low-density lipoproteins (LDLs)
* Primarily cholesteryl esters
* Apoprotein B-100
High-density lipoproteins (HDLs)
* Secreted by liver and intestine
* Contains apoprotein A-1
* “Good cholesterol,” high levels associated with low incidence of
atherosclerosis
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The LDLs (containing cholesteryl esters) are taken up by cells by a process
known as receptor-mediated endocytosis. The LDL receptor mediates this
endocytosis and is important to cholesterol metabolism. LDLs bind to these
receptors, which recognize apoprotein B-100. After LDL binding to the LDL
receptor, the ligand-receptor complexes cluster on the plasma membrane in
coated pits, which then invaginate forming coated vesicles. These coated vesi-
cles are internalized and clathrin, the protein composing the lattice in mem-
brane coated pits, is removed. These vesicles are now called endosomes and
these endosomes fuse with the lysosome. The LDL receptor—containing mem-
brane buds off and is recycled to the plasma membrane. Fusion of the lyso-
some and endosome releases lysosomal proteases that degrade the apoproteins
into amino acids. Lysosomal enzymes also hydrolyze the cholesteryl esters to
free cholesterol and fatty acids. The free cholesterol is released into the cell’s
cytoplasm, and this free cholesterol is then available to be used by the cell.
Excess cholesterol is reesterified by acyl-CoA:cholesterol acyltransferase
(ACAT), which uses fatty acyl-CoA as the source of activated fatty acid. Free
cholesterol affects cholesterol metabolism by inhibiting cholesterol biosynthe-
sis. Cholesterol inhibits the enzyme B-hydroxy-f-methylglutaryl-CoA reduc-
tase (HMG-CoA reductase), which catalyzes an early rate-limiting step in
cholesterol biosynthesis. HMG-CoA reductase is the target of the statin drugs
in wide use for treating patients with elevated cholesterol levels. In addition,
free cholesterol inhibits the synthesis of the LDL receptor, thus limiting the
amount of LDLs that are taken up by the cell.

Hyperlipidemia is defined as elevated lipoprotein levels in the plasma,
which may be primary or secondary. Several different types of hereditary
hyperlipidemias have been defined.

© Type I—A relatively rare inherited deficiency of either lipoprotein
lipase activity or the lipoprotein lipase-activating protein apo C-II. This
results in the inability to effectively remove chylomicrons and VLDL
triglycerides from the blood.

Type II—Includes familial hypercholesterolemia described in detail
below.

Type III—Associated with abnormalities of apolipoprotein E (apo E)
and defective conversion and removal of VLDL from the plasma.

Type IV—A common disorder characterized by variable elevations of
plasma triglycerides contained predominantly in VLDL. This leads to a
possible predisposition to atherosclerosis and often has a familial
distribution.

© Type V—An uncommon disorder, sometimes familial, associated with
defective clearance of exogenous and endogenous triglycerides and the
risk of life-threatening pancreatitis.
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The disease familial hypercholesterolemia results from a mutation in the
LDL-receptor gene found on chromosome 19. The overall phenotype of the
inability to internalize the LDL receptor can be caused by three different types
of defects. In the first type, the LDL receptor is not produced. The second type
is a result of a mutation in the terminal region of the receptor that results in an
LDL receptor unable to bind LDL. The third type is caused by a mutation in
the C-terminal region that prevents the LDL-receptor complex from undergo-
ing endocytosis. In the absence of a functioning LDL receptor, LDL choles-
terol levels are greatly elevated in individuals with this disease. This elevation
results in premature atherosclerosis of the coronary arteries. Genetic defects in
apoprotein B-100, the protein in the LDL recognized by the LDL receptor,
also exist and lead to elevated LDL because the LDL complex is not recog-
nized by the LDL receptor. A diet low in fat and cholesterol, an exercise regi-
men, and anticholesterol medications are used in the treatment of this disease.

COMPREHENSION QUESTIONS

[30.1] A patient presents in your office with very high levels of serum cho-
lesterol. After a series of tests, you conclude that the patient has high
circulating levels of LDL cholesterol, but has normal levels of the liver
LDL receptor. One possible explanation for this observation is which
of the following?

A. The patient has a mutated form of apoprotein B-100.

B. The inability to selectively remove cholesterol from the LDL
complex.

C. The absence of the enzyme lipoprotein lipase.

D. Decreased levels of acyl-CoA: cholesterol acyltransferase.

E. Altered phosphorylation of the LDL receptor.

[30.2] A patient with hereditary type I hyperlipidemia presents with elevated
levels of chylomicrons and VLDL triglycerides in the blood. The main
function of the chylomicrons in circulation is to do which of the
following?

Transport lipids from the liver

Transport dietary lipids from the intestine to target tissues
Transport cholesterol from IDL to LDL

Act as a receptor for triacylglycerols in the liver

Bind cholesterol esters exclusively

moNw



CLINICAL CASES 279

[30.3]

[30.4]

Free cholesterol can affect cholesterol metabolism in the body by
inhibiting cholesterol biosynthesis. The step at which free cholesterol
inhibits its biosynthesis is by inhibiting which of the following
processes?

Cyclizing of squalene to form lanosterol

Reduction of 7-dehydrocholesterol to form cholesterol

Formation of mevalonate from hydroxymethylglutaryl-CoA
Kinase that phosphorylates hydroxymethylglutaryl-CoA reductase
Condensation of acetyl-CoA and acetoacetyl-CoA to form
hydroxymethylglutaryl-CoA

moNw

A patient presents in your office with very high levels of serum cho-
lesterol. He states that he has tried to follow the diet and exercise reg-
imen you gave him last year. You decide that this patient would benefit
from a drug such as Lipitor (atorvastatin). This class of drugs is effec-
tive in treating hypercholesterolemia because it has what effect?

A. Stimulates phosphorylation of the B-hydroxy-f-methylglutaryl-
CoA reductase enzyme

B. Decreases the stability of the B-hydroxy-B-methylglutaryl-CoA
reductase protein

C. Binds cholesterol preventing it from being absorbed by the intestine

D. Directly prevents the deposition of cholesterol on artery walls

E. Inhibits the enzyme B-hydroxy-f-methylglutaryl-CoA reductase

Answers

[30.1]

[30.2]

A. A common genetic mutation leading to high circulating LDL cho-
lesterol levels is caused by mutations in the LDL receptor. The lack
of a functional receptor prevents the removal of LDL cholesterol
from circulation. Apoprotein B-100 is found in the LDL-cholesterol
complex and is the protein recognized by the LDL receptor. In this
patient, the LDL receptor is normal so it is reasonable to conclude
that the reason that the LDL cholesterol remains in circulation is
because it is not recognized by the normal LDL receptor. A mutation
in the apoprotein B-100 such that it is not recognized by the receptor
would lead to elevated LDL-cholesterol levels.

B. The liver and intestine are the main sources of circulating lipids.
Chylomicrons carry triacylglycerides and cholesterol esters from the
intestine to other target tissues. VLDLs carry lipids from the liver into
circulation. Lipoproteins are a mix of lipids and specific proteins and
these complexes are classified based on their lipid/protein ratio.
Lipoprotein lipases degrade the triacylglycerides in the chylomicrons
and VLDLs with a concurrent release of apoproteins. This is a grad-
ual process which converts the VLDLs into IDLs and then LDLs.
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[30.3]

[30.4]

C. The major regulatory enzyme of cholesterol metabolism, -
hydroxy-B-methylglutaryl-CoA reductase, is regulated by three dis-
tinct mechanisms. The first is phosphorylation by a cAMP dependent
protein kinase. Phosphorylation of B-hydroxy--methylglutaryl-CoA
reductase inactivates the enzyme. The other two mechanisms involve
the levels of cholesterol. The degradation of the enzyme is controlled
by cholesterol levels. The half-life of B-hydroxy-f-methylglutaryl-
CoA reductase is regulated by cholesterol levels with high concen-
trations of cholesterol leading to a shorter half-life. The final
regulatory mechanism involves control of the expression of the -
hydroxy-f-methylglutaryl-CoA reductase gene. High levels of cho-
lesterol lead to a decrease in the mRNA levels coding for
B-hydroxy-B-methylglutaryl-CoA reductase.

E. The statin class of drugs—Lipitor (atorvastatin), Mevacor (lovas-
tatin), and Zocor (simvastatin)—is used to treat hypercholes-
terolemia. This class of drugs lowers cholesterol levels by inhibiting
the biosynthesis of cholesterol. Specifically, these drugs inhibit the
enzyme P-hydroxy-B-methylglutaryl-CoA (HMG-CoA) reductase,
which catalyzes the reaction that converts HMG-CoA to mevalonate.
This is the rate-limiting step of cholesterol biosynthesis.

In addition to the statin drugs which inhibit HMG-CoA reductase
a number of other drugs are used to lower cholesterol levels. The first
are resins which are also referred to as bile acid sequestrants such as
cholestyramine. The resins work by binding to the bile acids followed
by excretion of the resin-bile complex. To make up for the loss of the
bile acids the body converts cholesterol into bile acids thus reducing
the cholesterol levels.

Another type of drug used is the fibrates such as gemfibrozil.
These compounds work by lowering the levels of triglycerides and
increasing the levels of the “good” high-density lipoproteins (HDLs).
Niacin is also effective in lowering cholesterol levels when used in
large doses (more than that required for niacin as a vitamin). Niacin
acts to lower levels of triglycerides and low-density lipoproteins
(LDLs) and increasing the levels of the “good” high-density lipopro-
teins (HDLs).

Drugs such as ezetimibe which inhibit the absorption of choles-
terol in the intestine are effective in lowering cholesterol levels. This
drug is often given in combination with a statin and this combination
therapy is very effective in lowering cholesterol levels.
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BIOCHEMISTRY PEARLS

’:‘ Cholesterol can be synthesized in almost all cells, but the liver, intes-
tine, and the steroidogenic tissues such as the adrenal glands and
reproductive tissues are the primary sites.

% The major classes of lipoproteins are chylomicrons (lowest density),
very-low-density lipoproteins (VLDLs), intermediate-density
lipoproteins (IDLs), low-density lipoproteins (LDLs), and high-
density lipoproteins (HDLs) (considered the “good cholesterol”).

#*  Familial hyperlipidemia is subdivided into five types, with type V
being most common, characterized by variable elevations of
plasma triglycerides contained predominantly in VLDL.

% The rate-limiting step in cholesterol biosynthesis is the enzyme
hydroxymethylglutaryl-CoA reductase (HMG-CoA reductase),
which is the target of the statin drugs.
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< CASE 31

A 45-year-old female presents to the clinic with concerns over occasional
midepigastric discomfort and nausea/vomiting after eating “greasy meals.”
The symptoms gradually disappear, and she has no further discomfort. She
denies any hematemesis, and pain is worse after eating. She further mentions
that she had elevated cholesterol levels in the past and was on an exercise pro-
gram, but not anymore. On exam, she is afebrile with normal vital signs. Her
physical exam is completely normal with no evidence of abdominal pain. An
abdominal ultrasound is performed and revealed a few gallstones in the gall-

bladder but no thickening of the gallbladder wall.

© What factors would you need to consider to assess the need
for cholecystectomy?

© What are gallstones made of?

4 Can gallstones be seen on abdominal x-ray?
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ANSWERS TO CASE 31: GALLSTONES

Summary: A 45-year-old female presents with hypercholesterolinemia, ultra-
sound evidence of gallstones, and recurrent symptoms of gallbladder disease.

© Surgical candidates: Frequent and severe attacks, previous
complications from gallstones, presence of underlying condition
predisposing the patient to increased risk of gallbladder disease.

Components of gallstones: Cholesterol, calcium bilirubinate, and bile
salts.

Abdominal x-rays and diagnosis: Mixed stones much easier to see
on plain film secondary to calcifications, comprising approximately
10 percent of gallstones.

CLINICAL CORRELATION

This individual fits the “classic” patient with gallbladder disease: female,
middle-aged, overweight. The gallbladder acts to store bile salts produced by
the liver. The gallbladder is stimulated to contract when food enters the small
intestine; the bile salts then travel through the bile duct to the ampulla of Vater
into the duodenum. The bile salts act to emulsify fats, helping with the diges-
tion of fat. Gallstones form when the solutes in the gallbladder precipitate. The
two main types of stones are cholesterol stones and pigmented stones.
Cholesterol stones are usually yellow-green in appearance and account for
approximately 80 percent of gallstones. Pigmented stones are usually made of
bilirubin and appear dark in color. Patients may have pain from the gallstones,
usually after a fatty meal. The pain is typically epigastric or right upper quad-
rant and perhaps radiating to the right shoulder. If the gallbladder becomes
inflamed or infected, cholecystitis can result. The stones can also travel
through the bile duct and obstruct biliary flow leading to jaundice (yellow
color or the skin), or irritate the pancreas and cause pancreatitis.

APPROACH TO BILE SALT METABOLISM

Objectives

1.  Know about bile salt metabolism.
2. Be able to identify where bile salts are synthesized.
3. Know where bile salts emulsify dietary fats.
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Definitions

Bile salts: Cholesterol derivatives with detergent-like properties used to
solubilize cholesterol, assist in intestinal absorption of fat-soluble vita-
mins, and emulsify dietary lipids passing through the intestine to enable
fat digestion and absorption by exposing fats to pancreatic lipases.

Bile acids: Neutral, protonated form of bile salts.

Primary bile acids: Synthesized from cholesterol as cholic acid and chen-
odeoxycholic acid. They are secreted as taurine and glycine conjugates.

Secondary bile acids: Products of deconjugated and reduced primary
acids. Bacteria in the intestine remove the 7a-hydroxyl group, leaving
the secondary bile acids.

Cholesterol 7o-hydroxylase (CYP7AI): The mixed-function oxidase
cytochrome P450 enzyme catalyzing the initial, rate-limiting step for
conversion of cholesterol to bile acids.

B-hydroxy-B-methylglutaryl-coenzyme A (HMG-CoA) reductase: The
rate-limiting enzyme in cholesterol biosynthesis.

DISCUSSION

Bile salts are derivatives of cholesterol that make up the major component of
bile. They are very efficient detergents when conjugated to amino acids
because of the presence of both polar and nonpolar regions. This property
helps to emulsify dietary lipids in the intestine, which aids in fat digestion and
absorption by making fat vulnerable to pancreatic lipases. Other functions of
bile salt (ionized, deprotonated form) and bile acid (neutral, protonated form)
are to solubilize cholesterol thus preventing precipitation of cholesterol crys-
tals and facilitating cholesterol excretion. The only significant removal of
excess cholesterol from the body is achieved through the excretion of bile
salts. Finally, they assist in intestinal absorption of fat-soluble vitamins.

The conversion of cholesterol to bile acids is a multienzyme process. The
initial and rate-limiting step of bile acid synthesis is oxidation of choles-
terol to 7a-hydroxycholesterol by a mixed function oxidase from the
cytochrome P450 superfamily, cholesterol 7o-hydroxylase (CYP7AI;
Figure 31-1). The remaining steps include reduction of the A3-double bond,
side chain shortening, and oxidation. The products of this pathway, cholic acid
and chenodeoxycholic acid, are termed the primary bile acids because they
have been synthesized de novo from cholesterol. To increase the pH range over
which the bile salts remain ionized and serve as good detergents, they may be
conjugated via amide bonds with either of the amino acids glycine or taurine
(Figure 31-2).

Bile salts/acids are synthesized in the liver, stored and concentrated in
the gallbladder, and secreted into the intestine where they may undergo
deconjugation and reduction by intestinal bacteria to produce secondary bile
acids (see Figure 31-1). Once formed in the liver, the bile salts/acids are
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Figure 31-1. Simplified biosynthetic pathway of bile salts.
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Figure 31-2. Conjugation of bile salts.

secreted through the bile ducts, which are made up of the bile canaliculi and
bile ductules, and passed on to the gallbladder for storage as bile. Ultimately,
they are passed on to the intestine. Most of the bile acids/salts are deconju-
gated in the intestinal ileum and reduced to secondary bile acids by bacteria,
which remove the 70-hydroxyl group by a dehydroxylation reaction. Although
some are lost by excretion, approximately 90 percent of the bile acids and salts
are reabsorbed in the terminal ileum and returned to the liver. The liver cannot
provide sufficient amounts of newly synthesized bile acids for the body’s daily
needs; therefore, the body relies on enterohepatic circulation (Figure 31-3) to
sustain necessary bile acid levels. The portal vein transports bile acids from the
intestine back to the liver as complexes with serum albumin.

The synthesis of bile salts is under very tight regulatory control to maintain
cholesterol homeostasis and supply sufficient amounts of detergent to the
intestine. This is controlled in part by a feedback mechanism on cholesterol
7o-hydroxylase, the rate-limiting enzyme in the synthetic pathway. Increased
concentrations of bile acids inhibit cholesterol 70-hydroxylase, while low lev-
els relieve the inhibition. Elevated cholesterol levels, however, activate the
enzyme, thus increasing bile acid biosynthesis. Levels of both cholesterol and
bile acids affect the concentration of cholesterol 7o-hydroxylase and this reg-
ulation appears to be controlled at the transcriptional level via nuclear recep-
tors. Therefore, binding of bile acids or cholesterol to a given nuclear receptor
in turn regulates the expression of the CYP7A1 gene, activating expression in
the case of binding to cholesterol and repressing it when bile acids are bound.
Thus, the proper maintenance of bile acid levels can prevent accumulation of
cholesterol.

Eighty percent of gallstones in the Western world are a result of cholesterol
precipitation from the bile, a condition known as cholelithiasis. The patho-
genetic mechanism of gallstone formation usually involves a culmination of
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Figure 31-3. The enterohepatic circulation of bile acids.

deleterious events involving the metabolic pathways of cholesterol or the bile
acids/salts. First, the cholesterol concentration in bile becomes supersaturated.
Bile is a controlled mixture of cholesterol, bile acids, and phospholipids (with
small amounts of bile pigments), and if cholesterol levels are elevated or bile
acids/salts lowered, the ratio of the three major components changes leaving
cholesterol less protected against the aqueous environment and more likely to
precipitate. Elevated cholesterol levels can occur by having excess HMG-CoA
reductase activity, the rate-limiting enzyme in cholesterol biosynthesis; this
condition is typically seen in the obese. Alternatively, reduced levels of acyl-
CoA: cholesterol acyltransferase [ACAT], the enzyme that esterifies choles-
terol within cells, or reduced levels of cholesterol 7o-hydroxylase can cause
elevation of cholesterol. Deoxycholate, a secondary bile acid synthesized by
intestinal bacteria, inhibits CYP7A 1. Therefore, high levels of deoxycholate
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resulting from prolonged exposure of bile acids to intestinal bacteria may
result in high levels of cholesterol in bile. In addition to elevated cholesterol
levels in bile, there must be adequate time for cholesterol crystal nucleation,
which will ultimately form macroliths. Fasting, like overnight sleeping, allows
for long-term storage of bile in the gallbladder and could give ample time for
crystal nucleation.

COMPREHENSION QUESTIONS

[31.1]

[31.2]

[31.3]

The modification to bile salts that increases the working pH range and
amphipathic nature of bile salts is

A. T7a-Hydroxylation

B. Dehydroxylation by intestinal bacteria
C. Esterification

D. Conjugation to taurine or glycine

A new drug called CT2033, a corticosteroid, has reached the clinical
trial stage. This drug was designed to treat inflammation but seems to
also cause an undesired side effect where there is disturbance of cho-
lesterol and bile acid homeostasis. Which of the following is least
likely to explain the side effects caused by CT2033?

A. It downregulates the expression of a hepatobiliary bile acid trans-
porter gene.

B. It inhibits a hepatobiliary transporter protein decreasing bile acid
secretion.

C. It competes with cholesterol for CYP7A1 binding.

D. It binds and inhibits pancreatic lipases.

A 53-year-old male patient with elevated levels of low-density lipopro-
tein (LDL) cholesterol, signs of premature cholesterol gallstone dis-
ease and substantially elevated triglycerides visited his physician for a
follow-up to check his current status. The patient had received various
statin, HMG-CoA-reductase inhibitors therapies for the past 2 years.
However, after blood work done at this follow-up visit, complications
had still not subsided. This patient has similar problems as two of his sib-
lings. Which of the following best explains this patients dyslipidemia?

A. An influx of abnormal phospholipids in the gallbladder as a result
of ileal disease

B. A loss of HMG-CoA reductase function

C. Aloss of CYP7AI (cholesterol 7a-hydroxylase) function

D. Elevated levels of ACAT
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Answers

[31.1]

[31.2]

[31.3]

D. Conjugation of bile acids to these two amino acids through amide
linkages is important for maintaining the detergent properties of bile
salts over the wide pH range of the intestinal tract. Conjugation
decreases the pKa of the bile salts assuring ionization and solubility
in the intestines.

D. Any of the situations in answers A to C could directly alter cho-
lesterol and bile acid homeostasis. Many of the bile acid transporters
are regulated by nuclear receptors. Therefore, a nuclear receptor lig-
and such as CT2033 could change the expression levels of the trans-
porters, which could then result in problems with secretion of bile
acids and probable accumulation of cholesterol. If the new drug were
to directly bind and inhibit the transporter, the same result would
occur. Since corticosteroids are derivatives of cholesterol, it could be
reasonable for CT2033 to fit in the same CYP7AI binding pocket and
compete with cholesterol. This could cause accumulation of choles-
terol because CYP7A1 is needed to convert cholesterol into bile salts.
The drug could act to effectively lower active CYP7AI levels.
However, answer D is least likely to affect cholesterol and bile acids
since pancreatic lipases are involved in the breakdown of fat. Bile
acids simply emulsify fats and allow pancreatic lipases to degrade the
fat. Therefore, inhibiting pancreatic lipases should not have much of
an effect on cholesterol and bile acid homeostasis.

C. A loss in function of CYP7AI prevents the catabolism of choles-
terol to bile salts. Elevated levels of LDL cholesterol, signs of pre-
mature cholesterol gallstone disease, and substantially elevated
triglycerides are all complications that can result from blocking the
enzyme that breaks down cholesterol. Therefore, high levels of cho-
lesterol accumulate in the bile and, with decreased production of bile
salts to help dissolution of cholesterol, the formation of cholesterol
gallstones. Statin therapy is not as effective because it inhibits the
enzyme that controls the rate of cholesterol synthesis but does noth-
ing with respect to the degradation of cholesterol. The increase in
blood triglyceride levels when CYP7A1 is deficient is not well under-
stood, but triglyceride levels appear to have a reciprocal relationship
to bile acid synthesis. Finally, this appears to be a genetic disorder
since other siblings showed the same phenotype, which would point
to a possible mutated gene and likely prevent function of CYP7AI.
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BIOCHEMISTRY PEARLS

**  Bile salts are the major component of bile and are very efficient
“detergents” when conjugated to amino acids because of the pres-
ence of both polar and nonpolar regions, aiding in fat digestion.

#*  The initial and rate-limiting step of bile acid synthesis is oxidation
of cholesterol to 7o-hydroxycholesterol by a mixed function oxi-
dase from the cytochrome P450 superfamily, cholesterol 7o
hydroxylase (CYP7AI).

% The synthesis of bile salts is under very tight regulatory control,
mainly by a feedback mechanism on cholesterol 7o.-hydroxylase,
the rate-limiting enzyme in the synthetic pathway.
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< CASE 32

A 63-year-old female presents to the clinic with recurrent midepigastric pain
over the last 3 months. She reports some relief shortly after eating, but then the
discomfort returns. She has tried various over-the-counter medications without
relief. She also reports feeling tired and has had to increase the amount of
ibuprofen needed for relief of her arthritis. She denies nausea, vomiting, and
diarrhea. On exam she is found to have mild midepigastric tenderness and
guaiac positive stool. A CBC revealed a microcytic anemia and normal white
blood cell count, consistent with iron deficiency. The patient was referred to a
gastroenterologist who performed an upper GI endoscopy that identified gas-
tric ulcers. He stated that he suspected that the ibuprofen, a nonsteroidal anti-
inflammatory drug (NSAID) was the causative agent and suggested switching

from ibuprofen to a coxib, such as celecoxib.
© What is the likely biochemical etiology of the disorder?

© Why do coxibs generally have a lower incidence of upper GI
problems than other NSAIDs?

© What is the major difference between aspirin and other NSAIDs
with regard to platelet function?
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ANSWERS TO CASE 32: NSAID-ASSOCIATED
GASTRITIS

Summary: A 63-year-old female with arthritis taking an NSAID with recent
onset of epigastric pain relieved with food, guaiac positive stools, and iron
deficiency anemia. Endoscopic examination reveals gastric ulcers.

@ Biochemical etiology: Primarily, NSAID inhibition of a gastric enzyme
(COX-1) required for synthesis of prostaglandins that have a protective
effect on the gastric mucosa. A contributory factor is direct mucosal
damage due to the acidic chemistry of NSAIDs.

@ Decreased gastric side effects with coxibs: Traditional NSAIDs, such
as ibuprofen and aspirin, inhibit both COX-1 and COX-2. The coxibs
are selective inhibitors of COX-2, allowing continued production of
protective prostaglandins by gastric COX-1.

4 Difference between aspirin and other NSAIDs: Aspirin covalently
modifies platelet COX-1, thus irreversibly blocking thromboxane
formation and reducing platelet function for the lifespan of the affected
platelet (platelets cannot synthesize new proteins). The inhibitory action
of other NSAIDs on platelet COX-1 is not covalent and is eventually
reversed when the agents’ blood levels decline.

CLINICAL CORRELATION

Nonsteroidal antiinflammatory drugs (NSAIDs), also known as prostaglandin
synthesis inhibitors or cyclooxygenase (COX) inhibitors, can induce upper GI
irritation or ulcers. The NSAIDs include a wide variety of medications includ-
ing aspirin, ibuprofen, naproxen, and indomethacin. These medications are
used for pain, inflammation, dysmenorrhea, headache, arthritis, or fever. These
compounds act as antiinflammatory and antipyretic agents by inhibiting COX
catalysis by prostaglandin H synthase (PGHS). PGHS has two isoenzymes:
PGHS-1 (or COX-1) is generally a basal enzyme found in various tissues
including platelets and gastric mucosa; PGHS-2 (or COX-2) is an inducible
enzyme typically expressed in response to cytokines and mitogens at sites of
inflammation or cell proliferation.

Older NSAIDs, such as aspirin and ibuprofen, inhibit both COX-1 and -2, but
a newer class of NSAIDs, called coxibs, are selective for inhibition of COX-2.
By sparing production of cytoprotective prostaglandins by mucosal COX-1,
coxibs have fewer problems with irritation and ulceration in the upper GI tract.

Thromboxane produced by platelet COX-1 in concert with a downstream
enzyme is prothrombotic, so aspirin and other NSAIDs cause platelet dys-
function and increase bleeding time. Aspirin is unusual in that it causes cova-
lent, irreversible inhibition of the COX protein, whereas other NSAIDs have
noncovalent, reversible actions. Thus, platelets, because they cannot synthesize
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more COX protein, are irreversibly affected by aspirin but only temporarily
affected by other NSAIDs. Low-dose aspirin is often used in antithrombotic
prophylaxis.

The prothrombotic and vasoconstrictive actions of COX-1-derived throm-
boxane in the vasculature are opposed by an antithrombotic and vasodilative
prostaglandin, prostacyclin, that originates from COX-2 in vascular endothe-
lial cells. The COX-2 selective coxibs thus tend to decrease prostacyclin lev-
els in the vasculature without reducing the thromboxane levels. This tendency
is thought to explain the small but significant increase in cardiovascular risk
that recently led to withdrawal of two coxibs from the U.S. market.

APPROACH TO PROSTAGLANDIN METABOLISM

Objectives
1. Describe the biosynthetic and cell signaling pathways involving
prostanoids.
2. Distinguish between the pathophysiologic roles of the two PGHS
isoforms.

3. Cite the pharmacologic targets of NSAIDs and the characteristics that
distinguish coxibs and aspirin from other NSAIDs.

Definitions

Eicosanoids: Oxygenated lipid signaling molecules containing 20 carbons
derived from polyunsaturated fatty acids released from membrane phos-
pholipids by the action of phospholipase A,. These include the prostanoids
produced by the cyclooxygenase pathway and the leukotrienes produced
by the lipoxygenase pathway.

Prostanoids: Oxygenated lipid signaling molecules derived from polyun-
saturated fatty acids released from membrane phospholipids by the
action of phospholipase A,. Prostanoids include prostaglandins, prosta-
cyclin, and thromboxanes.

Prostaglandin: An oxygenated lipid signaling molecule that has a five-
member ring system that is derived from arachidonic acid and other 20-
carbon polyunsaturated fatty acids. The prostaglandins are hormone-like
molecules that regulate cellular events near the area in which they are
synthesized.

Thromboxane: An oxygenated lipid signaling molecule that has a six-
member ring system derived from arachidonic acid and other 20-carbon
polyunsaturated fatty acids. Thromboxanes are involved in platelet
aggregation as well as vaso- and bronchoconstriction and lymphocyte
proliferation.
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PGH synthase: Prostaglandin H synthase; the enzyme that catalyzes the
formation of prostaglandin H from C,, polyunsaturated acids. PGH syn-
thase has two activities; the cyclooxygenase activity introduces the five-
membered ring into the polyunsaturated fatty acid while also introducing
an endoperoxide between carbons 9 and 10 and a hydroperoxide at carbon
15. The peroxidase activity reduces the hydroperoxide to a hydroxyl group
using glutathione as the source of reducing equivalents. PGH synthase
exists in two isoforms, PGHS-1 and PGHS-2. PGHS-1 is the “basal” iso-
form and is expressed constitutively, whereas PGHS-2 is the inducible iso-
form and has been implicated in cell proliferation and inflammation.

NSAIDs: Nonsteroidal antiinflammatory drugs; NSAIDs inhibit the
cyclooxygenase activity of PGH synthase, thus inhibiting the production
of prostaglandins and thromboxanes.

Coxibs: A class of NSAIDs that is selective for inhibition of the cyclooxy-
genase activity of PGHS-2, with weaker action against the PGHS-1
cyclooxygenase.

DISCUSSION

Prostanoids are oxygenated lipid-signaling molecules derived from polyun-
saturated fatty acids. The major prostanoids synthesized from the prototypi-
cal polyunsaturated fatty acid, arachidonic acid, are prostaglandin (PG) D,
PGE,, PGan, PGH,, PGI, (also known as prostacyclin), and thromboxane
(TX) A,. The prostanoid signaling cascade begins with an external stimulus,
most often the binding of a ligand to a cell surface receptor that activates one
or more phospholipases A,. The latter are enzymes that release arachidonic
acid from its esterified form in membrane phospholipids such as phos-
phatidylethanolamine and phosphatidylinositol. Arachidonate is converted to
PGH, by one of the isoforms of PGH synthase (PGHS-1 or -2), enzymes local-
ized to the endoplasmic reticulum membrane and the nuclear envelope.

PGH, is in turn metabolized to the prostanoid lipid signals (PGD,, PGE,,
PGan’ PGH,, PGL,, or TXA,) by one of the secondary enzymes that are named
for the individual prostanoid produced (Figure 32-1). The type of prostanoid
produced is determined by which downstream enzyme is present; usually one
downstream enzyme predominates in a given cell. For example, the prominent
secondary enzyme in platelets is thromboxane synthase, whereas vascular
endothelial cells feature prostacyclin (PGI) synthase. Prostanoid signaling
molecules usually exit the cell that produces them to act on G-protein coupled
receptors on the surface of the same cell or cells nearby (termed autocrine or
paracrine actions). Some prostanoids may be further metabolized to ligands
for a subset of nuclear receptors, the peroxisome proliferator-activated recep-
tors (PPARSs). The active prostanoids are rapidly converted to inactive metabo-
lites by enzymes present in a variety of cells. As a result, prostanoid signaling
molecules have very short half-lives in the circulation and are not hormones in
the conventional sense.
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Figure 32-1. Diagram illustrating cell signaling pathways involving prostanoids.

Conversion of arachidonate to PGH, is a key regulatory step in
prostanoid biosynthesis. Each PGHS isoform catalyzes two separate reac-
tions (Figure 32-2). The first reaction (arachidonate—PGG,) involves inser-
tion of two molecules of oxygen and cyclization of the fatty acid backbone.
This step is catalyzed by the cyclooxygenase activity of PGHS-1 or -2; it is
these cyclooxygenase activities (also called COX-1 and COX-2) that are
inhibited by nonsteroidal antiinflammatory drugs (NSAIDs). The second
step (PGG,—PGH,) involves the reduction of the hydroperoxide on C15 to
an alcohol and is catalyzed by the peroxidase activity of PGHS-1 or -2.

Although both PGHS isoforms have cyclooxygenase and peroxidase activ-
ities and are structurally similar proteins, they have very distinct pathophysio-
logic functions. Many cells, including platelets and gastric mucosal cells, have
moderate levels of the “basal” isoform, PGHS-1. Functions attributed to
PGHS-1 include regulating hemostasis and vascular tone, renal function, and
maintaining gastric mucosal integrity. A smaller number of cells, such as
macrophages, vascular endothelial cells, and fibroblasts, dramatically upregu-
late levels of the “inducible” isoform, PGHS-2, in response to cytokines or
mitogens. PGHS-2 has been implicated in cell proliferation, inflammation,
carcinogenesis, and parturition.

Many cyclooxygenase inhibitors have been developed and their structures
are quite varied (Figure 32-3). All known inhibitors compete with fatty-acid
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CLINICAL CASES 299

substrate for binding to the cyclooxygenase site on the enzyme. Aspirin was one
of the earliest NSAIDs discovered and is now widely used as an analgesic and
antiinflammatory agent. More recently, aspirin has emerged as a very useful
antithrombotic agent because of its action against platelet cyclooxygenase
activity. Aspirin shows both archetypal modes of cyclooxygenase inhibition.
The first mode involves rapid reversible binding of inhibitor (I) at the cyclooxy-
genase site of the enzyme (E) to form an EI complex; the second mode involves
a slower conversion of EI to a higher affinity complex, EI’ (Equation 1).

E+1< El - EI' (Equation 1)

EI and EI’ cannot bind fatty acid and thus neither can catalyze the cyclooxy-
genase reaction. For aspirin, conversion of EI to EI’ is accompanied by cova-
lent modification of the protein, making the transition irreversible.
Formation of the EI’ complex produces a more powerful cyclooxygenase inhi-
bition because the inhibitor is not readily displaced by substrate and because
inhibition persists even when free inhibitor is removed. Flurbiprofen and
indomethacin are able to form EI’ complexes with both PGHS-1 and -2,
although they do not covalently modify either protein. Ibuprofen forms only EI
complexes with both PGHS isoforms. The recently developed coxibs (such as
celecoxib and rofecoxib) derive their exquisitely selective inhibition of PGHS-2
cyclooxygenase from their ability to form noncovalent EI’ complexes with
PGHS-2 and not with PGHS-1. This selectivity has made the coxibs very use-
ful for antiinflammatory and antiproliferative therapy with reduced gastroin-
testinal side effects, but it also makes them ineffective as antiplatelet agents and
consequently can increase cardiovascular risks.

COMPREHENSION QUESTIONS

[32.1] The coxibs, including celecoxib (Celebrex), are a recently developed
class of nonsteroidal antiinflammatory drugs (NSAIDs). The coxibs
show antiinflammatory actions without affecting platelet function.
These effects of the coxibs are best attributed to selective inhibition of
which of the following?

A. The cytosolic isozyme of phospholipase A, (cPLA)

B. The cyclooxygenase activity of the “basal” prostaglandin H syn-
thase isozyme (PGHS-1)

C. The cyclooxygenase activity of the “inducible” prostaglandin H
synthase isoform (PGHS-2)

D. The microsomal isozyme of prostaglandin E synthase (mPGES-1)

E. Prostacyclin (PGI2) synthase (PGIS)
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[32.2]

[32.3]

Prostaglandins comprise a family of oxygenated lipid signaling mole-
cules derived from polyunsaturated fatty acids such as arachidonic
acid. They are involved in regulating a number of cellular processes.
Some of the prostaglandins act to increase vasodilation and levels of
cAMP in cells, whereas others increase vaso- and bronchoconstriction
and smooth muscle contraction. In the conversion of arachidonic acid
to prostaglandins, the oxygenation step is accomplished by the enzyme
that synthesizes which of the following compounds?

Prostaglandin D,
Prostaglandin E,
Prostaglandin F,
Prostaglandin H,
Prostaglandin I,

moNw

Signaling via prostanoids begins by interaction of the prostanoid with
its receptor. The receptor involved is usually located in which part of
the cell?

A. Plasma membrane of a cell near the cell making the prostanoid

B. Nucleus of a cell in a different organ from the cell making the
prostanoid

C. Endoplasmic reticulum of the cell making the prostanoid

D. Lysosomes of a cell circulating in the blood

E. Golgi of a cell circulating in the blood

Answers

[32.1]

[32.2]

[32.3]

C. The coxibs were designed to inhibit the activity of the inducible
form of PGH synthase so as not to inhibit the constitutive produc-
tion of prostaglandins and thromboxanes. They inhibit the first step
in the process, that catalyzed by the cyclooxygenase activity of PGH
synthase-2.

D. The first step in the synthesis of prostaglandins and thromboxanes
is the reaction catalyzed by the cyclooxygenase activity of PGH syn-
thase. This reaction causes the cyclization of the fatty acid while at the
same time introducing an unstable endoperoxide between carbons
9 and 10 and a hydroperoxide at carbon 15 to produce PGG,, which is
rapidly reduced to PGH, by the peroxidase activity of PGH synthase.

A. The prostanoids have a wide variety of physiologic effects, but
they regulate these processes locally by binding to a receptor on the
plasma membrane of a cell close to where the prostanoid was syn-
thesized. Binding of the prostanoid to the receptor usually activates a
GTP-binding protein, which acts to activate (or inhibit) adenylate
cyclase or the phosphatidylinositol cascade.
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BIOCHEMISTRY PEARLS

* . . . .

%*  Conversion of arachidonate to PGH, via cyclooxygenase catalysis is
a key regulatory step in prostanoid biosynthesis.

& . . .

#*  Aspirin has emerged as a very useful antithrombotic agent because

. of its action against platelet cyclooxygenase activity.

** The coxibs (such as celecoxib) derive their exquisitely selective

inhibition of COX-2 cyclooxygenase from their ability to form
noncovalent EI' complexes with COX-2 and not with COX-1.
% The selectivity of coxibs for COX-2 over COX-1 gives them antiin-
flammatory and antiproliferative actions with reduced GI side
effects, but it also makes them ineffective as antiplatelet agents
and thus increases risks from myocardial infarction and stroke.
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< CASE 33

A 26-year-old female at 35 weeks gestation presents to the clinic with com-
plaints of generalized itching. Patient reports no rash or skin changes. She
denies any change in clothing detergent, soaps, or perfumes. She denies nau-
sea and vomiting and otherwise feels well. On physical exam, there are no
rashes apparent on her skin and only some excoriations from itching. Blood

work reveals slightly elevated serum transaminase and bilirubin levels.
© What is the patient’s likely diagnosis?
© What are treatment options?

© What is the cause of the patient’s generalized itching?
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ANSWERS TO CASE 33: CHOLESTASIS
OF PREGNANCY

Summary: A 26-year-old female at 35 weeks gestation with generalized pruri-
tus without a rash and slightly elevated liver transaminases and bilirubin.

@ Diagnosis: Cholestasis of pregnancy.

@ Treatment options: Oral antihistamines, cholestyramine,
ursodeoxycholic acid.

@ Etiology of generalized itching: Increased serum bile salts and
accumulation of bile salts in the dermis of the skin.

CLINICAL CORRELATION

Cholestasis of pregnancy is a condition in which the normal flow of bile from
the gallbladder is impeded, leading to accumulation of bile salts in the body.
Generalized itching and, possibly, jaundice may result. It is speculated that the
hormones such as estrogen and progesterone, which are elevated in pregnancy,
cause a slowing of the gallbladder function, leading to this disorder.
Uncomplicated cholestasis is usually diagnosed clinically by generalized itch-
ing in a pregnant woman, usually in the third trimester without a rash. Elevated
serum levels of bile salts can help to confirm the diagnosis. Elevated bilirubin
levels or liver transaminase enzymes may also be seen. The usual treatment
includes antihistamine medications for the itching. Some experts recommend
ursodeoxycholic acid, a naturally occurring bile acid that seems to improve
liver function and may reduce the serum bile acid concentration. More severe
cases may require bile salt binders such as cholestyramine or corticosteroids.

APPROACH TO BILE SALTS

Objectives

1. Be able to describe the catabolism and metabolism of bile salts.
2. Biochemical mechanism of action of cholestyramine and ursodeoxy-
cholic acid.

Definitions

Bile acids: The major metabolites of cholesterol, which are synthesized in
the liver and stored in the gallbladder for use as emulsifiers in the diges-
tion of lipids. Primary bile acids are those synthesized directly from
cholesterol in the liver; Secondary bile acids are metabolites of primary
bile acids produced by the action of intestinal bacteria.
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Bile salts: The ionized form of bile acids, which is the state that bile acids
exist at physiologic conditions.

Cholestyramine: A synthetic, strongly basic anion exchange resin that will
strongly bind bile salts when taken orally and prevent their reabsorption
in the intestinal tract.

Conjugated bile salts: Bile salts whose carboxylate groups have been
enzymatically condensed with the amino groups of either of the amino
acids glycine or taurine to form the glyco- or tauroconjugates. This con-
jugation extends the pH range over which the bile salts are ionized and
therefore effective emulsifying agents.

Ursodeoxycholic acid: A naturally occurring bile acid (originally isolated
from the bile of bears) that is present in minor concentrations in the bile
(approximately 1 to 10 percent). When administered orally, it helps to
dissolve cholesterol gallstones.

DISCUSSION

Bile salt molecules secreted by the gallbladder are essential for the emul-
sification and absorption of fats. They are the salt forms of bile acids, which
are the major product of cholesterol catabolism in the liver. Bile salts form
micelles as their hydrophobic face contacts the fat (triacylglycerol), and their
polar face maintains contact with the aqueous environment. This micelle for-
mation allows water-soluble digestive enzymes to digest the entrapped triacyl-
glycerol molecule, releasing fatty acids that are readily absorbed by the
digestive system.

There are two primary bile acids formed in the liver from cholesterol:
cholic acid and chenodeoxycholic acid. The formation of bile acids prevents
cholesterol accumulation in organs; the body cannot break down the steroid
ring of cholesterol. At physiologic pH, bile acids will always be in the form of
bile salts. Bile salts are conjugated with glycine or taurine in the liver prior to
excretion, forming glyco- or tauroconjugates. Bacterial enzymes present in the
intestine produce the secondary bile salts, deoxycholate and lithocholate, by
reducing the primary bile salts.

Bile salts perform an important function and are recycled by the body. The
body produces 400 mg of bile salts per day from cholesterol; this represents
the fate of half of the cholesterol used daily in metabolism (800 mg). However,
20 to 30 g of bile acids is maintained in the enterohepatic circulation. Less
than 0.5 g per day is lost to excretion. Bile salts are produced in the liver,
stored in the gallbladder, and secreted through the bile duct into the duodenum
where they act on triacylglycerol molecules in the intestines. In the gut, the
glycine or taurine moiety is removed from the bile salt. It is reabsorbed in the
small intestine and returned to the liver for reuse via the portal vein. Bile salts
are absorbed by passive diffusion along the entire small intestine, and a spe-
cialized Na*-bile salt cotransporter is present in the lower ileum.
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Intrahepatic cholestasis of pregnancy is a syndrome of unknown etiology
characterized by a 100-fold increase in maternal and fetal blood bile salt lev-
els. Bile salts are produced in both the fetal and maternal liver. The fetus trans-
fers the bile salts across the placenta for disposal. When the function of the
maternal gallbladder is slowed, bile salts can accumulate in the liver and
bloodstream, ultimately resulting in the classical pruritus symptom. It is
believed that pregnancy-related hormones may slow bile salt excretion from
the gallbladder.

The most successful therapy for cholestasis of pregnancy has been
ursodeoxycholic acid (Figure 33-1). Ursodeoxycholic acid is a naturally
occurring bile acid, which, when administered, relieves both pruritus and liver
function abnormalities. Experimental evidence suggests that it protects hepa-
tocytes and cholangiocytes from bile acid-induced cytotoxicity and improves
hepatobiliary excretion. Additionally, it decreases bile salt transfer to the fetus
and improves the secretory function of placental trophoblast cells.
Ursodeoxycholic acid is recycled through the enterohepatic circulation.

Cholestyramine is another treatment option for cholestasis of pregnancy.
It is an oral medication that binds bile salts in the intestine and promotes their
excretion in the feces. As this drug is not absorbed, it most likely has little
effect on the fetus. Effects on the fetus are still under evaluation. However,
cholestyramine can interfere with the absorption of fat soluble vitamins, such
as vitamins A, D, E, and K. In rare cases, drug-induced vitamin K deficiency
is believed to contribute to hemorrhaging during childbirth.

COOH

HO~" H
Ursodeoxycholic acid

COOH COCH

HO~ HO~ "OH
Deoxycholic acid Chenodeoxycholic acic

Figure 33-1. Comparison of the structures of isomers of deoxycholate.
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COMPREHENSION QUESTIONS

[33.1]

[33.2]

[33.3]

A 18-year-old male with sickle cell anemia develops severe right
upper-abdominal pain radiating to his lower right chest and his right
flank 36 hours prior to admission to the ER. Twelve hours following
the onset of pain, he began to vomit intractably. In the past year he has
had several episodes of mild back and lower extremity pain that he
attributed to mild sickle cell crises. He reported that the present pain
was not like his usual crisis pain. He also reports that his urine is the
color of iced tea and his stool now has a light clay color. On examina-
tion, his temperature is slightly elevated, and heart rate is rapid. He is
exquisitely tender to pressure over his right upper abdomen. The scle-
rae of his eyes are slightly yellowish in color.

What is the most likely cause of this patient’s symptoms?

A cholesterol-rich gallstone

A defect in the synthesis of bile acids

A defect in heme synthesis

A gallstone rich in calcium bilirubinate

A sickle cell crisis brought on by overexertion

moQwy

A patient has been on combination statin and cholestyramine therapy
to lower his serum cholesterol levels. Prior to any surgery, this patient
would be well advised to be supplemented with which of the following?

Vitamin A
Vitamin B ,
Vitamin C
Vitamin K
Linolenic acid

Mo QW

A 17-year-old female, whose parents were first cousins, presents to a
neurologist because of recurring seizures despite being on anticonvul-
sive therapy. Nodules that appeared to be fatty deposits were present on
her Achilles tendon and several of her joints. Plasma cholesterol con-
centrations were elevated, and an assay of plasma sterols indicated ele-
vated cholestanol. Cultured skin fibroblasts did not contain any sterol
27-hydroxylase activity. A diagnosis of cerebrotendinous xanthomato-
sis, a genetic disease inherited in an autosomal fashion, was made.
A deficiency in sterol 27-hydroxylase would lead to a decrease in the
synthesis of which of the following compounds?

Chenodeoxycholate

Cortisol
1,25-Dihydroxycholecalciferol
Estradiol

Testosterone

moNw
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Answers

[33.1]

[33.2]

[33.3]

D. Although a cholesterol-rich gallstone cannot be completely ruled
out with the given information, because the patient has experienced
several mild sickle cell crises that are accompanied by increased red
blood cell destruction, his symptoms are consistent with a gallstone
caused by precipitation of calcium salt of bilirubin. Large quantities
of bilirubin can overwhelm the ability of the liver to convert it to the
more soluble diglucuronide conjugate. As a consequence, the more
insoluble unconjugated form enters the bile and is easily precipitated
in the presence of calcium ion. If a large stone forms, it can obstruct
the bile duct and result in the symptoms exhibited by the patient.

D. Cholestyramine binds bile acids strongly so that they cannot be
reabsorbed in the intestinal tract, thus increasing the flow of choles-
terol to bile acid synthesis and decreasing cholesterol levels in the
plasma. However, by binding bile acids, cholestyramine also
decreases the absorption of fat-soluble vitamins and fatty acids,
which must be taken up in micelles formed with bile acids. Although
absorption of vitamin A and linolenic acid may be compromised, the
patient needs to be concerned about vitamin K, which is required for
blood clot formation.

A. The enzyme sterol 27-hydroxylase catalyzes the hydroxylation of
carbon 27 of the steroid side chain in the conversion of cholesterol to
the primary bile acids. It is a mitochondrial, cytochrome P450 enzyme
that has a broad specificity and can act on cholesterol as well as its
reduced and hydroxylated metabolites. A deficiency in this enzyme
leads to decreased bile acid synthesis and increased conversion of cho-
lesterol to cholestanol.

BIOCHEMISTRY PEARLS

There are two primary bile acids formed in the liver from choles-

Ursodeoxycholic acid has been reported to have good efficacy in

Cholestyramine can interfere with the absorption of fat-soluble vita-

terol: cholic acid and chenodeoxycholic acid.

treating the symptoms of pregnancy-related cholestasis, relieving
both pruritus and liver function abnormalities.

mins, such as vitamins A, D, E, and K.
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< CASE 34

A 49-year-old female presents to your clinic for follow-up after initiating a
new medication (lovastatin) for her elevated cholesterol. She is currently with-
out complaints and is feeling well. On repeat serum cholesterol screening,
there is noted to be a decrease in the cholesterol level. The patient asks if she
needs to continue the medication and what the potential side effects and ben-
efits might be. Her physician explains that this medication inhibits the rate-

limiting step and key enzyme in cholesterol biosynthesis.

© What is the mechanism of action of this medication?
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ANSWER TO CASE 34: STATIN MEDICATIONS

Summary: A 49-year-old female with history of elevated cholesterol on lovas-
tatin, which appears to be improving serum cholesterol levels.

© Mechanism action of lovastatin: B-Hydroxy-B-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitor.

CLINICAL CORRELATION

Hyperlipidemia is one of the most treatable risk factors of coronary heart dis-
ease. Initially, when the fasting low-density lipoprotein (LDL) cholesterol is
measured and found to be elevated, life style modification is recommended
such as dietary adjustments, exercise, and weight loss. The lipids are measured
again after a 3- to 6-month interval. If the LDL cholesterol level is again found
to be above threshold, then pharmacologic therapy is entertained. One of the
most common medications is a statin agent, acting to inhibit HMG-CoA
reductase. The potential side effects include elevated liver function tests,
increased muscle creatine phosphokinase (CPK) secondary to myopathy and
rarely rhabdomyolysis. Other agents that may be considered include bile acid
sequestrants, nicotinic acid, fibric acid, and fish oils.

APPROACH TO CHOLESTEROL SYNTHESIS

Objectives
1.  Know about the role of HMG-CoA reductase in cholesterol synthesis.
2. Know the mechanism of action of statin medications.
3. Understand the role of cholesterol on steroid synthesis.
4. Be aware that niacin decreases lipolysis in adipose tissue and very-

low-density lipoprotein (VLDL) synthesis in liver.

Definitions

Cytochrome P450 enzyme system: The cytochromes P450 are mixed-
function oxidases that require both NADPH and O,. They are involved
in a number of reactions in the conversion of lanosterol to cholesterol, as
well as important steps in the synthesis of steroid hormones. Cytochromes
P450 are very important in the detoxification of xenobiotics and in the
metabolism of drugs.

HMG-CoA reductase: B-Hydroxy-B-methylglutaryl-CoA reductase; the
enzyme that catalyzes the rate-limiting and committed step in the syn-
thesis of cholesterol. It converts P-hydroxy-B-methylglutaryl-CoA
(HMG-CoA) to mevalonate.
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Isoprenoid: Any of a number of hydrophobic compounds derived from the
polymerization of isopentenyl pyrophosphate and its isomer, dimethy-
lallyl pyrophosphate. The isoprene unit is a five-carbon branched hydro-
carbon (2-methyl-1,3-butadiene).

Statin: Any of a number of drugs that competitively inhibit the rate-
limiting enzyme in cholesterol biosynthesis, HMG-CoA reductase.

DISCUSSION

Cholesterol is synthesized mainly in the liver by a three-stage process. All 27
carbon atoms in the cholesterol molecule are derived from acetyl-CoA. The first
stage is the synthesis of the activated five-carbon isoprene unit, isopentenyl
pyrophosphate. Six molecules of isopentenyl pyrophosphate then condense to
form squalene in a sequence of reactions that also synthesize isoprenoid inter-
mediates that are important in protein isoprenylation modifications. The charac-
teristic four-ring structure of cholesterol is then formed by cyclizing of the linear
squalene molecule. Several demethylations, the reduction of a double bond, and
the migration of another double bond result in the formation of cholesterol.
Figure 34-1 provides an overview of cholesterol biosynthesis.

The key enzyme in the synthesis of cholesterol is [B-hydroxy-f-
methylglutaryl-CoA reductase (HMG-CoA reductase), which catalyzes the
synthesis of mevalonate from HMG-CoA in an irreversible, rate-limiting
reaction. Mevalonate is the immediate six-carbon precursor to isopentenyl
pyrophosphate. HMG-CoA reductase is localized on the membrane of the
endoplasmic reticulum and spans the membrane. The active site for this
enzyme is found on the cytosolic side of the membrane. HMG-CoA reductase
is inhibited by cholesterol in a feedback mechanism and the levels of mRNA
for the enzyme are also regulated by the levels of cholesterol. Low concentra-
tions of cholesterol increase the level of mRNA for HMG-CoA reductase,
whereas high concentrations of cholesterol decrease the mRNA level. Because
the enzyme HMG-CoA reductase is the rate-limiting step of cholesterol
biosynthesis, this enzyme is the target for many cholesterol lowering drugs.

The five major classes of steroid hormones are derived from cholesterol by
the pathway illustrated in Figure 34-2. Hydroxylation is important in these con-
versions. The hydroxylation reactions require NADPH and O, and are carried
out by the cytochrome P450 enzyme system. The enzyme 21-hydroxylase is
required for the synthesis of mineralocorticoids and glucocorticoids.

Another important hormone derived from cholesterol is vitamin D. This
steroid-like hormone is involved in regulating calcium and phosphorus metab-
olism. The complete synthesis of vitamin D requires ultraviolet light to con-
vert 7-dehydrocholesterol to previtamin D,. The reaction scheme is shown in
Figure 34-3. The active hormone 1,25-dihydroxycholecalciferol (calcitriol)
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Figure 34-1. Overview of cholesterol synthesis.
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Figure 34-2. General biosynthetic pathway of the steroid hormones.
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Figure 34-3. Biosynthesis of active vitamin D,.

requires reactions that occur in the liver and kidneys and acts in a manner sim-
ilar to steroid hormones to activate transcription, thereby regulating gene
expression.

Lovastatin is a member of a class of drugs (atorvastatin and simvastatin are
others in this class) called statins that are used to treat hypercholesterolemia.
The statins act as competitive inhibitors of the enzyme HMG-CoA reduc-
tase. These molecules mimic the structure of the normal substrate of the
enzyme (HMG-CoA) and act as transition state analogues. While the statins
are bound to the enzyme, HMG-CoA cannot be converted to mevalonic acid,
thus inhibiting the whole cholesterol biosynthetic process. Recent studies indi-
cate that there may be important secondary effects of statin therapy because
some of the medical benefits of statins are too rapid to be a result of decreas-
ing atherosclerotic lesions. Statin therapy has been associated with reduced
risks of dementia, Alzheimer disease, ischemic cerebral stroke, and other dis-
eases that are not correlated with high cholesterol levels. Although this is still
an active area of research, it appears that the pleiotropic effects of statins may
be a result of a reduction in the synthesis of isoprenoid intermediates that are
formed in the pathway of cholesterol biosynthesis.
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Niacin is a vitamin that is used in high doses to treat hypercholesterolemia.
Niacin acts to decrease VLDL and LDL plasma levels. Its mechanism of action
is not clearly understood but probably involves inhibition of VLDL secretion,
which in turn decreases the production of LDL. Niacin inhibits the release of
free fatty acids from adipose tissue which leads to a decrease of free fatty acids
entering the liver and decreased VLDL synthesis in the liver. This decreases the
availability of VLDL for conversion to LDL (containing cholesterol esters).
Niacin also increases high-density lipoprotein (HDL) (the “good cholesterol’)
by an unknown mechanism.

COMPREHENSION QUESTIONS

[34.1] Which of the following compounds directly inhibits the expression of
the HMG-CoA reductase gene?

Squalene

HMG-CoA

Lanosterol

Isopentenyl pyrophosphate
Cholesterol

moaQw>

[34.2] You decide to treat a patient who has very high levels of serum cho-
lesterol with the statin drug Lipitor (atorvastatin). You know that this
drug acts in the metabolic pathway leading to the synthesis of choles-
terol. The substrate for the enzyme inhibited by the statin drugs is
which of the following?

Acetoacetyl-CoA
HMG-CoA

Farnesol pyrophosphate
Isopentenyl pyrophosphate
Mevalonate

moNw

[34.3] Which of the following vitamins can be used in high doses to treat
hypercholesterolemia?

Niacin

Riboflavin

Pyridoxine

Folic acid

Thiamine

moNw
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Answers

[34.1]

[34.2]

[34.3]

E. The major regulatory enzyme of cholesterol metabolism, HMG-CoA
reductase, is regulated by three distinct mechanisms. The first is phos-
phorylation by a cAMP dependent protein kinase. Phosphorylation of
HMG-CoA reductase inactivates the enzyme. The other two mecha-
nisms involve the levels of cholesterol. The degradation of the
enzyme is controlled by cholesterol levels. The half-life of HMG-
CoA reductase is regulated by cholesterol levels with high concen-
trations of cholesterol leading to a shorter half-life. The final
regulatory mechanism involves control of the expression of the
HMG-CoA reductase gene. High levels of cholesterol lead to a
decrease in the mRNA levels coding for HMG-CoA reductase.

B. The first step in the biosynthesis of cholesterol is the condensation
of two molecules of acetyl-CoA to form acetoacetyl-CoA. The addi-
tion of a third acetyl-CoA molecule gives rise to HMG-CoA. HMG-
CoA reductase is converted to mevalonate. HMG-CoA reductase is
the target of the statin drugs and the substrate used by this enzyme is
HMG-CoA.

A. Niacin is the vitamin that can be used, in high doses, to treat
hypercholesterolemia. Niacin acts to decrease VLDL and LDL
plasma levels. Its mechanism of action is not clearly understood but
probably involves inhibition of VLDL secretion, which in turn
decreases the production of LDL. Niacin inhibits the release of free
fatty acids from adipose tissue, which leads to a decrease of free fatty
acids entering the liver and decreased VLDL synthesis in the liver.
This decreases the availability of VLDL for conversion to LDL (con-
taining cholesterol esters). Niacin also increases HDL (the “good
cholesterol””) by an unknown mechanism.

/7 /7
% %

/7
%
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HMG-CoA reductase, which catalyzes the synthesis of mevalonate
The enzyme 21-hydroxylase is required for the synthesis of miner-

The statins act as competitive inhibitors of the enzyme HMG-CoA

from HMG-CoA in an irreversible, rate-limiting reaction.
alocorticoids and glucocorticoids.

reductase.
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< CASE 35

A 9-year-old boy is brought to the ER by his parents after 2 days of worsen-
ing nausea/vomiting and abdominal pain. The abdominal pain is located in the
epigastric region and radiates to his back. He has had several episodes of sim-
ilar pain in the past but none quite as severe. His parents deny fever/chills and
change in bowel habits. In the ER, the patient is afebrile and in moderate dis-
tress. Both the liver and spleen appear to be enlarged and he has epigastric ten-
derness. Several small yellow-white papules were noted on his back and
buttocks. Laboratory tests reveal elevated amylase and lipase levels. On further
questioning, the father reports having high triglyceride levels and several
members of the mother’s family have had early heart disease. Laboratory tests
performed after hospitalization revealed elevated triglyceride levels and

reduced lipoprotein lipase activity.
© What is etiology of the boy’s abdominal pain?
© What is the likely underlying biochemical disorder?

© What is the role of lipoprotein lipase?
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ANSWERS TO CASE 35: HYPERTRIGLY CERIDEMIA
(LIPOPROTEIN LIPASE DEFICIENCY)

Summary: A 9-year-old boy with acute abdominal pain consistent with pan-
creatitis, hepatosplenomegaly, eruptive xanthomas, and a family history of
hypertriglyceridemia and heart disease.

@ Etiology of abdominal pain: Acute pancreatitis
€ Underlying biochemical disorder: Disorder of lipoprotein metabolism

© Role of lipoprotein lipase: Hydrolysis of triglycerides from VLDL and
chylomicrons

CLINICAL CORRELATION

Lipoprotein lipase (LPL) is an enzyme found on the capillary endothelial sur-
face of adipose tissue, heart, and skeletal muscle and is required, along with
apoC-II, for the hydrolysis of triglycerides. ApoC-II, found on the surface of
chylomicrons and VLDL, serves as an activator of LPL. A deficiency in LPL
results in elevated levels of triglycerides (VLDL and chylomicrons). The cho-
lesterol level may be normal or slightly elevated. LPL deficiency is inherited in
an autosomal recessive pattern. Patients with LPL deficiency often present with
recurrent episodes of pancreatitis in their childhood and may have other clini-
cal signs of hypertriglyceridemia such as: xanthomas, hepatosplenomegaly, and
lipemia retinalis. Reduced serum LPL activity, after an injection of intravenous
heparin, confirms the diagnosis of either LPL or apoC-II deficiency. The initial
therapeutic intervention consists primarily of dietary modification (reduction of
fat intake).

APPROACH TO LIPID TRANSPORT

Objectives

1. Describe the metabolism and transport of lipoproteins.
2. Understand the rationale for serum blood test results with the different
hypertriglyceridemias.

Definitions

Apolipoprotein C-II (apoC-II): The apolipoprotein on the surface of chy-
lomicrons and very-low-density lipoproteins (VLDLs) that binds to and
activates lipoprotein lipase.

Apolipoprotein E (apoE): The apolipoprotein on the surface of several
lipoproteins including chylomicrons, chylomicron remnants, VLDL,
VLDL remnants, and IDL. It mediates the binding of apoE-containing
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lipoproteins with the LDL receptor and the chylomicron remnant (apoE)
receptor.

Lipoprotein lipase (LPL): An enzyme bound to the surface of the capil-
lary endothelium by heparan sulfate proteoglycans. LPL catalyzes the
hydrolysis of triglyceride in chylomicrons and VLDL to free fatty acids
and glycerol.

Hepatic lipase (HL): An enzyme bound to the surface of sinusoidal
endothelial cells of liver. It catalyzes the hydrolysis of mono-, di-, and
triglycerides as well as the phospholipids phosphatidyl choline and
phosphatidyl ethanolamine.

DISCUSSION

Triglycerides (triacylglycerols, TG) are safely transported in the bloodstream
packaged into lipoproteins called chylomicrons or very-low-density lipopro-
teins (VLDLs). Chylomicrons are formed in the epithelial cells of the intestine
and are responsible for the transport of dietary lipids. VLDL is synthesized in
the liver and transport endogenously synthesized lipids from the liver to
peripheral tissues. Both of these lipoproteins are composed of a core com-
posed primarily of TG enveloped by a monolayer composed of phospholipids,
free cholesterol, and apolipoproteins.

Dietary triglycerides are hydrolyzed by pancreatic lipase in the lumen of
the small intestine. Colipase, a protein secreted along with pancreatic lipase,
binds to the TG and the pancreatic lipase and improves the hydrolytic process.
TG is broken down to free fatty acids and 2-monoacylglycerols, which form
micelles along with bile salts and other lipid soluble compounds such as cho-
lesterol and fat-soluble vitamins. The free fatty acids and monoglycerides are
absorbed by the microvilli of the intestinal epithelial cells. In the epithelial
cell, the fatty acids and monoglycerides are reformed into triglycerides, which
are packaged with phospholipids, cholesterol, and apolipoprotein B-48 into
chylomicrons.

The newly synthesized chylomicrons are secreted into the lymph and enter
the bloodstream via the thoracic duct. In the bloodstream, the chylomicron
particles obtain proteins from high-density lipoproteins (HDL), including
apoC-II and apoE, which are important for the function of the chylomicron
(Figure 35-1).

In the capillary beds in adipose tissue, muscle tissue (especially cardiac
muscle) and in lactating mammary glands, apoC-II binds to and activates
lipoprotein lipase (LPL), which is bound to the endothelial surface of the cap-
illaries by heparan sulfate. LPL hydrolyzes the TG in the core of the chylomi-
cron to free fatty acids and glycerol. The fatty acids are taken up by the adipose
or muscle cells; glycerol is recycled back to the liver. In muscle, the fatty acids
are oxidized to produce ATP and in adipose they are reformed into TG for stor-
age. The TG-depleted chylomicron remnant remains in the blood stream until
it binds to the chylomicron remnant receptor located on hepatocytes, a process
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Figure 35-1. Formation and metabolism of chylomicrons. (Abbreviations used
are defined in the enclosed box.)

mediated by apoE. The remnants are taken into the hepatocytes by endocyto-
sis and degraded in the lysosome to fatty acids, amino acids, cholesterol, glyc-
erol, and phosphate.

Chylomicrons appear in the blood stream shortly after consumption of a
meal containing fat. However, the clearance rate for chylomicrons is fast and
blood is usually free of chylomicrons following an overnight fast.

VLDLs are lipoproteins synthesized in the liver from endogenous TG, cho-
lesterol, and phospholipids, along with several apolipoproteins including, apoB-
100, apoE, and apoC-II. Following synthesis, the VLDL is secreted into the
bloodstream, where it obtains more apoE and apoC-II from HDL (Figure 35-2).
In a process similar to that of chylomicron degradation, the VLDL apoC-II
binds to and activates LPL in the capillary beds of adipose, muscle and mam-
mary tissue. LPL degrades the VLDL TG core, releasing free fatty acids and
glycerol. About half of the resulting VLDL remnants bind to receptors in liver
cells that recognized apoE and are taken up by endocytosis. The remaining
VLDL receptors are further degraded to intermediate-density lipoproteins
(IDL), which have their residual TG removed by the action of hepatic lipase to
yield low-density lipoproteins (LDL). Hepatic lipase (HL) is synthesized and
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Figure 35-2. Formation of VLDL and metabolism into LDL. (Abbreviations
are as used in Figure 35-1.)

secreted from liver and is tethered to the external surfaces of liver cells by
heparan sulfate. LDL is taken up by receptor-mediated endocytosis upon bind-
ing to the LDL receptor in liver and peripheral tissues.

Elevated serum TG levels can occur due to a number of factors.
Hypertriglyceridemia can be the result of a genetic disorder in one of the pro-
teins involved in lipoprotein metabolism, or it can arise secondarily to a num-
ber of other disorders, including diabetes mellitus, obesity, and alcohol abuse,
and as a side effect of some medications such as B-blockers, oral estrogens,
and some diuretics. Genetic deficiencies in LPL, apoC-II, or HL can give rise
to elevations in circulating TG, as can over production of apoB-100 or
increased apoE, levels. ApoE, has a decreased affinity for hepatic receptors



324 CASE FILES: BIOCHEMISTRY

than apoE, and chylomicron remnants and VLDL remnants containing apoE,
are cleared more slowly from the circulation.

The most common genetic defect leading to hypertriglyceridemia is a defi-
ciency in LPL, which results in increased levels of both chylomicrons and
VLDL. Individuals who are homozygous for the defective gene usually pres-
ent with symptoms of chylomicronemia (TG levels >2000 mg/dL, abdominal
pain, pancreatitis, xanthomas, lipemia retinalis) in childhood. Clinical diagno-
sis of LPL deficiency requires measurement of LPL activity in plasma follow-
ing intravenous injection of heparin, which displaces the LPL from its heparan
sulfate tether. However, heparin also releases HL into the plasma and the
post-heparin plasma must be treated with antibodies specific to HL to remove it.
Alternatively, LPL can also be measured in adipose tissue, which has no HL
activity. A deficiency in apoC-II will also show evidence of decreased pos-
theparin plasma LPL activity. An increase in LPL activity when normal apoC-II
is added to the assay indicates that a defect in apoC-II is the culprit.

A deficiency in HL can also lead to elevated plasma TG levels, however,
these increases in TG are usually found in VLDL remnants, LDL, and HDL,
which all become more buoyant in their densities. Definitive diagnosis of HL
deficiency is made by demonstrating the absence of HL activity in postheparin
plasma.

COMPREHENSION QUESTIONS

[35.1] A teenage boy presents with moderate to severe epigastric pain.
Physical examination reveals extensive eruptive xanthomas and
hepatosplenomegaly. A blood sample reveals milky plasma. Which of
the following is the most likely lipoprotein to be elevated in this
patient’s plasma?

Chylomicrons
Chylomicron remnants
HDL

IDL

LDL

[35.2] Laboratory results for a patient with uncontrolled Type I diabetes
mellitus reveal hyperglycemia (634 mg/dL) and hypertriglyceridemia
(498 mg/dL). The most likely cause of the hypertriglyceridemia in this
patient is which of the following?

moQwy

Deficiency in apoprotein C-1I
Increased hepatic triglyceride synthesis
Decreased lipoprotein lipase activity
Deficiency in LDL receptors

Absence of hormone-sensitive lipase

moOw
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[35.3]

A 25-year-old female was referred to a lipid research center for inves-
tigation of moderate hypertriglyceridemia because the plasma lipid and
lipoprotein profiles showed abnormalities. Both HDL and LDL were
more buoyant and showed elevations in TG content with the mass of
TG approximately the same as that of cholesterol. A deficiency in
which of the following is the most likely cause of this patient’s lipid
abnormality?

Lecithin-cholesterol acyltransferase (LCAT)
Lipoprotein lipase

Apoprotein C-I1

Hepatic lipase

Apoprotein B-100

moNw

Answers

[35.1]

[35.2]

[35.3]

A. This patient presents with classical symptoms of hypertriglyc-
eridemia: milky plasma, eruptive xanthomas, enlarged liver and
spleen, and symptoms of pancreatitis. The milky plasma is due to
abnormally high chylomicron levels, indicating that TG is not being
removed from the transporter of dietary TG and it is accumulating in
the plasma. The other lipoproteins listed have low levels of TG, are
much smaller, and would not be expected to lead to milky plasma if
elevated.

C. Decreased lipoprotein lipase activity is the result of the failure of
the pancreatic B-cells to produce and secrete insulin. Insulin stimu-
lates the synthesis of lipoprotein lipase; in the absence of insulin,
lipoprotein lipase activity in the capillary beds is low. While a defi-
ciency in apoC-II would also lead to hypertriglyceridemia, this
genetic defect is rare. If a Type I diabetes mellitus patient is not given
insulin, the increased glucagon/insulin ratio would stimulate gluco-
neogenesis and [B-oxidation in the liver rather than synthesis of
triglycerides. Neither a deficiency of LDL receptors nor hormone-
sensitive lipase would be expected to increase circulating TG levels.

D. Hepatic lipase. The abnormal buoyancies of the LDL and HDL
fractions due to their increased TG content indicate that IDL is not
being processed to LDL and HDL is not being remodeled. Both of
these processes are accomplished by hepatic lipase. A deficiency in
LCAT would lead to elevated serum cholesterol levels, almost all as
free cholesterol. Deficiencies in lipoprotein lipase or apoC-II would
lead to hypertriglyceridemia as increased chylomicrons and/or
VLDL. An apoB-100 deficiency would lead to increased levels of
LDL, but they would have the normal TG/cholesterol ratio.
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<> Triglycerides (triacylglycerols, TG) are safely transported in the
bloodstream packaged into lipoproteins called chylomicrons or

. very-low-density lipoproteins (VLDLs).

2>

%*  The most common genetic defect leading to hypertriglyceridemia is
a deficiency in lipoprotein lipase, which results in increased lev-
els of both chylomicrons and VLDL.

**  Individuals who are homozygous for the defective gene for lipopro-
tein lipase usually present with symptoms of chylomicronemia
(TG levels >2000 mg/dL, abdominal pain, pancreatitis, xan-
thomas, lipemia retinalis) in childhood.
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< CASE 36

During your medical school training, you spend some time in a pediatric clinic
in a third-world country. One of the first patients you encounter is an 8-month-
old girl brought to the clinic because of excessive exhaustion and fatigue. On
further questioning of the mother, she reports that she was previously breast-
feeding but had to stop to return to work. To feed all of her other children, she
has had to dilute her formula with water to make the formula last longer for
the entire family. After your physical exam is performed, you diagnose the
infant with severe malnutrition and aid the mother with resources to increase

food intake for their household.

© What is this syndrome called (with deficiencies in both calories
and protein)?

© What is the difference between this syndrome and kwashiorkor
syndrome?

© What physical findings might differentiate the two syndromes?



328 CASE FILES: BIOCHEMISTRY

ANSWERS TO CASE 36: STARVATION

Summary: An 8-month-old girl presents with exhaustion and excessive starva-
tion secondary to deficient intake of calories and protein.

@ Diagnosis: Marasmus

@ Physical findings of kwashiorkor and not marasmus: Subcutaneous
fat, distended abdomen, hepatomegaly, and fatty liver

CLINICAL CORRELATION

Protein-energy malnutrition is caused by inadequate food intake or diseases
that interfere with food absorption or digestion. The two major types of mal-
nutrition are marasmus and kwashiorkor. In marasmus, a child usually
between the ages of 1 to 3 years has inadequate caloric intake leading to loss
of subcutaneous fat, loose wrinkled skin, and either flat or distended abdomen
resulting from atropic abdominal wall muscles. Often, children are susceptible
as they go from breast milk to solid food. The affected child usually has the
appearance of an “old person’s face.” In kwashiorkor, the main issue is lack of
protein, leading to edema, sparse hair, enlarged liver, and a distended
abdomen. The edema of the face and legs is different from that of marasmus.
The therapy for both of these diseases is caloric replacement.

APPROACH TO STARVATION RELATED DISEASES

Objectives
1. Understand the metabolic changes in starvation.
2. Be familiar with the formation of ketone bodies in starvation.
3.  Know about the oxidation of fatty acids.
4. Be familiar with the metabolic change in fasting states as compared to
starvation.
Definitions

Marasmus: Malnutrition resulting from inadequate intake of protein and
calories.

Kwashiorkor: Malnutrition resulting from inadequate intake of protein
though the intake of total calories is adequate.

Ketone bodies: The short chain fatty acid metabolites acetoacetate and
B-hydroxybutyrate and acetone.

Triglyceride: A glycerol molecule with each hydroxyl group esterified
with a fatty acid moiety.
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Diglyceride: A glycerol molecule with two hydroxyl groups esterified with
a fatty acid moiety.

Monoglyceride: A glycerol molecule with one hydroxyl group esterified
with a fatty acid moiety.

DISCUSSION

Malnutrition and its ultimate form starvation arise from many different causes
and are present even in affluent societies. The case description reveals that the
child lives in a third-world country, and the physical findings reveal that the
child suffers from protein-calorie-deficient starvation, or marasmus.

Fasting and starvation represent changes from the baseline metabolic inter-
actions between tissues that exist in the fed state. Each of three states—fed,
fasting, and starvation—must be considered from the standpoint of the whole
body primarily because the constituent tissues have different requirements for
their nutritional sources. For example, red blood cells have an absolute
requirement for glucose as the exclusive food source from which energy is
derived. Although other tissues use fatty acids and amino acids as well, the red
blood cell cannot because it lacks mitochondria and therefore the enzymes
required for most of the metabolic steps required in B-oxidation of fatty acids
and metabolism of the carbon skeletons of amino acids. Brain tissue normally
has an exclusive preference for glucose, the exception being in advanced
starvation when the brain can use ketone bodies for energy production.

The metabolic interactions of tissues in the fed state are shown in Figure 36-1.
Glucose, fatty acids from triglycerides, and amino acids are provided by the
diet and used differentially by the tissues. In the liver, glucose is used for stor-
age as glycogen or converted to fatty acids for formation into triglycerides
for storage in adipose tissue. Amino acid carbon skeletons are used for meta-
bolic intermediates for energy production or fatty acid synthesis. Resting mus-
cle takes up glucose and stores it as glycogen and uses amino acids for protein
synthesis. Resting muscle prefers fatty acids and ketone bodies over glucose to
satisfy its energy demands. In adipose tissue, glucose and fatty acids are taken
up. Glucose metabolism provides energy and glycerol 3-phosphate for triglyc-
eride formation and storage using fatty acids transported to adipose cells as
triglycerides in lipoprotein particles. The brain and red blood cells take up glu-
cose from blood to meet energy demands.

During circumstances of no food intake for 16 to 20 hours (the postfeeding
state), substantial changes occur in the interactions between tissues, as shown
in Figure 36-2. The liver shifts from consumption of glucose for glycogen stor-
age to mobilization of its glycogen stores to release glucose to the bloodstream
to supply the glucose requirements of the brain and red blood cell. Because the
hepatic glycogen supply is depleted fairly quickly, metabolic signals increase
liver gluconeogenesis, depleting tricarboxylic acid cycle intermediates and
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Figure 36-1. The metabolic flow during the fed state. Increased blood glucose
triggers release of insulin and a decrease in the release of glucagon and lipoly-
tic hormones.

prompting the use of amino acid carbon skeletons from protein breakdown
for new glucose formation. The energy required for gluconeogenesis is
derived by increasing [-oxidation of fatty acids mobilized from adipose stor-
age sites. Fatty acid synthesis is simultaneously inhibited to prevent a futile
cycle. As the tricarboxylic acid cycle’s supply of four-carbon intermediates in
liver mitochondria is drained for gluconeogenesis, rapid B-oxidation of fatty
acids produces acetyl-CoA faster than the tricarboxylic acid cycle can metab-
olize the carbon atoms of acetyl-CoA to CO, and free CoA. The result is a high
ratio of acetyl-CoA to free CoA and thus a slowing of B-oxidation and com-
promise of liver mitochondrial ATP formation. The conversion of the free CoA
pool to acetyl-CoA is reversed by the formation of the ketone body acetoac-
etate (and later its reduced product, B-hydroxybutyrate) regenerating free
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Figure 36-2. The metabolic flow following a postfeeding fast. Blood glucose
levels begin to decrease, triggering homeostatic mechanisms to prevent it from
decreasing dramatically.

CoA (Figure 36-3). This occurs only in liver mitochondria because of its crit-
ical role in gluconeogenesis. The ketone bodies are transported out of the liver
mitochondria and the liver into the bloodstream for transport to other tissues
where they reenter metabolism by being converted to acetoacetyl-CoA at the
expense of succinyl-CoA and then cleaved by B-ketothiolase to produce two
molecules of acetyl-CoA for metabolism in the TCA cycle.

The B-oxidation of fatty acids that occurs in the mitochondrial matrix
provides the energy for gluconeogenesis in the liver. Fatty acids transported
from adipose tissues by blood albumin cross the hepatic plasma membrane and
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Figure 36-3. Mobilization of fatty acids during times in which the liver is syn-
thesizing glucose via the gluconeogenic pathway. The B-oxidation of fatty
acids by the liver produces the energy needed for gluconeogenesis, but
because the TCA cycle is slowed because of depletion of C, acids (used for
glucose synthesis), ketone bodies (acetoacetate and B-hydroxybutyrate) are
formed from acetyl-CoA to regenerate CoA for continued B-oxidation. The
ketone bodies are exported to extrahepatic tissues, where they are used as an
energy source.

are activated by fatty acid thiokinases producing fatty acid-CoA and requiring
ATP, as shown in Figure 36-4. The fatty acids are transported across the mito-
chondrial inner membrane as carnitine derivatives utilizing the carnitine shut-
tle. All the rest of the reactions occur in the mitochondrial matrix beginning
with the oxidation of the fatty acid by flavin adenine dinucleotide (FAD)-
linked fatty acyl-CoA dehydrogenase producing frans-A2-enoyl-CoA. This
product is hydrated by enoylhydratase producing L-3-hydroxyacyl-CoA. This
product undergoes a second oxidation catalyzed by NAD-linked L-3-hydroxy
fatty acyl-CoA dehydrogenase producing 3-ketoacyl-CoA. This product is
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Figure 36-4. The activation of fatty acids and transport into the mitochondrion
via the carnitine shuttle. (Reproduced, with permission, from: D.B. Marks, et al.,
Basic Medical Biochemistry: A Clinical Approach, Philadelphia: Lippincott
Williams & Wilkins, 1996:361.)

cleaved by B-ketothiolase producing one molecule of acetyl-CoA and a new
activated fatty acyl-CoA, two carbon atoms shorter than at the outset in a reac-
tion that requires another molecule of free CoA. The newly produced fatty acyl-
CoA repeats the cycle of steps in B-oxidation releasing another acetyl-CoA and
onward until the last cleavage step that hydrolyzes acetoacetyl-CoA to two
molecules of acetyl-CoA.

While the postfeeding fast represents a normal state reflective of the alter-
nation of feeding and not feeding, the starvation state shown in Figure 36-5
represents an abnormal state and reflects a dramatic increase in the metabolic
changes observed in the postfeeding state, illustrated in Figure 36-3. Thus star-
vation represents an intensification of the metabolic adjustments of the fasting
state with some significant differences seen only in prolonged starvation.
Two marked changes in plasma concentrations occur, a decrease in glucose
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Figure 36-5. The metabolic flow during prolonged starvation. The brain
adapts to use ketone bodies as a source of energy, thus decreasing its utiliza-
tion of glucose.

concentration and a dramatic increase in the concentration of ketone bodies,
reflecting altered metabolic poise. In the liver the tricarboxylic acid (TCA)
cycle is slowed by the drainage of four-carbon intermediates to gluconeogen-
esis, fatty acid breakdown continues apace, and body proteins continue to
be broken down to replenish the tricarboxylic acid cycle intermediates. In
muscle the fuels used for energy generation are fatty acids and ketone bodies.
Muscle activity decreases as result of the mobilization of muscle protein,
which itself slows as the period of starvation increases. In adipose tissue the
breakdown of triglycerides to fatty acids is accelerated. In brain and the central
nervous system an adaptive change occurs allowing this tissue to use ketone
bodies as an energy source relieving both the total body demand for glucose and
the use of muscle protein as a carbon source for gluconeogenesis in the liver.
Ketone body concentration increases in the blood reflecting the accelerated
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breakdown of triglycerides in adipose tissue and the slower hepatic tricar-
boxylic acid cycle. In spite of the utilization of ketone bodies by peripheral tis-
sues and the brain and central nervous system (CNS) tissues after 5 to 6 weeks
of starvation, ketone body blood levels rise, spill over into the urine and are
excreted in significant quantity wasting material that could be used for energy
generation because the tissues capable of using ketone bodies as fuel are
already using the maximum possible amount. Thus the major differences
between starvation and the postfeeding fast are the adaptive ability of the brain
and central nervous system to use ketone bodies to satisfy some of their energy
demand and in the levels of circulating ketone bodies that are high enough to
spill over into the urine in significant quantities.

COMPREHENSION QUESTIONS

An 8-month-old child presents with exhaustion, irritability, and malnutrition.
The family history reveals poverty and inadequate nutrition in all members.
The 8-month-old was fed diluted formula, and the tentative diagnosis of
marasmus was made.

[36.1] In cases of starvation many metabolic changes take place to meet the
body’s metabolic demands. Which of the following illustrates
starvation-triggered changes in intermediary metabolism?

Increased dependence of liver on glucose for its energy supply
Increased synthesis of proteins in muscle tissue

Increased use of ketone bodies for energy source in brain
Decreased mobilization of triglycerides by adipose tissue
Adaptation of red blood cells to use ketone bodies for energy

moNw

Use the reactions below for Question 36.2:

1. Acetoacetyl-CoA + acetyl-CoA — B-hydroxy-B-methylglutaryl-
CoA + CoA

2. Acetoacetate + NADH — B-hydroxybutyrate + NAD*

3. B-hydroxy-B-methylglutaryl-CoA + H,0 — acetoacetate +
acetyl-CoA

4. Acetyl-CoA + acetyl-CoA — acetoacetyl-CoA + CoA

5. Acetoacetate + succinyl-CoA — acetoacetyl-CoA + succinate

[36.2] Using the above reactions, which of the following correctly describes
the pathway of ketone body formation?

352514
4>51—-3->2
4-52-3->1
551523
552531

moaQwy
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[36.3]

During starvation muscle activity decreases, and muscle protein is bro-
ken down to provide a carbon source for the liver production of glucose
via gluconeogenesis. Which of the following amino acids remains in
the muscle cell to provide a source of energy for the muscle?

Alanine
Aspartate
Leucine
Glutamate
Threonine

moNw

Answers

[36.1]

[36.2]

[36.3]

C. In starvation a major metabolic adjustment is that the brain acti-
vates the ketone body metabolic pathway and uses ketone bodies for
energy, thus sparing somewhat the breakdown of body proteins to
generate amino acid carbon skeletons for gluconeogenesis in the
liver. In starvation liver derives most of its energy from B-oxidation
of fatty acids. Muscle proteins are broken down to generate carbon
skeletons during starvation. Triglyceride stores in adipose tissue are
being used to provide fatty acids for B-oxidation in the liver. Red
blood cells are not able to use ketone bodies because they have no
mitochondria.

B. The synthesis of ketone bodies begins with the combination of two
molecules of acetyl-CoA to generate one molecule of free CoA and a
molecule of acetoacetyl-CoA, which combines with another mole-
cule of acetyl-CoA to yield another free CoA molecule and B-
hydroxy-B-methylglutaryl-CoA (HMG-CoA). HMG-CoA undergoes
hydrolysis to produce one molecule acetyl-CoA and one molecule of
acetoacetate, which can be reduced to B-hydroxybutyrate. The reac-
tion of succinyl-CoA and acetoacetate is a reaction in the pathway of
ketone body utilization but not in the pathway of ketone body
formation.

C. Leucine but none of the other amino acids listed is a branched-
chain amino acid. The muscle has a very active branched-chain
amino acid metabolic pathway and uses that pathway to provide
energy for its own use. The products of leucine metabolism are
acetyl-CoA and acetoacetate, which are used in the tricarboxylic acid
cycle. Acetoacetate is activated by succinyl-CoA and cleaved to two
molecules of acetyl-CoA in the B-ketothiolase reaction. The other
branched-chain amino acids, valine, and isoleucine, yield succinyl-
CoA and acetyl-CoA as products of their catabolism.
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#*  Red blood cells have an absolute requirement for glucose as the
exclusive food source from which energy is derived.

#*  Brain tissue normally has an exclusive preference for glucose,
the exception being in advanced starvation when the brain can
use ketone bodies for energy production.

REFERENCE

Devlin TM, ed. Textbook of Biochemistry with Clinical Correlations, 5th ed.
New York: Wiley-Liss, 2002:629-42, 713-23, 862-85.
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< CASE 37

A 45-year-old male with history of hepatitis C and now cirrhosis of the liver
is brought to the emergency center by family members for acute mental status
changes. The family reports that the patient has been very disoriented and con-
fused over the last few days and has been nauseated and vomiting blood. The
family first noticed disturbances in his sleep pattern followed by alterations in
his personality and mood. On examination, he is disoriented with evidence of
icteric sclera. His abdomen is distended with a fluid wave appreciated. He has
asterixis and hyperreflexia on neurologic exam. His urine drug screen and
ethyl alcohol (EtOH) screen are both negative. A blood ammonia level was

noted to be elevated, and all other tests have been normal.
© What is the most likely cause of the patient’s symptoms?
© What is asterixis?

© What was the likely precipitating factor of the patient’s symptoms?
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ANSWERS TO CASE 37: CIRRHOSIS

Summary: A 45-year-old male presents with cirrhosis, likely secondary to hep-
atitis C, with acute mental status change coinciding with recent onset of
hematemesis. Patient has an elevated serum ammonia level and otherwise neg-
ative workup.

© Diagnosis: Hepatic encephalopathy likely secondary to elevated
ammonia levels.

@ Asterixis: Nonspecific to hepatic encephalopathy. Nonrhythmic
asymmetric tremor with loss of voluntary control of extremities while
in a sustained position. It is also known as “liver flap.”

@ Precipitating factor: Increased nitrogen load from upper gastrointestinal
bleed.

CLINICAL CORRELATION

Cirrhosis is a chronic condition of the liver with diffuse parenchymal injury and
regeneration leading to distortion of the liver architecture and increased resist-
ance of blood flow through the liver. The patient usually manifests malaise,
lethargy, palmar erythema, ascites, jaundice, and hepatic encephalopathy in the
late stages. Toxins accumulating in the blood stream affect the patient’s mental
status. The most common etiologies of cirrhosis are toxins such as alcohol, viral
infections such as hepatitis B or C infection, or metabolic diseases in children
(Wilson disease, hemochromatosis, or o,-antitrypsin deficiency). Treatment
depends on the exact etiology, although the common therapy includes avoidance
of liver toxins, salt restriction, and possibly procedures to reduce the portal
pressure.

APPROACH TO AMINO ACID METABOLISM
AND AMMONIA

Objectives

1. Be familiar with the urea cycle.
2. Know about amino acid metabolism.
3. Be aware of the biochemical means of removing excess ammonia.
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Definitions

Glutamate dehydrogenase: A mitochondrial enzyme present in all tissues
that metabolizes amino acids. It catalyzes the oxidative deamination of
glutamate to o-ketoglutarate using NAD™ as the electron acceptor to also
produce nicotinamide adenine dinucleotide (NADH) and ammonia. The
enzyme uses the reducing equivalents of nicotinamide adenine dinu-
cleotide phosphate (NADPH) to perform the reverse reaction.

Ornithine: An o-amino acid similar in structure to lysine but having one
methylene group less in the side chain. It is carbamoylated to form cit-
rulline to begin the urea cycle and is regenerated in the final step that
releases urea.

Transaminase: An aminotransferase; a pyridoxal phosphate-requiring
enzyme that transfers an amino group from an a-amino acid to an a-keto
acid.

Urea cycle: The series of reactions that occur in the liver to synthesize urea
for the excretion of nitrogen. The two nitrogen atoms present in urea
arise from ammonium ion and the a-amino group of aspartate. The cycle
also requires CO, (HCO3) and the expenditure of four high-energy phos-
phate bonds and produces fumarate.

DISCUSSION

Amino acids differ from carbohydrates and fats in that they contain nitrogen
as part of their molecular structure. For the carbons in amino acids to enter into
the energy generating metabolic pathways, the amino groups must first be
removed so that they can be detoxified and excreted. The amino acid nitrogen
is excreted predominantly as urea, but some is also excreted as free ammonia
in order to buffer the urine.

The first step in the catabolism of most amino acids is the transfer of the
o-amino group from the amino acid to o-ketoglutarate (0-KG). This
process is catalyzed by transaminase (aminotransferase) enzymes that require
pyridoxal phosphate as a cofactor. The products of this reaction are glutamate
(Glu) and the o-ketoacid analog of the amino acid destined for catabolic
breakdown. For example, aspartate is converted to its o-keto analog, oxalo-
acetate, by the action of aspartate transaminase (AST), which also produces
Glu from a-KG. The transamination process is freely reversible, and the direction
in which the reaction proceeds is dependent on the concentrations of the reactants
and products. These reactions do not effect a net removal of amino nitrogen;
the amino group is only transferred from one amino acid to another.

For net removal of amino nitrogen, a second enzymatic reaction must take
place that removes the amino group from Glu for disposal. The net removal of
the amino nitrogen is accomplished by the mitochondrial enzyme glutamate
dehydrogenase (GDH), which catalyzes the oxidative deamination of Glu to
o-KG in a reaction that uses NAD* as the electron acceptor. The enzyme can
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also catalyze the reverse reaction to produce Glu, but in this case it uses the
reducing equivalents from NADPH instead of NADH. The oxidative deami-
nation reaction is allosterically activated by adenosine diphosphate (ADP) and
guanosine diphosphate (GDP), whereas the reductive amination is activated by
GTP and adenosine triphosphate (ATP). The overall process for net removal of
the amino group from a-amino acids is summarized in Figure 37-1.

Ammonia is produced by almost all cells in the body; however, only the
liver has the enzymatic machinery to convert it to urea. Therefore, extra-
hepatic ammonia must be transported to the liver. However, ammonia in the
blood is toxic to cells, and therefore the nitrogen from amino acid catabolism
is transported in blood either as glutamine or alanine. Glutamine is synthesized
from Glu and ammonia in an ATP-requiring reaction that is catalyzed by glu-
tamine synthetase. Alanine is formed from pyruvate in a transamination reac-
tion catalyzed by alanine transaminase (ALT).

Glutamine and alanine are transported to the liver in the blood, where they
are taken up by cells in the periportal region. Ammonia is released by the com-
bined action of ALT (in the case of alanine), glutaminase (in the case of glut-
amine) and GDH. The o-amino group of alanine is transferred to o-KG to
form Glu and pyruvate. Glutaminase catalyzes the hydrolysis of the side-chain
amide group releasing ammonia and Glu. Ammonia and Glu enter the mito-
chondria, where Glu is oxidatively deaminated by GDH. The ammonia that is
released by glutaminase and GDH then enters the urea cycle (Figure 37-2),
which includes enzymes that are located both in the mitochondria and the
cytosol.

Ammonia is condensed with bicarbonate and ATP in the mitochondrion to
form carbamoyl phosphate in a reaction catalyzed by carbamoyl phosphate
synthetase I. Two molecules of ATP are used in this reaction; one provides the
phosphate, and the other is hydrolyzed to ADP and inorganic phosphate (P,) to
provide the energy that drives the reaction to products. The activated carbamoyl
group is then transferred to the amino acid ornithine by the mitochondrial
enzyme ornithine transcarbamoylase to form citrulline. Citrulline then is trans-
ported out of the mitochondrion to the cytosol, where the rest of the reactions

o-amino acids a-ketoglutarate NADH + NH4"
Transaminases GDH
a-keto acids glutamate NAD?Y

energy urea
(most tissues) (liver only)

Figure 37-1. Summary of amino acid catabolism.
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Figure 37-2. Urea cycle.

that are required to synthesize urea take place. The second nitrogen of urea
comes directly from the amino acid aspartate. The side chain of citrulline con-
denses with the oi-amino group of aspartate to form argininosuccinate in a
reaction that is thermodynamically driven by the conversion of ATP to AMP
and inorganic pyrophosphate (PP,). The rapid hydrolysis of PP, by pyrophos-
phatase releases energy and removes the PP,, thus making the formation of
argininosuccinate thermodynamically irreversible. Argininosuccinate is then
cleaved to arginine and fumarate by argininosuccinase (argininosuccinate
lyase). Arginase then hydrolyzes the guanidino group of arginine, releasing
urea and regenerating ornithine, which can then reenter the mitochondrion and
accept another carbamoyl group from carbamoyl phosphate. The urea is trans-
ported to the kidney for excretion.

Glutamine is also used by the kidney as a source of ammonia that is used
to buffer the urine. Ammonia is released from glutamine by the same enzymes
that are active in the liver. The free ammonia accepts a proton to form ammo-
nium ion, thus decreasing the acidity of the urine.

Although most of the ammonia detoxified by the liver arises from the
breakdown of amino acids in dietary protein or endogenous protein that is
being turned over, ammonia is also produced by bacteria in the gut. This is
absorbed into the portal venous blood and taken directly to the liver for con-
version into urea.
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When liver function is severely impaired or when collateral links between
the portal and venous blood vessels arise as occurs in cirrheosis, the ability of
the liver to detoxify ammonia to urea is compromised resulting in hyper-
ammonemia. This can be exacerbated by an increase in the ammonia load,
such as can occur from gastrointestinal bleeding. When blood ammonia lev-
els rise, ammonia builds up inside the cells and drives the GDH reaction to
form Glu, thus depleting 0-KG stores and slowing the tricarboxylic acid
(TCA) cycle. This is particularly devastating to the brain, which must have an
active TCA cycle to produce the energy needed for brain function.

COMPREHENSION QUESTIONS

[37.1]1 An 8'/,-month-old infant was admitted to the hospital in a coma and a
temperature of 39.4°C (102.9°F). His pulse was elevated, his liver was
enlarged, and an electroencephalogram was grossly abnormal. Since
the infant could not retain milk given by gavage feeding, intravenous
glucose was administered. He improved rapidly and came out of the
coma in 24 hours. Analysis of his urine showed abnormally high
amounts of glutamine and uracil, which suggested a high blood ammo-
nium ion concentration. The laboratory confirmed this.

Considering the data, which enzyme may be defective in this patient?

Arginase

Carbamoyl phosphate synthetase I
Glutamate dehydrogenase
Glutaminase

Ornithine transcarbamoylase

moNw

[37.2] A newborn male infant was diagnosed as having phenylketonuria
(PKU), and immediately placed on diet low in phenylalanine (Phe);
careful compliance with the diet and frequent monitoring of the
patient’s plasma Phe level resulted in the level being maintained at the
lower limit of the normal range. The patient appeared to be developing
normally until 4 months of age, when he developed truncal hypotonia
and spasticity of the limbs. Despite being on a low-phenylalanine diet,
at 5 months the patient had several grand mal (epileptic) seizures. After
an abnormal Phe-loading test, the patient’s urine was found to have a
markedly elevated urinary biopterin concentration.

Which of the following enzymes is most likely deficient in this patient?

Dihydropteridine reductase
GTP cyclohydrolase I
Phenylalanine hydroxylase
Tryptophan hydroxylase
Tyrosine hydroxylase

moNw
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[37.3]

Which treatment regimen would be most beneficial to this patient in
Question 37.2?

A. A low-Phe diet with biopterin supplementation

B. A low-Phe diet with cobalamin (vitamin B ,) supplementation
C. A low-Phe diet + L-dopa (3,4-dihydroxyphenylalanine)

D. A low-Phe diet + L-dopa and 5-hydroxytryptophan

E. A diet completely free of Phe

Answers

[37.1]

[37.2]

[37.3]

E. The patient exhibits signs of a defect in the urea cycle. The pres-
ence of elevated uracil in addition to ammonia and glutamine points
to an accumulation of carbamoyl phosphate. If ornithine transcar-
bamoylase is deficient, carbamoyl phosphate will accumulate in the
mitochondria and leak into the cytosol, providing the starting com-
pound for the synthesis of uracil.

A. The patient, despite being put on a low-Phe diet, exhibits neuro-
logic problems resulting from an inability to synthesize catecholamine
and indoleamine neurotransmitters. This is caused by a deficiency in
dihydropteridine reductase (DHPR). DHPR regenerates tetrahydro-
biopterin (BH,), which is oxidized to dihydrobiopterin by phenylala-
nine hydroxylase, as well as tyrosine hydroxylase and tryptophan
hydroxylase (tryptophan 5-monooxygenase). If phenylalanine hydroxy-
lase were deficient, a diet low in Phe would alleviate the effects.
Since the urinary biopterin concentration is elevated, a deficiency in
GTP cyclohydrolase I is eliminated because that is an enzyme in the
biosynthetic pathway of BH,. Phe hydroxylase, Tyr hydroxylase, and
Trp hydroxylase activities are low because of a lack of BH,.

D. Because of the DHPR deficiency, the activities of Phe hydroxylase
and Tyr hydroxylase are low, hence the synthesis of catecholamine neu-
rotransmitters are depressed. The synthesis of the indoleamine neuro-
transmitter serotonin is also depressed because BH, is required for the
hydroxylation of tryptophan. The best treatment is to decrease the
Phe load by a low-Phe diet and provide the precursors for the cate-
cholamine and indoleamine neurotransmitters that occur after the
enzymes affected by the deficiency of BH,, which would be 1-dopa
and 5-hydroxytryptophan.
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BIOCHEMISTRY PEARLS

**  Ammonia is produced by almost all cells in the body; however, only
the liver has the enzymatic machinery to convert it to urea.

#®  Liver disease such as cirrhosis affects the ability of the liver to
detoxify ammonia to urea resulting in hyperammonemia.

< Hyperammonemia can be exacerbated by an increase in the ammo-
nia load, such as can occur from gastrointestinal bleeding.

REFERENCES

Coomes MW. Amino acid metabolism. In: Devlin TM, ed. Textbook of
Biochemistry with Clinical Correlations, Sth ed. New York: Wiley-Liss, 2002.

Rodwell VW. Catabolism of proteins & of amino acid nitrogen. In: Murray RK,
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< CASE 38

A 1-year-old girl is brought to her pediatrician’s office with concerns about her
development. She had an uncomplicated birth outside the United States at
term. The mother reports that the baby is not achieving the normal milestones
for a baby of her age. She also reports an unusual odor to her urine and some
areas of hypopigmentation on her skin and hair. On exam, the girl is noted to
have some muscle hypotonia and microcephaly. The urine collected is found

to have a “mousy” odor.
© What is the most likely diagnosis?

© What is the biochemical basis of the hypopigmented skin and hair?



348 CASE FILES: BIOCHEMISTRY

ANSWERS TO CASE 38: PHENYLKETONURIA (PKU)

Summary: A 1-year-old girl born outside the United States with developmen-
tal delays, hypotonia, hypopigmentation, and foul smelling urine.

@ Likely Diagnosis: Phenylketonuria (PKU)

@ Biochemical basis of hypopigmentation: Phenylalanine is competitive
inhibitor of tyrosinase (key enzyme in melanin synthesis)

CLINICAL CORRELATION

Elevated phenylalanine can be caused by a variety of different enzyme deficien-
cies resulting in impaired conversion of phenylalanine to tyrosine. The most
common deficiency is in phenylalanine hydroxylase (autosomal recessive)
resulting in the classic picture of PKU. Two other enzyme deficiencies leading
to PKU include dihydropteridine reductase and 6-pyruvoyl-tetrahydropterin
synthase, an enzyme in the biosynthetic pathway of tetrahydrobiopterin. With
PKU, the baby appears normal at birth but then fails to reach normal develop-
mental milestones. If unrecognized, the child will develop profound mental
retardation and impairment of cerebral function. A mousy odor of the skin, hair,
and urine can often be detected clinically. Areas of hypopigmentation develop
secondary to the disruption of melanin synthesis. In the United States, all chil-
dren are screened for PKU in hopes to prevent the serious life-long complica-
tions. Treatment consists of dietary modifications with limitation of
phenylalanine intake and supplementation of tyrosine. The diagnosis of PKU
and initiation of diet modification needs to be implemented prior to 3 weeks of
age to prevent mental retardation and the other classic signs of PKU.

APPROACH TO PHENYLKETONURIA

Objectives

1. Describe the biochemical conversion of phenylalanine to tyrosine.
2. Describe the biochemical events that occur when conversion of pheny-
lalanine to tyrosine is inhibited.

Definitions

Hypopigmentation: Lack of color in skin or hair due to the absence or low
quantity of the skin and hair pigment melanin, a product of tyrosine (and
phenylalanine) metabolism.

Tetrahydrobiopterin: A four-electron-reduced form of the reducing agent
biopterin required to supply electrons to phenylalanine hydroxylase for
conversion of phenylalanine to its hydroxylated product, the amino acid
tyrosine.
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Phenylketonuria: The presence of elevated amounts of phenylketones, prima-
rily phenylpyruvate, in urine; a primary indication of disturbance of
phenylalanine metabolism resulting from elevated transamination of
phenylalanine due to reduction in phenylalanine hydroxylation to tyrosine.

DISCUSSION

Phenylketonuria is a disease readily diagnosable in childhood and it is impor-
tant for an optimal clinical outcome for it to be diagnosed as early as possible.
Laboratory tests can be performed in the neonatal period and now genetic test-
ing can identify the trait before birth.

Phenylketonuria obtains from an elevated level of phenylpyruvate in the
urine of the patient. As shown in Figure 38-1, phenylpyruvate is the cognate
o-ketoacid of the amino acid phenylalanine. It is formed by transaminating
phenylalanine and o-ketoglutarate to yield glutamate and phenylpyruvate.
This reaction is freely reversible and therefore driven by elevated concentra-
tions of reactants or products. For large scale conversion of phenylalanine to
phenylpyruvate an increase in the concentration of phenylalanine must occur
to drive the transamination reaction toward the formation of phenylpyruvate.
Such an elevated phenylalanine level will be reflected in the blood as hyper-
phenylalaninemia, which is defined as a plasma phenylalanine level greater
than 120 umol/L. The most likely cause is a disturbance in the phenylalanine
hydroxylase reaction. Disease states resulting from disturbances of the pheny-
lalanine hydroxylase reaction can be found (1) at the level of the enzymes in
the reaction reflected in absent or altered proteins, (2) at the metabolic level
reflected in cognate effects on other metabolic processes, and (3) at the cogni-
tive level reflected in changes in brain function and mental retardation.

phenylalanine
transaminase &
o L)
"H3N—E—COO' - Glu C|:=0
CoO”
L-Phenylalanine Phenylpyruvate

Figure 38-1. Transamination of phenylalanine to yield phenylpyruvate, a
phenylketone.
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Phenylalanine hydroxylation reaction and its components. As shown in
Figure 38-2 the phenylalanine hydroxylation reaction is the pathway whereby
dietary phenylalanine can be converted into tyrosine relieving some of the
dietary requirement for tyrosine. It is catalyzed by phenylalanine hydroxylase,
a monooxygenase requiring molecular oxygen (O,) and a specific two electron
donor tetrahydrobiopterin. One atom of molecular oxygen appears in the prod-
uct tyrosine as a hydroxyl group in the para position, the remaining oxygen
atom appearing in the product water.

The provision of reducing equivalents to phenylalanine hydroxylase is
dependent on reduction of dihydrobiopterin by NADH catalyzed by the
enzyme dihydropteridine reductase, as shown in Figure 38-2. This reduction is
dependent on the availability of biopterin and therefore on the biopterin syn-
thetic pathway. Thus any genetic or protein folding defect in either dihy-
dropteridine reductase or the biopterin biosynthetic enzymes would
compromise the efficacy of phenylalanine hydroxylation to tyrosine resulting
in hyperphenylalaninemia and also phenylketonuria resulting from increase
transamination of phenylalanine to phenylpyruvate.

The principal of enzyme in this pathway is phenylalanine hydroxylase. The
gene for phenylalanine hydroxylase is located on chromosome 12 at band
region q 23.2 and comprises 100 kb of genomic DNA. Several hundred alleles
causing disease states have been recognized for this gene, more than 60 percent
of which are classified as missense alleles. European and Chinese populations
show an order of magnitude higher incidence than persons of African descent.
This population specific expression of disease causing alleles may explain the
wide range of incidence reported for this disease entity (5 to 350 cases/million
live births).
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Figure 38-2. Normal conversion of phenylalanine into the amino acid tyrosine
catalyzed by phenylalanine hydroxylase.
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Fates of tyrosine. Tyrosine can be degraded by oxidative processes to ace-
toacetate and fumarate which enter the energy generating pathways of the citric
acid cycle to produce ATP as indicated in Figure 38-2. Tyrosine can be further
metabolized to produce various neurotransmitters such as dopamine, epineph-
rine, and norepinephrine. Hydroxylation of tyrosine by tyrosine hydroxylase
produces dihydroxyphenylalanine (DOPA). This enzyme, like phenylalanine
hydroxylase, requires molecular oxygen and tetrahydrobiopterin. As is the case
for phenylalanine hydroxylase, the tyrosine hydroxylase reaction is sensitive to
perturbations in dihydropteridine reductase or the biopterin synthesis pathway,
anyone of which could lead to interruption of tyrosine hydroxylation, an
increase in tyrosine levels, and an increase in transamination of tyrosine to form
its cognate o-keto acid, para-hydroxyphenylpyruvate, which also would appear
in urine as a contributor to phenylketonuria.

Tyrosine is also the precursor to melanin formation in melanocytes, the first
step of which is catalyzed by tyrosinase as shown in Figure 38-3. This reac-
tion is a two step reaction in which dihydroxyphenylalanine (DOPA) is an
intermediate in the formation of dopaquinone. Ring closure of the alanine por-
tion of dopaquinone forms a pyrrole ring and subsequent reactions give rise to
the melanins, the primary dark pigment associated with skin color being eume-
lanin. The absence of tyrosinase gives rise to classic albinism. Phenylalanine
is a competitive inhibitor with tyrosine for tyrosinase. Thus in a situation
wherein phenylalanine hydroxylase activity is deficient, not only does the oi-keto
cognate transamination product phenylpyruvate increase but so also does the
level of phenylalanine. Thus, excess phenylalanine inhibits tyrosinase and
melanin formation resulting in hypopigmentation of skin and hair in affected
persons.

OH OH o]
OH o
0, H,0
tyrosinase (|:H2 tyrosinase (|3Hz

i
*HaN—C—CO00O" *HaN—C—CO0" *HaN—C—COO0O"
H H H
Tyrosine L-DOPA DOPA quinone

Figure 38-3. Conversion of tyrosine to dopaquinone by the enzyme tyrosi-
nase, a Cu*2-dependent enzyme in melanocytes.
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CASE FILES: BIOCHEMISTRY

COMPREHENSION QUESTIONS

[38.1]

[38.2]

[38.3]

A 3-month-old boy presents with elevated levels of phenylalanine,
para-hydroxyphenylpyruvate and phenylpyruvate in the serum. His
skin color is pale. On your differential diagnosis is phenylketonuria.
Which of the following would be consistent in such a case?

Elevated levels of homogentisic acid in the serum

A deficiency in vitamin B, (cobalamin)

Elevated levels of pyridoxal phosphate in the serum

The urine in the boy’s diaper smells like fresh maple syrup
Phenylalanine hydroxylase activity is only 2 percent of normal

moOw

A 1-year-old girl presents at your clinic the day after you saw the 3-
month-old boy. The symptoms are the same so you order a test on
phenylalanine hydroxylase to confirm your diagnosis of phenylke-
tonuria. To your surprise the phenylalanine hydroxylase activity is well
within the normal range. Which of the following might you check next
to support your diagnosis?

Tyrosine: a-ketoglutarate transaminase
Tyrosinase

Homogentisic acid oxidase
Dihydropteridine reductase

Dopamine hydroxylase

moNw

Skin color is the aggregate result of the expression of a number of genes
modified by ethnic origin and genetic inheritance. Hypopigmentation
may be caused by which of the following?

Excess formation of melanin

Excess phenylalanine in the serum and tissues
Hyposecretion of melatonin

Excessive stimulation of tyrosinase

Low levels of para-hydroxyphenylpyruvate

moQwy

Answers

[38.1]

E. The correct response is very low levels of phenylalanine hydroxylase,
a key enzyme in the metabolic sequelae of phenylketonuria, that is, ele-
vated phenylalanine, phenylpyruvate, and para-hydroxyphenylpyruvate
in blood. Homogentisic acid is an intermediate in the breakdown of
tyrosine to fumarate and acetoacetate. Vitamin B , is required in the
metabolism of branched-chain amino acids not phenylalanine. The
a-keto acids of the branched chain amino acids produce the maple-
syrup odor.
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[38.2] A. The correct response is dihydropteridine reductase. This enzyme
reduces dihydrobiopterin to tetrahydrobiopterin the obligate electron
donor for phenylalanine hydroxylase. Tyrosinase is the first enzyme on
the pathway to melanin. Dopamine hydroxylase and tyrosine transam-
inase are enzymes on other tyrosine metabolic tracts. Homogentisic
acid oxidase is an enzyme on the pathway of tyrosine to fumarate and
acetoacetate.

[38.3] B. Excess phenylalanine inhibits tyrosinase the first step toward melanin
production, thus resulting in hypopigmentation. Excess melanin leads to
hyperpigmentation. Melatonin is a hormone involved in the sleep cycle.
Excessive stimulation of tyrosinase would lead to more melanin and
therefore hyperpigmentation. Para-hydroxyphenylpyruvate means less
transamination and perhaps more tyrosine converted to melanin and
hyperpigmentation.

BIOCHEMISTRY PEARLS

XS Phenylketonuria (PKU) is an autosomal recessive disorder of amino
acid metabolism affecting approximately 1/10,000 of infants in
the North America.

#* It is most often due to deficiency of the enzyme phenylalanine
hydroxylase which causes the accumulation of harmful metabo-
lites, including phenylketones.

*®  The gene for phenylalanine hydroxylase is located on chromosome
12 at band region q 23.2.

’:‘ If untreated, PKU leads to mental retardation, seizures, psychoses,
eczema, and a distinctive “mousy” odor.

< Phenylketonuria is a disease readily diagnosable in childhood and it
is important for an optimal clinical outcome for it to be diagnosed
as early as possible.
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< CASE 39

The mother of a 16-year-old female calls the clinic because of concerns about
her daughter’s eating habits. The mother states the she will not eat anything
and is obsessed with exercise and losing weight. She also states that her daugh-
ter has been more withdrawn from friends and family. After discussion with
the mother, the patient comes in for a physical examination. The patient is 5 ft
1 in tall and weighs 85 lb. She is in no acute distress but appears to have a
depressed affect. The patient states she is worried that her friends will think
she is fat if she eats more. She denies any binge eating. Her physical exami-
nation is normal, other than dry skin and thin fine hair on extremities.
Laboratory tests reveal that she is anemic and has a low albumin and magne-

sium level. She has normal liver and thyroid tests.
© What is the most likely diagnosis?

© What potential medical problems may develop in a patient
with this disorder?

© How can this disorder affect her menstrual cycles?
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ANSWERS TO CASE 39: ANOREXIA NERVOSA

Summary: A thin 16-year-old girl who is obsessed with her body appearance
and weight to the point of not wanting to eat and exercising excessively.

@ Diagnosis: Anorexia nervosa. This is differentiated from bulimia
because she denies binge eating with associated guilty feelings.

© Medical complications: Dry skin, lanugo, bradycardia, hypotension,
dependent edema, hypothermia, anemia, osteoporosis, infertility, cardiac
failure, and even death.

© Menstrual complications: Amenorrhea secondary to depression of
the hypothalamic-pituitary axis. Infertility will result secondary to
anovulation.

CLINICAL CORRELATION

Anorexia nervosa is a disease affecting primarily young women who have dis-
torted body images. Although their weight is less than 30 percent under ideal
body weight, they see themselves as overweight. Anorectics often use diuretic
and laxative agents to accomplish their weight loss. Patients with bulimia, who
usually induce emesis, may be at normal weight or even above ideal body
weight; in contrast, anorectics are almost always under ideal body weight.
Often, affected individuals become amenorrheic, have fine lanugo hair, and
become hypothermic. Therapy must be multifaceted and include family and
individual counseling, behavioral modification, and possibly medication.
Severe cases may be fatal.

APPROACH TO AMINO ACID AND NEGATIVE
PROTEIN BALANCE

Objectives

1.  Know about protein digestion and amino acid absorption.

2. Be familiar with nitrogen addition and removal from amino acids.

3. Understand amino acid metabolism in various tissues (muscle, gas-
trointestinal [GI], kidney).

4.  Know the special products derived from amino acids.

Definitions

Anorexia nervosa: A mental disorder in which the patient has an extreme
fear of becoming obese and therefore an aversion to food. The disorder
usually occurs in young women and can result in death if the condition
is not treated successfully.
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Nitrogen balance: The condition wherein the amount of nitrogen ingested
(via protein) is equal to that excreted. Negative nitrogen balance is a
condition wherein more nitrogen is excreted than ingested, usually dur-
ing prolonged periods of calorie restriction. Positive nitrogen balance
results when more nitrogen is ingested than excreted, as in growing
children.

Pyridoxal phosphate: The coenzyme that is required for transaminase
(aminotransferase) reactions, as well as other enzymes. It is the active
form of pyridoxine (vitamin B).

DISCUSSION

Proteins are polymers of oi-amino acids covalently linked via peptide bonds.
o-Amino acids consist of a central (o) carbon atom to which an amino group, a
carboxylic acid group, a hydrogen atom, and a side-chain group are covalently
linked. Twenty different amino acids are used for protein synthesis, each of
which is encoded by at least one codon (the three nucleotide genetic code)
and differ only in their side-chain group. Amino acids can be divided into two
classes, essential and nonessential amino acids. Essential amino acids cannot
be synthesized by humans (unlike nonessential amino acids) and therefore
must be ingested to meet the requirements of the organism. Certain nonessen-
tial amino acids can become pseudoessential if the starting material from which
they are synthesized becomes limiting (e.g., methionine-derived cysteine).
Amino acids are also used for the synthesis of nonprotein biomolecules (e.g.,
nucleotides, neurotransmitters, and antioxidants), as well as participating in
critical whole body processes, such as interorgan nitrogen transfer and
acid-base balance. Unlike carbohydrate and fatty acids, no storage form of
excess amino acids exists per se. Instead, dietary amino acids in excess to the
body’s synthetic needs are used as an energy source and/or converted to glyco-
gen and lipid. During periods of insufficient nutrient ingestion (e.g., starva-
tion, anorexia nervosa), noncritical skeletal muscle and liver proteins are
preferentially degraded to release utilizable amino acids, to meet both the
biosynthetic and energy needs of the body (Figure 39-1).

The major sites of ingested protein digestion are the stomach and the
small intestine. Gastric, pancreatic, and intestinal peptidases hydrolytically
cleave peptide bonds. The released amino acids, dipeptides, and tripeptides are
transported into small intestinal epithelial cells, wherein dipeptides and tripep-
tides are further degraded to free amino acids. The latter are subsequently
released into the circulation. A healthy, well-fed adult is generally in nitrogen
balance. This means that the amount of nitrogen ingested (as protein) is equal
to that excreted (primarily as urea). When rates of dietary amino acid incor-
poration into new protein exceed rates of amino acid degradation and nitrogen
excretion, the individual is said to be in positive nitrogen balance. Growing
children are normally in positive nitrogen balance. In contrast, an individual is
said to be in negative nitrogen balance when more nitrogen is excreted
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Figure 39-1. Schematic diagram showing the source and utilization of o-
amino acids in metabolic processes.

than ingested. This occurs during prolonged periods of calorie restriction
(e.g., starvation, anorexia nervosa), when protein is degraded to release amino
acids as a utilizable energy source.

A general tactic employed during catabolism of amino acids is the removal
of the o-amino group, followed by conversion of the remaining carbon skele-
ton into a major metabolic intermediate. The main way in which o-amino
groups are removed is through transamination, the transfer of an amino
group from an o-amino acid to an o-keto acid. This transamination reaction is
catalyzed by a class of enzymes called transaminases (or aminotransferases).
These enzymes use pyridoxal phosphate, a vitamin B, derivative, during
the catalytic process. Pyridoxal phosphate acts as an initial acceptor of the
o-amino group, forming a Schiff base (-CH = N-) intermediate. The pyridox-
amine phosphate intermediate subsequently donates the amino group to an
acceptor o-keto acid, forming a new o-amino acid. The acceptor o-keto acid
is most often o-ketoglutarate, therefore resulting in glutamate generation. Not
all amino acids are substrates for transaminases. Certain amino acids are ini-
tially converted into an intermediate that is subsequently transaminated (e.g.,
asparagine is hydrolyzed to asparate, the latter of which is transaminated
by aspartate aminotransferase, forming oxaloacetate). Given that the majority
of amino acids use transaminases in their pathways of degradation (although a
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select few amino acids can also be directly deaminated, e.g., threonine), glu-
tamate formation increases markedly during periods of increased amino acid
catabolism. Ultimately, the majority of this glutamate is oxidatively deami-
nated in the liver, where the released ammonium is incorporated into urea, via
the urea cycle, and subsequently excreted in urine (Figure 39-2).

The carbon skeleton released during amino acid catabolism can undergo
multiple fates, depending on the metabolic situation during which it was
formed, the cell type within which it was generated, and the amino acid from
which it is derived. For example, during periods of excess amino acid inges-
tion, the amino acid—derived carbon skeleton is either used as a metabolic
fuel or converted to glycogen or lipid. In contrast, when rates of amino acid
catabolism are increased as a result of prolonged caloric insufficiency, a large
portion of the carbon skeleton is used by the liver for the synthesis of either
glucose or ketone bodies, depending on the specific amino acid. Indeed,
glucogenic amino acids (those amino acids whose carbon skeleton can gener-
ate net glucose through gluconeogenesis) are essential for maintenance of
blood glucose levels during prolonged caloric insufficiency. Maintenance of
blood glucose is also made possible by increased reliance of skeletal muscle
on amino acids as a fuel source, thereby decreasing glucose utilization.

Certain amino acids are preferentially used in a tissue-specific manner. For
example, skeletal muscle has a relatively high capacity for branched-
chain amino acid (leucine, isoleucine, and valine) utilization. Following
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Figure 39-2. General pathway for the degradation of amino acids showing the
relationship between extrahepatic tissues and the liver, which is the site of the
formation of urea.
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transamination, the carbon skeleton is oxidatively metabolized as an energy
source during situations such as sustained exercise and caloric insufficiency.
The amino group is transported in the circulation to the liver as either glutamine
(formed by the enzymatic addition of an amino group to the side-chain group
of glutamate) or alanine (formed by enzymatic transfer of the o-amino group
from glutamate to pyruvate). Once at the liver, the transferred amino groups are
ultimately used in urea synthesis, as described above (see Figure 39-2).

In contrast to skeletal muscle, which is the primary site of endogenous gluta-
mine synthesis, rapidly dividing cells (e.g., lymphocytes, enterocytes) prefer-
entially use glutamine. The reason for this is that rapidly dividing cells
require both energy as well as precursors for biosynthetic reactions. The carbon
skeleton of glutamine enters intermediary metabolism via o-ketoglutarate,
a Krebs cycle intermediate, providing the required energy for cellular
processes. In addition, the amino groups of glutamine are used in purine and
pyrimidine biosynthesis, which in turn are required for the synthesis of both
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). Indeed, lympho-
cyte proliferation is greatly accelerated when glutamine is used as a metabolic
substrate (as opposed to glucose), leading to suggestions that glutamine defi-
ciency may result in immunosuppression and therefore increased susceptibil-
ity to infection. An additional reason for high rates of glutamine utilization in
enterocytes appears to be for the synthesis of citrulline. The latter is trans-
ported to the kidney, where it is converted to arginine. Arginine is not only
important in protein synthesis but also essential in cellular signaling (via nitric
oxide production) and in maintaining adequate levels of urea cycle intermedi-
ates (Figure 39-3).

Glutamine also plays an important role in maintenance of whole body
acid—base balance. High rates of catabolism of positively charged and sulfur-
containing amino acids result in the net formation of hydrogen ions. To main-
tain an acid-base balance, the kidney uses glutamine as a gluconeogenic
precursor, resulting in glucose, bicarbonate (HCOJ) ion, and ammonium
(NH,*) ion formation. The bicarbonate is released into the circulation, where
it associates with a proton (forming CO, and H,0), thereby increasing blood
pH. In contrast, the ammonium ion is excreted (see Figure 39-3).

As noted above, amino acids are not only used for protein synthesis but are
also essential for the biosynthesis of other biomolecules. These include carni-
tine (a derivative of lysine); creatine (a derivative of glycine and arginine); glu-
tathione (a derivative of glutamate, cysteine, and glycine); serotonin and
melatonin (derivatives of tryptophan); dopamine, norepinephrine, and epi-
nephrine (derivatives of tyrosine); as well as purines and pyrimidines (requir-
ing aspartate and glutamine for biosynthesis). Alterations in dietary intake of
amino acids can influence the rates at which these macromolecules are syn-
thesized. For example, ingestion of a tryptophan-rich meal elevates neuronal
serotonin synthesis, resulting in lethargy. Tryptophan crosses the blood—brain
barrier via a transporter that is also specific for the branched-chain amino
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Figure 39-3. Schematic diagram showing the central role of glutamine as a
transporter of amino acid nitrogen to various tissues.

acids. Conditions that influence the tryptophan-to-branched-chain amino acid
ratio in the circulation have been shown to affect serotonin levels in the brain,
because of competition for this transporter. For example, increased skeletal
muscle branched-chain amino acid catabolism during starvation is associated
with an increase in the blood tryptophan-to-branched-chain amino acid ratio,
increased tryptophan uptake in the brain, and increased serotonin synthesis.
The latter then influences wakefulness.

Amino acids also play an important role in cellular signaling. The guanidino
group from arginine is used in the synthesis of nitric oxide, a ubiquitous, highly
reactive signaling molecule that regulates multiple physiologic processes,
including blood pressure, immune response, learning, and metabolism. Much
less understood is the mechanism by which leucine affects cellular signaling.
This amino acid has been termed a “pseudohormone” following the observa-
tions that one or more of its early metabolites (e.g., o-ketoisocaproate) is/are
among the strongest regulators of protein turnover identified to date.
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COMPREHENSION QUESTIONS

For Questions 39.1 to 39.3 refer to the following case.

A 12-year-old girl is presented at the clinic with reports of frequent fainting
and lethargy. The girl is 5 ft tall and weighs 80 1b. Skin fold tests show an
abnormally low percentage of body fat mass.

[39.1] Which of the following is least likely to be consistent with the patient’s
symptoms?
A. Anorexia nervosa
B. Bulimia
C. Type I diabetes
D. Type II diabetes

[39.2] Which of the following hormones is likely to be severely diminished in
the patient described above?

A. Cortisol

B. Epinephrine
C. Glucagon
D. Insulin

[39.3] Which of the following metabolic fluxes would be most consistent in
this patient?

Protein—amino acids

Glucose—fatty acids

Glucose—glycogen

Fatty acids—triacylglycerol

oawp>

Answers

[39.1] D. Individuals with type II diabetes tend to be either overweight
(a body mass index [BMI] between 25 and 30) or obese (BMI greater
than 30). This may be due in part to chronic hyperinsulinemia. In
contrast, decreased insulin levels associated with type I diabetes,
anorexia, and bulimia, will promote lipolysis and therefore decreased
adipose mass.

[39.2] D. The low body weight and fat mass observed in the patient are con-
sistent with a metabolically “fasted” state. During such a condition,
circulating insulin levels will be low, whereas counterregulatory hor-
mones (e.g., glucagon, epinephrine, and cortisol) will be elevated.
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[39.3] A. Consistent with a metabolically fasted state, decreased circulating
insulin levels will signal attenuation of biosynthetic reaction and aug-
mentation of catabolic reactions. The latter will provide necessary
fuels to sustain the energetic needs of the body. Elevation of counter-
regulator hormones (e.g., glucagon, epinephrine, and cortisol) will
synergistically stimulate catabolic processes. Increased proteolysis
(protein—amino acids) in tissues such as skeletal muscle and the liver
provide amino acids as a direct fuel source, as well as ketogenic and
gluconeogenic precursors (depending on the individual amino acid).

BIOCHEMISTRY PEARLS

o Twenty different amino acids are used for protein synthesis, each of
which is encoded by at least one codon (the three-nucleotide
genetic code) and differ only in their side-chain group.

%  Amino acids can be divided into one of two classes, essential and
nonessential amino acids. Essential amino acids cannot be syn-
thesized by humans.

o Nitrogen balance means whether there is more or less nitrogen
(protein) ingested than excreted.

% With prolonged caloric insufficiency, a large portion of the carbon
skeleton is used by the liver for the synthesis of either glucose or
ketone bodies, depending on the specific amino acid.

o Rapidly dividing cells (e.g., lymphocytes, enterocytes) preferen-
tially use glutamine for energy and biosynthetic purposes.
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< CASE 40

A 20-year-old female was brought to the emergency department after being
found on the dormitory room floor nauseated, vomiting, and complaining of
abdominal pain. Her friends were concerned when she did not show up for a
biochemistry final at the local university. The patient had been under a lot of
stress with finals, a recent breakup with a boyfriend, and trying to find a job.
In the dormitory room, one of her friends noticed an empty bottle of Tylenol
(acetaminophen) near the bed with numerous pills lying on the ground near their
friend. On arrival to the emergency department, the patient was found to be in
moderate distress and vomiting. The patient was quickly assessed, and labora-
tory work was obtained. Patient had a hypokalemia noted on electrolytes and
elevated liver enzymes. Her white blood cell count was normal. Her urine drug
screen was negative, and her acetaminophen blood level was above 200 pg/mlL.
The emergency department physician prescribes oral N-acetylcysteine to help

prevent toxicity from the acetaminophen.
© What is the pathophysiology of the liver toxicity?

© What is the biochemical mechanism whereby the N-acetylcysteine
helps in this condition?
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ANSWERS TO CASE 40: ACETAMINOPHEN
OVERDOSE

Summary: A 20-year-old college student under increasing stress was found in
moderate distress with nausea, vomiting, and abdominal pain with empty bot-
tle of Tylenol (acetaminophen) at her bedside. Oral N-acetylcysteine is
prescribed.

@ Pathophysiology: Acetaminophen is metabolized via the cytochrome
P450 enzymes into a deleterious product N-acetyl benzoquinoneimine,
an unstable intermediate, which causes arylated derivatives of protein,
lipid, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA),
causing destruction of these compounds. Because the liver has high
levels of cytochrome P450 enzymes, it is the major organ affected by
acetaminophen overdose.

© Biochemical mechanism of N-acetylcysteine: As glutathione is used
to conjugate the acetaminophen toxic metabolite, the antidote N-
acetylcysteine helps to facilitate glutathione synthesis by increasing the
concentrations of one of the reactants of the first synthetic step.

CLINICAL CORRELATION

The patient described has all the initial signs of a deliberate overdose of aceta-
minophen. Normally acetaminophen is cleared by conjugation with either glu-
curonic acid or sulfate followed by excretion. Metabolism also takes place,
producing an active intermediate capable of binding tissue macromolecules.
These conjugative and metabolic pathways involve a number of enzymes that
may themselves be compromised to such an extent that the threshold for the
concentration that constitutes an overdose is substantially lowered. More typi-
cally, overdose concentrations are the result of deliberate ingestion, as in this
clinical case, or accidental ingestion, often involving either a child who finds a
bottle of acetaminophen and consumes its contents or a disoriented elderly per-
son who loses track of how many tablets have been consumed. Usually, the
acetaminophen serum level is drawn and plotted on a nomogram to determine
the possibility of hepatic damage. Hepatocyte necrosis with clinical manifesta-
tions of nausea and vomiting, diarrhea, abdominal pain, and shock may ensue.
Few survivors of an overdose have long-term hepatic disease. The initial ther-
apy is gastric lavage, activated charcoal, supportive care, and administration of
N-acetylcysteine.
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APPROACH TO GLUTHATHIONE
AND ACETAMINOPHEN

Objectives

1. Know about the role of glutathione in protection of acetaminophen
overdose.

2. Understand that acetaminophen overdose can lead to liver toxicity.

Know about the effect of glutathione.

4. Be aware of the mechanism of action of N-acetylcysteine in treating
acetaminophen toxicity.

et

Definitions

Phase I drug metabolism: Oxidative metabolism of drugs usually medi-
ated by cytochrome P450 leading to hydroxylation or epoxidation of
substrate compounds.

Phase II drug metabolism: Conjugative metabolism of oxidized drugs
usually involving hydration of epoxides by epoxide hydrase produc-
ing phenolic derivatives, conjugation by uridine diphosphate (UDP)-
glucuronyl transferase to produce glucuronide adducts or S-alkylated
adducts, or sulfation by sulfotransferase producing sulfated derivatives.

Drug toxicity: Aberrant reaction to a therapeutic agent often depending on
individual variations in either the quantity or activity level of specific
drug metabolizing enzymes toward the drugs or on individual genetic
polymorphisms of drug metabolism enzymes giving higher or lower
activities or product profile produced by the genetic variant versus the
normally expressed enzyme.

DISCUSSION

The major pathway of removal of acetaminophen is by formation of a glu-
curonide conjugate. The reactions required for formation of acetaminophen
glucuronide are shown in Figure 40-1 and depend on the generation of activated
glucuronic acid. The first phase is the formation of activated glucuronic acid
from glucose. Glucose is phosphorylated to glucose 6-phosphate by hexokinase
in an adenosine triphosphate (ATP)-requiring reaction, which constitutes the
first step of glycolysis, the basal pathway for cellular energy generation.
Phosphoglucomutase, which plays a critical role in glycogen formation, converts
glucose 6-phosphate to glucose 1-phosphate. Glucose 1-phosphate is activated to
uridine diphosphate (UDP)-glucose by UDP-glucose pyrophosphorylase using
UTP and producing pyrophosphate as an additional product. Pyrophosphate
is rapidly hydrolyzed to 2 mol of phosphate by pyrophosphatase; this pulls
the reaction toward the formation of UDP-glucose. This reaction is also on
the pathway to the formation of glycogen. The last step in this activation phase
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Figure 40-1. Formation of UDP-glucuronate and acetaminophen glucuronide.

is the oxidation of the sixth carbon of glucose in UDP-glucose to the acid level
forming UDP-glucuronic acid. This reaction is catalyzed by UDP-glucose dehy-
drogenase, which also produces 2 mol of nicotinamide adenine dinucleotide
(NADH) as an additional product. UDP-glucuronyl transferase, in the next phase
of the reaction, catalyzes the transfer of the glucuronide group to the hydroxyl
group of acetaminophen forming acetaminophen glucuronide, which is elimi-
nated without toxic effects to the organism.

Alternatively, acetaminophen can be conjugated with organic sulfate for
elimination. This alternative pathway shown in Figure 40-2 also consists of
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Figure 40-2. Formation of 5’-phosphoadenosine 3’-phosphosulfate (PAPS)
and sulfated acetaminophen.

two phases. The first phase consists of preparing activated sulfate for transfer
as 5’-phosphoadenosine 3’-phosphosulfate (PAPS), and the second consists
of transfer of the sulfate moiety to acetaminophen. In the first step of the
first phase, ATP-sulfurylase catalyzes the formation of pyrophosphate and
adenosine-5"-phosphosulfate (APS) from ATP and sulfate. In the second step,
APS-kinase catalyzes the formation of PAPS and adenosine diphosphate
(ADP) from ATP and APS. (The structure for PAPS is shown in Figure 40-2.)
In the second phase, phenolsulfotransferase, one of a group of sulfotrans-
ferases, transfers the sulfate group from PAPS to acetaminophen to yield
adenosine-3’,5"-bisphosphate and acetaminophen sulfate, which is eliminated.
In the event that this pathway and the glucuronide forming pathway are both
overwhelmed by overdose, more acetaminophen is metabolized by the
cytochrome P450 pathway.

Oxidative metabolism of acetaminophen by the cytochrome P450 system,
shown in Figure 40-3, is catalyzed by various cytochromes P450 such as
CYP2E1 and others. The deleterious product is N-acetyl benzo-
quinoneimine, an unstable intermediate shown in Figure 40-3, which can
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react with cellular macromolecules damaging them and the integrity of the
cells wherein the metabolic alteration occurs. The tissue with the highest con-
centration of cytochromes P450 is the liver, and it is there (along with kid-
ney) that acetaminophen causes the most damage. In the liver, N-acetyl
benzoquinoneimine can form arylated derivatives of protein, lipid, RNA,
and DNA, causing destruction of these compounds as well as any larger
structure with which they are associated, for example, cellular and subcellular
membranes, leading to hepatocyte lysis and loss of cellular contents, such as
enzymes, to the circulation. However, N-acetyl benzoquinoneimine may also
disrupt Ca?* balance, leading to dramatically increased intracellular Ca®* con-
centrations, that is, 20 UM versus 0.1 UM, which is the normal concentration.
Ca’* is a potent and therefore well-regulated signal. Thus dramatic increases in
Ca?* concentration would have deleterious effects on the balance of many cel-
lular processes, especially energy generation. The low serum calcium and ele-
vated liver enzyme serum levels seen in the patient reflect hepatocyte lysis.
What mechanisms protect against this metabolite-induced destruction of cel-
lular integrity? The primary defense against radical metabolite intermediate-
mediated damage is the glutathione (GSH) system. Glutathione is a tripeptide
with an active sulthydryl group that plays a role in protection of cellular
macromolecules from attack by radicals such as organic hydroperoxides or
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active metabolic intermediates such as N-acetyl benzoquinoneimine. The for-
mation of glutathione is summarized in Figure 40-4. y-Glutamylcysteine syn-
thetase catalyzes the formation of the dipeptide y-glutamylcysteine from the
amino acids glutamate and cysteine using energy provided by the hydrolysis
of ATP to ADP and phosphate. Glutathione synthetase catalyzes the addition
of glycine to y-glutamylcysteine to form the tripeptide glutathione, again using
1 mol of ATP.

The role of the glutathione in detoxifying N-acetyl benzoquinoneimine is
shown in Figure 40-3. The adduct acetaminophen glutathionate is no longer
toxic to cells and can be excreted without further damage. Any process
depleting glutathione levels would compromise the ability of the cell to
protect itself against N-acetyl benzoquinoneimine. This includes deficien-
cies of any of the enzymes involved in the synthesis of glutathione or that keep
glutathione in its reduced state as well as any other radical generating process
that consumes glutathione. In the case of acetaminophen overdose, in addition
to giving activated charcoal to absorb excess stomach and intestinal acetamin-
ophen or its conjugates, a strategy to replenish glutathione concentration is
important. The most frequently administered compound is N-acetylcysteine.
Easily obtainable and readily soluble, it serves to facilitate glutathione syn-
thesis by increasing the concentrations of one of the reactants of the first
synthetic step. The committed dipeptide product being made, glutathione is
synthesized to replenish depleted supplies. N-acetylcysteine seems most effec-
tive when given less than 10 hours after ingestion of acetaminophen but is rec-
ommended within the first 35 hours after ingestion.
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+ + + +
ATP Pi ATP Pj 5 ':""3 ‘I:I' ? "
& Z,
Glutamate .L-A’ +Glu-Cys L.L» _o:c-(i;-cﬂz_cn.‘,-c- |:.|-(I;_c..|:|- CH,=-C :0_
H H CH; H
1
SH
vGlutamyl- Glutathione Glutathione (GSH)
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Figure 40-4. Glutathione formation.
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COMPREHENSION QUESTIONS

[40.1] A patient admitted to the emergency room with nausea and vomiting
showed low serum potassium, elevated blood enzymes, and acetamin-
ophen blood level above 200 pug/mL. The patient was diagnosed with
acetaminophen overdose. Acetaminophen is a widely used analgesic.
What is the most probable explanation of how a high dose of aceta-
minophen might have led to a toxic condition?

[40.2]

[40.3]

A.

B.
C.

D.

E.

In

Acetaminophen itself is toxic.

Acetaminophen is metabolized to a potential toxic product.
Acetaminophen is metabolized to a potential toxic product that is
fully conjugated.

Acetaminophen is metabolized to a potential toxic product that is
partially conjugated.

None of the above.

acetaminophen toxicity, which of the following compounds is a

potential toxic intermediate?

MO O® >

. Acetaminophen glucuronide

Acetaminophen sulfate
N-Acetyl benzoquinoneimine

. Acetaminophen glutathionate

N-Acetyl-p-aminophenol

Glutathione is a critical tripeptide involved in conjugation reactions
and in reactions that protect cells from reactive oxygen species. Which
of the following components compose glutathione?

moQwy

Glutamic acid, alanine, methionine
Glutamine, alanine, cysteine
Glutamate, glycine, cysteine
Alanine, glycine, cysteine
Methionine, glycine, cysteine

Answers

[40.1]

D. Acetaminophen is not itself toxic, but its intermediate metabolite
N-acetyl benzoquinoneimine can be toxic unless it is adequately con-
jugated. In the case presented, a high dose of acetaminophen over-
whelmed the conjugative processes, allowing the toxic intermediate
to interact with body components and thus causing the nausea, vom-
iting, and elevated blood enzymes observed.
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[40.2] C. N-acetyl benzoquinoneimine is toxic, whereas acetaminophen glu-
curonide, acetaminophen sulfate, and acetaminophen glutathionate
are nontoxic acetaminophen conjugates. N-acetyl-p-aminophenol is
another name for acetaminophen.

[40.3] C. Glutathione (y-glutamylcysteinylglycine) is a tripeptide of glu-
tamic acid, cysteine, and glycine in which the amino terminal gluta-
mate residue is in a peptide linkage through its side-chain carboxyl
group to the cysteine residue.

BIOCHEMISTRY PEARLS
% The major pathway of removal of acetaminophen is by formation of
a glucuronide conjugate.
<> Acetaminophen is oxidized by the cytochrome P450 system, yield-
ing the deleterious product N-acetyl benzoquinoneimine, an
unstable intermediate that can react with cellular macromolecules
and thus damage them.

#®*  The liver has a high concentration of cytochrome P450 and is par-

ticularly susceptible to acetaminophen toxicity.

<> N-acetylcysteine is the antidote to acetaminophen toxicity and facil-

itates glutathione synthesis by increasing the concentrations of
one of the reactants of the first synthetic step.

REFERENCE

Goodman AG, Gilman LS, eds. The Pharmological Basis of Therapeutics, 10th ed.

New York: Mc-graw-Hill, 2001.
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& CASE 41

A 37-year-old female presents to your clinic to discuss her plans for a new
vegetarian diet. The patient heard from a friend about a new vegetarian diet
that promised rapid weight loss. The diet consists of many leafy vegetables
with no pork, chicken, beef, eggs, or milk. She is also planning on working out
regularly with the goal of running a marathon within the year. After listening

to the patient, you refer her to a nutritionist for further assistance and guidance.
© What is an essential amino acid, and how many are there?

@ List the essential amino acids.
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ANSWERS TO CASE 41: VEGETARIAN
DIET—ESSENTIAL AMINO ACIDS

Summary: A 37-year-old female who is planning to undertake a radical new
vegetarian diet is in your office for counseling.

@ Essential amino acids: The amino acids that cannot be synthesized by
the body. There are a total of nine essential amino acids.

© List of essential amino acids: Histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine.

CLINICAL CORRELATION

The vegetarian should be careful to ensure a balanced ingestion of proteins,
fats, carbohydrates, and vitamins. Most animal proteins contain all the essen-
tial amino acids; however, vegetable proteins often lack one or more of them.
Often, plant amino acids are of low biologic value and incompletely digested.
Vegans often benefit from nutritional consultation, which would allow the
patient to make sure that she ate foods that complemented each other in pro-
viding the essential amino acids.

APPROACH TO ESSENTIAL AMINO ACIDS

Objectives

1. Be aware of the importance of essential amino acids.

2. Know about the synthesis of other amino acids.

3. Be aware of some of the problems with inadequate essential amino
acid intake.

Definitions

Essential amino acids: Amino acids that the human body cannot synthe-
size (or cannot synthesize in sufficient quantities to meet cellular needs)
and must be taken in the diet. If essential amino acids are deficient, the
result is a condition of negative nitrogen balance.

Nonessential amino acids: Those amino acids that are synthesized by the
human body in sufficient quantities to meet cellular needs.

Phenylalanine hydroxylase: The enzyme that converts the essential amino
acid phenylalanine to the amino acid tyrosine using tetrahydrobiopterin
and molecular oxygen. A genetic deficiency in this enzyme gives rise to
the disease phenylketonuria.
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Phenylketones: Normally minor metabolites of phenylalanine that result
from the transamination of phenylalanine and further reduction. These
include phenylpyruvate and phenyllactate. These metabolites are ele-
vated when the conversion of phenylalanine to tyrosine is impaired.

PKU: Phenylketonuria; the pathologic condition of increased excretion of
phenylketones in the urine because of impaired conversion of pheny-
lalanine to tyrosine. Classical PKU is because of a genetic deficiency of
phenylalanine hydroxylase; however, other causes are deficiencies in
dihydropteridine reductase or in the biosynthesis of tetrahydrobiopterin.

DISCUSSION

All 20 amino acids are needed for normal cellular growth and function. Amino
acids are the basic building blocks for all proteins synthesized in the cell. In
addition, the metabolism of amino acids provides carbon and nitrogen units that
are used in the synthesis of numerous important biomolecules including neuro-
transmitters, heme, purines, pyrimidines, polyamines, and various cellular-
signaling molecules. The carbon skeletons of amino acids can also be used as
an energy source. After removal of the amino group, amino acids can either be
directly oxidized or converted to glucose in the liver, providing carbon units to
other tissues for the production of adenosine triphosphate (ATP) through gly-
colysis and the tricarboxylic acid (TCA) cycle. Certain amino acids can be
directly interconverted to intermediates of the TCA cycle to provide a rapid
source of carbon units. Finally, catabolism of amino acids provides a means of
nitrogen and carbon removal from the body through their metabolism to urea
and CO,. Thus, all amino acids are necessary for life.

Apart from their biologic importance, amino acids are classified as essen-
tial or nonessential based on their ability to be synthesized in the body. The
term essential amino acid is used to identify those amino acids that must
be taken in through the diet (Table 41-1). There are 10 such amino acids for
which biosynthetic pathways do not exist in cells of the human body. In con-
trast, there are 11 amino acids that are termed nonessential, for which the
human body has biosynthetic pathways for their generation. One of these
amino acids, tyrosine, is synthesized from the essential amino acid pheny-
lalanine (Figure 38-2). In addition, it should be noted that arginine is listed as
both an essential and nonessential amino acid. Arginine is considered
nonessential because biosynthetic pathways for its generation do exist in cer-
tain cells of the body. Arginine can be synthesized from the amino acid gluta-
mate. Glutamate is first converted to ornithine, which is then converted to
arginine by enzymes of the urea cycle. The urea cycle is found only in the
liver, and thus the production of arginine through this pathway is limited. The
production of arginine through this pathway is likely sufficient for healthy
adults but may not be sufficient in times of growth when increased protein syn-
thesis augments the need for amino acids. Thus, in growing children and in
adults following surgery or trauma, arginine becomes an essential amino acid.
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Table 41-1
ESSENTIAL AND NONESSENTIAL AMINO ACIDS
NONESSENTIAL AMINO ACIDS
(can be synthesized in the body)
ESSENTIAL AMINO ACIDS Synthesized Synthesized from an
(must be obtained from the diet) from Glucose Essential Amino Acids
Histidine Alanine Tyrosine
Isoleucine Arginine
Leucine Asparagine
Lysine Aspartate
Methionine Cysteine
Phenylalanine Glutamate
Threonine Glutamine
Tryptophan Glycine
Valine Proline
Arginine’ Serine
"Required for growth

There is a continuous need for amino acids for protein synthesis, energy
utilization, and the production of biologic mediators. The most readily
available source of all amino acids, but particularly the essential amino acids,
is the diet. Protein is taken in through the diet and digested to smaller peptides
and amino acids in the stomach and small intestine by specific proteolytic
enzymes known as proteases. Because of their different specificities, enzymes
work to cleave specific peptide bonds within proteins. Individual digestive
enzymes are not capable of completely digesting proteins themselves, but in
concert with many different enzymes, most proteins can be efficiently
digested. Once released by the digestive enzymes, amino acids are absorbed
by epithelial cells of the small intestine for distribution and utilization through-
out the body.

Composition of the diet is an important consideration when trying to under-
stand and plan for the uptake of essential amino acids. Not all dietary con-
stituents are equal with regard to the type and amounts of proteins present or
the amino acids that can be derived from these proteins by the human diges-
tive tract. Proteins derived from vegetable matter may not contain all the
essential amino acids needed and digestion of certain plant proteins can be
insufficient to produce certain individual amino acids. In contrast, proteins
found in animal products are readily digestible and contain all essential amino
acids. Therefore, careful consideration should be given to the dietary intake of
individuals who may have or will be undergoing an increased level of exertion.
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Regulation of the dietary intake of amino acids can also be important
when considering the treatment of certain defects in amino acid biosynthesis.
Phenylalanine is an essential amino acid that is also used to generate the
nonessential amino acid tyrosine. The enzyme that carries out this reaction is
the mixed function oxidase phenylalanine hydroxylase (PAH). Inherited
deficiencies in PAH are associated with a condition known as phenylke-
tonuria (PKU; see Case 38). The absence of PAH results in elevations of
phenylalanine and various phenylketones, the accumulation of which is asso-
ciated with the neurologic defects seen in this disorder. PKU can be treated by
controlling the dietary intake of phenylalanine. Diets low in phenylalanine will
help prevent excessive elevations in phenylalanine. Phenylalanine can not be
completely eliminated from the diet because it is an essential amino acid
needed for protein synthesis. In the absence of PAH activity, tyrosine becomes
an essential amino acid because it cannot be generated from phenylalanine.

COMPREHENSION QUESTIONS

[41.1] All amino acids are needed for the production of proteins in cells and
for the synthesis of important biomolecules. Which of the following
amino acids, all of which can be synthesized by the human body, must
be taken in the diet because it is not synthesized in sufficient quantities
to meet the body’s needs?

A. Asparagine
B. Glutamine
C. Methionine
D. Proline
E. Tyrosine

[41.2] A young child is in an automobile accident that requires surgical inter-
vention and substantial recovery time in the hospital. A consultation
with a nutritionist results in a specific dietary plan. The plan included
the supplementation of an amino acid that is typically considered a
nonessential amino acid. Which of the following amino acids is an
essential amino acid under conditions of enhanced growth or surgical
recovery?

Alanine
Arginine
Glycine
Serine
Tyrosine

mo QW
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[41.3]

As part of a standard neonatal screen, an infant is diagnosed with a loss
of function genetic defect in the enzyme phenylalanine hydroxylase.
Defects in this enzyme can result in a condition known as phenylke-
tonuria (PKU), which results from the toxic effects of phenylalanine
derived phenylketones. Fortunately, this condition can be managed by
regulating the amount of phenylalanine provided in the diet. Which of
the following nonessential amino acids will need to be supplied in the
diet of this infant?

Alanine
Aspartate
Glycine
Serine
Tyrosine

moNw

Answers

[41.1]

[41.2]

[41.3]

C. Methionine can be synthesized by the methylation of homocys-
teine by the enzyme methionine synthase, which requires the partici-
pation of vitamin B, and 5-methyltetrahydrofolate. It is actually the
homocysteine component of methionine that is required, since this
reaction has the capacity to synthesize enough methionine. However,
there is no good dietary source of homocysteine. This conversion of
homocysteine to methionine also serves the purpose of making THF
available for other biosynthetic reactions.

B. Arginine is considered nonessential because biosynthetic path-
ways for its generation do exist in certain cells of the body. Arginine
is synthesized from the amino acid glutamate. Glutamate is first con-
verted to ornithine, which is then converted to arginine by enzymes
of the urea cycle. The urea cycle is found only in the liver, and thus
the production of arginine through this pathway is limiting. The pro-
duction of arginine through this pathway is likely sufficient for
healthy adults, but it may not be sufficient in times of growth where
increased protein synthesis augments the need for amino acids. Thus,
in growing children and in adults following surgery, arginine
becomes an essential amino acid.

E. Phenylalanine is an essential amino acid that is also used to gen-
erate the nonessential amino acid tyrosine. Because tyrosine is made
from phenylalanine, it becomes an essential amino acid when pheny-
lalanine levels are limited because of the absence of phenylalanine
hydroxylase activity.
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BIOCHEMISTRY PEARLS
#*  The term essential amino acid is used to identify those amino acids
that must be taken in through the diet and cannot be
. manufactured.
**  There are ten such essential amino acids for which biosynthetic
. pathways do not exist in cells of the human body.
*°*  Phenylalanine is an essential amino acid that is also used to gener-
ate the nonessential amino acid tyrosine.
REFERENCE

Marks DB, Marks AD, Smith CM. Basic Medical Biochemistry: A Clinical
Approach. Baltimore, MD: Lippincott Williams & Wilkins, 1996:569-646.
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< CASE 42

A 38-year-old vegetarian (vegan) Caucasian female presents to her primary
care doctor with fatigue and tingling/numbness in her extremities (bilateral).
The symptoms have been gradually getting worse over the last year. Upon fur-
ther questioning she reports frequent episodes of diarrhea and weight loss. On
exam, she is pale and tachycardic. Her tongue is beefy red and a neurologic
exam reveals numbness in all extremities with decreased vibration senses.

A CBC demonstrates megaloblastic anemia.
© What is the most likely diagnosis?
© What is the most likely underlying problem for this patient?

© What are the two most common causes of megaloblastic anemia
and how would this patient’s history and examination differentiate
the two?
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ANSWERS TO CASE 42: COBALAMIN DEFICIENCY
(VITAMIN B,,)

Summary: A 38-year-old vegetarian female with gradually worsening fatigue,
neurologic and GI symptoms, and megaloblastic anemia.

€ Diagnosis: Cobalamin (vitamin B,,) deficiency.

€ Underlying problem: Lack of cobalamin intake with complete
vegetarian diet (vegan).

@ Causes of megaloblastic anemia: Folate and cobalamin deficiency.
Patients with folate deficiency have similar hematologic and GI findings
but do not have the neurologic symptoms as with cobalamin deficiency.

CLINICAL CORRELATION

The two most common etiologies of megaloblastic anemia are deficiencies in
folate or cobalamin. Cobalamin deficiency can occur from a lack of intake
(such as with complete vegetarians), absence of intrinsic factor (either inher-
ited or from removal/damage to gastric mucosa), intestinal organisms, or ileal
abnormalities (tropical sprue). Patients present with anemic symptoms such as
fatigue, weakness, palpitations, vertigo, and tachycardia. GI symptoms include
sore, beefy-red tongue, weight loss, and diarrhea. Both folate and cobalamin
deficiencies have similar anemic and GI symptoms. However, cobalamin defi-
ciency also can present with numerous neurologic manifestations including:
numbness, parathesia, weakness, ataxia, abnormal reflexes, diminished vibra-
tory sensation, and disturbances in mentation (from irritability to psychosis).
Treatment consists of identifying/treating the underlying cause of deficiency
and replacement of cobalamin or folate.

Objectives

1. Describe the role of cobalamin in red blood cell formation.
2. Explain why cobalamin deficiency leads to megaloblastic anemia.
3. Develop a comprehension of the role of cobalamin in metabolism.

Definitions

Cobalamin (vitamin B,,) deficiency: Inadequate uptake of cobalamin
from the diet; often due to lack of intrinsic factor an intestinal transport
protein or less often due to unaugmented vegetarian diet that strictly
avoids meat or meat products, the source of dietary cobalamin.

Megaloblastic anemia: A disturbance in erythroid cell synthesis due to an
impaired DNA synthesis. This results in cells with small nuclei and nor-
mal cytoplasm, and a high RNA to DNA ratio. Impaired DNA synthesis
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is due to decreased thymidylate synthetase conversion (C, transfer) of
dUMP to dTMP as a result of insufficient cobalamin or folate pool
impairment.

One-carbon pool: Folate derivatives that carry a single carbon in various
oxidation states (formyl, methenyl, methylene, and methyl) for transfer
to acceptor molecules; that is, transfer to deoxyuridine monophosphate
to form deoxythymidine monophosphate; transfer to homocysteine to
form methionine.

DISCUSSION

The structure of cobalamin (vitamin B ,) is shown in Figure 42-1. Cobalamin
is somewhat analogous to heme in its structure having as its base a tetrapyr-
role ring. Instead of iron as a metal cofactor for heme, cobalamin has cobalt in
a coordination state of six with a benzimidazole group nitrogen coordinated to
one axial position, the four equatorial positions coordinated by the nitrogens
of the four pyrrole groups and the sixth position occupied by either a

Figure 42-1. The structure of cobalamin, vitamin B, X= deoxyadenosine in
deoxyadenyosylcobalamin; X = CH, in methylcobalamin; X = CN~ in
cyanocobalamin, the commercial form found in vitamin tablets.
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deoxyadenosine group, a methyl group or a CN~ group in the commercially
available form in vitamin tablets. Dietary cobalamin is absorbed in the Co**
oxidation state and must be reduced by intracellular reductases to the Co* form
for use.

Dietary cobalamin is absorbed from animal food sources by a multistage
process shown in Figure 42-2. Cobalamin absorption requires the presence of
a protein (the intrinsic factor, IF) secreted from the parietal cells of the stom-
ach to bind cobalamin and aid in its absorption in the ileum. The protein is
released into the ileum while the cobalamin is transported to the blood stream
where it binds specialized serum proteins, the transcobalamins (TC), which
transport it to other tissues such as liver where cobalamin can be stored (usu-
ally several milligrams are present in liver). In the absence of the intrinsic factor

N
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Figure 42-2. Absorption, transport and storage of vitamin B,,. IF = intrinsic
factor, a glycoprotein secreted by gastric parietal cells; TC = transcobalamins,
blood proteins that carry cobalamin to the liver. (Reproduced, with permission,
from D.B. Marks, et al. Basic Medical Biochemistry: A Clinical Approach.
Philadelphia: Lippincott Williams & Wilkins, 1996:619.)
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inadequate amounts of cobalamin are absorbed (the dietary requirement is
approximately 200 ng/day) resulting in megaloblastic anemia. When the root
cause of the resultant megaloblastic anemia is absence of or inadequate
amounts of intrinsic factor the condition is called pernicious anemia. Other
conditions or choices may also eventuate in cobalamin deficiency—induced
megaloblastic anemia. This condition is also observed in vegetarians who
strictly avoid meat and meat products.

The cause of megaloblastic anemia seen in strict unsupplemented vegetarians
is attributed to the effects of cobalamin deficiency on DNA synthesis, specifi-
cally the thymidylate synthetase reaction which converts dUMP—dTMP.
Inadequate dTMP restricts DNA but not RNA synthesis leading to the appear-
ance of large erythroid cells with small nuclei containing a high ratio of RNA to
DNA. These cells are removed from the circulation, thus stimulating erythroge-
nesis and giving rise to anemia with an elevated presence of megaloblasts.

This process focuses on the role of cobalamin in folate metabolism. As
shown in Figure 42-3 cobalamin is required for the conversion of homocys-
teine into methionine. Cobalamin must first undergo methyl transfer to form
methyl cobalamin. It receives the methyl group from N-methyltetrahydrofolate
thus regenerating tetrahydrofolate to participate in other one-carbon transfers in
purine metabolism or pyrimidine remodeling. If there is a cobalamin deficiency
then the methionine synthase reaction cannot occur, N°-methyltetrahydrofolate
accumulates and the other C-1 donor forms of tetrahydrofolate cannot be
formed. If N°,N'%-methylenetetrahydrofolate, which is required for the methy-
lation of dUMP to dTMP, cannot be formed the thymidylate synthase reaction
will be slowed and dTMP levels will drop. An added complication is that the
thymidylate synthase reaction produces dihydrofolate unlike all the other C-1
pool reactions, which produce tetrahydrofolate. The dihydro-form must be
reduced to the tetrahydro-form by dihydrofolate reductase, which can be
inhibited by many drugs. Thus, in the absence of cobalamin methionine syn-
thesis from homocysteine ceases allowing the “trapping” of the folate pool as
N’-methyltetrahydrofolate, diminishing levels of N°,N'%-methylenetetrahydro-
folate, and impairing dTMP formation, and therefore DNA synthesis. Cells
requiring regeneration due to turnover feel the brunt of this situation early and
thus megaloblastic anemia is a result.

5-CH3-FH4\/ Chbl \/r Met
Methionine Synthase

FH4‘/\’CbI‘-CH3/\\ HCys

Figure 42-3. The role of cobalamin as a cofactor in the methylation of homo-
cysteine to methionine.



388 CASE FILES: BIOCHEMISTRY

Role of cobalamin in metabolism: Cobalamin plays a vital role in the catab-
olism of odd-chain fatty acids, threonine, methionine, and the branched-chain
amino acids (leucine, isoleucine, and valine) as shown in Figure 42-4. The
degradation of each of the compounds named above produces the same
metabolite, propionyl-CoA. This activated three-carbon fatty acid enters the
energy generating metabolic pathway at the level of the citric acid cycle as
succinyl-CoA. The process requires three specialized enzymes. Propionyl-
CoA carboxylase adds another carbon to propionyl-CoA to form D-
methylmalonyl-CoA in a reaction which requires ATP and the CO,-binding
cofactor biotin. A racemase converts the D isomer of methylmalonyl-CoA to
the L isomer. The last step is catalyzed by methylmalonyl-CoA mutase, a
deoxyadenosylcobalamin requiring enzyme that moves the acyl-CoA group
from the methylene carbon to the methyl carbon to form succinyl-CoA. In
cases of cobalamin deficiency this reaction is compromised and leads to an
accumulation of methylmalonyl-CoA in serum, which has been suggested as a
possible source of neurologic defects seen in cobalamin deficiency by decreas-
ing lipid synthesis. On the other hand, impaired biosynthesis of phosphatidyl
choline due to decreased levels of methionine and S-adenosylmethionine
(SAM) may play a role for the neurologic symptoms of cobalamin deficiency
by compromising the repair of demyelination.

methionine
isoleucine \ $CoA  aTp ADP+P;  SCOA

TT— (=0 \ f =0

valing ——» | i ]
/ ?HZ / propionyl CoA HC—COO
threonine CHs co carboxylase

/ 2 (bitin) CHs
odd-chain fatty acids propionyl CoA D-methylmalonyl CoA

methylmalonyl CoA

racemase
§COA methylmalony! CoA ?COA
?:O i mutase (|3=O
H2(|J—CH2 (vit By5) H?—CHa
Co0O" CoO”
succinyl CoA L-methylmalonyl CoA

Figure 42-4. The role of vitamin B, in the conversion of propionyl-CoA to
succinyl-CoA.
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COMPREHENSION QUESTIONS

[42.1] A patient with a tentative diagnosis of cobalamin deficiency is await-
ing a comprehensive blood analysis. Which of the following perturba-
tions would NOT fit with the putative diagnosis?

moOw

Elevated levels of methylmalonic acid
Elevated levels of propionic acid

Elevated levels of para-hydroxyphenylpyruvate
Decreased levels of erythrocytes

Elevated levels of megaloblasts

[42.2] In evaluating the case presented above your resident asks questions of
the role of cobalamin in metabolism. Which of the following state-
ments is true?

A.

B.
C.

D.

E.

Cyanocobalamin is the principal form of cobalamin used
physiologically

Cobalamin is equally active with an iron cofactor

Enterocytes produce an intrinsic factor required for uptake of
cobalamin in the gut

Cobalamin is transported in the blood to tissues by proteins named
transcobalamins

Cobalamin is active in its 3+ oxidation state

[42.3] Megaloblastic anemia has two most likely causes, deficiency of folate
and deficiency of cobalamin. Often treatment of patients with cobal-
amin deficiency improves in terms of their hematologic features with
treatment with folate but not in their neurologic symptoms. What is the
most likely explanation for this explanation?

A.
B.
C.

Cobalamin deficiencies are not serious

Excess folate blunts the trapping of folate as N>-methyltetrahydrofolate
Folate in high concentrations can serve as cofactor for the conver-
sion of homocysteine to methionine

Excess folate directly inhibits the destruction of red blood cells
Excess folate stimulates erythropoietic tissues to synthesize cobal-
amin in situ
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Answers

[42.1]

[42.2]

[42.3]

C. para-Hydroxyphenylpyruvate is the o-keto acid cognate of tyro-
sine and is not affected by cobalamin levels. All others result from
cobalamin deficiency.

D. Cobalamin is transported in the blood by transcobalamins.
Cyanocobalamin, the pharmacologic preparation of cobalamin avail-
able in vitamin pills, is an active as is. Cobalamin is not active with an
iron cofactor. The intrinsic factor is produced by parietal cells in the
stomach. Cobalamin must be reduced to the Co* state for activity.

B. Excess folate, by overwhelming the folate pool trapped as N°-
methyltetrahydrofolate, can allow for formation of N°,N'°-methyl-
enetetrahydrofolate which is required for the thymidylate synthase
reaction for DNA synthesis and red blood cell formation. Folate is not
recognized as a methyl donor by methionine synthase. Folate does
not inhibit destruction of erythrocytes. Cobalamin is an important
critical vitamin not synthesized by humans.

BIOCHEMISTRY PEARLS

Vitamin B, (cobalamin) plays a critical role in DNA synthesis and

Cobalmin deficiency can lead to a wide spectrum of hematologic,

Cobalamin absorption from the gastrointestinal tract requires the

neurologic function.

neuropsychiatric, and cardiovascular disorders that can often be
reversed by early diagnosis and prompt treatment.

presence of a protein (the intrinsic factor, IF) secreted from the
parietal cells of the stomach to bind cobalamin and aid in its
absorption in the ileum.
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& CASE 43

A 46-year-old male presents to the emergency department with severe right toe
pain. The patient was in usual state of health until early in the morning when
he woke up with severe pain in his right big toe. The patient denies any trauma
to the toe and no previous history of such pain in other joints. He did say that
he had a “few too many” beers with the guys last night. On examination, he
was found to have a temperature of 38.2°C (100.8°F) and in moderate distress
secondary to the pain in his right toe. The right big toe was swollen, warm, red,
and exquisitely tender. The remainder of the examination was normal. Synovial
fluid was obtained and revealed rod- or needle-shaped crystals that were nega-

tively birefringent under polarizing microscopy, consistent with gout.
© What is the likely diagnosis?
© How would you make a definite diagnosis?

© What is the pathophysiology of this disorder?
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ANSWERS TO CASE 43: GOUT

Summary: A 47-year-old male presents with an acute onset of right toe pain in
the middle of night after drinking alcohol and no history of trauma or any other
joint pain.

@ Diagnosis: Gouty arthritis.

@ Confirming diagnosis: Demonstration of the presence of the
monosodium urate crystals within the synovial leukocytes or in material
derived from tophi under polarizing microscopy.

@ Pathophysiology: Increased conversion of purine bases to uric acid or
a decreased excretion of uric acid by the kidney. Elevated levels of the
insoluble uric acid result in precipitation of urate crystals in the joints.

CLINICAL CORRELATION

Gout is a disorder that occurs when uric acid crystallizes in the joints of the
body, usually the great toe or large joints. Hyperuricemia is a clinical condi-
tion characterized by elevated levels of uric acid. This leads to the formation
of sodium urate crystals, which are found primarily in the joints of the extrem-
ities and in the renal interstitium. The presence of urate crystals is associated
with extreme swelling and tenderness in the joints of the extremities. This con-
dition is often referred to as gout or gouty arthritis. In this condition, elevated
levels of uric acid are detectable in the blood and urine, and definitive diagno-
sis can be made by observing the presence of urate crystals in synovial fluid
removed from affected joints. The preference of urate crystal formation in the
joints of the extremities, such as the big toe, is thought to be associate