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PREFACE

This book is intended as a companion to Thermodynamics and Kinetics for the
Biological Sciences, published in 2000. These two books are based on a course
that has been given to first-year graduate students in the biological sciences
at Duke University. These students typically do not have a strong background
in mathematics and have not taken a course in physical chemistry. The 
intent of both volumes is to introduce the concepts of physical chemistry that
are of particular interest to biologists with a minimum of mathematics. I
believe that it is essential for all students in the biological sciences to feel com-
fortable with quantitative interpretations of the phenomena they are study-
ing. Indeed, the necessity to be able to use quantitative concepts has become
even more important with recent advances, for example, in the fields of 
proteomics and genomics. The two volumes can be used for a one-semester
introduction to physical chemistry at both the first-year graduate level and at
the sophomore-junior undergraduate level. As in the first volume, some prob-
lems are included, as they are necessary to achieve a full understanding of the
subject matter.

I have taken some liberties with the definition of spectroscopy so that chap-
ters on x-ray crystallography and mass spectrometry are included in this
volume.This is because of the importance of these tools for understanding bio-
logical phenomena.The intent is to give students a fairly complete background
in the physical chemical aspects of biology, although obviously the coverage
cannot be as complete or as rigorous as a traditional two-semester course in
physical chemistry. The approach is more conceptual than traditional physical
chemistry, and many examples of applications to biology are presented.

I am indebted to my colleagues at Duke for their assistance in looking over
parts of the text and supplying material. Special thanks are due to Professors

ix
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David Richardson, Lorena Beese, Leonard Spicer, Terrence Oas, and Michael
Fitzgerald. I again thank my wife, Judy, who has encouraged, assisted, and 
tolerated this effort. I welcome comments and suggestions from readers.

Gordon G. Hammes



CHAPTER 1

FUNDAMENTALS OF SPECTROSCOPY

INTRODUCTION

Spectroscopy is a powerful tool for studying biological systems. It often 
provides a convenient method for analysis of individual components in a 
biological system such as proteins, nucleic acids, and metabolites. It can also
provide detailed information about the structure and mechanism of action of
molecules. In order to obtain the maximum benefit from this tool and to use
it properly, a basic understanding of spectroscopy is necessary. This includes 
a knowledge of the fundamentals of spectroscopic phenomena, as well as 
of the instrumentation currently available. A detailed understanding involves
complex theory, but a grasp of the important concepts and their application
can be obtained without resorting to advanced mathematics and theory. We
will attempt to do this by emphasizing the physical ideas associated with 
spectral phenomena and utilizing a few of the concepts and results from
molecular theory.

Very simply stated, spectroscopy is the study of the interaction of radiation
with matter. Radiation is characterized by its energy, E, which is linked to 
the frequency, u, or wavelength, l, of the radiation by the familiar Planck 
relationship:

(1-1)E = h hcu = l

1
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2 FUNDAMENTALS OF SPECTROSCOPY

where c is the speed of light, 2.998 ¥ 1010 cm/s (2.998 ¥ 108 m/s), and h is Planck’s
constant, 6.625 ¥ 10-27 erg-s (6.625 ¥ 10-34 J-s). Note that lu = c.

Radiation can be envisaged as an electromagnetic sine wave that contains
both electric and magnetic components, as shown in Figure 1-1. As shown in
the figure, the electric component of the wave is perpendicular to the mag-
netic component. Also shown is the relationship between the sine wave and
the wavelength of the light. The useful wavelength of radiation for spec-
troscopy extends from x-rays, l ~ 1–100nm, to microwaves, l ~ 105–106 nm. For
biology, the most useful radiation for spectroscopy is in the ultraviolet and
visible region of the spectrum. The entire useful spectrum is shown in Figure
1-2, along with the common names for the various regions of the spectrum. If

Z

Y

X

l
electric field

magnetic field

g rays x rays uv vis ir microwaves radiowaves

10-3 10-1 10 103 105 107 109 1011

HIGH ENERGY

Wavelength (nm)

LOW ENERGY

Figure 1-1. Schematic representation of an electromagnetic sine wave. The electric
field is in the xz plane and the magnetic field in the xy plane. The electric and magnetic
fields are perpendicular to each other at all times. The wavelength, l, is the distance
required for the wave to go through a complete cycle.

Figure 1-2. Schematic representation of the wavelengths associated with electromag-
netic radiation. The wavelengths, in nanometers, span 14 orders of magnitude. The
common names of the various regions also are indicated approximately (uv is ultravi-
olet; vis is visible; and ir is infrared).
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radiation is envisaged as both an electric and magnetic wave, then its interac-
tions with matter can be considered as electromagnetic phenomena, due to
the fact that matter is made up of positive and negative charges. We will not
be concerned with the details of this interaction, which falls into the domain
of quantum mechanics. However, a few of the basic concepts of quantum
mechanics are essential for understanding spectroscopy.

QUANTUM MECHANICS

Quantum mechanics was developed because of the failure of Newtonian
mechanics to explain experimental results that emerged at the beginning of
the 20th century. For example, for certain metals (e.g., Na), electrons are
emitted when light is absorbed. This photoelectric effect has several nonclas-
sical characteristics. First, for light of a given frequency, the kinetic energy of
the electrons emitted is independent of the light intensity.The number of elec-
trons produced is proportional to the light intensity, but all of the electrons
have the same kinetic energy. Second, the kinetic energy of the photoelectron
is zero until a threshold energy is reached, and then the kinetic energy
becomes proportional to the frequency. This behavior is shown schematically
in Figure 1-3, where the kinetic energy of the electrons is shown as a function
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Figure 1-3. Schematic representation of the photoelectric effect.The maximum kinetic
energy of an electron emitted from a metal surface when it is illuminated with light of
frequency u is shown. The frequency at which electrons are no longer emitted deter-
mines the work function, hu0, and the slope of the line is Planck’s constant (Eq. 1-2).
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of the frequency of the radiation. An explanation of these phenomena was
proposed by Einstein, who, following Planck, postulated that energy is
absorbed only in discrete amounts of energy, hu. A photon of energy hu has
the possibility of ejecting an electron, but a minimum energy is necessary.
Therefore,

(1-2)

where hu0 is the work function characteristic of the metal. This predicts that
altering the light intensity would affect only the number of photoelectrons 
and not the kinetic energy. Furthermore, the slope of the experimental plot
(Fig. 1-3) is h.

This explanation of the photoelectric effect postulates that light is corpus-
cular and consists of discrete photons characterized by a specific frequency.
How can this be reconciled with the well-known wave description of light
briefly discussed above? The answer is that both descriptions are correct—
light can be envisioned either as discrete photons or a continuous wave. This
wave-particle duality is a fundamental part of quantum mechanics. Both
descriptions are correct, but one of them may more easily explain a given
experimental situation.

About this point in history, de Broglie suggested this duality is applicable
to matter also, so that matter can be described as particles or waves. For light,
the energy is equal to the momentum, p, times the velocity of light, and by
Einstein’s postulate is also equal to hu.

(1-3)

Furthermore, since lu = c, p = h/l. For macroscopic objects, p = mv, where 
v is the velocity and m is the mass. In this case, l = h/(mv), the de Broglie 
wavelength. These fundamental relationships have been verified for matter 
by several experiments such as the diffraction of electrons by crystals. The 
postulate of de Broglie can be extended to derive an important result of
quantum mechanics developed by Heisenberg in 1927, namely the uncertainty
principle:

(1-4)

In this equation, Dp represents the uncertainty in the momentum and Dx the
uncertainty in the position. The uncertainty principle means that it is not pos-
sible to determine the precise values of the momentum, p, and the position, x.
The more precisely one of these variables is known, the less precisely the other
variable is known.This has no practical consequences for macroscopic systems
but is crucial for the consideration of systems at the atomic level. For example,
if a ball weighing 100 grams moves at a velocity of 100 miles per hour (a good
tennis serve), an uncertainty of 1 mile per hour in the speed gives Dp ~ 4.4 ¥

D Dp x h 2≥ ( )p

E = h pcu =

Kinetic Energy = h hu u- 0
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10-2 kgm/sec and Dx ~ 2 ¥ 10-33 m. We are unlikely to worry about this uncer-
tainty! On the other hand, if an electron (mass = 9 ¥ 10-28 g) has an uncertainty
in its velocity of 1 ¥ 108 cm/sec, the uncertainty in the position is about 1Å, a
large distance in terms of atomic dimensions. As we will see later, quantum
mechanics has an alternative way of defining the position of an electron.

A second puzzling aspect of experimental physics in the late 1800s and early
1900s was found in the study of atomic spectra. Contrary to the predictions of
classical mechanics, discrete lines at specific frequencies were observed when
atomic gases at high temperatures emitted radiation. This can only be under-
stood by the postulation of discrete energy levels for electrons. This was first
explained by the famous Bohr atom, but this model was found to have short-
comings, and the final resolution of the problem occurred only when quantum
mechanics was developed by Schrödinger and Heisenberg in the late 1920s.
We will only consider the development by Schrödinger, which is somewhat
less complex than that of Heisenberg.

Schrödinger postulated that all matter can be described as a wave and
developed a differential equation that can be solved to determine the prop-
erties of a system. Basically, this differential equation contains two important
variables, the kinetic energy and the potential energy. Both of these are well-
known concepts from classical mechanics, but they are redefined in the devel-
opment of quantum mechanics. If the wave equation is solved for specific
systems, it fully explains the previously puzzling results. Energy is quantized,
so discrete energy levels are obtained. Furthermore, a consequence of
quantum mechanics is that the position of a particle can never be completely
specified. Instead, the probability of finding a particle in a specific location can
be determined, and the average position of a particle can be calculated. This
probabilistic view of matter is in contrast to the deterministic character of
Newtonian mechanics and has sparked considerable philosophic debate. In
fact, Einstein apparently never fully accepted this probabilistic view of nature.
In addition to the above concepts, quantum mechanics also permits quantita-
tive calculations of the interaction of radiation with matter. The result is the
specification of rules that ultimately determine what is observed experimen-
tally. We will make use of these rules without considering the details of their
origin, but it is important to remember that they stem from detailed quantum
mechanical calculations.

PARTICLE IN A BOX

As an example of a simple quantum mechanical result that leads to quantiza-
tion of energy levels, we consider a particle of mass m moving back and forth
in a one-dimensional box of length L. This actually has some practical appli-
cation. It is a good model for the movement of pi electrons that are delocal-
ized over a large part of a molecule, for example, biological molecules such as
carotenoids, hemes, and chlorophyll.This is not an ordinary box because inside
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the box, the potential energy of the system is 0, whereas outside of the box,
the potential energy is infinite. This is depicted in Figure 1-4. The Schrödinger
equation in one dimension is

(1-5)

where Yn is the wave function, x is the position coordinate, U is the potential
energy, and En is the energy associated with the wave function Yn. Since the
potential walls are infinitely high, the solution to this equation outside of the
box is easy—there is no chance the particle is outside the box so the wave
function must be 0. Inside the box, U = 0, and Eq. 1-5 can be easily solved. The
solution is

(1-6)

where A and b are constants. At the ends of the box, Y must be zero. This
happen when sin np = 0 and n is an integer, so b must be equal to np/L. This
causes Yn to be 0 when x = 0 and x = L for all integral values of n. To evalu-
ate A, we introduce another concept from quantum mechanics, namely that
the probability of finding the particle in the interval between x and x + dx 
is Y2dx. Since the particle must be in the box, the probability of finding the
particle in the box is 1, or

(1-7)

Evaluation of this integral gives  Thus the final result for the wave
function is

(1-8)y pn  sin n x L= ( )2 L

A = 2 L

y pn

L L

dx A n x L dx2

0

2 2

0

1Ú Ú= ( ) =sin

yn A sinbx=

- + =
h
m

d
dx

n
2

2

2

28 p
y

yU En n

O L
X

U = •
U = 0

U = •

Figure 1-4. Quantum mechanical model for a particle in a one-dimensional box of
length L. The particle is confined to the box by setting the potential energy equal to 0
inside the box and to • outside of the box.
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Obviously n cannot be 0, as this would predict that there is no probability of
finding the particle in the box, but n can be any integer. The wave functions
for a few values of n are shown in Figure 1-5. Basically Yn is a sine wave, with
the “wavelength” decreasing as n increases. (More advanced treatments of
quantum mechanics use the notation associated with complex numbers in dis-
cussing the wave equation and wave functions, but this is beyond the scope of
this text.)

To determine the energy of the particle, all we have to do is put Eq. 1-8
back into Eq. 1-5 and solve for En. The result is

(1-9)

Thus, we see that the energy is quantized, and the energy is characterized by
a series of energy levels, as depicted in Figure 1-6. Each energy level, En, is
associated with a specific wave function, Yn. Notice that the energy levels
would be very widely spaced for a very light particle such as an electron, but
would be very closely spaced for a macroscopic particle. Similarly, the smaller
the box, the more widely spaced the energy levels. For a tennis ball being hit
on a tennis court, the ball is sufficiently heavy and the court (box) sufficiently
big so that the energy levels would be a continuum for all practical purposes.
The uncertainty in the momentum and position of the ball cannot be blamed
on quantum mechanics in this case! The particle in a box illustrates how
quantum mechanics can be used to calculate the properties of systems and
how quantization of energy levels arises. The same calculation can be easily
done for a three-dimensional box. In this case, the energy states are the sum

E h n mLn
2 2= ( ) ( )2 8

O L
X

3  y3 =   2 /L  sin (3p x / L )  

2  y2 =   2 /L  sin (2p x / L )  

1  y1 =   2 /L  sin (p x / L )  

Figure 1-5. Wave functions, Y, for the first three energy levels of the particle in a box
(Eq. 1-8). The dashed lines show the probability of the finding the particle at a given
position x, Y2.
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of three terms identical to Eq. 1-9, but with each of the three terms having a
different quantum number.

The quantum mechanical description of matter does not permit determ-
ination of the precise position of the particle to be determined, a manifesta-
tion of the Heisenberg uncertainty principle. However, the probability of
finding the particle within a given segment of the box can be calculated. For
example, the probability of finding the particle in the middle of the box, that
is, between L/4 and 3L/4 for the lowest energy state is

Evaluation of this integral gives a probability of 0.82.The probability of finding
the particle within the middle part of the box is independent of L, the size of
the box, but does depend on the value of the quantum number, n. For the
second energy level, n = 2, the probability is 0.50. The probability of finding
the particle at position x in the box is shown as a dashed line for the first three
energy levels in Figure 1-5.

An important result of quantum mechanics is that not only do molecules
exist in different discrete energy levels, but the interaction of radiation with
molecules causes shifts between these energy levels. If energy or radiation is
absorbed by a molecule, the molecule can be raised to a higher energy state,
whereas if a molecule loses energy, radiation can be emitted. For both cases,
the change in energy is related to the radiation that is absorbed or emitted by
a slight modification of Eq. 1-1, namely the change in energy state of the mol-
ecule, DE, is

y p1
2

4

3 4

2

4

3 4

2dx x L dx
L

L

L

L

Ú Ú= ( ) ( )L  sin

16 E1

25 E1

9 E1

4 E1

E1

E
ne

rg
y

n = 4

n = 5

n = 3

n = 2

n =1

Figure 1-6. Energy levels for a particle in a box (Eq. 1-9). The energy levels are n2E1

where E1 is the energy when n = 1.
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(1-10)

The change in energy, DE, is the difference in energy between specific energy
levels of the molecule, for example, E2 - E1 where 1 and 2 designate different
energy levels. It is important to note that since the energy is quantized, the
light emitted or absorbed is always a specific single frequency. Equation 1-10
can be applied to the particle in a box for the particle dropping from the 
n + 1 energy level to the n energy level:

(1-11)

If the particle is assumed to be an electron moving in a molecule 20Å long
and n = 10, then l ~ 600nm. This wavelength is in the visible region and has
been observed for p electrons that are highly delocalized in molecules.

In practice, energy levels are sometimes so closely spaced that the fre-
quencies of light emitted appear to create a continuum of frequencies. This is
a shortcoming of the experimental method—in reality the frequencies emitted
are discrete entities. The particle in a box is a rather simple application of
quantum mechanics, but it illustrates several important points that also are
found in more complex calculations for molecular systems. First, the system
can be described by a wave function. Second, this wave function permits deter-
mination of the probability of important characteristics of the system, such as
positions. Finally, the energy of the system can be calculated and is found to
be quantized. Moreover, the energy can only be absorbed or emitted in quan-
tized packages characterized by specific frequencies. Quantum mechanical cal-
culations also tell us what conditions are necessary for energy to be emitted
or absorbed by a molecule. These calculations tell us whether radiation will be
emitted or absorbed and what quantized packets of energy are available. We
will only utilize the results of these calculations and will not be concerned with
the details of the interactions between light and molecules other than the
above concepts.

PROPERTIES OF WAVES

It is useful to consider several additional aspects of light waves in order to
understand better some of the experimental methods that will be discussed
later. Thus far we have considered light to be a periodic electromagnetic wave
in space that could be characterized, for example, by a sine function:

(1-12)

Here I is the magnetic or electric field, I0 is the maximum value of the elec-
tric or magnetic field, x is the distance along the x axis and l is the wavelength.

I I x= ( )0 2sin p l

DE n + n n hc= ( ) -[ ] = +( ) =
h
mL

h
mL

2

2

2 2
2

28
1

8
2 1 l

DE h hc= =u l
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A light wave can also be periodic in time, as illustrated in Figure 1-7. In this
case:

(1-13)

Now, I is the light intensity, I0 is the maximum light intensity, u is the frequency
in s-1, as defined in Figure 1-7, w is the frequency in radians (w = 2pu), and t
is the time. The velocity of the propagating wave is lu, which in the case of
electromagnetic radiation is the speed of light, that is, lu = c. If light of the
same frequency and maximum amplitude from two sources is combined, the
two sine functions will be added. If the two light waves start with zero inten-
sity at the same time (t = 0), the two waves add and the intensity is doubled.
This is called constructive interference. If the two waves are combined with one
of the waves starting at zero intensity and proceeding to positive values of the
sine function, whereas the other begins at zero intensity and proceeds to neg-
ative values, the two intensities cancel each other out. This is called destruc-
tive interference. Obviously it is possible to have cases in between these two
extremes. In such cases, a phase difference is said to exist between the two
waves. Mathematically this can be represented as

I I t I t= =0 02sin sinpu w

A
m

pl
itu

de

Time

A

B

A

B

1/n

A+B

A+B

Figure 1-7. Examples of constructive and destructive interference. Constructive inter-
ference: when the upper two wave forms of equal amplitude and a phase angle of 0°
(or integral multiples of 2p) are added (left), a sine wave with twice the amplitude and
the same frequency results (right). Destructive interference: when the lower two wave
forms are added (left), the amplitudes of the two waves cancel (right). The phase angle
in this case is 90° (or odd integral multiples of p/2).
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(1-14)

where d is called a phase angle and can be either positive or negative. When
many different waves of the same frequency are combined, the intensity can
always be described by such a relationship. These phenomena are shown
schematically in Figure 1-7.

A standard way of carrying out spectroscopy is to apply continuous radia-
tion, and then look at the intensity of the radiation after it has passed through
the sample of interest. The intensity is then determined as a function of the
frequency of the radiation, and the result is the absorption spectrum of the
sample. The color of a material is determined by the wavelength of the light
absorbed. For example, if white light shines on blood, blue/green light is
absorbed so that the transmitted light is red. Several examples of absorption
spectra are shown in Figure 1-8. We will consider why and how much the
sample absorbs light a bit later, but you are undoubtedly already familiar with
the concept of an absorption spectrum.

The use of continuous radiation is a useful way to carry out an experiment,
but there is an interesting mathematical relationship that permits a different
approach to the problem. This mathematical operation is the Fourier trans-
form. The principle of a Fourier transform is that if the frequency dependence
of the intensity, I(u), can be determined, it can be transformed into a new func-
tion, F(t), that is a function of the time, t. Conversely, F(t) can also be con-
verted to I(u). Both of these functions contain the same information.Why then
are these transformations advantageous? It can be quite time consuming to
determine I(u), but a short pulse of radiation can be applied very quickly. Basi-
cally what this transformation means is that looking at the response of the
system to application of a pulse of radiation, such as shown as in Figure 1-9,
is equivalent to looking at the response of the system to sine wave radiation
at many different frequencies. In other words, a square wave is mathematically
equivalent to adding up many sine waves of different frequency, and vice versa.
This is shown schematically in Figure 1-9 where the addition of sine waves
with four different frequencies produces a periodic “square” wave. The larger
the number of sine waves added, the more “square” the wave becomes. In
mathematical terms, a square wave can be represented as an infinite series of
sine functions, a Fourier series.

The mathematical equivalence of timed pulses and continuous waves of
many different frequencies has profound consequences in determining the
spectroscopic properties of materials. In many cases, the use of pulses permits
thousands of experiments to be done in a very short time. The results of these
experiments can then be averaged, producing a far superior frequency spec-
trum in a much shorter time than could be determined by continuous wave
methods. In later chapters, we will be dealing both with continuous wave spec-
troscopy and Fourier transform spectroscopy. It is important to remember that

I I t= +( )0 sin w d
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both methods give identical results. The method of choice is that one that 
produces the best data in the shortest time, and in some cases at the lowest
cost.

With this brief introduction to the underlying theoretical principles of 
spectroscopy, we are ready to proceed with consideration of specific types of
spectroscopy and their application to biological systems.
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Figure 1-8. Absorption of light by biological molecules. The absorbance scale is arbi-
trary and the wavelength, l, is in nanometers. Chlorophyll a solutions absorb blue and
red light and are green in color. DNA solutions absorb light in the ultraviolet and are
colorless. Oxyhemoglobin solutions absorb blue light and are red in color.
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PROBLEMS

1.1. The energies required to break the C–C bond in ethane, the “triple bond”
in CO, and a hydrogen bond are about 88, 257, and 4kcal/mol.What wave-
lengths of radiation are required to break these bonds?

1.2. Calculate the energy and momentum of a photon with the following
wavelengths: 150pm (x ray), 250nm (ultraviolet), 500nm (visible), and 
1cm (microwave).

1.3. The maximum kinetic energy of electrons emitted from Na at different
wavelengths was measured with the following results.

l (Å) Max Kinetic Energy (electron volts)

4500 0.40
4000 0.76
3500 1.20
3000 1.79

Calculate Planck’s constant and the value of the work function from these
data. (1 electron volt = 1.602 ¥ 10-19 J)

1.4. Calculate the de Broglie wavelength for the following cases:
a. An electron in an electron microscope accelerated with a potential of

100 kvolts.
b. A He atom moving at a speed of 1000m/s.
c. A bullet weighing 1gram moving at a speed of 100m/s.

Assume the uncertainty in the speed is 10%, and calculate the uncertainty
in the position for each of the three cases.

1.5. The particle in a box is a useful model for electrons that can move 
relatively freely within a bonding system such as p electrons. Assume an
electron is moving in a “box” that is 50Å long, that is, a potential well
with infinitely high walls at the boundaries.

a. Calculate the energy levels for n = 1, 2, and 3.
b. What is the wavelength of light emitted when the electron moves from

the energy level with n = 2 to the energy level with n = 1?
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c. What is the probability of finding the electron between 12.5 and 37.5
Å for n = 1.

1.6. Sketch the graph of I versus t for sine wave radiation that obeys the rela-
tionship I = I0sin (wt + d) for d = 0, p/4, p/2, and p.

Plot the sum of the sine waves when the sine wave for d = 0 is added to
that for d = 0 or p/4, or p/2, or p. This exercise should provide you with a
good understanding of constructive and destructive interference.

Do your results depend on the value of w? Briefly discuss what happens
when waves of different frequency are added together.



CHAPTER 2

X-RAY CRYSTALLOGRAPHY

INTRODUCTION

The primary tool for determining the atomic structure of macromolecules is
the scattering of x-ray radiation by crystals. Strictly speaking this is not con-
sidered spectroscopy, even though it involves the interaction of radiation with
matter. Nevertheless, the importance of this tool in modern biology makes it
mandatory to have some understanding of how macromolecular structures are
determined with x-ray radiation. The basic principles of the methodology will
be discussed without delving into the details of how structures are determined.
We then consider some of the important results that have been obtained, as
well as how they can be used to understand the function of macromolecules
in biological systems.

Although considerable progress has been made in determining the struc-
tures of macromolecules that are not strictly crystalline, we will concentrate
on the structure of macromolecules from high-quality crystals. High-quality
crystals have molecules arranged in a regular array, and this regular array, or
lattice, serves as a scattering surface for x rays.

Why are x rays used to determine molecular structures? Ordinary objects
can be easily seen with visible light, and very small objects can be seen in
microscopes with a high-quality lens that converts the electromagnetic waves
associated with light into an image. However, the resolution of a light micro-
scope is limited by the wavelength of light that is used. Distances cannot be
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resolved that are significantly shorter than the wavelength of the light that illu-
minates the object. The wavelength of visible light is thousands of angstroms,
whereas distances within molecules are approximately angstroms.

The obvious answer to this resolution problem is to use radiation that has
a much shorter wavelength than visible light, namely x rays which have wave-
lengths in the angstrom region. In principle, all that is needed is a lens that
will convert the scattering from a molecule into an image. What does this
entail? We have previously shown that light has an amplitude and a periodic-
ity with respect to time and distance, or a phase. A lens takes both the ampli-
tude and phase information and converts it into an image. Unfortunately, a
lens does not exist that will carry out this function for x-ray radiation. Instead
what can be measured is the amplitude of the scattered radiation. Methods
are then needed to obtain the phase and ultimately the molecular structure.
The principles behind this methodology are given below, without presenting
the underlying mathematical complications. More advanced texts should be
consulted for the mathematical details (1, 2).

SCATTERING OF X RAYS BY A CRYSTAL

X rays are produced by bombarding a target (typically a metal) with high-
energy electrons. If the energy of the incoming electron is sufficiently large, it
will eject an electron from an inner orbital of the target. A photon is emitted
when an outer orbit electron moves into the vacated inner orbital. For typical
targets, the wavelengths of the photons are tenths of angstrom to several
angstroms. In a normal laboratory experiment, x rays are produced by special
electronic tubes. However, more intense short-wavelength sources can be
obtained using high-energy electron accelerators (synchrotrons), and these
sources are often used to obtain high-resolution structures. The intensity of x
rays from a synchrotron is thousands of times greater than a conventional
source and radiation of different wavelengths can be selected. Smaller crys-
tals can be used for structure determinations with synchrotron radiation than
with conventional sources, which is a considerable advantage.

Crystals can be considered as a regular array of molecules, or scattering 
elements. Only seven symmetry arrangements of crystals are possible. For
example, one possibility is a simple cube. In this case, the three axes are equal
in length and are 90° with respect to each other. Other lattices can be gener-
ated by having angles other than 90° and unequal sides of the geometric figure.
A summary of the seven crystal systems is given in Table 2.1.

The crystal type does not give a complete picture of the possible arrange-
ments of atoms within the crystal, that is, the lattice. The lattice is an infinite
array of points (atoms) in space. A. Bravais showed that all lattices fall within
14 types, the Bravais lattices. For example, for a cubic crystal, three lattices are
possible: one with an atom at each corner of the cube, one with an additional
atom at the center of the cube (body-centered cube), and one with an addi-
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tional atom in the center of each face of the cube (face-centered cube). Deter-
mination of crystal type and lattice classification is important for the subse-
quent analysis of the x-ray scattering data.

W. L. Bragg showed that the scattering of x rays from a crystal can be
described as the scattering from parallel planes of molecules, as illustrated in
Figure 2-1. If the incident beam of x rays is at an angle q with respect to the
molecular plane, then it will be scattered at an angle q. This is called elastic
scattering and assumes that the radiation does not lose or absorb energy in
the scattering process. In reality, some inelastic scattering occurs in which
energy can be gained or lost, but this effect can be neglected. From the diagram
in Figure 2-1, it is clear that scattering will occur for each plane and scatter-
ing center with the same incident and exit angle. From a wave standpoint, the
radiation will be scattered from each plane, and the radiation from each plane
will have a different phase as it exits since each wave will have traveled a dif-
ferent distance depending on the depth of the plane in Figure 2-1. However,
if the wavelength of radiation is such that the difference in path length trav-

TABLE 2-1. The Seven Crystal Systems

System Axes Angles

Cubic a = b = c a = b = g = 90°
Rhombohedral a = b = c a = b = g
Tetragonal a = b; c a = b = g = 90°
Hexagonal a = b; c a = b = 90°; g = 120°
Orthorhombic a; b; c a = b = g = 90°
Monoclinic a; b; c a = g = 90°; b
Triclinic a; b; c a; b; g

q q

qqA

B

C
d

Incident
radiation

Diffracted
radiation

Figure 2-1. Diffraction of x-ray radiation by a crystal lattice. The parallel lines are
planes of atoms separated by a distance, d, and the radiation impinges on the crystal
at an angle q. This diagram can be used to derive the Bragg condition for maximum
constructive interference as described in the text (Eq. 2-1).
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eled by the beams from different planes is equal to the wavelength or an
integer multiple of the wavelength, then the two waves will be in phase and
constructive interference will occur, that is, the intensity of the radiation will
be at a maximum. The phenomena of constructive and destructive interfer-
ence have been discussed in Chapter 1. Figure 1-7 illustrates these phenom-
ena when the time dependence of an electromagnetic wave is considered. The
same analysis is applicable for the propagation of a wave in space (Fig. 1-1 and
Eq. 1-12), as illustrated in Figure 2-2.

The condition for maximum constructive interference can be calculated by
reference to Figure 2-1:

where n is an integer and l is the wavelength. The distances AB and BC are
equal to d sinq where d is the distance between planes. Thus, the Bragg equa-
tion is

(2-1)n = 2 sinl qd

AB BC = n+ l
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Figure 2-2. Illustration of constructive and destructive interference. This figure is iden-
tical to Figure 1-7, except that now the abscissa is distance rather than time. The upper
two waves are in phase, which means they differ by integral multiples of the wave-
length, l, and constructive interference occurs. The bottom two waves differ by l/2 in
phase, and destructive interference occurs.
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The Bragg equation gives the condition for diffraction so that if a crystal is
rotated in a beam of x rays, the scattering pattern is a series of intensity
maxima. A real crystal is more complex than a set of parallel planes of point-
scattering sources. In fact, multiple planes exist, and a molecule is not a simple
point scatterer. Electrons in atoms are the scatterers, and each atom has a dif-
ferent effectiveness as a scatterer. Consequently, when an experiment is
carried out, a set of diffraction maxima are observed of different intensities.
A schematic representation of the experimental setup is shown in Figure 2-3.
Either the crystal or detector, or both, are rotated to obtain the scattering
intensity at various angles. The diffraction pattern has a strong peak at the
center, the unscattered beam, and a radial distribution around the center, cor-
responding to different planes and values of n in Eq. 2-1.

Diffra
cted

x-rays

Area
detector

Block of  x-ray
source radiation

x-ray
source

Crystal

Figure 2-3. Experimental setup for measuring x-ray diffraction from crystals. The
crystal can be rotated around both perpendicular axes, and the diffraction pattern is
measured on an area detector or film. The incident x-ray radiation is prevented from
hitting the area detector by insertion of a beam blocker between the crystal and the
detector.
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The Bragg equation can be used to derive the minimum spacing of planes
that can be resolved for x rays of a given wavelength. Since the maximum value
of sinq is 1, dmin = l/2.

STRUCTURE DETERMINATION

The analysis of a diffraction pattern is considerably more difficult than sug-
gested above. The scattering intensity depends on the scattering effectiveness
of the individual atoms and the phase of the wave from each scattering source.
The structure factor, F, for each plane can be defined as the sum of the struc-
ture factors for individual atoms, fi, times a phase factor, ai, for each atom:

(2-2)

The intensity of scattered radiation is proportional to the absolute value of
the amplitude of the structure factor. The structure factor can be calculated 
if the atomic coordinates are known. Note that Eq. 2-2 is analogous to the
general description of electromagnetic waves developed in Chapter 1, namely
an amplitude is multiplied by an angular dependence (sin and/or cos).

In proceeding to determination of the structure, it should be remembered
that x rays are scattered by electrons in atoms so that representing a crystal
as a series of point atoms is not a good picture of the real situation. Instead,
a more realistic formulation is to represent the structure factor as an integral
over a continuous distribution of electron density. The electron density is a
function of the coordinates of the scattering centers, the atoms, and has a
maximum around the position of each atom. What is desired in practice is to
convert the measured structure factors into atomic coordinates. This is done
by taking the Fourier transform of Eq. 2-2. In this case, the Fourier transform
takes the structure factors, which are functions of the electron density, and
inverts the functional dependence so that the electron density is expressed as
a function of the structure factors. (This is analogous to the discussion in
Chapter 1 in which the frequency and time dependence are interchanged by
Fourier transforms.) This seems straightforward from the standpoint of the
mathematics, but the problem is that the actual structure factors contain both
amplitudes and phases. Only the amplitude, or to be more precise, its square,
can be directly derived from the measured intensity of the diffracted beam.
The phase factor must be determined before a structure can be calculated.

Two methods are commonly used to solve the phase problem for macro-
molecules. One of these is Multiple-wavelength Anomalous Dispersion or
MAD. Thus far, we have discussed x-ray scattering in terms of coherent scat-
tering where the frequency of the radiation is different than the frequency of
oscillation of electrons in the atoms. However, x-ray frequencies are available
that match the frequency of oscillation of the electrons in some atoms, giving
rise to anomalous scattering that can be readily discerned from the wavelength

F = f aj i
i

Â
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dependence of the scattering. The feasibility of this approach is made possi-
ble by the use of synchrotron radiation since crystal monochromaters can be
used to obtain high-intensity x rays at a variety of wavelengths. Anomalous
scattering is usually observed with relatively heavy atoms (e.g., metals or
iodine) that can be inserted into the macromolecular structure. The observa-
tion of anomalous scattering for specific atoms allows these atoms to be
located in the structure, thus providing the phase information that is required
to obtain the complete structure.

Another frequently used method for determining phases in macromole-
cules is isomorphous replacement.With this method a few heavy atoms are put
into the structure, for example, metal ions. Since scattering is proportional to
the square of the atomic number, the enhanced scattering due to the heavy
atoms can be easily seen, and the positions of the heavy atoms determined.
This is done by looking at the difference in structure factors between the
native structure and its heavy atom derivative. Of course, it is essential that
the isomorphous replacement not significantly alter the structure of the mol-
ecule being studied.We will not delve into the details of the methodology here.

Thus far the assumption has been made that the x-ray radiation is mono-
chromatic.An alternative is to use a broad spectrum of radiation (“white” radi-
ation). The premise is that whatever the orientation of the crystal, one of the
wavelengths would satisfy the Bragg condition. In fact, this was the basis for
the first x-ray diffraction experiments carried out by Max von Laue in 1912,
and this approach is called Laue diffraction. As might be expected, Laue dif-
fraction patterns can be very complex and difficult to interpret as diffraction
patterns from multiple wavelengths are observed simultaneously. The advan-
tage is that a large amount of structural information can be obtained in a very
short time. A Laue diffraction pattern of DNA polymerase from Bacillus
stearothermophilus obtained with an area detector and synchrotron radiation
is shown in Figure 2-4. Although most structural determinations use mono-
chromatic radiation, the use of Laue diffraction has increased significantly in
recent years.

What limits the precision of a structure determination? Real crystals are
not infinite arrays of planes. They have imperfections so that the diffraction
pattern is strong near the center and becomes weaker radially from the center,
as the reflections from planes closer together become important. The preci-
sion of the distances in the final structure is limited by how many reflections
are observed. The better the order in the crystal, the further from the center
of the diffraction pattern that reflections can be seen. This problem can only
be cured by obtaining better crystals. A minor problem is that atoms have
thermal motion, so that an inherent uncertainty in the position exists. This can
be helped by working at low temperatures, which sometimes will lock other-
wise mobile structures into one conformation. Finally, it should be noted that
in some cases portions of the macromolecule may not be well defined because
of intrinsic disorder, that is, more than one arrangement of the atoms occurs
in the crystals.
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The spatial resolution of a structure is usually given in terms of the dis-
tances that can be distinguished in the diffraction pattern. For good structures,
this is typically 2 Å or better. However, this is not the uncertainty in the posi-
tions of atoms within the structure. In solving the structure of a macromole-
cule, other information is used from known structures of small molecules, for
example, bond distances (C–C, etc.) and bond angles. For high-quality struc-
tures, the uncertainty in atomic positions is tenths of angstroms.

At the present time, the primary difficulty in determining the molecular
structures of proteins and nucleic resides is obtaining good crystals, that is,
crystals that give good diffraction patterns. If good diffraction patterns can be
obtained, including isomorphous replacements or anomalous scattering atoms,
computer programs are available to help derive the structure. However, as
structures become larger and larger, obtaining good crystals and the data
analysis itself are both a challenge.

Crystal structures represent a static picture of the equilibrium structure so
that the correlation with biological function must be approached with caution.

Figure 2-4. Laue diffraction pattern obtained with synchrotron radiation and an area
detector. The protein crystal is DNA polymerase from Bacillus stearothermophilus.
Copyright by Professor L. S. Beese, Duke University. Reproduced with permission.
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Furthermore, the packing of molecules within a crystal can alter the structure
relative to that in solution. This is usually true only for atoms on the surface
of the molecule so that the core structures, such as active sites, are normally
an accurate reflection of the biologically active species. Recent applications of
synchrotron radiation have permitted the time evolution of structures to be
studied using Laue diffraction (3).Although such experiments are exceedingly
difficult to carry out and interpret, in principle it is possible to observe the
structure of biological molecules as they function.

NEUTRON DIFFRACTION

High-velocity thermal neutrons are generated by atomic reactors. If they are
slowed down by collisions, typically with D2O, then their energy corresponds
to a wavelength of about 1 Å. The scattering of neutrons by atoms is quite dif-
ferent than the scattering of x rays. In the latter case, the scattering is by elec-
trons whereas in the former case the scattering is by the nuclei. Moreover, the
scattering of neutrons is not easily related to atomic number.

A major difference between neutron and x-ray scattering is that hydrogen
is a very effective scattering center for neutrons but is relatively ineffective
for x rays. Consequently, the positions of hydrogen atoms are difficult to obtain
from x-ray scattering but can be readily found through neutron scattering. D2O
scatters quite differently than H2O: their scattering factors have opposite signs,
that is, they are out of phase with respect to each other. The scattering factors
for proteins and nucleic acids usually fall somewhere in between so that mix-
tures of D2O and H2O can be used as “contrast” agents. Appropriate mixtures
can be used to effectively make certain macromolecules “invisible” to neutron
scattering. For example, if a protein–nucleic acid interaction is being studied,
the appropriate solvent mixture can make either the protein or the nucleic
acid “invisible.” Historically, this property was important for mapping the
structure of the ribosome.

Neutron scattering studies are relatively rare because high-flux neutron
sources are small in number. Nevertheless, neutron diffraction can be a useful
tool in elucidating macromolecular structure.

NUCLEIC ACID STRUCTURE

Probably the most exciting structure determination of a biological molecule
was that for B-DNA deduced by James Watson and Francis Crick. This struc-
ture was, in fact, based on diffraction patterns from fibers, rather than crystals.
The familiar right-handed double helix is shown in Figure 2-5 (see color
plates). In this structure two polynucleotide chains with opposite orientations
coil around an axis to form the double helix. The purine and pyrimidine bases
from different chains hydrogen bond in the interior of the double helix, with
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adenine (A) hydrogen bonding to thymine (T) and guanine (G) hydrogen
bonding to cytosine (C). The former pair has two hydrogen bonds and the
latter three hydrogen bonds. Hence, the G-C pair is significantly more stable
than the A-T pair. Phosphate and deoxyribose are on the outside of the double
helix and interact favorably with water. The double helical structure contains
two obvious grooves, the major and minor grooves. The major groove is wider
and deeper than the minor groove. These grooves arise because the glycosidic
bonds of a base pair are not exactly opposite each other.

We will not dwell on the biological function of DNA except to note that
DNA must separate during the replication process, and the stability of various
DNA depends on the base composition of the DNA. At sufficiently high tem-
peratures, all DNA structures are destroyed and the two polynucleotide chains
separate.

Extensive x-ray studies have shown that other forms of helical DNA exist.
If the relative humidity is reduced below about 75%, A-DNA forms. It also is
a right-handed double helix of antiparallel strands, but a puckering of the sugar
rings causes the bases to be tilted away from the normal of the axis. A-DNA
is shorter and wider than B-DNA. This structure is found in biology for some
double-stranded regions of RNA and in RNA-DNA hybrids.

A third type of DNA has been found that is a left-handed helix, Z-DNA.
Z-DNA is elongated relative to B-DNA and has more unfavorable elec-
trostatic interactions. This structure has been observed with specific short
oligonucleotides at high salt concentrations. The biological significance of this
structure is not clear, but its occurrence demonstrates that quite different
structures can exist for DNA.

RNA has more diverse structures than DNA, in keeping with its diverse
biological functions that include its role as messenger RNA (mRNA) during
transcription, as transfer RNA (tRNA) in protein synthesis, and as ribozymes
in catalysis. In addition, RNA is found in ribosomes and other ribonucleic pro-
teins. Typically RNA does not form a double helix from two separate chains,
as DNA does. However, the same base pairing rules as found for DNA cause
internal helices to be formed within an RNA molecule. In fact, the structures
of many RNA molecules are inferred in this way. In RNA, uracil (U) is found
rather than thymine, as in DNA.

The first structure of an RNA deduced by x-ray crystallography was that of
yeast phenylalanine tRNA (4). This structure is shown in Figure 2-6 (see color
plates). The L-shaped molecule is typical of tRNAs. The hydrogen bonding
network is shown in this structure. The acceptor stem (upper right-hand
corner) is where the amino acid is linked to form the aminoacyl-tRNA. The
amino acid is transferred to the growing protein chain during protein synthe-
sis. The anticodon, which specifies the amino acid to be added to a protein
during synthesis, is at the end of the long arm of the L. It pairs with a specific
mRNA that is the genetic information for the amino acid. The structure of
many other tRNA are now known and are quite similar.
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For many years, a central dogma of biochemistry was that all physiological
reactions are catalyzed by enzymes that are proteins. However, now many
reactions are known that are catalyzed by RNA. These catalytic RNA
(ribozymes) are particularly important in splicing and maturation of RNA. In
some cases, the ribozyme cleaves other RNA whereas in other cases it under-
goes self-cleavage. Ribosomal RNA also plays a catalytic role in the forma-
tion of peptide bonds. Although there is little doubt that RNA functions as a
catalyst physiologically, they are not as efficient as enzymes. In some cases,
such as self-cleavage, the reaction is not truly catalytic as multiple turnovers
cannot occur. Many ribozymes require a protein to function efficiently, and
even in cases where true catalysis occurs, it is slow relative to typical enzy-
matic reactions.

The structures of several ribozymes have been determined (5). The first
structure that was determined was that of “hammerhead” ribozyme (6). This
ribozyme was first discovered as a self-cleaving RNA associated with plant
viruses. The minimal structure necessary for catalysis contains three short
helices and a universally conserved junction. The structure is shown in Figure
2-7, along with an indication of the cleavage site in the RNA chain. The three
helices form a Y-shaped structure, with helix II and III essentially in line, and
helix I at a sharp angle to helix II. Distortions at the junction of the helices
cause C17 to stack with helix I. This structure is somewhat misleading because
multiple divalent metal ions are required in order for the RNA to fold and
carry out catalysis. At least one of these metal ions is intimately involved in
the catalytic process. The precise number of metal ions that are required for
folding and/or catalysis is uncertain. Moreover, the two structures that have
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Figure 2-7. Secondary and tertiary structure of the hammerhead ribozyme. The capital
letters refer to the bases of the nucleic acids, and the lines show hydrogen bonding
interactions between the bases. The cleavage site is indicated by the arrow. Reprinted
with permission from D. A. Doherty and J. A. Doudna, Annu. Rev. Biochem. 69, 597
(2000). © 2000 by Annual Reviews. www.annualreviews.org.
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been determined are necessarily noncleavable variants: one has a DNA sub-
strate strand and the other a 2¢-O-methyl group at the cleavage site. The two
structures are not identical, and not entirely consistent with mutagenesis
studies that place specific groups at the active catalytic site. This is undoubt-
edly a reflection of the flexibility of the structure. Nevertheless, knowledge of
ribozyme structure is a requisite for understanding their mechanisms of action
and for engineering ribozymes for enhanced catalysis and function.

PROTEIN STRUCTURE

Hundreds of protein structures are known, with a great deal of variation in
structure, as well as similarities, among them. In this section, some of the
common motifs will be discussed, as well as a few examples. Fortunately,
the coordinates for protein structures can be found in a single database, the
Protein Data Bank, which can be accessed via the internet. Free software also
is available on the internet for viewing and manipulating structures with
known coordinates, for example, Kinemage (7) and RasMol (8). This software
also can be used for nucleic acid structures. Interested readers should explore
this software and database, as their use is very important for understanding
biological mechanisms on a molecular basis.

The linear sequence in which amino acids are arranged in a protein is
termed the primary structure.The two most common long-range ordered struc-
tures in proteins are the a-helix and the b-sheet. Ordered structures within a
protein are called secondary structures. Both structures are stabilized by
hydrogen bonds between the NH and CO groups of the main polypeptide
chain. In the case of the a-helix, depicted in Figure 2-8 (see color plates), a
coiled rod-like structure is stabilized by hydrogen bonds between residues that
are four amino acids apart. In principle, the screw sense of the helix can be
right-handed or left-handed. However, the right-handed helices are much
more stable because they avoid steric hindrance between the side chains and
backbone. Helices with a different pitch, that is, stabilized by hydrogen bonding
between residues other than four apart are found, but the a-helix is the most
common helical element found. The helical content of proteins ranges from
almost 100% to very little. Helices are seldom more than about 50 Å long, but
multiple helices can intertwine to give extended structures over 1000 Å long.
A specific example is the interaction of myosin and tropomyosin in muscle.

Beta sheets also are stabilized by NH-CO hydrogen bonds, but in this 
case the hydrogen bonds are between adjacent chains, as depicted in Figure
2-9 (see color plates). The chains can be either in the same direction (parallel
b-sheets) or in opposite directions (antiparallel b-sheets). These sheets can be
relatively flat or twisted in protein structures. In schematic diagrams of pro-
teins, a-helices are often represented as coiled ribbons and b-sheets as broad
arrows pointing in the direction of the carboxyl terminus of the polypeptide
chain (9).
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Most proteins are compact globular structures, consisting of collections of
a-helices and b-sheets. Obviously if the structure is to be compact, it is neces-
sary for the polypeptide chain to reverse itself. Many of these reversals are
accomplished with a common structural element, a reverse turn or b-hairpin
bend, that alters the hydrogen bonding pattern. In other cases, a more elabo-
rate loop structure is used. These loops can be quite large. Although they do
not have regular periodic structures, analogous to a-helices and b-sheets, they
are still very rigid and well-defined structures.

The first protein whose structure was determined by x-ray crystallography
to atomic resolution was myoglobin (10). Myoglobin serves as the oxygen
transporter in muscle. In addition to the protein, it contains a heme, a proto-
porphyrin with a tightly bound iron. The iron is the locus where oxygen is
bound. Myoglobin was a particularly fortuitous choice for structure determi-
nation. Of course, good crystals could be obtained. In addition, myoglobin is
very compact and consists primarily of a-helices. Its structure is shown in
Figure 2-10 (see color plates). The a-helices form a relatively compact elec-
tron density so that the polypeptide could be easily traced at low resolution.
The structure has several turns that are necessary to maintain the compact
structure. Overall the myoglobin molecule is contained within a rectangular
box roughly 45 ¥ 35 ¥ 25 Å. The overall trajectory of the polypeptide chain,
that is the folding of the secondary structure, is called the tertiary structure.

For water-soluble proteins, including myoglobin, the interior is primarily
hydrophobic or nonpolar amino acids such as leucine, pheylalanine, etc.Amino
acids that have ionizable groups, such as glutamic acid, lysine, etc., are normally
on the exterior of the protein. If a protein exists in a membrane, a hydropho-
bic environment, the situation is often reversed, with hydrophilic residues on
the inside and nonpolar residues on the outside. In some cases, however, the
structure is hydrophobic on both the “inside” and “outside.” Understanding
how polypeptides fold into their native structures is an important subject under
intense investigation. In an ideal world, the structure of a protein should be
completely predictable from knowledge of its primary structure, that is, its
amino acid sequence. However, we have not yet reached this goal.

As a second example of a protein structure, the structure of ribonuclease
A is depicted in Figure 2-11 (see color plates) (11). This protein is quite
compact and contains both a-helix and b-sheet modules with significant loops
and connecting structures. In addition, four disulfide linkages are present. This
enzyme is kidney shaped with the catalytic site tucked into the center of the
kidney. The active site is shown by the placement of an inhibitor and two his-
tidine residues that participate in the catalytic reaction. This structure proved
much more elusive than myoglobin since a larger variety of structural elements
are present.

Not all proteins are as compact as myoglobin and ribonuclease. In some
cases, a single polypeptide chain may fold into two or more separate structural
domains that are linked to each other, and many proteins exist as oligomers
of polypeptide chains in their biologically active form. The arrangement of
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oligomers within a protein is called the quaternary structure. The first well-
studied example of the latter structure was hemoglobin. Hemoglobin is a
tetramer of polypeptide chains. Two different types of polypeptides are
present: they are very similar but not identical. The typical structure of hemo-
globin is a2b2 with a and b designating the two types of quite similar polypep-
tide chains. Hemoglobin, of course, is used to transport oxygen in blood. In a
sense it is four myoglobins in a single molecule. Four porphyrins and irons are
present, each complex associated with a single polypeptide chain. However,
the interactions between the polypeptide chains are extremely important in
the function of hemoglobin and influence how oxygen is released and taken
up. In brief, the uptake and release are highly cooperative so that they occur
over a very narrow range of oxygen concentration (cf. 12).

Hemoglobin is known to exist in two distinct conformations that differ pri-
marily in the subunit interactions and the details of the porphyrin binding site.
The structures of both conformations of hemoglobin are shown in Figure 2-12
(see color plates). One of the conformations binds oxygen much better than
the other, and it is the switching between these conformations that is primarily
responsible for the cooperative uptake and release of oxygen. A complete dis-
cussion of hemoglobin structure is beyond the scope of this presentation, which
is focused on illustrating some of the major features of protein structures.

ENZYME CATALYSIS

As final illustration of the application of x-ray crystallography to biology, we
consider the enzyme DNA polymerase. Elucidating the mechanism by which
enzymes catalyze physiological reactions has been a long-standing goal of bio-
chemistry. X-ray crystallography has been used to probe many enzyme mech-
anisms. The choice of DNA polymerase is arbitrary, but it clearly is an enzyme
at the core of biology and requires the knowledge of both protein and nucleic
acid structures. DNA polymerase is the enzyme responsible for replication of
new DNA. The reaction proceeds by adding one nucleotide at a time to a
growing polynucleotide chain. This addition can only occur in the presence of
a DNA template that directs which nucleotide is to be added by forming the
correct hydrogen bonds between the incoming nucleotide and template.

The molecular structures of a wide variety of DNA polymerases are known
(cf. 13). The general structure of the catalytic site is similar in all cases and 
has been described as a right hand with three domains, fingers, a thumb, and
a palm. The structure of a catalytic fragment of the thermostable Bacillus
stearothermophilus enzyme is shown in Figure 2-13 (see color plates) (14, 15).
The fingers and thumb wrap around the DNA and hold it in position for the
catalytic reaction that occurs in the palm. To initiate the reactions, a primer
DNA strand is required which has a free 3¢-hydroxyl group on a nucleotide
already paired to the template. The enzyme was crystallized with primer tem-
plates, which are included in Figure 2-13.The reaction occurs via a nucleophilic
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attack of this hydroxyl group on the a-phosphate of the incoming nucleotide,
assisted by protein side chains on the protein and two metal ions, usually Mg2+.
We will not be concerned with the details of the chemical reaction.

The DNA interacts with the protein through a very extensive network of
noncovalent interactions that include hydrogen bonding, electrostatics, and
direct contacts. More than 40 amino acid residues are involved that are highly
conserved in all DNA polymerases. The interactions occur with the minor
groove of the DNA substrate and require significant unwinding of the DNA.
The major groove does not appear to interact significantly with the protein
and is exposed to the solvent.

The synthesis of DNA is a highly processive reaction, that is, many nu-
cleotides are added to the growing chain without the enzyme and growing
chain separating. In the case of the polymerase under discussion, more than
100 nucleotides are added before dissociation occurs. This requires the DNA
chain to be translocated through the catalytic site. This translocation has been
observed to occur in the crystals by soaking the crystals with the appropriate
nucleotides and determining the structures of the products of the reactions.
Remarkably, the crystals are quite active, with up to six nucleotides being
added and a translocation of the DNA chain of 20 Å.

The enzyme exists in at least two conformations. The initial binding of the
free nucleotide occurs in the open conformation, but the catalytic step is pro-
posed to occur in a closed conformation in which the fingers and thumb clamp
onto the DNA and close around the substrates. The fidelity of DNA poly-
merase is remarkable, with only approximately 1 error per 105 nucleotides
incorporated (16). This is accomplished primarily by the very specific hydro-
gen bonds occurring between the template and the incoming nucleotide, but
interactions with the minor groove also are important. The conformational
change accompanying binding of the nucleotide to be added probably also
plays a role in the fidelity by its sensitivity to the overall shapes of the reac-
tants. Also the template strand is postulated to move from a “preinsertion”
site to an “insertion” site. The acceptor template base that interacts with the
incoming nucleotide occupies the preinsertion site in the open conformation
and the insertion site in the closed conformation where interaction with the
incoming nucleotide occurs. Thus, the addition of each nucleotide is accom-
panied by a series of conformational changes that translocate the template
into position for the next step in the reaction. A movie of this process is avail-
able on the internet (15).

Even the high fidelity of the polymerase reaction is not sufficient for the
reliable duplication of genes that is required in biological systems. Conse-
quently, the enzyme has a built-in proofreading mechanism, an exonuclease
enzyme activity that is located 35 Å or more from the polymerase catalytic
site. If an incorrect nucleotide is incorporated, the match within the catalytic
site is not perfect, and the polymerase reaction stalls. This brief pause is suffi-
ciently long so that the offending nucleotide base can migrate to the exonu-
clease site and be eliminated. Unfortunately, the proofreading process itself is
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not perfect so that every 20 incorporations or so a correct base is chopped off.
This wasteful process, however, increases the fidelity of replication by a factor
of about 1000.

This very brief discussion of DNA polymerase indicates the great insight
into biological reactions that knowledge of macromolecular structures can
bring. If the crystals are biologically active, multiple structures with various
substrates and inhibitors can provide a detailed mechanistic proposal. This
paves the way for additional experiments that will shed even more light on
the molecular mechanism.
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PROBLEMS

2.1. Assume a lattice of atoms equidistant from each other in all directions (a
cubic lattice) with a distance between atoms of 2.86 Å. If a crystal of this
material is irradiated with x rays with a wavelength of 0.585 Å, at what
angles are Bragg reflections seen for the planes that are 2.86 Å apart?
(More than one set of reflections will be seen, but we will not deal with
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that complexity here.) If the x rays have a wavelength of 6.00 Å, what
would be observed?

2.2. The bond energy for a C–C bond is about 340kJ/mole, 600kJ/mole for
C=C, and 400kJ/mole for C–H. Calculate the energy/mole associated with
x-ray radiation with wavelengths of 0.585 and 1.54 Å. What does this
imply about the stability of biomolecules in an x-ray beam?

2.3. When a molybdenum target is used as an x-ray source, x rays of wave-
length 0.710 Å are produced. For a particular crystal, a reflection was
observed at 4° 48¢.What are the possible distances between Bragg planes?
The same reflection found when a copper target is used as an x-ray source
is found at 10° 27¢. What is the wavelength of the x ray produced by the
copper target?

2.4. A crystal structure consists of identical units called unit cells. The unit
cells are arranged in order, much like a brick wall, to form the crystal. The
unit cell contains multiple atoms, and often multiple molecules. Consider
one particular plane of a unit cell that extends indefinitely in the x direc-
tion. The following structure factors, Fi, were obtained for the planes
(Data from P. W. Atkins, Physical Chemistry, 3rd ed. W. H. Freeman, New
York, 1986, p. 561):

Plane: 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Fi 16 -10 2 -1 7 -10 8 -3 2 -3 6 -5 3 -2 2 -3

Assume that the electron density, r(x), can be calculated from the struc-
ture factors by the relationship

Evaluate this sum for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0,
and construct a plot of r(x) versus x. (This is best done with a computer
program.) The maxima in the plot correspond to positions of atoms along
the x axis. This exercise should give you a good idea of how electron
density maps are obtained. The equation for r(x) is an example of a
Fourier transformation.

2.5. Go to the internet address www.proteinexplorer.org and do the 1-hour
tour. This will allow you to make molecular drawings of proteins and nu-
cleic acids whose structures are known.

r px = F + 2  F ix0 j( ) ( )
>
Â cos 2

0i



CHAPTER 3

ELECTRONIC SPECTRA

INTRODUCTION

The most common type of spectroscopy involves light in the visible and ultra-
violet region of the spectrum interacting with molecules. This interaction
causes electrons to shift between their allowed energy levels. If light shines on
a colored sample, some of the radiation is absorbed by the sample.This absorp-
tion can heat the sample, it can cause photons of the same or lower energy to
be emitted, or photochemical reactions can occur. We will not be concerned
with the latter phenomenon. Of course, in all cases energy must be conserved,
that is, the total energy of all of the three processes must be equal to the energy
of the photons that are absorbed.

The absorption of light is due to the interaction of the oscillating electro-
magnetic field of the radiation with the charged particles in the molecule.
If the electromagnetic force is sufficiently large, the electrons in the molecule
are rearranged, that is, shifted to higher energy levels. The absorption process
is extremely fast, occurring in about 10-15 s. The excited state equilibrates 
with its surrounding and returns to the ground electronic state either by the
production of heat or the emission of radiation with an energy equal to or 
less than that of the absorbed radiation. The latter process is called fluores-
cence and typically occurs in nanoseconds. The absorption process is shown
schematically in Figure 3-1; a more exact description is discussed later 
(Fig. 3-11).
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The details of light absorption by a molecule can be determined directly
from quantum mechanical calculations. A transition of electrons from one
energy level to another occurs when the wave functions for the two electronic
states in question are electrically coupled. The detailed calculation tells us
what transitions between the energy levels are allowed, for example, from
energy level 1 to energy level 2. Electrons can only move between certain
energy states; not all transitions are allowed. These selection rules are impor-
tant because they allow us to predict what wavelengths of light will be
absorbed and emitted. Although this facet of spectroscopy will not be of great
concern here, it is important to remember that transitions of electrons between
energy levels are governed by a set of rules. Exceptions to selection rules
sometimes occur, but with a much lower probability than the favored event.
This is primarily due to the fact that the potential energy functions used in the
quantum mechanical calculations are not perfect.

ABSORPTION SPECTRA

From a practical standpoint, the most important aspect of the quantum
mechanical calculation is the determination of how much light is absorbed by
the sample. This is embodied in the Beer-Lambert law, which gives the rela-
tionship between the light intensity entering the solution, I0, and the light
intensity leaving the solution, I:

(3-1)log I I = A c0( ) = e l

Absorption
hn

Fluorescence
hn'

Heat

Excited
State

Ground
State

E

Figure 3-1. Simplified schematic diagram of electron excitation by absorbance of 
radiation. An electron is excited to a higher energy level by radiation of frequency u.
It returns to its ground state through fluorescence at a frequency u¢ and/or by dissipa-
tion of heat. A more complete diagram is presented in Figure 3-11.



ABSORPTION SPECTRA 37

Here A is defined as the absorbance, e is the molar absorbtivity or extinction
coefficient, c is the concentration of the absorbing material, and l is the 
thickness of the sample through which the light passes. In visible-ultraviolet
spectrophotometers, a solution of the sample is put into a cuvette of calibrated
dimensions, and visible or ultraviolet light is passed through the sample.
The intensity of the light before and after passing through the solution is 
determined through the use of a variety of detectors, such as photomultipliers
and photodiodes. A schematic diagram of a typical spectrophotometer is
shown in Figure 3-2. The extinction coefficient is a different constant for 
each wavelength and is characteristic of the molecule under investigation. In
principle, it can be calculated through quantum mechanics, but more practi-
cally it can be determined experimentally. A spectrophotometer also must
account for light lost by reflection, absorption by the cuvette, and various other
factors.

Deviations from the Beer-Lambert law can be observed in the laboratory.
For example, the light might not be monochromatic, the sample might be inho-
mogeneous, light scattering could occur, the photodetectors might exhibit non-
linear behavior, etc. These are instrumental and sample artifacts. However,
apparent deviations also occur that are due to the molecular properties of the
sample: for example, sample aggregation or complex formation as the con-
centration is changed. In this case, the deviations can be used to study these
properties. Experimental studies must carefully verify the validity of the Beer-
Lambert law over the concentration range being studied.

A very important property of light absorbing solutions is that if multiple
absorbing species are present, the total absorbance is simply the sum of the
absorbance of the individual species. For example, for species X and Y, the
absorbance is

(3-2)A = A A X YX Y X Y
l l l l le + e+ = ( ) ( )l l

Lamp/Laser

Light Source

Prism/grating

Monochromater

Io I

Sample

Photomultiplier/
Photodiode

Detector

A

Figure 3-2. Schematic representation of an absorption spectrophotometer. Common
light sources are tungsten and arc lamps and lasers. Monochromatic light of intensity
I0 is obtained with a prism or diffraction grating. The detection of the transmitted light
of intensity I is with a photomultiplier or photodiode, with the electronic signal con-
verted to the absorbance, A.



38 ELECTRONIC SPECTRA

If measurements are made at two different wavelengths where the extinction
coefficients are sufficiently different, it is possible to determine the concen-
trations of the individual species if the extinction coefficients are known.
Equation 3-2 generates two equations with different numerical values of the
extinction coefficients at the two wavelengths. These two equations can be
solved simultaneously to give the two concentrations. This is a very common
method for determining the concentrations of individual species in solutions.
In fact, this approach can be extended to more complicated situations. For
example, if three species are present, absorbance measurements at three dif-
ferent wavelengths can be used to determine the concentrations of the indi-
vidual components.

The wavelength at which two components have exactly the same extinction
coefficient is called the isobestic wavelength. In this case, it is obvious that
measurement of the absorbance determines the total concentration of the two
components:

(3-3)

Although one or more isobestic wavelengths may be found for any pair of
components, this is not necessarily the case, as the two components may not
have significant absorbance in the same wavelength region. A useful rule to
remember is that if two or more isobestic wavelengths are seen at a series of
different concentrations and/or varying conditions such as pH, then only two
components are present. (This is not entirely rigorous, but the probability of
this not being the case is exceedingly small.) This is especially useful when
examining samples in which the individual extinction coefficients are not
known.

ULTRAVIOLET SPECTRA OF PROTEINS

Proteins that do not contain strongly absorbing extrinsic cofactors such as
hemes have a very characteristic ultraviolet spectrum, whereas they are essen-
tially transparent in the visible region of the spectrum. The spectrum of serum
albumin is shown in Figure 3-3 as a plot of the absorbance versus the wave-
length. It has two absorption maxima, one at about 280nm, the other, much
stronger absorption, occurs around 190—210nm. The absorption at 280nm is
frequently used to measure protein concentrations. Although the absorption
is much stronger at 200nm, it is harder to make measurements at this wave-
length so absorption at 200nm is not routinely used as an analytical tool. The
ultraviolet spectrum of a protein is sufficiently characteristic to use as a pre-
liminary indication that a protein is present.

The spectra of the aromatic amino acids phenylalanine, tyrosine, and tryp-
tophan are shown in Figure 3-4. It can be readily seen that electronic transi-
tions in tyrosine and tryptophan are primarily responsible for the absorption

A X Yisobestic isobestic= ( ) + ( )[ ]e l
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peak at around 280nm. It can also be seen that all three amino acids absorb
strongly at shorter wavelengths. Measurements of the spectra of polypeptides
not containing aromatic amino acids show strong absorbance at around 
192nm due to electronic transitions associated with the peptide bond.Thus, the
absorbance maximum in the 190—210nm range is due to both aromatic amino
acids and peptide bonds.The absorption due to side chains of other amino acids
is typically at least an order of magnitude less in this wavelength region.

The spectra of aromatic amino acids and peptide bonds in proteins are sig-
nificantly influenced by their local environments. This is because the spectra
are fundamentally due to electrical phenomena so that structural features 
that determine the local charge distribution and the local dielectric constant
strongly influence the spectra.Thus, the spectra of peptide bonds and aromatic
amino acids buried inside the protein are somewhat different than those on
the exterior of the protein. Hydrogen bonding and ion pair interactions also
influence the spectra. This environmental sensitivity of protein spectra can be
used to obtain information about the structure of proteins. For example, the
amount of a-helix, b-sheet, and random coil can be estimated from the ultra-
violet spectrum (1). A denatured protein usually has a somewhat different
ultraviolet spectrum than the native protein so that protein folding reactions
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Figure 3-3. Ultraviolet absorption spectrum of bovine serum albumin at pH 7.0. The
extinction coefficient is plotted versus the wavelength in two panels because of the
large difference in the ordinate scale as the wavelength changes. Data from E. Yang in
I. Tinoco, K. Sauer, J. C. Wang, and J. D. Puglisi, Physical Chemistry, 4th edition, Pren-
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can be monitored by measuring spectral changes. However, the change in the
ultraviolet spectrum is usually rather small so that other methods have proved
more useful for assessing secondary structure and monitoring protein folding
(e.g., circular dichroism, which is discussed later).

NUCLEIC ACID SPECTRA

In contrast to proteins, all of the common nucleotide bases have quite similar
absorption spectra, with an absorption peak at around 260nm. The spectra of
adenine, thymine, cytosine, uracil, and guanine are shown in Figure 3-5. Nucleic
acid solutions also are essentially transparent in the visible region of the spec-
trum. The intense absorption at 260nm is frequently used as an indication of
the presence of nucleic acids and can be used to determine their concentra-
tions by use of the Beer-Lambert law.

Again, the local environment of individual nucleotide bases can influence
the spectrum. Generally, nucleic acids have a lower absorbance than the sum
of the absorbance of the individual nucleotides. This phenomenon is called
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Figure 3-4. Absorption spectra of phenylalanine, tyrosine, and tryptophan at pH 6.0.
Note the logarithmic scale on the ordinate. Adapted from S. Malik in D. B. Wetlaufer,
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hypochromicity and is due to the “stacking” or lining up of parallel planes of
the bases. An increase in absorption is called hyperchromicity. These phe-
nomena are very useful for determining whether nucleic acids are structured.
For example, native (double-helix) DNA displays significant hypochromicity,
and if the DNA is unwound, the absorbance at 260nm increases.

Although the stable structure of DNA is the well-known double helix, the
double-helix structure is lost as the temperature increases, and at a sufficiently
high temperature, the two strands of DNA separate. This loss of structure can
be monitored by the increase in absorbance at 260nm, as shown schematically
in Figure 3-6. Obviously, the more stable the DNA, the higher the tempera-
ture that is needed to break down the structure so that doing a temperature
“melt” of DNA is a useful tool for determining the stability of a specific DNA.
With this technique, for example, it is easy to show that G-C base pairs are
more stable than A-T pairs. By studying the stability of a series of nucleic acid
oligomers, it is possible to predict the stability of DNA and, less reliably, RNA
structures (cf. 2). Also, when DNA is synthesized, the double-helix structure
must be broken in order to provide a single-strand template for the polymer-
ization reaction. This unwinding of DNA in vivo is done by helicase enzymes.
Obviously, monitoring the DNA structure is important for understanding
DNA synthesis, in general, and the mechanism of action of helicases, in par-
ticular. This subject is considered further later in this chapter.

PROSTHETIC GROUPS

Some proteins contain tightly bound organic molecules and/or metal ions.
These are usually referred to as prosthetic groups and are essential for the 
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biological activity of the macromolecules. The spectra of these prosthetic
groups are often in the visible region of the spectrum, easily separable from
the absorption due to the protein, and can be monitored to follow the reac-
tions undergone by the protein.

One of the most common prosthetic groups is heme, the structure of which
is shown in Figure 3-7. The heme binds iron tightly, either as Fe2+ or Fe3+. Prob-
ably the most well-known heme protein is hemoglobin, mentioned in Chapter
2. Hemoglobin has a molecular weight of about 64,000. It has four polypep-
tide chains and contains four hemes. It is, of course, responsible for the trans-
port of oxygen in the body. The structure of the protein is well known (Fig.
2-12, see color plates) and its function has been extensively studied (cf. 3). For
the purposes of this discussion, we consider only the visible spectra of the mol-
ecule. The active molecule contains Fe2+: when oxygen is bound, it is coordi-
nated directly to the iron. In the absence of oxygen, this iron coordination site
is occupied by water. The visible spectra of oxy- and deoxy-hemoglobin are
quite distinct, as shown in Figure 3-8. This is because the binding of oxygen
alters the environment of the iron/heme, thereby altering the electronic energy
levels.Thus, the visible spectrum can be used to monitor the binding of oxygen.
Oxy-hemoglobin is responsible for the bright red color of oxygenated blood.
The ferrous iron can be oxidized to the ferric form, which also alters the spec-
trum of the molecule.This form of hemoglobin is not involved in oxygen trans-
port. The molecular mechanism for the binding of oxygen to hemoglobin is
now understood in molecular detail. It is a highly cooperative process with

20 40 60 80
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A260

Figure 3-6. Schematic representation of DNA melting for two different DNA. The
absorbance at 260nm increases as the temperature is raised and the double-stranded
structure breaks down. The temperature at which the melting occurs increases as the
amount of G-C base pairs increases.
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alterations in the position of the iron in the molecule and significant confor-
mational changes within the protein accompanying binding.

Cytochromes also contain hemes. For these molecules the oxidation-
reduction of iron is crucial to their physiological function. The progress of the
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oxidation-reduction reactions can be readily monitored through changes in the
visible spectrum.

Flavins constitute another type of common prosthetic group. Flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are important
constituents in many enzymes that participate in redox reactions. Their 
structures are shown in Figure 3-9. These flavin prosthetic groups can exist in
three oxidation states: oxidized, semiquinone radical, and reduced. (A radical
is an organic molecule with an unpaired electron.) All three of these oxida-
tion states have different absorption peaks in the visible. The three oxidation
states and their absorption maxima are included in Figure 3-9. The semi-
quinone can also lose a hydrogen to give a diradical (two unpaired electrons)
with yet a different absorption maximum. The pK for the loss of this hydro-
gen is about 8.4. Flavin enzymes can undergo both one- and two-electron 
oxidation-reduction reactions and can be readily reoxidized by oxygen. The
visible spectrum serves as a useful indicator of the oxidation state of the flavin
in an enzyme. It can also be used to monitor the reaction progress of the enzy-
matic reactions.

Why do these prosthetic groups have electronic transitions at longer wave-
lengths than proteins? This can be readily understood in molecular and
quantum mechanical terms. Both hemes and flavins have highly aromatic
structures, that is, extensive conjugation occurs. As a result, the electrons are
delocalized around the ring structures (p electrons). If the electrons are con-
sidered as “particles in a box,” as discussed in Chapter 1, the size of the box
is increased relative to less conjugated structures such as tyrosine, phenylala-
nine, and tryptophan. An increase in the size of the box increases the wave-
lengths that characterize the electronic transitions (Eq. 1-11).

DIFFERENCE SPECTROSCOPY

Because the absorption of light by proteins and nucleic acids depends on the
local environment of the chromophores, changes in light absorption often
occur when small molecules bind to proteins or nucleic acids and when macro-
molecules interact. As an example, we consider the binding of nucleotides to
the enzyme ribonuclease A. As the name implies, ribonuclease A hydrolyzes
RNA. It is a small protein with a molecular weight of approximately 14,000
and contains tyrosine, tryptophan, and phenylalanine so that it has a typical
protein ultraviolet spectrum. Its structure is shown in Figure 2-11 (see color
plates). It binds nucleic acids and has a great preference for cleavage adjacent
to a pyrimidine. When nucleotides bind to the enzyme, the ultraviolet spec-
trum is changed. However, the changes are very small so that a technique
called difference spectroscopy must be used.

With difference spectroscopy, a double-beam spectrophotometer is used.
Each beam contains two cuvettes. For one of the beams, one cuvette contains
the nucleotide and the other the protein. In the other beam, one of the cuvettes
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contains a mixture of the nucleotide and protein and the other contains buffer.
The concentration of nucleotide and of enzyme is exactly the same in each
beam. Consequently, any difference in absorbance that is measured must be
due to the interaction of the nucleotide and the protein. The absorbance in
the beam containing the mixture of enzyme and nucleotide (assuming a path
length of 1cm) is

(3-4)

where the e’s are the extinction coefficients for the enzyme, E, the ligand, L,
and the enzyme-ligand complex, EL. The study of ligand binding showed that
only one nucleotide binds per enzyme molecule. The absorbance in the other
beam is given by

(3-5)

Subtraction of Eq. 3-5 from Eq. 3-4 gives the difference absorbance

(3-6)

Thus, measuring the difference absorbance is a direct measure of the concen-
tration of the enzyme-nucleotide complex.

Titration of the enzyme with the nucleotide and extrapolation to a con-
centration where all of the ligand is bound to the enzyme permits determina-
tion of the difference extinction coefficient, De. The difference extinction
coefficient for the binding of 2¢-cytidine monophosphate to ribonuclease is
shown in Figure 3-10 at different wavelengths. Note that significant changes
are found at wavelengths of 260 and 280nm, indicating that the extinction
coefficients of both the enzyme and nucleotide are altered in the complex.
Note also the isobestic point that is found as the pH is varied, demonstrating
the presence of only two absorbing species, bound and unbound. Since the
concentration of all species can be determined during the titration, the binding
constant can be calculated and was found to be 1.8 ¥ 105 M-1 at pH 5.5. An
extensive study carried out with various ligands over a range of pH provided
valuable information about the molecular details of the interaction between
the ligands and enzyme (4).

X-RAY ABSORPTION SPECTROSCOPY

X rays can also be absorbed by materials, and the Beer-Lambert law 
(Eq. 3-1) is applicable. The energy associated with an x ray of 1Å wave-
length is about 106 kJ/mole (E = hc/l). This energy is sufficiently large that the
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absorption of x rays by atoms results in electrons being ejected from inner
orbits (1s, 2s, 2p).The x-ray absorption spectra of atoms consist of sharp peaks,
the peaks occurring at different wavelengths for every element in the periodic
table. If the atom is in a molecule, the ejected electron interacts with the envi-
ronment, resulting in small oscillations around the main peak in the absorp-
tion spectra due to back scattering. Analysis of this fine structure provides
information about the nature of the atoms surrounding the atom that has
absorbed the x rays. This is particularly useful for probing the environment
around heavy metals in biological structures.

FLUORESCENCE AND PHOSPHORESCENCE

Fluorescence is a very common phenomenon in biology and elsewhere. As
previously discussed, fluorescence is the emission of light associated with 
electrons moving from an excited state to the ground state. Fluorescence and
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Figure 3-10. Difference absorption spectra of ribonuclease A-2¢-CMP as a function of
pH. The pH is indicated next to each difference spectrum. The dashed line is the cal-
culated difference spectra for the protonated ring species of 2¢-CMP. Reprinted in part
with permission from D. G. Anderson, G. G. Hammes, and F. G. Walz Jr., Biochemistry
7, 1637 (1968). © 1968 by American Chemical Society.
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phosphorescence are often more useful tools for studying biological process
than absorbance. They can be considerably more sensitive than absorbance so
that much lower concentrations can be detected.They are also often extremely
sensitive to the environment and thus are extremely good probes of the local
environment. Some other useful properties will be discussed a bit later.

In order to understand fluorescence and phosphorescence, a somewhat
more complex energy diagram such as Figure 3-11 is useful. In this diagram,
two electronic energy levels are shown, each with a manifold of vibrational
energy levels.The vibrational energy levels are much more closely spaced than
electronic energy levels and are due to the vibrations of atoms within a mol-
ecule. Different modes of vibration have different energies so that manifolds
of quantized energy levels exist. The properties of vibrational energy levels
can be calculated through quantum mechanics. Generally, electrons are in their
ground electronic energy state at room temperature, and the molecules are
also in their lowest vibrational energy level. They can be excited by light to
the next electronic energy level, but can be in many different vibrational
energy levels in the excited state.After this excitation, the molecule will return

Intersystem

crossing

Radiationless

transitions

Absorbance Fluorescence Phosphorescense

Figure 3-11. Schematic energy level diagram for absorption, fluorescence, and phos-
phorescence.This is often referred to as a Jablonski diagram. Electrons are excited from
a ground state singlet energy level, S0, to various vibrational states of a higher elec-
tronic energy level, S1. All electrons are paired in singlet states, that is, their spins are
in opposite directions. Radiationless decay occurs to the ground vibrational energy
level of S1. As the electrons return to their ground electronic state, fluorescence occurs.
In some cases, the excited electrons can move to a triplet state, T1, in a radiationless
transition. Triplet states have two unpaired electrons. The electrons in the triplet state
can then return to the ground electronic state with phosphorescence occurring.
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to the lowest vibrational energy level of the second electronic energy level
very rapidly, in 10-13 s or less.This generally occurs through a radiationless tran-
sition, that is, through the production of heat. Electrons in the second energy
level can then decay to the electronic ground state, again in various vibrational
energy levels. The emission produced is fluorescence. The decay to the ground
electronic state can also occur without the emission of light, that is, by pro-
ducing heat.

From Figure 3-11, it is clear that the emitted light must be at a longer wave-
length than the absorbed light since the energy change associated with emis-
sion can never be greater than the energy change associated with absorption.
Also from this diagram it is clear, that the number of photons emitted can
never exceed the number of photons absorbed. The efficiency of fluorescence
is characterized by the quantum yield, Q, which is the fraction of photons
absorbed that are eventually emitted:

(3-7)

In practice, the quantum yield can be quite close to 1, but for most molecules
that fluoresce well, it is usually in the range of 0.3–0.7. Not all molecules that
absorb light produce measurable fluorescence; in fact, most do not. Instead,
decay to the ground state is radiationless, via heat production, and the
quantum yield is essentially zero. The only common amino acid that has a
useful fluorescence spectrum is tryptophan, and none of the common nucleic
acids display significant fluorescence.

The measurement of fluorescence (and phosphorescence) is more complex
than the measurement of absorption since the sample must be excited at a 
specific wavelength and the fluorescence observed at a different wavelength.
Typically, the emission is detected perpendicular to the excitation beam. The
emission spectrum is obtained by keeping the excitation wavelength constant
and observing the emission over a range of wavelengths. The fluorescence of
tryptophan, an amino acid found in many proteins, is shown in Figure 3-12.
Also shown is the absorption spectrum. The emission spectrum in the figure
was determined by exciting tryptophan with light at the absorption maximum
of 275nm. The excitation spectrum is obtained by observing the emission at a
given wavelength and varying the excitation wavelength. The quantum yield
is different for each pair of excitation and emission wavelengths. An abso-
lute measurement of fluorescence would require knowledge of the number of
photons absorbed at the excitation wavelength and the number of photons
emitted at the emission wavelength. Such measurements are very difficult to
make so that in practice the fluorescence intensity is usually expressed in 
relative terms or in comparison with a standard solution where the quantum
yields are well known.

A more quantitative description of fluorescence is useful for understand-
ing the experimental measurements. The number of excited molecules is pro-

Q
   

   
=

number of photons emitted
number of photons absorbed
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portional to the amount of light absorbed, which can be determined from the
Beer-Lambert law:

(3-8)

Here, It is the intensity of the light of incident intensity I0 after it has passed
a distance l through a solution of concentration c with an extinction coefficient
of e(l) at wavelength l. Fluorescence measurements are made with solutions
of low absorbance, so that the exponential can be expanded to give

(3-9)

Thus, the concentration of excited molecules is proportional to the light
absorbed,

(3-10)

The fluorescence emitted, F, is the product of the concentration of excited mol-
ecules times the quantum yield times the fraction of emitted photons collected
by the instrument,

(3-11)

From the above discussion it is clear that the constant contains several pro-
portionality relationships that are not easily determined, thus necessitating the
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Figure 3-12. Absorption and fluorescence spectrum of tryptophan. The solid line is the
extinction coefficient, and the dashed line is the fluorescence emission in arbitrary units
with excitation at approximately 275nm. D. Freifelder, Physical Biochemistry, 2nd
edition, W. H. Freeman, New York, 1982, p. 539. © 1976, 1982 by W. H. Freeman and
Company. Used with permission.
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determination of relative fluorescent intensities rather than absolute intensi-
ties. From a practical standpoint, it is important to note that the fluorescence
is proportional to the concentration if the absorbance of the solution is suffi-
ciently low to permit the expansion of the exponential. Fortunately, this situ-
ation is usually quite easy to obtain experimentally.

The discussion thus far is valid for singlet electronic states, that is, states in
which all of the electron spins are paired. Many complex molecules have elec-
tronic states in which two unpaired electrons exist, a triplet electronic state.
These are at a higher energy state than the ground singlet state and can be at
a lower energy than the first excited singlet state. This is shown schematically
in Figure 3-11. In principle, the molecule can move from the excited singlet
state to the triplet state, and then decay can occur to the ground state via light
emission or the production of heat. This is termed phosphorescence. As with
fluorescence, the emitted light must be at a longer wavelength than the
absorbed light.

What makes phosphorescence different than fluorescence, and how can
they be distinguished? In the case of fluorescence, quantum mechanics tells us
that the transitions between energy states are allowed, and they occur very
rapidly, typically in nanoseconds. In the case of phosphorescence, quantum
mechanics tells us that the interconversion from a single state to a triplet state
is not allowed, that is, it will not occur readily. The result is that phosphores-
cence generally takes place in milliseconds or longer. Although this qualita-
tive distinction between fluorescence and phosphorescence is usually sufficient
to distinguish between the two, the proof of what is occurring requires deter-
mination of the magnetic properties of the excited state. Because the triplet
state has unpaired electron spins, its energy will be altered in a magnetic field,
whereas this will not happen for fluorescence. At room temperature, DNA
does not phosphoresce, but in frozen solutions, thymidine will phosphoresce.
We will not explicitly consider phosphorescence further, but it should be
remembered that it is very similar to fluorescence; moreover, many biological
systems display phosphorescence, perhaps most notable are plant and animal
life in the ocean.

Figure 3-11 is a considerable simplification of the real situation where many
different electronic states are possible so that multiple electronic energy levels
must be taken into account. In addition, many different vibrational modes are
possible, so multiple manifolds of vibrational energy levels are generally
present. However, the principles enunciated are equally valid for these more
complex situations.

RecBCD: HELICASE ACTIVITY MONITORED BY FLUORESCENCE

As mentioned above, part of the mechanism of DNA synthesis involves
unwinding DNA. RecBCD is a protein from Escherichia coli that functions as
a helicase (cf. 5). It also has an endo- and exo-nuclease activity, that is, it
hydrolyzes DNA. The helicase activity requires the hydrolysis of MgATP to
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furnish the free energy necessary for the unwinding process. Monitoring
absorbance is not a useful assay for following the unwinding process because
of the small changes in absorbance accompanying unwinding relative to the
total absorbance. However, a fluorescence assay was developed by Roman and
Kowalczykowski (5) that provides a continuous assay of the helicase activity.
This assay makes use of a protein that binds specifically to single-stranded
DNA, SSB. The binding process stabilizes the single-stranded DNA. Fortu-
nately, when SSB binds to single-stranded DNA, the fluorescence of SSB due
to tryptophan is quenched. If SSB is put into an assay mixture containing
double-stranded DNA, RecBCD, and MgATP, the SSB will bind to the single-
stranded DNA as it is produced. The result is a decrease in the tryptophan flu-
orescence as more and more single-stranded DNA is formed. This change in
fluorescence is a direct monitor of the rate of DNA unwinding since the
binding of SSB to single-stranded DNA is fast relative to the rate of the
unwinding reaction. The apparent turnover number for the enzyme deter-
mined by this method ranged from 14 to 56 mM base pairs s-1(mM recBCD)-1,
depending on the experimental conditions.

The mechanism of action of the recBCD helicase is postulated to proceed
by the enzyme binding to DNA and unwinding many base pairs before it dis-
sociates from the DNA. An important question to ask is how much unwind-
ing occurs before the helicase dissociates. When an enzyme catalyzes many
events during a single binding, the reaction is called processive: the greater the
amount of unwinding/binding event, the greater the processivity of the enzyme
activity. With the assay described above, it was possible to quantitate the pro-
cessivity (6). The processivity increases in a hyperbolic manner as the MgATP
concentration increases, reaching a limiting value of 32 kilobases at saturating
concentrations of MgATP. The apparent dissociation constant for MgATP
deduced from the hyperbolic reaction isotherm is about 40 mM. The proces-
sivity was found to be quite sensitive to salt concentration. Thus, a substantial
amount of DNA is unwound during each event, ultimately resulting in the syn-
thesis of long stretches of DNA by the polymerase enzyme.

This is but one example of the use of fluorescence to develop an assay for
an important biological process, with the subsequent determination of mech-
anistic aspects of the process.

FLUORESCENCE ENERGY TRANSFER: A MOLECULAR RULER

Thus far we have considered only what happens within a single molecule when
light is absorbed. However, it is also possible for a molecule in an excited 
electronic state to transfer the energy above the ground state to another 
molecule. This phenomenon is termed Förster energy transfer (7). This can be
readily understood if a simple kinetic scheme is considered. If the energy
donor, D, is considered, fluorescence can be described by the following
sequence of events:
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(3-12)

The k’s are rate constants in this scheme, u is the light frequency, and * des-
ignates the excited electronic state. The “natural” fluorescence lifetime is
defined as

(3-13)

This lifetime cannot be measured experimentally but is a useful theoretical
concept.

The fluorescence lifetime is measured by exciting the molecule with short
pulses of light and following the decay of fluorescence. According to Eq. 3-12,

(3-14)

so that the lifetime determined experimentally is

(3-15)

Eq. 3-14 can be easily integrated with the boundary conditions that (D*) =
(D0*) when t = 0 and (D*) = 0 when t = •. The result is

(3-16)

Thus, a plot of the natural logarithm of the fluorescence intensity versus time
is a straight line with a slope of -(1/tD).

The quantum yield for this sequence of events is simply the fraction of mol-
ecules fluorescing after excitation, or

(3-17)

If the frequency of the fluorescence happens to overlap the absorption of a
second molecule, the acceptor (A), then some of the energy of de-excitation
can be transferred directly to A, which in turn can fluoresce. The scheme in
Eq. 3-12 can be expanded to include this possibility:

(3-18)

It should be noted that this energy transfer can occur even if A does not flu-
oresce, as A could return to its ground state without producing light. The
quantum yield of D in the presence of A is now given by
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(3-19)

The efficiency of energy transfer, E, is

(3-20)

where tDA is the fluorescence lifetime in the presence of the acceptor. In this
case,

(3-21)

Thus, the efficiency of energy transfer can be measured quite readily.
This efficiency depends very strongly on the physical separation of the

acceptor and donor, and therefore can be used to calculate the distance
between A and D. The dependence of the efficiency on the distance between
A and D, R, is given by

(3-22)

where

(3-23)

In Eq. 3-23, J is a measure of the spectral overlap of the fluorescence emission
of the donor with the absorption of the acceptor, k is a measure of the rela-
tive orientations of the donor and acceptor, and n is the refractive index. Equa-
tion 3-22 was first enunciated by Förster, hence the name Förster energy
transfer. Because R0 can be readily calculated, R can be determined directly
from measurements of E. Since E depends on the sixth power of the distance,
it is a very sensitive measure of the distance. Typical values of R0 are 3—6nm
so that distances in the range of 1—10nm are readily accessible to this method.
The measurement of energy transfer has proved very useful for providing
structural information about biological systems, especially in cases where the
molecular structures are not well known.

APPLICATION OF ENERGY TRANSFER TO BIOLOGICAL SYSTEMS

The use of energy transfer as a molecular ruler in macromolecular systems
was elegantly tested by Stryer and Haugland (8). They synthesized a series of
proline polymers with a fluorescent donor, dansyl, at one end and an energy
acceptor, naphthyl, at the other end. Proline was selected because the polymer
is a rigid cylinder whose length can be easily calculated. The number of 
prolines in the polymer varied from 1 to 12, and R varied from about 1.2 to
4.6nm. The energy transfer efficiency obeyed Eq. 3-22 exceedingly well, as
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shown in Figure 3-13, and the experimental values of R agreed well with those
determined from molecular models. They also demonstrated that the depend-
ence of R0 on the degree of overlap of the donor emission with the acceptor
absorbance was quantitatively correct.

With the establishment of the methodology in model systems, energy trans-
fer measurements were made in many biological systems.The most critical part
of the application is to label a protein or nucleic acid with a fluorescent probe
at a specific site, with essentially no labeling at nonspecific sites. This is essen-
tial if a reliable interpretation of the data is to be made. As a specific example,
consider the extensive studies on chloroplast coupling factor one, CF1 (9). CF1

is the soluble part of an enzyme that is critical for ATP synthesis in chloro-
plasts. Very similar enzymes are in all organisms. In animals, the enzyme is
located in the mitochondria. The enzyme is responsible for the synthesis of
ATP from ADP and inorganic phosphate, an important physiological reaction.
The synthesis occurs when a pH gradient is established across the membrane,
and protons are pumped across the membrane as the synthesis proceeds. Of
course, an enzyme must catalyze the chemical reaction in both directions.Thus,
the soluble portion of the enzyme catalyzes the reverse reaction, namely the
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Figure 3-13. Per cent efficiency of energy transfer, E, in proline polymers of various
lengths, R, with a fluorescence donor at one end of the polymer and a fluorescence
acceptor at the other end.The solid line corresponds to Eq. 3-22. Reproduced with per-
mission from L. Stryer and R. P. Haugland, Proc. Natl. Acad. Sci. USA 58, 719 (1967).
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hydrolysis of ATP. It cannot catalyze the synthetic reaction since a proton gra-
dient cannot be created when the enzyme is not on the membrane.

CF1 is a very complex protein and has five different subunits, with a subunit
structure of a3b3gde. It binds three molecules of ATP or ADP, and the mole-
cule is intrinsically asymmetric. In a series of experiments, fluorescent probes
were put in a variety of positions on the molecule, and the distances between
the probes were measured.Altogether, more than 30 distances were measured,
including the distance of CF1 sites from the surface of the membrane. These
measurements were used to construct a model of the enzymes. The model is
shown in Figure 3-14. At the time this work was done, the structure of the
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Figure 3-14. Spatial arrangement of specific sites on CF1 determined by fluorescence
energy transfer measurements. The sites shown are nucleotide binding sites (N1, N2,
N3), a disulfide on the g polypeptide chain (S-S), specific sulfhydryl groups on the g
polypeptide chain (D, L), a sulfhydryl on the e polypeptide chain (e), and an amino
group on an a polypeptide chain (aL).A few of the distances, in Å, are shown to estab-
lish the scale. The distances to the membrane are maximum values since the lines need
not be perpendicular to the membrane surface. Reprinted from R. E. McCarty and G.
G. Hammes, Molecular Architecture of Chloroplast Coupling Factor 1, TIBS 12, 234
(1987). © 1987, with permission from Elsevier.
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enzyme was unknown, and the model summarized some important features of
the enzyme, including the distance between nucleotide binding sites and the
intrinsically asymmetric nature of the structure. The asymmetric structure is
critical for the coordination of the chemical reaction and the pumping of
protons across the membrane. Some time later, the structure of the mito-
chondrial enzyme was determined by x-ray crystallography (10).The distances
determined by energy transfer proved to be consistent with the crystal struc-
ture. In fact, the elucidation of structural features by energy transfer meas-
urements is generally useful for complex structures for which the molecular
structure has not yet been established.

DIHYDROFOLATE REDUCTASE

As an example of the use of fluorescence to study ligand binding to a pro-
tein and enzyme catalysis, we consider the enzyme dihydrofolate reductase
(DHFR). DHFR catalyzes the reduction of 7,8-dihydrofolate by NADPH to
give 5,6,7,8-tetrahydrofolate and NADP+. Tetrahydrofolate is essential for the
biosynthesis of purines, as well as several other important biological molecules.
Because of its central position in metabolism, it has been extensively studied.
It is also a target for anticancer drugs such as methotrexate. The structure of
the enzyme and enzyme-substrate/inhibitor complexes are known and many
mechanistic studies of the enzyme have been carried out (cf. references 11 and
12). This discussion will be limited to a few facets of the very extensive liter-
ature available for this enzyme.

NADPH is fluorescent, with an absorption maximum at about 340nm and
an emission maximum at about 450nm. In addition, the enzyme contains tryp-
tophan so that if the enzyme is excited at 290nm, fluorescence is observed with
a maximum intensity at 340–350nm. If NADPH is added to the enzyme, this
fluorescence is quenched about 65%, indicating the tryptophan environment
is significantly altered when NADPH binds (13). Moreover, because NADPH
has a maximum absorbance around 340nm, significant energy transfer occurs
from the excited tryptophan to bound NADPH. This results in a new emission
maximum at 420–450nm. The extent of NADPH binding to DHFR can be
quantitatively assessed by measuring the quenching of tryptophan fluores-
cence. This can also be done by following the fluorescence at 450nm.
Quantitative analysis of the data permits the calculation of the equilibrium
dissociation constant, which is 1.1mM at pH 7.0.

The kinetics of ligand binding can also be measured by mixing NADPH
and DHFR rapidly in a stopped flow apparatus and following the quenching
of tryptophan fluorescence or the emission at 450nm as a function of time.
The time course of the reaction indicates a very rapid quenching, occurring in
less than a second, followed by a relatively slower reaction, occurring in
seconds. The first reaction is the binding of NADPH to DHFR, whereas the
second reaction is the interconversion of the free enzyme from a form that
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does not bind NADPH to a form that does. The overall reaction can be rep-
resented by the following mechanism:

A quantitative analysis of the data at pH 7.0 gives: k1 = 1.7 ¥ 106 M-1 s-1,
k-1 = 2.4 s-1.The equilibrium constant for the transition from DHFR to DHFR¢
was found to be about 1, with rate constants of approximately 2.5 ¥ 10-2 s-1 (k2

and k-2; 12). Note that for this mechanism, the overall equilibrium dissociation 
constant is

The dissociation constant determined from kinetics is only in fair agreement
with the dissociation constant determined from direct binding studies.

The overall time course of the enzymatic reaction can be easily monitored
by following the absorbance change at 340nm because NADPH has an
absorption peak at this wavelength whereas NADP+ does not. In addition, the
individual steps in the catalytic process can be characterized by stopped-flow
studies that monitor alterations in the tryptophan fluorescence as the reaction
proceeds. A detailed description of these experiments is beyond the scope of
this discussion. However, it was possible to determine which substrate binds
first to the enzyme, the rate constants for the binding steps, the rate constants
for conformational changes within the enzyme-substrate complex, and the rate
constants for hydride transfer. This permitted the development of a detailed
mechanism for the reaction (13).

Another unique use of fluorescence is fluorescence microscopy. With this
technique individual molecules are labeled with fluorescent tags and can be
observed with a light microscope (cf. reference 14). Of course, it is not the mol-
ecule that is seen: it is the light from the molecule. This is analogous to seeing
the light from a star, rather than the star itself. With this technique, kinetic and
equilibrium properties of individual molecules can be studied. For example,
the kinetics of binding of substrates and inhibitors to DHFR have been inves-
tigated by single-molecule fluorescence microscopy (15).
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PROBLEMS

3.1. Colored pH indicators are dyes that have different spectra for different
ionization states. Assume the ionization of a pH indicator with pK = 6.00
can be written as:

The measured absorbance in a 1-cm cell at an indicator concentration of
2 ¥ 10-5 M is given in the table below.

l (nm) A at pH 3.00 A at pH 9.00

400 0.200 0.000
420 0.300 0.030
440 0.150 0.150
460 0.000 0.200
480 0.000 0.150

For the same concentration of indicator, an absorbance of 0.100 is meas-
ured at l = 400nm.
a. What is the pH of the solution?
b. What is the absorbance at l = 440nm?
c. At pH 7.00, for an indicator concentration of 3.00 ¥ 10-5 M and a 

1-cm cell, what is the absorbance at l = 400, 440, and 480nm?

3.2. A sample of RNA is hydrolyzed and separated into three fractions by
column chromatography. Two of the three fractions are pure nucleotides,

HIn  In H+W - +
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but the third contains both adenylic and guanylic acid. At pH 7.0, the
absorbance of the mixture is 0.305 at 280nm and 0.655 at 250nm in 1-cm
cells.The molar extinction coefficients for each pure component at pH 7.0
are

e280 (M-1 cm-1) e250 (M-1 cm-1)

Adenylic acid 2,300 12,300
Guanylic acid 9,300 15,700

Calculate the mole ratio of adenine to guanine in the RNA.

3.3. The enzyme alcohol dehydrogenase catalyzes the oxidation of alcohol by
NAD+ to give acetaldehyde and NADH. NADH has an absorption
maximum at 340nm with an extinction coefficient of 6.20 ¥ 103 M-1 cm-1,
whereas NAD+ and the other reactants do not absorb significantly at 
340nm. Consequently, the oxidation reaction can be conveniently moni-
tored by following the increase in absorbance at 340nm.
a. What is the rate of production of NADH if it is observed that that the

rate of absorbance increase in a 1-cm path length cell is 0.05/min?
b. When an excess of enzyme is added to NADH, the absorbance at 

340nm decreases by 13%. What is the extinction coefficient of NADH
at 340nm when it is bound to the enzyme?

c. The difference in extinction coefficient can be used to determine the
binding constant for the association of NADH and the enzyme. The
following data were obtained for the difference absorbance when
NADH is added to 20 mM enzyme in a 1-cm path length cell.

(NADH)total, mM DA(340nm)

8.33 0.004
13.50 0.006
20.0 0.008
45.0 0.012

Calculate the binding constant from these data.

3.4. When complementary strands of deoxy-oligonucleotides are mixed, they
form a double-stranded DNA at low temperatures but dissociate to single
strands as the temperature is raised. This can be observed by a decrease
in the absorbance of the solutions at 260nm. The equilibrium for this
process can be written as

with an equilibrium constant K = (D)/[(S1)(S2)]. Data are given below for
two experiments. In one case, equal length strands and concentrations of

D  S S2W 1 +
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oligoA and oligoT were mixed, whereas, in the other case, the same length
strands and concentrations of oligoG and oligoC were mixed.

T(°C) A (oligoA-T) T(°C) A(oligoG-C)

5 0.711 50 0.780
10 0.720 55 0.785
15 0.732 60 0.812
20 0.740 65 0.836
25 0.767 70 0.862
30 0.801 75 0.880
35 0.846 80 0.896
40 0.874 85 0.924
45 0.891 90 0.948
50 0.903 95 0.975
55 1.003

a. Assume the molecules are duplexes at the lowest temperatures for
which data are given and single strands at the highest temperatures.
Calculate the fraction present as duplex at each temperature. Deter-
mine the melting temperature of each duplex, that is, the temperature
at which half of the duplex has been converted to single strands.

b. What do these results tell you about the relative stability of A-T and
G-C pairs?

c. Estimate the melting temperature of complementary oligonucleotides
that are 50% A-T and 50% G-C, with the same length as in the above
experiments. (Your result is not exact, but methods are available for
calculating the melting temperatures of short DNA.)

3.5. Pyrenylmaleimide is a convenient fluorescent probe for labeling sulfhy-
dryl residues on proteins.The fluorescence lifetime of pyrene on a protein
sulfhydryl was measured by determining the relative fluorescence inten-
sity after excitation of pyrene with a flash lamp. Typical data are given
below.

Relative Fluorescence Time (ns)

0.716 20
0.513 40
0.367 60
0.264 80
0.189 100

a. Determine the fluorescence lifetime.
b. If the quantum yield is 0.7, what is the natural lifetime.
c. When a ligand is bound to the protein, the fluorescence lifetime is 10%

shorter. What might be the cause of this change?
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3.6. Bovine rhodopsin is a photoreceptor protein that is an integral part of
the disc membranes of retinal rod cells and plays a key role in vision. It
has a tightly bound 11-cis-retinal that has a strong absorbance at about
500nm. As part of the vision cycle, the retinal is bleached by conversion
to the trans isomer. The protein has a molecular weight of 28,000–40,000.
Three sites were labeled on the protein with fluorescent probes, sites A,
B, and C. Fluorescence resonance energy transfer was measured between
these three sites and the retinal and between the three sites themselves
[C.-W.Wu and L. Stryer, Proc. Natl.Acad. Sci. USA 69, 1104 (1972)]. Some
of the results are summarized in the table below.

Engery Donor Energy Acceptor Transfer Efficiency R0(Å)

A 11-cis-retinal 0.09 51
B 11-cis-retinal 0.36 52
C 11-cis-retinal 0.12 33
A B 0.90 51
A C 0.92 48
B C 0.92 47

a. Calculate the distances between these six sites.
b. A protein of molecular weight 28,00–40,000 that is spherical has a

radius of 40–45Å. What can you say about the shape of rhodopsin?
Sketch a model for the molecule based on the distances that have been
measured.



CHAPTER 4

CIRCULAR DICHROISM, OPTICAL
ROTARY DISPERSION, AND
FLUORESCENCE POLARIZATION

INTRODUCTION

Most biological molecules possess molecular asymmetry, that is, their mirror
images are not identical. Such molecules are said to be chiral. Probably the
most well-known example is a carbon atom that is tetrahedrally bonded to
four different atoms or groups of atoms. This example is described in organic
chemistry textbooks and will not be dwelled on here. Less obvious examples
of importance in biology are macromolecules that possess chirality. For
example, helices can be wound in a left- or right-hand sense.The most common
helix in proteins, the a-helix, is wound in a right-hand sense. Although most
polynucleotides are wound in a right-hand sense, helices that wind in a left-
hand sense also exist.

Chiral molecules can be distinguished by their interactions with polarized
light. As we have discussed in Chapter 1, a light wave can be described as an
electromagnetic sine wave with a characteristic frequency. In this description,
a wave generating an electric field is perpendicular to a wave generating a
magnetic field. If light is unpolarized, these waves are oriented randomly in
space, as shown schematically in Figure 4-1. Looking along the electromag-
netic wave, the random orientations look like the spokes of a wheel. For lin-
early, or plane, polarized light, the wave is oriented in only one direction, as
depicted in Figure 3-1. Although the polarized light in the figure looks like a
line (linearly polarized), the electric field wave is projected as a plane (plane
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polarized) so that the two terms are used interchangeably. When a chiral mol-
ecule interacts with plane polarized light, the plane is rotated, with the direc-
tion and amount of rotation depending on the characteristics of the molecule.

Circularly polarized light sweeps out a circle as the electric wave propa-
gates. The circle can be either right handed or left handed, as shown in Figure
4-1.The convention used is that if the circle moves clockwise, it is right handed,
whereas if it moves counter-clockwise, it is left handed. Again, the interaction
of circularly polarized light with chiral molecules will alter the circularly polar-
ized light. Elliptically polarized light is also used and is essentially the same as
circularly polarized light, but an ellipse is swept out by the electric field wave
instead of a circle.We will not dwell on how polarized light is produced, except
to note that light can be polarized when it is passed through certain ma-
terials. A pair of Polaroid sunglasses is a good example of how light can be
polarized.

The interaction of a chiral molecule with polarized light is very specific and
has proved to be an important method for characterizing both small molecule
and macromolecular structures. Small molecule examples should be already
well known to you.Amino acids in most biological systems are levo rotary (L),
that is, they rotate plane-polarized light to the left, and sugars have various
optical isomers. Enzymes, in fact, can distinguish between optical isomers and
typically will only react with a single or a restricted group of small molecule
isomers. Essentially two types of measurements are commonly made to deter-
mine the effects of molecules on polarized light, optical rotation and circular
dichroism (CD). Optical rotation is a measure of the rotation of linearly polar-
ized light by a molecule, and the wavelength dependence of the optical rota-
tion is called optical rotary dispersion (ORD). CD, on the other hand, is the

x x

z z

y y

Unpolarized Linearly or plane
polarized

Circularly
polarized

Figure 4-1. Diagrams of the electric field components of unpolarized, linerarly or plane
polarized, and circularly polarized light.The light is moving along the y axis.The arrows
indicate the directions of the electric field. For unpolarized light all directions occur,
whereas for linearly or plane polarized light only the z direction is found. For circu-
larly polarized light, the direction of rotation can be clockwise or counterclockwise.
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difference in absorption of left-hand and right-hand circularly polarized light.
These effects are relatively small but can be measured readily with modern
instrumentation. For a typical protein or nucleic acid with a 100 mM solution
of chromophore, the polarized light plane with a wavelength around the elec-
tronic absorption maxima is rotated about 0.001–0.1 degrees for a sample 
1cm thick. For CD, the difference in absorption coefficients is about 0.03–0.3%
of the total absorption.

OPTICAL ROTARY DISPERSION

The first studies of the optical properties of biological macromolecules were
done with ORD because adequate equipment was not available for CD mea-
surements. At the present time, the opposite is true: CD is the method of
choice. Nevertheless, it is instructive to discuss both methods. As we shall see
later, they are intimately related.

A typical experimental setup for measuring ORD is shown in Figure 4-2.
The principle is that plane polarized light is passed through the sample, and
the rotation of the plane of polarization of the light by the sample is measured.
The analyzer for the emergent beam is an element that polarizes the beam. It

Rotation
angle

Detector

Analyzer

Sample

Linear/plane
polarizer

Light source

Figure 4-2. Schematic diagram of an ORD apparatus. The light is linearly polarized
and the polarization plane is rotated by the sample. A second polarizer, the analyzer,
can be rotated to obtain the maximum (or minimum) light intensity. The angle of rota-
tion of the analyzer is a direct measure of the angle of rotation by the sample. For CD,
circularly polarized light is used, and the difference in absorbance between left- and
right-circularly polarized light is measured.
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can be rotated until the light intensity after the analyzer disappears. Its polar-
ization axis is then perpendicular to the direction of polarization of the beam
emerging from the sample. The amount of rotation required for this disap-
pearance is a direct measure of how much the original beam was rotated by
the sample. Clockwise rotation is assigned as positive rotation and counter-
clockwise as negative rotation. The physical origin of this rotation is the fact
that the sample is circularly birefringent, that is, the refractive index of the
sample is different for left-hand circularly polarized light and right-hand cir-
cularly polarized light. A plane polarized beam of light can also be described
as two opposite circularly polarized beams.A difference in the refractive index
means that the speed at which the light passes through the sample is different
for right-hand and left-hand circularly polarized light. This means the two
polarized beams get out of phase as they pass through the sample. This phe-
nomenon is described in Chapter 1. This phase difference is manifested as a
rotation of the light.

If the measured angle of rotation is a, then the specific rotation, [a], is
defined as

(4-1)

where c is the concentration in g/cc and d is the path length in decimeters. The
origin of this definition lies in the history of optical rotation: the first mea-
surements of optical rotation were made in cells that were 10cm (1dm) long.
Instead of the specific rotation, data are often reported as the molar rotation,
[f], which is defined as

(4-2)

where l is the path length in centimeters and M is the concentration in
moles/liter. (For macromolecules, the concentration is often given in terms of
the monomers.)

CIRCULAR DICHROISM

Materials display CD because the absorbance of left and right circularly polar-
ized light is different for molecules with molecular asymmetry. One measure
of the CD is simply the difference in absorbance of the material for left and
right circularly polarized light, DA:

(4-3)

Circular dichroism can arise only in the spectral region where absorbance
occurs—if the absorbance is essentially zero, there cannot be a measurable dif-
ference. For ORD, on the other hand, large rotations are measured in the
regions where the sample absorbs light, but measurable rotation also occurs

DA A AL R= -

f a[ ] = ( )100 lM

a a[ ] = ( )dc
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when the absorbance is essentially zero. This is helpful, for example, when
looking at the optical activity of substances such as sugars, for which the
absorbance is in the far ultraviolet. The large optical rotations in regions of
high absorption are called Cotton effects.

As previously discussed, optical rotation arises because of the phase shift
of the circularly polarized light that leads to circular birefringence. Circular
dichroism arises because not only does the phase shift, but there is a differ-
ential decrease in the amplitude for right and left circularly polarized light.
This leads to elliptical polarization. As with optical rotation, circular dichro-
ism can be either positive or negative. Circular dichroism is reported either as
a differential extinction coefficient,

(4-4)

or more often as the ellipticity, q:

(4-5)

As before, the molar ellipticity is

(4-6)

Despite this definition of [q], it is usually reported in the units of deg cm2

dmol-1 because of the historical precedents. The differential extinction coeffi-
cient and the specific rotation are related by the relationship

(4-7)

The numerical coefficient follows from the Beer-Lambert law for absorption
and the various relationships in previous equations.

Since ORD and CD arise from the same physical phenomena, namely the
effect of molecular asymmetry on polarized light, one might imagine that the
two should be closely related. In fact, these two measurements are not inde-
pendent: if the optical rotation is known, the circular dichroism can be calcu-
lated and vice versa. Although the formal equations for these transformations
are well known, in practice the mathematics are sufficiently difficult so that this
transformation is rarely done. In fact, CD is the experimental method of choice
for a variety of reasons, mostly because circular dichroism is only found at
absorption bands so that the interpretation of the spectra is somewhat easier.

OPTICAL ROTARY DISPERSION AND CIRCULAR DICHROISM 
OF PROTEINS

The simplest model for the optical activity of a protein is to assume that the
optical activity is the sum of the optical activity of the individual amino acids.

q e[ ] = 3300 D

q q[ ] = 100 lM

q 2.303 p= ( )DA180  degrees4

D De e e= - =L R A Ml
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This model is clearly incorrect: the sum of the optical activity of the amino
acids is usually very small relative to the measured optical activity of a protein.
This observation is not surprising: we saw previously that the ultraviolet
spectra of proteins were primarily due to the peptide bonds. Similarly, the
optical activity of proteins is primarily due to the macromolecular structure
itself. In fact, specific protein structures have characteristic ORD and CD
spectra.

Three of the fundamental structures of proteins are the a-helix, the b-sheet,
and the random coil (cf. reference 1 and Chapter 2). The a-helix is a right-
hand helix stabilized by short-range hydrogen bonds between backbone
peptide bonds, whereas the b-sheet structure is composed of parallel polypep-
tide chains, also stabilized by hydrogen bonds between the backbone peptide
bonds (Figs. 2-8 and 2-9, see color plates). The random coil is envisaged as a
random arrangement of the backbone although it is rarely random—irregular
might be a better term. The ORD and CD spectra of many different homo-
polypeptide chains have been determined under experimental conditions
where the structures are known. The results are summarized in Figure 
4-3 (2). Within relatively small deviations, the spectra are the same for the
common structures of the homo-polypeptides. Note that, as expected, the CD
is centered around the ultraviolet absorption spectra of the proteins.Also note
that the spectra are reasonably distinct for these three different structures.

If the assumption is made that only a-helix, b-sheet, and random coil struc-
tures are present and that these three structures have known optical proper-
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ties, it should be possible to develop algorithms to deconvolute the ORD and
CD spectra of a given protein. The implicit assumption in these algorithms is
that ORD and CD spectra of the three different structures are additive, that
is, the presence of one structure does not influence the contributions from
another structure. Thus measurement of the ORD or CD spectrum over the
wavelength region of 175–250nm would permit the calculation of the fraction
of the protein structure present in each of the three conformations. A number
of attempts have been made to do this, and the results have been compared
with known crystal structures (cf. 3). In some cases, crystal structures have been
used to derive a set of self-consistent parameters, assuming the crystal and
solution structures are identical. Reasonable agreement between the calcu-
lated structures and the actual structures is often found, but the calculations
are not quantitative for several reasons. First, the optical properties of homo-
polymers are not accurate predictors of the optical properties of the protein.
The ORD and CD spectra depend on the microenvironment of each residue,
so that they will certainly be dependent on the specific sequence and size of
the protein. Second, protein structures are not so simple that their domains
can be described by the three relatively simple structures assumed for the
algorithms. Other structures that can influence CD and ORD spectra include
various helices other than the a-helix, disulfide bonds, and various b-turns.
Many of the fitting algorithms include structures other than the three discussed
here. Finally, the side chains of amino acids influence the spectra—this is 
particularly true at wavelengths above about 250nm where tyrosine, pheny-
lalanine, and tryptophan have strong absorption bands. Prosthetic groups, such
as hemes, would have a similar effect at the wavelength where they have strong
absorption bands. Nevertheless, ORD and CD spectra are useful semiquanti-
tative predictors of protein structure and also serve as good indicators of struc-
tural changes that may occur as experimental conditions are changed (cf. 4).

OPTICAL ROTATION AND CIRCULAR DICHROISM OF 
NUCLEIC ACIDS

The bases of nucleic acids are not intrinsically optically active; however, the
sugars are optically active and can induce optical activity in the bases. This
optical activity is relatively small, but as might be anticipated from the dis-
cussion of proteins, the ORD and CD spectra of nucleic acids are not just the
sum of those of the monomers. In fact, CD and ORD are very good indica-
tors of secondary structure such as helices and are the method of choice for
following changes in secondary structure. As an example, consider poly-
adenylic acid (poly-A) (5). As shown in Figure 4-4, at neutral pH and room
temperature, native poly-A has a very large ellipticity due to the fact that it
exists in a helical structure. If the structure is destroyed by raising the tem-
perature or going to extremes of pH, the ellipticity essentially disappears.Also
shown in the figure is the ellipticity of adenylic acid, which is quite small. The
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ORD and CD of single-stranded polynucleotides have been extensively
studied. The large ellipticity is primarily due to the interactions of nearest
neighbors, that is, adjacent bases. They are stacked on top of each other, and
this stacking is primarily responsible for the altered optical properties of the
helical structures. To a good approximation, the ORD and CD properties of a
base are influenced only by their nearest neighbors. Consequently, the spectra
of polymers can be readily simulated by adding together the spectrum of each
base, taking into account nearest neighbor interactions only.

The situation is much more complex for double-stranded nucleic acids such
as DNA, and structural predictions are much more difficult, but CD and ORD
are still useful tools. As an example, the CD of E. coli DNA is shown in Figure
4-5 for both the native and denatured forms (6). Although structural predic-
tions from ORD and CD spectra are difficult, it is true, nevertheless, that spe-
cific structures of DNA and RNA have very characteristic spectra, and changes
in the spectra are good monitors of structural changes (cf. 4).
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SMALL MOLECULE BINDING TO DNA

DNA is an obvious target for drug intervention since disruption of its struc-
ture clearly will have significant biological implications. The negatively
charged phosphate groups along the backbone structure of DNA can bind
small molecules through electrostatic interactions, but the major sites of drug
binding in double-stranded DNA are the major and minor grooves in the
double helical structure and intercalation between the bases. These three
modes of binding are shown schematically in Figure 4-6 (7). Many of the drugs
used contain aromatic rings, and as a specific example of such binding we con-
sider the interaction of DNA with acridine orange, even though acridine
orange is not actually a drug (8).

The structure of acridine orange is shown in Figure 4-7. It is not optically
active by itself but binding to DNA induces optical activity into the molecule.
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Figure 4-5. The CD of E. coli DNA in its native form at 20°C (—), heat denatured
form at 60°C (––), and the average CD of the four deoxynucleotides (...). From C. A.
Sprecher and W. C. Johnson, Jr., Biopolymers 16, 2243 (1977). Reprinted with permis-
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This is because binding causes the electronic energy states of achiral acridine
orange to be coupled with the electronic energy states of chiral DNA. Induced
optical activity is quite common when achiral small molecules bind to chiral
macromolecules.The CD spectra of acridine orange bound to DNA are shown
in Figure 4-7 for various ratios of (bound dye)/DNA (8). As expected, the
optical activity is centered around the electronic absorption band of acridine
orange, which has a maximum at about 430nm. At very low values of (bound
dye)/(acridine orange), a negative value of �e is observed, but as this ratio
increases, a large positive band develops. At the highest ratio shown, both
strong negative and positive bands are observed. A molecular interpretation
of these results has been developed. At very low concentrations of acridine
orange, the binding is through intercalation between the bases, with the 
acridine orange ring structure parallel to the bases. This produces a negative

Figure 4-6. Schematic diagram of the intercalation of ligands between the bases, and
in the minor and major grooves of a DNA double helix. From M. Ardhammar, B.
Norden, and T. Kurucsev in Circular Dichroism: Principles and Applications (N. Berova,
K. Nakanishi, and R. W. Woody, eds.), 2nd edition, John Wiley and Sons., New York,
2000, p. 746. Reprinted with permission of John Wiley & Sons, Inc. © 2000.
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induced circular dichroism with a maximum De of about -8M-1 cm-1. As the
concentration of the ligand increases, the dye binds to the groove which
induces a positive CD with a maximum value of about 60M-1 cm-1. These two
induced CD signals are enhanced at higher dye concentrations due to inter-
actions between the electronic energy levels of the bound dye molecules.

This example illustrates the exquisite sensitivity of the CD spectrum to the
nature of the binding process and to the secondary structure of the DNA.
Studies with many different types of ligands have been carried out (cf. 7).
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Figure 4-7. Circular dichroism per mole of acridine orange bound to DNA at the indi-
cated values of [bound dye]/[DNA]. The total dye concentration is 10-5 M. Reprinted
in part with permission from D. Fornasiero and T. Kurncsev, J. Phys. Chem. 85, 613
(1981). © 1981 by American Chemical Society.
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PROTEIN FOLDING

Understanding protein structure in molecular terms is a long-standing goal of
biochemistry. While great progress has been made toward this goal, we still
cannot predict the three-dimensional structure of a protein from a knowledge
of the one-dimensional sequence of amino acids that make up a protein. One
approach to this end is to study the folding and unfolding of proteins with the
rationale that understanding these processes will provide a better under-
standing of protein structure. In addition, understanding the folding of pro-
teins is of great physiological significance since proteins are synthesized
unfolded in vivo and must be folded into specific structures in order to perform
their biological activities. Many reviews of protein folding are available (cf. 9),
and only one particular example is presented here. CD and ORD are partic-
ularly useful tools for the study of protein folding and unfolding since they are
extremely sensitive to secondary and tertiary structure of protein so that large
changes are generally seen as a result of the folding process.

Traditionally, proteins were thought to be synthesized and then immedi-
ately folded into their biologically active form. However, in recent years a
number of examples have emerged in which the unfolded form exists in vivo
until it is folded into its biologically active form by specific conditions in the
external environment such as the presence of a specific ligand. The biologi-
cal significance is not understood, but the evidence for such structures is 
quite convincing. An example of this phenomenon is the protein associated
with the ribozyme ribonuclease P (10). Ribonuclease P is a ribonucleic 
acid (RNA) catalyst. Its activity and/or specificity is enhanced by the binding
of the catalytic RNA to a protein, and the protein is essential for in vivo catal-
ysis (11). We will not discuss the eatalytic reaction itself which is the process-
ing of the 5¢-leader sequences from precursor tRNA. This ribozyme is quite
ubiquitous in nature: in bacteria, the complete catalytic unit consists of a 
single RNA of about 400 nucleotides and a single protein of about 120 amino
acids.

When the protein from B. subtilis is isolated, it is unfolded at physiological
temperatures in the absence of ligands (12). This can be ascertained from the
CD spectrum in sodium cacodylate (pH 7), which does not bind to the protein.
The spectrum of the protein in the far and near ultraviolet is shown in Figure
4-8. The far ultraviolet spectrum is due to the protein background whereas the
near ultraviolet spectrum is primarily due to tyrosine residues in the protein.
Included in Figure 4-8 are the spectra in the presence of 10 or 20mM sulfate.
An obvious change in the spectrum occurs.The far ultraviolet spectrum is now
consistent with the known crystal structure of the protein which contains a-
helices and b-sheets, and the near ultraviolet spectrum changes because the
electronic environments of the tyrosines are altered.

The change in structure can be quantified by measuring the change in the
CD at 222nm as a function of the ligand concentration. This is shown for a
variety of ligands in Figure 4-9. A variety of anions cause the protein to go
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from a disordered structure to a more folded structure, with highly charged
anions such as polyphosphates being more effective than monovalent ions
such as chloride. The stoichiometry of the ligand binding was determined for
pyrophosphate and was found to be 2 pyrophosphates/protein.A simple model
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Figure 4-8. Circular dichroism of P protein in the presence (�) and absence (�) of 10
(B) or 20 (A) mM sulfate at pH 7.0 in 10 mM sodium cacodylate. Reprinted in part
with permission from C. J. Henkels, J. C. Kurz, C. A. Fierke, and T. G. Oas, Biochem-
istry 40, 2777 (2001). © 2001 by American Chemical Society.
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that explains the observations is that the ligand binds to the folded protein
but not the unfolded protein. The apparent equilibrium constant, Kapp, for the
ratio of the denatured (folded) protein, D, to the native state (folded), N, can
be obtained directly from the data in Figure 4-9 if the assumption is made that
only two forms of the protein exist, folded and unfolded. For example, the
apparent equilibrium constant is unity when the change in the CD is half of
the total change. The apparent equilibrium constant at any point on the curve
is given by

(4-7)

where the q’s are the absolute values of the circular dichroism in the figure
for a given ligand concentration, L, the denatured form, D, and the native form,
N. The summation is over all liganded forms of the denatured and native pro-
teins. If the ligand is assumed to bind to two independent and equivalent sites,
the folding mechanism can be written as

(4-8)

This mechanism gives
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Figure 4.9. Anion-induced folding transitions of the P protein followed by the change
in the CD signal at 222nm at 37°C. The anions are dCTP (�), CMP (�), sulfate (�),
phosphate (�), dCMP (•), and formate (�). Selected data from C. J. Henkels, J. C. Kurz,
C. A. Fierke, and T. G. Oas, Biochemistry 40, 2777 (2001). Figure courtesy of Dr. C. J.
Henkels, Duke University. Reproduced with permission.
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(4-9)

where Kfold = (N)/(D) and Ka is the is the microscopic association constant 
for the binding of ligand to the native protein [Ka = (NL)/[2(N)(L)] =
2(NL2)/[(NL)(L)], (1)]. The two constants Kfold and Ka cannot be determined
independently from the data in Figure 4-9. However, an independent method,
which will not be described here, gives an estimated value of 0.0071 for Kfold

at 37°C.With this value in hand, it is possible to calculate the microscopic asso-
ciation constants for the ligands.

This example illustrates two important concepts. First, it shows that mea-
surement of the CD provides a means of following the transition between the
denatured and native state of proteins. Second, it shows how the binding of a
ligand to the native state can convert the denatured protein to its native struc-
ture. (Coupled equilibria are common in biological systems.) These concepts
are of both practical and theoretical value for studying and understanding bio-
chemical processes.

INTERACTION OF DNA WITH ZINC FINGER PROTEINS

Zinc finger motifs are found in proteins that regulate transcription. As the
name implies, the structure is a finger consisting of a loop of b-structure with
two cysteines and an a-helix with two histidines. The four side chains of these
amino acids tightly bind a zinc ion, as shown schematically in Figure 4-10.Tran-
scription factors contain multiple “fingers,” and the a-helix of each finger binds
in the major groove of double-stranded DNA, thereby regulating transcrip-
tion. The interaction of zinc finger proteins with DNA has been extensively
studied. For example, the interaction of a transcription factor that regulates
the expression of the protein metallothionein in mouse and human cells with
DNA has been studied using CD (13, 14). The transcription factor contains six
zinc fingers, which were isolated from the rest of the transcription factor.
Preparations contained three to six-fingers. The six-finger protein binds three
zinc ions very tightly, and far ultraviolet CD spectra showed that the confor-
mation of the protein was unchanged once the three tight binding sites were
occupied by zinc, although three additional zinc ions were bound more weakly.

The binding of the isolated zinc fingers to a 23-mer DNA that contains 
the sequence involved in the regulatory process was studied with CD. As the
number of zinc fingers was increased from 3 to 6, a negative ellipticity at 
about 210nm decreased in magnitude (approached zero) with a concomitant
increase in a positive ellipticity at 280nm.This change is not due to the protein,
whose CD spectrum was subtracted from the experimentally determined spec-
trum. It is due to a change in the DNA structure from the B to A form. The
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B form of DNA is the structure stable at high humidity and is the form most
prevalent in cells, whereas the A form is stable at lower humidity. The A form
is characterized by a tilting of the base pairs relative to the axis of the helix
and a change in the position of the sugars. This change in DNA structure
appears to be a general consequence of binding zinc fingers and is thought to
be involved in the regulation of transcription. The A and B forms of DNA
have somewhat different CD spectra, which make it possible to interpret the
CD changes associated with zinc finger binding in structural terms.

The interaction of many different proteins and nucleic interactions have
been probed with CD (13).These interactions are of great physiological impor-
tance, and CD has proved to be a valuable tool for probing the structural
changes that occur.

FLUORESCENCE POLARIZATION

With the introduction of the concept of polarized light, we can introduce 
an interesting phenomenon observed with fluorescence. Normal fluorescence
experiments are not carried out with polarized light so the fluorescence
observed also is not polarized. However, if the light used for excitation of flu-

Cys His

Cys His
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A B
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H

Figure 4-10. Schematic drawing of the Zn-finger structure. A. Coordination of Zn to
cysteine and histidine ligands, B. Secondary structure. Reprinted from R. M. Evans and
S. M. Hollenberg, Zinc Fingers: Gilt by Association, Cell 52, 1(1988). © 1988, with per-
mission of Elsevier.
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orescence is polarized, then the fluorescence emitted is also often polarized.
The basic idea is not hard to understand: if the electric field wave is oriented
in space, it will interact with the electric dipole of the molecule, and this inter-
action can ultimately lead to the absorption of energy and fluorescence. The
polarization of the light emitted will depend on the relative orientation of the
electric field and the electric dipole and how much it changes during the flu-
orescence process. (The polarization of the emitted light is determined by the
“transition dipole” which is generally oriented differently than the electric
dipole.) Now let us consider what happens with a population of molecules
interacting with polarized light.

The experiment itself is straightforward. A polarizer is put in front of the
excitation beam so that molecules are excited with polarized light. A second
polarizer is put in front of the detector for the emitted light. Two measure-
ments are made: the intensity of the emitted light with the axis of the detec-
tion polarizer parallel to the polarization axis of the excitation polarizer, I��,
and the intensity when the two axes are perpendicular, I	. The polarization, P,
is defined as:

(4-10)

If the emitted light is completely unpolarized, the parallel and perpendicular
intensities would be identical and the polarization would be zero. This would
happen if the molecules rotate very rapidly during the time that the fluores-
cence occurs. Since typical fluorescence lifetimes are in the range of 1–100ns,
this would mean that the molecules would have to rotate many times during
this relatively short lifetime. This is, in fact, what happens for small molecules
where polarization is usually not observed. The opposite extreme is the case
when the molecules do not rotate at all during the lifetime of the fluorescence
but are randomly oriented in space. This would be the situation, for example,
in extremely viscous solvents. The calculation for this situation is somewhat
complex, but can be done. For this limit, the polarization is 1/2. For some macro-
molecules and ligands bound to macromolecules, the rate of rotation of the
fluorescent species is comparable to the fluorescent lifetime. For such cases,
the polarization lies between 0 and 1/2, and measurement of the polarization
gives information about the rate of rotation of the fluorophore.

The time dependence of the polarization will provide quantitative infor-
mation about the rate of rotation of fluorescent molecules. Usually the data
are analyzed in terms of the anisotropy, A, rather than the polarization,
although the two are conceptually equivalent. It turns out the anisotropy is
more easily related to rotational motion.

(4-11)

If the time dependence of the fluorescence is measured for the parallel and
perpendicular component, the time dependence of the polarization can be 

A I I I I= -( ) +( )^ ^�� || 2

P I I I I= -( ) +( )^ ^�� ��



80 CD, ORD, AND FLUORESCENCE POLARIZATION

calculated. These are not easy measurements since fluorescence decays in
nanoseconds. Theoretical considerations show that for a simple rotation

(4-12)

where t is the time, A(0) is a constant, and tc is the rotational correlation time
and is related to the rotational diffusion constant, Drot, by tc = 1/(6Drot). For
example, the rotational correlation time for a fluorescent derivative of chy-
motrypsin is 15ns, which is typical for small proteins. The rotational correla-
tion time becomes longer as the molecular volume of the macromolecule
increases, so that it is a direct measure of the size of the macromolecule. The
exact relationship is complex, as both molecular weight and shape are impor-
tant. If more than one mode of rotation is possible, multiple exponential
decays may be observed.

Polarization and/or anisotropy provide information about the orientation
and rotational freedom of fluorescent molecules. This, in turn, can often
provide useful information about biological structures and mechanisms.

INTEGRATION OF HIV GENOME INTO HOST GENOME

HIV is a retrovirus that is unfortunately well known to everyone. In order for
the virus to infect its host, the HIV genome must be integrated into the host
genome. This integration is quite complex: it involves processing the HIV
DNA, strand transfer, and DNA repair. Integrase is the enzyme responsible
for the 3¢-processing and strand transfer. These reactions can be monitored in
vitro with short oligonucleotides that are models for the end of the viral DNA.
The catalytic core of the enzyme recognizes a specific sequence of DNA. The
self-association of integrase appears to be important for its function. The
oligomeric state of integrase bound to viral DNA can be monitored through
time-resolved fluorescence anisotropy measurements (15). It is a useful tool
for this purpose because very low protein and DNA concentrations can be
monitored, and the rotational correlation time is directly related to the size of
the macromolecule.

The rotational correlation time for integrase was determined by monitor-
ing the time decay of tryptophan fluorescence. The rotational correlation time
decreased from about 90ns to 20ns at 25°C as viral-specific DNA, a 21 base
sequence, was added. This was attributed to association of integrase with the
DNA. The concentration of integrase was only 100nM in these experiments.
Independent studies of integrase established that the rotational correlation
time in the absence of DNA was associated with a tetrameric structure of the
protein. The actual situation is a bit more complex than this, as some other
aggregates are present, but the dominant species is a tetramer, which becomes
even more predominant at 37°C.The rotational correlation time of the 21-mer
DNA duplex was determined by modifying the DNA with fluorescein. The

A t A 0 t c( ) = ( ) -( )exp t
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dominant rotational correlation time is about 2ns. A much faster rotational
correlation time is also observed due to rotation of fluorescein within the
DNA. Multiple rotational correlation times are commonly observed so that is
necessary to establish what is being measured on a molecular basis. As the 
fluorescein-labeled DNA was titrated with integrase, an additional rotational
correlation time was observed of about 15ns. This rotational correlation time
is attributed to the complex formed, and is consistent with that determined
from measurement of the correlation time associated with the tryptophan flu-
orescence. The rotational correlation time for monomer integrase, molecular
weight 32,000, is 16ns.

These elegant experiments with the integrase-DNA complex, and the many
control experiments, demonstrate that the integrase depolymerizes when it
binds to DNA. Furthermore, the predominant binding state at 25°C is mono-
meric, whereas at 37°C a mixture of monomers and dimers is present. This
raises the interesting question as to what is the active oligomeric state of inte-
grase? Prior to this study, the prevailing mechanism was thought to involve a
multimeric structure of integrase.These results suggest that in vitro, monomers
and dimers may be enzymatically active, although the in vivo activity, which 
is considerably more complex, probably involves structures larger than 
dimers.

a-KETOGLUTARATE DEHYDROGENASE

The a-ketogluarate dehydrogenase complex from E. coli contains three
enzymes that catalyze the overall reaction

(4-13)

The first enzyme decarboxylates the a-ketoglutarate.The intermediate formed
with thiamine pyrophosphate transfers the succinyl moiety to lipoamide, and
this intermediate is oxidized to form a succinyl-lipoic acid intermediate. The
succinyl group is transferred to CoA, and finally the dihydrolipoamide is oxi-
dized. This last reaction involves an enzyme-bound flavin and reduces NAD+

to NADH. The multienzyme complex has a molecular weight of about 2.5 ¥
106 and contains 12 copies of the first enzyme, 24 copies of the second, and 12
copies of the third (16). The intermediates in the reaction sequence are bound
to lipoamide, that is, lipoic acid covalently attached to a lysine through an
amide linkage. The structure of lipoic acid is shown in Figure 4-11. It can exist
in an oxidized form with a disulfide at the end of the chain, or in a reduced
form with two sulfhydryl groups. The proposed mechanism involves the
reduced lipoic acid-bound intermediates moving between the active sites of
the three enzymes. Two questions arise: are the active sites close enough to
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permit lipoic acid to span the distances between the active sites, and does the
lipoic acid rotate between the active sites fast enough for the reaction to
proceed efficiently? Answers to both of these questions can be obtained with
fluorescence methodology.

Fluorescence resonance energy transfer measurements between the active
sites of the three enzymes show they are about 3nm apart, approximately the
maximum span of a lipoic acid (17). Other experiments showed that succinyl
and electron transfer between lipoic acids can occur, so that the potential dis-
tance an intermediate can be transferred is longer than a single lipoic acid.
Thus the energy transfer measurements demonstrated that the transfer of
intermediates occurs over a relatively long distance and that lipoic acid is a
viable intermediate.

Does the lipoic acid rotate fast enough to serve the postulated transfer func-
tion? This is not an easy question to answer because no easy method exists for
measuring the rate of rotation. However, fluorescence anisotropy measure-
ments provide some insight into this rate (18). The lipoic acid was labeled with
a fluorescent probe on the sulfhydryl that normally carries a reaction inter-
mediate. The fluorescence lifetime of the probe and the dynamic fluorescence
anisotropy were then measured.A typical time course for the fluorescence and
anisotropy is shown in Figure 4-12. As might be expected, the dynamic fluo-
rescence anisotropy is quite complex. Three components are found. One has
a very long rotational correlation time and is due to the overall rotation of the
very large multienzyme complex. A second component has a rotational cor-
relation time of about 25ns and is due to local rotation of the fluorescent probe
in a hydrophobic environment. Rotational correlation times of this magnitude
have been observed often for local motion of ligands bound to macromole-
cules. The third component has a rotational correlation time of about 350ns.
This can be attributed to rotation of lipoic acid between the catalytic sites.This
component of the anisotropy decay is not seen if the enzyme to which the
lipoic acid is bound is separated from the other two enzymes. It cannot be
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Figure 4-11. Structures of oxidized and reduced lipoic acid.
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ascertained whether the rate-limiting process is the actual rotation or dissoci-
ation of the probe from one of the catalytic sites, but in any event these results
establish that the rate of rotation is sufficiently fast to support the observed
catalytic rate, namely a turnover number of about 130s-1.
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Figure 4-12. Time course of the fluorescence (B) and anisotropy (A) decay of pyrene
covalently attached to the lipoic acid of E coli a-ketoglutarate dehydrogenase.
Reprinted in part with permission from D. E. Waskeiwicz and G. G. Hammes, Bio-
chemistry 22, 6489 (1982). © 1982 by American Chemical Society.
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The uses of fluorescence anisotropy to probe biological mechanisms dis-
cussed are intended as illustrative examples of the unique information that
can be obtained. They also illustrate the difficulty of interpreting the results
that are obtained. As with any physical method, great care must be taken to
explore all possible explanations and careful control experiments are required.
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PROBLEMS

4.1. The sugar D-mannose can exist as two enantiomers that rotate light in
opposite directions. The (+) configuration has a specific rotation of 29.3°
d-1 g/cc at 589.3nm, 20°C, whereas the (-) configuration has a specific rota-
tion of -17.0°d-1 g/cc at the same wavelength. When either pure enan-
tiomer is put into water, the optical rotation changes until a specific
rotation of 14.2°d-1 g/cc is reached. Calculate the ratio of (+) and (-) enan-
tiomers at equilibrium.



PROBLEMS 85

4.2. Solutions of RNA and DNA at a concentration of 2.00 ¥ 10-5 M
nucleotides (monomers) have the following differential absorption char-
acteristics in a 1-cm cell:

l(nm) AL–AR, DNA AL–AR, RNA

240 -4.40 ¥ 10-4 0.00
260 0.00 12.0 ¥ 10-4

280 6.00 ¥ 10-4 3.20 ¥ 10-4

300 0.20 ¥ 10-4 -1.00 ¥ 10-4

a. Calculate eL - eR for the DNA and RNA at each wavelength.
b. Calculate the molar ellipticity for DNA and RNA at each wavelength.
c. A mixture of the DNA and RNA has the following differential absorp-

tion characteristics.

l(nm) AL–AR

240 -0.53 ¥ 10-4

260 4.00 ¥ 10-4

280 1.05 ¥ 10-4

300 -0.31 ¥ 10-4

What are the concentrations of DNA and RNA in the mixture?
d. If the DNA and RNA are hydrolyzed to give the individual

nucleotides, will the molar ellipticity increase, decrease, or remain the
same?

4.3. A common feature of many DNA binding proteins is the “leucine zipper.”
It is two similar sequences of 30–35 amino acids containing multiple
leucines. Each sequence forms a right-handed a-helix, and the two 
helices wrap around each other to form a left-handed super helix. A
number of studies have been carried out of this “coil-coil” structure with
model peptides. In one such study the circular dichroism spectum at 0°C
had large positive peak at 195nm and negative minima at 208 and 
222nm.This was interpreted as being the spectrum of a completely helical
structure.
a. At 0°C, the molar ellipticity at 222nm is -33,000 deg cm2 dmol-1. At

80°C, the molar ellipticity at 222nm is essentially zero. Interpret this
result.

b. At 55°C, the molar ellipticity at 222nm is -16,000 deg cm2 dmol-1.What
percentage of the peptide is a-helical at this temperature?

c. For some model systems, it is found that the temperature at which the
ellipticity approaches zero increases as the concentration of model
peptide increases. How would you explain this result?
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4.4. Estrogen receptors are ligand-activated transcription factors that mediate
the effects of female sex hormone on DNA transcription. The interaction
of estrogen receptors with a specific DNA fragment that binds the recep-
tor and estradiol has been studied with circular dichroism [N. Greenfield,
V. Vijayanathan, T. J. Thomas, M. A. Gallo, and T. Thomas, Biochemistry
40, 6646 (2001)]. The circular dichroism spectrum was analyzed to show
that the receptor is approximately 75% a-helical, 3% b-sheet, 10% turns,
and 12% random coil. The following data were obtained for the elliptic-
ity at 222nm in the presence and absence of the DNA and estradiol.

Ligand [q]222, deg cm2 dmol-1

None -25,000
5mM DNA -32,000
5mM estradiol -22,000

a. Assume that the specific rotation at 222nm is due only to the a-helix
and that the receptor is saturated with the ligand. Indicate what is hap-
pening to the structure of the receptor, and calculate the percentage
of helix when the ligand is bound.

b. When the temperature is raised, the ellipticity at 222nm approaches
zero. Explain what is happening to the structure of the receptor.

c. The temperature at which the difference between the initial and final
ellipticity has reached half of its value, Tm, is 38.0°C in the absence 
of ligands. It is 43.6°C and 46.1°C in the presence of 5 mM estradiol 
and 5mM of the specific binding DNA, respectively. Explain these
results.

d. In the presence of 750nM estradiol, Tm is 40.8°C. Explain this result,
and estimate the dissociation constant for the binding of estradiol to
its receptor protein with the assumption that the concentration of
estradiol is much greater than the receptor concentration. At 40.8° C,
the ratio of denatured protein to native protein was determined to be
1.20 in the absence of ligands. (This is a hypothetical result as this result
was not reported in the publication.)

4.5. Adenosine monophosphate has an extinction coefficient of about 15,000
cm-1 M-1 at 260nm, 0°C. The value of eL - eR at 260nm is about 2.00 cm-1

M-1. The corresponding value of eL - eR for a polymer of polyrA is 
-17.0cm-1 M-1 at 0°C, and its magnitude decreases greatly as the temper-
ature is raised. (The monomer concentration was used in calculating this
number.)

a. Explain the reason for the large difference in the differential extinc-
tion coefficient between AMP and polyrA.

b. Why does the magnitude of the differential extinction coefficient
decrease as the temperature is increased?
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c. Calculate the observed ellipticity in degrees for a 10-4 M solution of
AMP and for a 10-4 M solution of polyrAMP (monomer concentra-
tion) at 260nm, 0°C.

d. Calculate the absorbance of a 10-4 M solution of AMP. Would the
absorbance of the polyrA at the same concentration (0°C) be greater
than, less than, or the same as the ATP solution?

4.6. The system for transport of mannitol across the Escherichia coli mem-
brane involves a membrane-bound enzyme that couples phosphorylation
of the sugar to its translocation through the membrane. Fluorescence life-
time and anisotropy measurements have been carried out of the trypto-
phans in this enzyme dissolved in detergent micelles. [D. Dijkstra, J. Broos,
A. J. W. G. Visser, A. van Hoek, and G. T. Robillard, Biochemistry 36, 4860
(1997)]. The fluorescence anisotropy decay of one of these tryptophans
has two components. The faster component, with a rotational correlation
time of about 1ns, is due to local motion of the tryptophan. The decay of
anisotropy for the slower component can be approximated by the fol-
lowing data.

Anisotropy Time (ns)

0.290 0.00
0.245 5.00
0.208 10.00
0.149 20.00
0.126 25.00
0.106 30.00
0.090 35.00

a. Calculate the rotational correlation time.
b. The expected correlation time for the known molecular weight of 

the macromolecule is 120–140ns. How do you explain the difference
between the calculated and observed correlation time?

c. When the protein is phosphorylated, the rotational correlation time
increases to 51ns. What might be the cause of this change?



CHAPTER 5

VIBRATIONS IN MACROMOLECULES

INTRODUCTION

Thus far we have considered only spectral phenomena in the visible and ultra-
violet regions of the spectrum. In this spectral region, the interaction between
light and molecules causes transitions between energy levels of the electrons
and alters the populations of electronic energy levels. Molecules also have
characteristic vibrational motions that are influenced by much longer wave-
lengths, typically in the far red, or infrared. Since the energy associated with
a given wavelength, l, is hc/l, this means the difference in energy between
levels is much smaller than for the electronic energy scaffold. (Recall that h is
Planck’s constant, and c is the speed of light.) For macromolecules the number
of different vibrations is approximately 3N, where N is the number of atoms
in the molecule. For small molecules the number of translational and rota-
tional degrees of freedom must be subtracted from this number, but this is a
small correction for macromolecules.

In principle, some type of coupling might be expected when transitions
occur between electronic and vibration energy levels. However, this is not the
case because electronic transitions occur much more rapidly than the time
scale of nuclear motions—nuclei are quite sluggish compared to electrons 
(10-16 s vs. 10-13 s). Thus the nuclei can be assumed to be stationary during an
electronic transition. This is called the Franck-Condon principle. The Franck-
Condon principle is why electronic transitions between vibrational energy
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levels of different electronic energy states can be drawn as straight lines (Fig.
3-11).

A detailed analysis of all of the vibrational modes of freedom of a macro-
molecule is not possible, but a few general conclusions bear mention. First, the
characteristic vibration of each degree of freedom is a combination of the
motions of many different bonds. These characteristic motions are called
normal modes of vibration. The nature of these normal mode vibrations can
be calculated very precisely for small molecules, and the characteristics of
some of the normal modes can be associated with similar normal modes in
macromolecules. Second, in some limiting cases these normal modes are dom-
inated by the movement of a single or a restricted number of chemical bonds.
For example, the vibrations of C–H bonds, double bonds between C, and
double bonds between C and O are each associated with similar spectral char-
acteristics in many molecules. Third, the energy level distribution for each
normal mode can be approximated by the relationship

(5-1)

where E is the energy and v is the vibrational quantum number which has inte-
gral values from 0 to very large values. This relationship is derived directly
from quantum mechanics assuming that the vibration is characterized as a
simple harmonic oscillator, essentially a spring moving back and forth. Note
that in the lowest energy state, v = 0, the normal mode still has an intrinsic
energy, (1

2––)hn. This is called the zero-point energy and is possessed by all mol-
ecules, even at the hypothetical temperature of absolute zero. The zero point
energy is a manifestation of the uncertainty principle (Eq. 1-4): the energy
cannot be zero because this implies the positions would be known exactly.
The potential energy, U, for a harmonic oscillator is shown in Figure 5-1,
together with the energy levels inside the potential well. For a simple harmonic
oscillator,

(5-2)

In this equation, k is a constant and x is the vibrational coordinate. If the oscil-
lator is thought of as a one-dimensional spring, the x coordinate is the coor-
dinate that the spring moves back and forth along, and k is a measure of how
stiff the spring is. For a single bond the x coordinate is the distance along the
bond, and the origin of the coordinate system is the equilibrium bond distance.
The characteristic frequency of the bond motion is

(5-3)

where m is the reduced mass of the system. For a complex normal mode, the
reduced mass is a weighted average of the masses: for our purposes, an exact
calculation of the reduced mass is not necessary. For a C–H bond, the reduced
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mass can be approximated as the mass of the hydrogen atom. A useful tool
for identifying the nature of a given vibrational mode is to substitute deu-
terium for hydrogen. According to Eq. 5-3, the ratio of the characteristic fre-
quency of the vibration is

(5-4)

This substitution of deuterium for hydrogen is very useful for determining if
the motion of a hydrogen atom is the dominant factor in a given vibrational
mode.

For real molecules, the vibrational motion deviates from this simple har-
monic model at very high energies, and the energy levels become more closely
spaced at the top of the potential well.The approximate potential energy func-
tion for a vibrational coordinate of a real molecule (anharmonic oscillator) 
is included in Figure 5-1. For a diatomic molecule, the abscissa is the inter-
nuclear distance, whereas for larger molecules it is a combination of internu-
clear distances associated with the normal mode vibration. Quantum
mechanical calculations can be carried out with anharmonic potential energy
functions to provide direct correlation of theory with experimental findings.
Note that near the bottom of the potential well, harmonic and anharmonic

v vH D D H= ( ) =m m
1 2

2

E

R

v = 5

v = 4

v = 3

v = 2

v = 1

v = 0

E

R

Figure 5-1. Schematic diagrams of the potential energy function for the interaction of
two atoms in a diatomic molecule. A harmonic oscillator potential is shown on the left
and a more realistic intermolecular potential on the right. R is the distance between
the atoms, and the energy levels are shown within the wells. For a potential energy
function obeying Eq. 5-2, the abscissa for the potential on the left is the x coordinate
with x = 0 at the minimum in the curve. The actual number of energy levels is much
greater than shown, but the even spacing of the energy levels in the harmonic oscilla-
tor potential is apparent, as is the decreasing space between energy levels as v increases
for the more realistic potential energy function. When the energy reaches the top of
the well, the diatomic molecule dissociates into atoms.
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oscillators behave quite similarily so that the harmonic oscillator is a good
model at room temperature.

INFRARED SPECTROSCOPY

The difference in energy between different vibration energy levels is about
100J/mole. This corresponds to light in the infrared region, l~1mm. Wave
numbers, ū, are usually used when discussing vibration spectra, rather than
wavelength. The wave number is simply the reciprocal of the wavelength.
Quantum mechanical calculations indicate that there are selection rules that
govern the transitions between vibrational energy levels. If absorption of light
is to occur, the vibration must cause a change in the electric dipole moment.
Recall that a dipole moment is simply a measure of the balance of charges
within a molecule. For example, HCl has a permanent dipole moment because
H has a partial positive charge and Cl has a partial negative charge. On the
other hand, H2 does not have a permanent dipole moment because no net
imbalance in charge is present. From a practical standpoint, it is important to
note that water has a dipole moment and absorbs light in the infrared very
strongly. Consequently, it is very difficult to measure the infrared absorption
of macromolecules in water as the absorption-emission of the molecule is sig-
nificantly obscured by that of water. Sometimes a combination of H2O and
D2O can be used to partially circumvent this problem, but it severely restricts
the use of infrared spectroscopy for biological systems. In some cases, dried
and/or hydrated films are used, although this is far from the conditions in the
milieu of biology.

Two experimental methods are available for measuring infrared spectra.
One is essentially the same as the visible ultraviolet spectrometer previously
discussed. Infrared light is passed through the sample, and the absorption is
measured. The only difference is the light source, typically a glowing wire, and
the detector, typically a thermocouple. This method has been largely sup-
planted by Fourier transfer methods. These methods were briefly described in
Chapter 1. Basically with Fourier transform infrared measurements, a beam of
light is split in two, with only half of the light going through the sample. The
difference in phase of the two waves creates constructive and/or destructive
interference and is a measure of the sample absorption. The waves are rapidly
scanned over a specific wavelength region of the spectra, and multiple scans
are averaged to create the final spectrum. This method is more sensitive than
the conventional dispersion spectrometer.

RAMAN SPECTROSCOPY

Another method exists for studying transitions between vibration energy
levels that uses a concept not yet discussed. In addition to absorbing light,
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samples also scatter light. The amount of scattered light is a maximum 90° to
the direction of the incident beam. Most of the scattered light is at the same
frequency as that of the incident light. This is called Rayleigh scattering. At
the molecular level, the electric field of the light perturbs the electron distri-
bution, but no transitions between energy levels occur so that the molecule
immediately returns to its unperturbed state. This scattering is inversely pro-
portional to the fourth power of the wavelength so the scattering is much
greater at shorter wavelengths. This is essentially why the sky is blue, the
shorter wavelengths of the visible spectrum (blue) are scattered more than the
longer wavelengths (red). Rayleigh scattering is observed at all wavelengths.
The intensity of the scattered light is related to the polarizability of the mol-
ecule, that is, to how easily electrical charges can be shifted within the mole-
cule to make it more polar. A small number of the molecules return to a
different vibrational energy level after scattering. The vibrational energy level
can be either higher or lower than the initial state. As a result of this change
in energy level, some of the scattered light will be at a slightly lower or higher
frequency than the incident light. This is called Raman scattering, after the
Indian scientist who discovered the phenomena.

A typical setup for measuring Raman scattering is shown in Figure 5-2. A
very intense light source is needed to observe Raman scattering because only
a very small amount of the scattered light displays a change in frequency. The
advent of lasers has permitted this to be done routinely with visible light and
in the ultraviolet with rather expensive lasers. Prior to lasers, very large arc
lamps were utilized. In addition, very high concentrations are required.
However, Raman scattering does not require the light to be at a wavelength
comparable to the energy of vibrational transitions since it is a scattering phe-
nomenon, as contrasted to absorption spectroscopy. The Rayleigh line is very
intense, but much less intense scattering can be detected at a lower frequency
than the incident light. This is because the incident light was used to promote
the molecule to a higher vibrational energy level.These are called Stokes lines.
An even smaller fraction of the scattered light occurs at a higher frequency
than the incident light because energy is added to the incident light by the
movement of the molecule to a lower vibrational energy level.These are called
anti-Stokes lines. Most molecules are found in their ground vibrational energy
level at room temperature so that the observation of anti-Stokes lines is rare.

Raman spectroscopy has two major advantages over infrared spectroscopy
for studying transitions between vibrational energy levels. First, a permanent
dipole moment is not required. It is only necessary for the polarizability of the
molecule to change between different vibrational energy levels. Second, visible
light can be used rather than infrared light so that Raman spectra can be
readily obtained in water. They can also be obtained in crystals and films. As
previously indicated, the primary disadvantages are that because the intensity
of the Raman lines is very weak, intense light sources and high concentrations
of the molecule of interest are needed. Raman and infrared spectroscopy
should be regarded as complimentary. Since infrared spectroscopy is depend-
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ent on the permanent dipole moment and Raman spectroscopy on the polar-
izability, usually (but not always) a vibrational transition is observed either in
the infrared or in Raman scattering, but not in both.

Thus far in our discussion, the implicit assumption is that the wavelength
of the exciting light for Raman spectroscopy is not near an absorption band.
If the wavelength coincides with the absorption band for an electronic transi-
tion, a large increase occurs in the intensity of the Raman spectrum. Basically
this is related to the fact that an electronic absorption band is the superposi-
tion of many different vibrational modes. This can sometimes be seen directly
in the electronic absorption spectrum by fine structure in the peaks. Essen-
tially the alteration of the population of vibrational energy levels within the
electronic absorption band is responsible for the enhanced intensity of the
Raman spectrum. Determining the spectrum within the electronic absorption
band is called resonance Raman spectroscopy. The two-fold advantage of 
resonance Raman spectroscopy is that lower concentrations can be used and
the spectrum is simplified because only the intensified lines are observed. At
the present time, resonance Raman measurements are made primarily in the

Laser or
arc lamp

Sample

Mirror
Detector

Monochromater

Collector
mirror

Figure 5-2. Schematic diagram of an apparatus used for Raman spectroscopy. The
mirror at the end of the sample cell is to put the light through the sample a second
time, effectively increasing the path length of the cell, and the collector mirror is
designed to collect as much of the scattered light 90° to the source light beam as 
possible.
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visible region of the spectrum. In biological systems this means chromophores
such as hemes and retinal must be present.

STRUCTURE DETERMINATION WITH VIBRATIONAL SPECTROSCOPY

Infrared spectroscopy has been a useful tool for the determination of the struc-
ture of organic molecules for many years. This is because specific types of
bonds and/or chemical groups have characteristic vibrational frequencies.
Some of these group frequencies are given in Table 5.1. Infrared spectra are
often referred to as “fingerprints” for the molecule and large compilations of
data are available. In the case of biological molecules, changes in the group
frequencies can be used to derive information about the secondary structure
of the molecules.

The carbonyl of the amide bond in proteins is particularly useful for the
determination of secondary structure (2, 3). The stretching normal mode,
amide I mode, of the carbonyl has been shown to have a specific frequency
associated with a-helices, b-sheets, and other characteristic structures. (Strictly
speaking, this normal mode is not just the stretching of the carbonyl. It also
involves some bending of the C-N-H angle.) This was ascertained by the study
of model peptides for which precise measurements and theoretical calculation
of normal modes could be carried out. The approximate wave numbers 
corresponding to the three common structures found in proteins are: a-helix,
1650cm-1; b-sheet, 1632 and 1685cm-1; and random coil, 1658cm-1.

For proteins a more empirical approach has been adopted. The most suc-
cessful approach uses known structures to calibrate the vibrational frequency
measurements. The vibrational spectrum of the amide bond for a protein is
complex because of the many amide bonds present in multiple environments.
Nevertheless, the spectrum can be deconvoluted to provide information about
the amount and types of secondary structures present. The assumption usually
made is that the observed vibrational frequency is a linear combination of the
frequencies associated with the various secondary structures that are present,
with each specific frequency weighted by the percent of a given structure.
Some typical results are shown in Table 5.2 and compared with the known
structure of the protein and CD estimates of secondary structure (4). Raman
spectroscopy has proven particularly useful for studying secondary structure
of proteins since water solutions can be used, and the amide I mode has a spec-
tral band that is well isolated from other protein bands (1630–1700cm-1). The
amide I band is the most common vibrational frequency used as an indicator
of secondary structure (cf. 5), but other bands and their relation to structure
have been identified (3).

The structure of nucleic acids also can be investigated with vibrational 
spectroscopy. The base vibrations and the groups involved in hydrogen
bonding are particularly sensitive to the secondary structure of nucleic acids.
Most of the work with nucleic acids has involved Raman spectroscopy (3). For
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example, the melting of DNA and RNA structures can be readily followed,
and the specific vibrational frequencies provide molecular details about the
melting process. The different types of helices formed by DNA can be distin-
guished.Again, standards are established with known structures and then used
to determine the structures of unknown samples, that is, the amount of various
types of structures present.
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TABLE 5-2. Protein Secondary Structure Determined by Infrared (IR) and Circular
Dichroism (CD) Spectra and X-Ray Crystallographya

Secondary Structure (%)

Protein a-Helix b-Sheet Turn Random Method

Hemoglobin 78 12 10 b IR
87 0 7 6 X-ray
68–75 1–4 15–20 9–16 CD

Myoglobin 85 7 8 b IR
85 0 8 7 X-ray
67–86 0–13 0–6 11–30 CD

Lysozyme 40 19 27 14 IR
45 19 23 13 X-ray
29–45 11–39 8–26 8–60 CD

Cytochrome c (oxidized) 42 21 25 12 IR
48 10 17 25 X-ray
27–46 0–9 15–28 28–41 CD

a-chymotrypsin 9 47 30 14 IR
8 50 27 15 X-ray
8–15 10–53 2–22 38–70 CD

Trypsin 9 44 38 9 IR
9 56 24 11 X-ray

Ribonuclease A 15 40 36 9 IR
23 46 21 10 X-ray
12–30 21–44 11–22 19–50 CD

Alcohol dehydrogenase 18 45 23 14 IR
29 40 19 12 X-ray

Concanavalin A 8 58 26 8 IR
3 60 22 15 X-ray
3–25 41–49 15–27 9–36 CD

Immunoglobin G 3 64 28 5 IR
3 67 18 12 X-ray

Major histocompatability 17 41 28 14 IR
complex antigen A2 20 42 X-ray

8–13 74–77 CD
b2-macroglobulin 6 52 33 9 IR

0 48 X-ray
0 59 CD

a Reproduced with permission from A. Dong, P. Huang, and W. S. Caughey, Biochemistry 29, 3303
(1990). © 1990 American Chemical Society.
b The band due to random structure appears as a shoulder on the a-helix band and is too small
to be separated from a-helix structure. The random structure is estimated at <5% and is included
in the a-helix value.



98 VIBRATIONS IN MACROMOLECULES

RESONANCE RAMAN SPECTROSCOPY

Heme proteins have been extensively studied with resonance Raman spec-
troscopy (6). They are very prevalent in nature and have a very intense
absorbance in the visible region of the spectrum due to the porphyrin ring
structure. Excellent Raman spectra can be obtained at very low concentra-
tions, often in the micromolar range.The vibrational spectra obtained are char-
acteristic of the porphyrin ring structure. However, the highest frequency
normal modes, 1350–1650cm-1, are very sensitive to the state of the Fe atom
that is bound to the porphyrin. Thus, these frequencies can establish the spin
state and coordination states of the Fe in both of its oxidation states. The
binding of ligands to the Fe and the distortion of the porphyrin skeleton also
can be detected.As an example, the high-frequency region of the spectrum for
deoxy- and CO-myoglobin is shown in Figure 5-3 (6). Myoglobin is a protein
that is used for oxygen transport in some organisms, a function carried out by
hemoglobin in humans. The frequency shifts in the vibration spectra between
these two forms of myoglobin can be readily discerned.
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Figure 5-3. Comparison between resonance Raman spectra for carbonmonoxy-
myglobin [(CO)Mb] and deoxy-myoglobin at room temperature. The excitation was in
the wavelength region corresponding to the heme absorption. Note that the two species
can be readily distinguished by their Raman spectra. Reprinted from T. Spiro and 
R. S. Czernuszewicz, Resonance Raman Spectroscopy of Metalloproteins, Meth.
Enzymol. 246, 416 (1995). © 1995, with permission from Elsevier.
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The details of ligand binding in hemoglobin have been frequent targets of
Raman spectroscopy (cf. 7). As an example, consider the study of a naturally
occurring mutant labeled hemoglobin M Iwate (8). This mutant has a tyrosine
substituted for a histidine in the a chain. The resonance Raman spectrum of
the tyrosine was determined by the scattering of 244nm radiation, and the 
resonance Raman of the heme was determined using scattering at 406 and 
441nm. The ultraviolet Raman spectra for normal hemoglobin and hemoglo-
bin M Iwate are shown in Figure 5-4, along with the difference spectrum. The
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Figure 5.4. Resonance Raman spectra of two different hemoglobin (Hb) variants with
excitation at 244 nm. The spectra of metHb M Iwate (A), metHb (B), and their dif-
ference, expanded two-fold (C), are shown. The inset shows the absorption spectra of
the two hemoglobins in the visible region. Reprinted in part with permission from M.
Nagai, M. Aki, R. Li., Y. Jin, H. Sakai, S. Nagatomo, and T. Kitagawa, Biochemistry 39,
13093 (2000). © 2000 by American Chemical Society.
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vibrations seen in the difference spectrum are attributed to the extra tyrosine
in the mutant. By comparison with known compounds, it was shown that the
tyrosine is deprotonated in the mutant and is bound to the Fe(III) heme in
the a-subunit.

The effect of this binding on the overall heme structure was determined
from the resonance Raman spectra in the visible range. Furthermore, reduc-
tion of the Fe(III) to Fe(II) resulted in the elimination of the tyrosinate vibra-
tions, and it could be shown that a histidine residue was coordinated to the
Fe(II) heme.This study is a good example of how vibrational spectroscopy can
be used to elucidate the detailed structure of ligand-protein interactions.

STRUCTURE OF ENZYME-SUBSTRATE COMPLEXES

One of the advantages of vibrational spectroscopy is that subtle changes in
the electronic environment can be related to structural changes that may be
difficult to observe by more direct methods, such as x-ray crystallography.
This feature has been used to elucidate the catalytic process for enzymatic
reactions (cf. 9). As an example, consider the enzyme dihydrofolate reductase
(DHFR), which has been discussed earlier (Chapter 3).The reaction catalyzed
converts 7,8-dihydrofolate (H2folate) to 5,6,7,8-tetrahydrofolate by catalyzing
the transfer of a hydride ion from NADPH to C6 and addition of a solvent
proton to N5 (Fig. 5-5).

An important mechanistic question centers on the protonation state of N5
of dihydrofolate. Is the nitrogen protonated prior to the hydride transfer or 
is the proton added after the hydride transfer occurs? Raman spectroscopy
showed that a N5-C6 stretching vibration changed upon protonation of N5
from 1650cm-1 to 1675cm-1 (10).This was established by the use of model com-
pounds, isotope effects on the vibration spectrum, and theoretical calculations.
Based on these extensive studies of model systems, N5 was found to be unpro-
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Figure 5-5. The reaction catalyzed by the enzyme dihydrofolate reductase. The
NADPH reduces dihydrofolate to tetrahydrofolate with production of NADP+. Note
that a proton, obtained from the solvent, is needed on the left side of the equation to
give a balanced chemical reaction.
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tonated in the DHFR-H2folate complex at neutral pH, but it was protonated
int the DHFR-H2folate-NADP+ complex. A pH titration indicated the pK of
N5 is 6.5 in this complex, as compared to 2.6 when the substrate is not bound
to the enzyme. In the actual reaction, NADPH is present rather than NADP+

so that the implicit assumption is that the complex studied is a good model
for the catalytic reaction. Thus, N5 can be protonated much more readily in
the enzyme-NADP+ complex.

From the point of view of understanding enzyme catalysis, this result means
that the population of the N5 protonated substrate is four orders of magni-
tude larger in the environment of the enzyme. The positive charge on the N5
would also make C6 more positive and would presumably make the hydride
transfer reaction much faster than with unprotonated N5. Much of the cata-
lytic effect of the enzyme, therefore, apparently is due to providing an envi-
ronment that stabilizes the protonated substrate prior to the hydride transfer.
A structural explanation for this stabilization is not obvious. The N5 is in a
hydrophobic region of the protein, and no negative charges are conveniently
close that might stabilize the protonated species. However, conformational
changes of the protein have been established as part of the overall mechanism
of action of the enzyme, and these changes may be the source of the stabi-
lization. In any event, Raman spectroscopy has provided unique insight into
the catalytic process.

Although vibration spectroscopy has not been used as extensively in bio-
logical systems as ultraviolet-visible absorption and fluorescence spectroscopy,
it can sometimes provide unique and important information.
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PROBLEMS

5.1. The zero point energies for two different vibrational manifolds are 
9.55 ¥ 103 and 1.19 ¥ 104 Joules/mole.
a. Calculate the frequency of light emitted for a transition between the

first energy level and the zero point energy for each of these mani-
folds.

b. In terms of the harmonic oscillator model, which of these manifolds
has the “stiffer” spring.

c. For both cases, the radiation associated with a transition between
energy level 20 and 19 occurs at a longer wavelength (smaller wave
number) than the radiation associated with a transition between the
energy level 2 and 1. How do you explain this?

5.2. From infrared studies of model proteins, the wave numbers for the amide
II band (due to N–H deformation in the peptide bond) are 1540–
1550cm-1 for the a-helix, 1520–1525cm-1 for b-sheet, and <1520cm-1 for
“random coils”.
a. Calculate the zero point energy for these three vibration energy levels.
b. Explain why the three fundamental wave numbers differ in terms of

the protein structure.
c. For polyglutamic acid, the amide II band is at a wave number of about

1545cm-1 at low pH (pH 4). As the pH increases (>pH 9), the wave
number decreases to below 1520cm-1. Explain this result.



CHAPTER 6

PRINCIPLES OF NUCLEAR MAGNETIC
RESONANCE AND ELECTRON 
SPIN RESONANCE

INTRODUCTION

In this chapter, we consider the interaction of molecules with radiation when
molecules are placed into a strong magnetic field. The fundamental properties
of atoms that are important for this discussion are the nuclear spin, for nuclear
magnetic resonance (NMR), and the electron spin, for electron spin resonance
(ESR) or, equivalently, electron paramagnetic resonance (EPR). Strictly
speaking, the concept of spin can be rigorously defined only by the use of
quantum mechanics. However, we will use a semiclassical approach in which
spin in the nucleus or in an electron can be represented as a charge moving
in a circular path. This movement creates a magnetic dipole that can be
thought of as a bar magnet. In the absence of a magnetic field, the magnetic
dipole is oriented randomly, and only one energy level is associated with the
electron or nucleus. But in the presence of a magnetic field, the magnetic
dipoles (or bar magnets) tend to be oriented either in the direction of the field
or opposed to it, thus creating multiple energy states. Application of quantum
mechanics to this situation indicates that the orientation of the magnetic
dipole and the energy states are quantized with characteristic quantum
numbers.

For electrons, the spin quantum number, S, is 1/2, and the two spin states
are +1/2 and -1/2, represented as the familiar arrows pointed up or down. Neu-
trons and protons also have a spin quantum number of 1/2 so that the nucleus
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of an atom has a characteristic spin quantum number, I. Simple rules exist 
for determining the nuclear spin quantum number. Nuclei with an even mass
number and even charge number have no nuclear spin (I = 0). Nuclei with an
odd mass number have a half integral spin (I = 1/2, 3/2, 5/2 etc.). Finally, nuclei
with an even mass number and odd charge number have integral spin (I = 1,
2, etc.).

The number of energy levels associated with spin is determined by the spin
quantum number. For an electron, the number of energy levels is 2S + 1, or 2.
In the absence of a magnetic field, no distinction can be made between these
two quantum states: They have the same energy, that is, they are degenerate.
In the presence of a magnetic field, however, the alignment of the magnetic
moments with and against the magnetic field creates two distinct energy levels.
The hydrogen nucleus also has a spin quantum number, I, of 1/2, with two pos-
sible orientations of its magnetic dipole (or magnetic moment) in a magnetic
field and two energy levels (2I + 1). On the other hand, 23Na has I = 3/2 and
four energy levels in the presence of a magnetic field. In general, the quantum
states in the presence of a magnetic field are characterized by quantum
numbers ranging from I to -I in integral steps.Thus, for sodium, these quantum
numbers are 3/2, 1/2, -1/2, and -3/2. Although the average orientation of the
nuclear spin state of a proton is either aligned with the magnetic field or
against it, the conservation of angular momentum requires the magnetic
moment associated with the orientation to rotate about the direction of the
field. This is analogous to a top spinning on its axis and rotating around a ver-
tical line due to gravity.

A quantum mechanical treatment of nuclear spins in a magnetic field of a
strength H provides an explicit equation for the energy levels, E:

(6-1)

In this equation, bN is the nuclear magneton and is a universal constant cal-
culated from the properties of nuclei: bN = 5.051 ¥ 10-27 Joules/Tesla. The
nuclear g factor, gN, is a constant, but it is different for each atom, and mI is
the spin quantum number characterizing the orientation of the magnetic
moment in the magnetic field (I to -I in integral steps). This equation also
defines the gyromagnetic ratio, g, which is a frequently used constant. Values
of the nuclear spin quantum mumber, I, and g for some nuclei of biological
interest are presented in Table 6.1.

The dependence of the energy on magnetic field for atoms with a total
nuclear spin quantum number of 1/2 is shown in Figure 6-1. The difference in
energy between the quantized levels increases as the magnetic field increases.
Also shown is the precession of the magnetic moment about the field direc-
tion for the two possible orientations.

The energy difference between the energy levels can be calculated, again
with the assistance of quantum mechanics, by the requirement that the change

E g HM h 2 HmN N I I= - = -( )b p g
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in quantum number for allowed transitions between energy levels is 1. In this
case

(6-2)

With this equation we can calculate the frequency, u, associated with transi-
tions between energy levels since �E = hu. The magnetic field of modern
instruments varies from about 7 to 19 Tesla. For a magnetic field of 11.75 Tesla,
the frequency associated with transitions between the energy levels of protons
is 500MHz. This is in the radio frequency range. The actual energy difference
between levels is quite small, only 3.4 ¥ 10-25 J/proton. Because the energy dif-

DE g H h 2 HN N= = ( )b p g

TABLE 6-1. Magnetic Properties of Selected Nuclei

Isotope Spin 107 g (T-1s-1) Natural Abundance
1H 1/2 26.75 99.98
2H(D) 1 4.11 0.0156
13C 1/2 6.73 1.108
14N 1 1.93 99.63
15N 1/2 -2.75 0.37
19F 1/2 25.18 100.0
31P 1/2 10.84 100.0
17O 5/2 -3.63 0.037

H

E DE = hn = (––)gH w = gH
h

2p

mI = 1/2
mI = 1/2

mI = -1/2
mI = -1/2

Figure 6-1. On the left, a schematic plot of the energy versus the magnetic field is
shown for a nuclear or electron spin with a quantum number of 1/2. The frequency of
the radiation emitted/absorbed for a transition between the two energy states created
by the magnetic field is dependent on the strength of the magnetic field (Eq. 6-2).
On the right, the magnetic dipole associated with the nuclear spin is shown precessing
around the direction of the magnetic field at an angular frequency w. The two orien-
tations, up and down, correspond to the two energy levels in the diagram on the left.



106 PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE AND ELECTRON SPIN RESONANCE

ference is small the actual population difference between energy levels is also
very small at room temperature: the ratio of populations in the two states is
exp(-�E/kT) = 0.99993 for an 11.75 Tesla magnetic field at 37°C. For this same
magnetic field, the resonant frequency for 13C is 130MHz.

The quantum mechanical calculation of the energy levels for an unpaired
electron in a magnetic field is quite similar to that for nuclear spin, except that
the electron always has spin 1/2. The energy difference between levels is

(6-3)

where gS = 2.0023 and bS = 9.274 ¥ 10-24 Joules/Tesla for electrons. Because the
Bohr magneton is much larger for an electron than a proton, the energy levels
are further apart, and the resonance energy frequency is much larger. (bS and
bN differ by the ratio of the mass of the proton to the mass of the electron,
1836.) For a 1 Tesla field, the resonant frequency is 28,000MHz = 28GHz. This
frequency is in the microwave region, and quite different experimental tech-
niques are required for ESR and NMR.

Finally, we return to the precession of the magnetic moment about the
direction of the magnetic field, as depicted in Figure 6-1. The angular preces-
sion frequency, that is, how fast the magnetic moment is rotating about the
vertical line, is w = 2pu = gH. This is called the Larmor frequency. The visual-
ization of rotating magnetic moments is useful when considering the effects
of changing magnetic fields on the nuclear spins.

We first discuss NMR in some detail because it is extensively used in
biology. Although ESR has been used to obtain important information about
biological systems, it is less extensively used and will receive relatively brief
consideration.

NMR SPECTROMETERS

The first NMR spectrometers placed a sample in a fixed magnetic field and
applied a fixed radiofrequency by means of a coil perpendicular to the field
direction.The magnetic field was varied by a coil until resonance was achieved,
with the absorption being detected by a third coil. This is analogous to the
methods used in visible and ultraviolet spectroscopy. Although the magnetic
field applied to the sample is uniform, the actual magnetic field at the nucleus
is dependent on a number of environmental factors so that the field must be
scanned to find the energy absorption (resonance) condition. We will return
to this matter a bit later. A typical spectrum would display the absorption of
energy versus frequency, as shown schematically in Figure 6-2.

The absorption of radiation is difficult to detect because the populations 
of the energy states are very similar, as discussed above. In practice, this 
means that relatively high concentrations of the species being observed must
be present. The sensitivity of detection depends on the characteristics of the

DE g HS S= b
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nucleus being observed and its natural abundance. The sensitivity also is
enhanced by increasing the energy difference between the two states, which is
the reason that instruments with larger magnetic fields are being developed
continuously.The proton, 1H, provides the best sensitivity, and its natural abun-
dance is 99.98%. Consequently, the most extensive measurements have been
carried out with proton NMR.Although the natural abundance of 31P is essen-
tially 100%, the sensitivity of detection relative to protons is only about 
6%. Probably the second most studied atom with NMR is 13C. Its natural 
abundance is only about 1%, but its prevalence in biological compounds is
very extensive. Furthermore, its abundance in molecules of interest can be
enhanced through synthesis or bacterial growth with 13C enriched compounds.
Regrettably, the most abundant isotope of carbon, 12C, does not have a nuclear
spin. A variety of other isotopes have been studied with NMR. Most notable
for biologists are 14N, 15N, and 19F, which can often be substituted for H in sub-
stances of biological interest.

As discussed in Chapter 1, the frequency dependence of the absorption can
be transformed into a time dependence and vice versa through Fourier trans-
forms. The most common method of obtaining an NMR spectrum today is to
apply a timed radio frequency pulse and then watch the nuclei return to their
equilibrium configurations. The time dependence of the return to equilibrium
or free induction decay (FID) can be transformed from a time-dependent
signal into a frequency spectrum, as shown schematically in Figure 6-2.
Multiple FIDs can be combined to produce an average FID that has less 
noise than a single FID. Consequently, Fourier transform instruments are con-
siderably more sensitive than continuous wave instruments so that lower con-
centrations can be used. The timing and nature of the pulses can be quite
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Figure 6-2. The free induction decay of the signal from nuclei in a magnetic field is
shown (left) after a short pulse of radiofreqency radiation is applied to the sample.
A Fourier transform of the free induction decay gives the familiar nmr spectrum on
the right where the absorption is plotted versus the frequency. Copyright by Professor
T. G. Oas, Duke University. Reproduced with permission.
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complex, but this does not alter the basic concept underlying Fourier trans-
form methods.

CHEMICAL SHIFTS

Thus far we have discussed NMR as though the nuclei were isolated in the
magnetic field, but the utility of NMR derives from the interaction of the
nuclei with surrounding electrons and other nuclei in the molecule. The exter-
nal magnetic field interacts with the electrons to induce magnetic moments in
the electrons that usually oppose the external field. Consequently, the mag-
netic field at the nucleus is usually lower than the external field. This shield-
ing effect of the electrons can be incorporated into the standard equations by
noting that the field at the nucleus, H, in a static magnetic field, H0, is

(6-4)

where s is the shielding constant, typically about 10-5. The value of s can be
positive or negative, depending on whether the magnetic field from the elec-
trons aligns against or with the external magnetic field.

The shielding effect is directly proportional to the strength of the external
field, but the same relative change in resonance frequency is observed,
regardless of the external field strength. This shielding effect, therefore, can be
expressed as a relative change in frequency with respect to a standard, thereby
rendering it independent of the external field. These frequency changes are
called chemical shifts, d, and are given in units of parts per million (ppm). The
chemical shift can be written as

(6-5)

where u is the frequency of the nucleus, uref is the frequency of a standard com-
pound, and sref is the shielding constant of the standard compound. The most
common reference compound for protons is tetramethylsilane, but it is insol-
uble in water so trimethylsilylpropionate-d4 is usually used in aqueous media
(cf. reference 1 for a discussion of chemical shift references). In principle, the
chemical shift depends on the orientation of the sample with respect to the
magnetic field. In liquids, this is generally not a problem because molecules
are rapidly tumbling and sampling all possible orientations. For large mole-
cules that tumble relatively slowly, however, the resonances can become so
broad that the spectrum is obscured, and in solids special conditions are
required to obtain high-resolution spectra.

The electron density at the nucleus is often the dominant factor in deter-
mining the chemical shift. A high electron density creates a large shielding,
and the applied magnetic field must be increased to get resonance: this results
in an upfield shift and a decrease in the magnitude of d because reference com-
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pounds are generally highly shielded. Conversely, a low electron density at the
nucleus causes a downfield shift and increase in d. The range of chemical shifts
for 1H and 13C in various compounds are shown in Figure 6-3.

In principle, the chemical shifts of nuclei in proteins should provide infor-
mation about the protein structure. However, chemical shifts alone are not suf-
ficient to determine protein structure. The average chemical shifts of various
nuclei for amino acids in denatured proteins are given in Table 6.2. Note that
they are quite similar for all of the amino acids. When secondary structures
such as a-helices or b-sheets are present, changes in chemical shifts occur so
that the amounts of various secondary structures present can be inferred from
the NMR spectra.

Some of the largest changes in chemical shifts in proteins and nucleic acids
are observed for aromatic rings of nucleotides, tyrosine, phenylalanine, and
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Figure 6-3. Range of typical chemical shifts for 1H and 13C resonances. P. W. Atkins,
Physical Chemistry, 3rd edition, W. H. Freeman, New York, NY, 1986, p. 489. © 1978,
1982, 1986 by Peter W. Atkins. Used with permission of W. H. Freeman and Company.
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tryptophan. These shifts are due to the interaction of the external magnetic
field with the delocalized electrons of the aromatic ring. Nuclei above or below
the ring usually have decreased chemical shifts, whereas those near the edges
have increased chemical shifts. These effects are called ring currents and can
cause unusually large chemical shifts. These chemical shifts can provide infor-
mation about the structure of macromolecules and about alterations in struc-
ture due to changes in the environment such as temperature and the addition
of various chemical agents.

SPIN-SPIN SPLITTING

The chemical shift is caused by interactions between the nucleus and nearby
electrons. A conceptually different interaction is transmitted between nearby
nuclei by intervening electrons participating in chemical bonds. Basically, the
spin state of a neighboring nucleus alters the shielding a nucleus experiences.
This effect is smaller than typical chemical shifts and is called spin-spin split-
ting and is often referred to as scalar coupling. Unlike chemical shifts, the mag-
nitude of spin-spin coupling is independent of the magnitude of the applied
magnetic field.

TABLE 6-2. Average Chemical Shifts of Random Coil Amino Acids (ppm)

Amino Acid a-1H Amide-1H a-13C Carbonyl-13C Amide-15N

Ala 4.33 8.15 52.2 177.6 122.5
Cys 4.54 8.23 56.8 174.6 118.0
Asp 4.71 8.37 53.9 176.8 120.6
Glu 4.33 8.36 56.3 176.6 121.3
Phe 4.63 8.30 57.9 175.9 120.9
Gly 3.96 8.29 45.0 173.6 108.9
His 4.60 8.28 55.5 174.9 119.1
Ile 4.17 8.21 61.2 176.5 123.2
Lys 4.33 8.25 56.4 176.5 121.5
Leu 4.32 8.23 55.0 176.9 121.8
Met 4.48 8.29 55.2 176.3 120.5
Asn 4.74 8.38 52.7 175.6 119.5
Pro 4.42 — 63.0 176.0 128.1
Gln 4.33 8.27 56.0 175.6 120.3
Arg 4.35 8.27 56.0 176.6 120.8
Ser 4.47 8.31 58.1 174.4 116.7
Thr 4.35 8.24 62.0 174.8 114.2
Val 4.12 6.19 62.2 176.0 121.1
Trp 4.66 8.18 57.6 173.6 120.5
Tyr 4.55 8.28 58.0 175.9 122.0

Reproduced with permission from D. S. Wishart and B. D. Sykes, Chemical Shifts as a Tool for
Structure Determination, Meth. Enyzmol. 239, 363 (1994). © 1994, with permission of Elsevier.
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This effect is most easily understood by considering the proton NMR
spectra of ethanol shown in Figure 6-4. The low-resolution spectrum (left)
shows the three peaks that might be expected on the basis of our discussion
of chemical shifts, namely CH3 protons, CH2 protons, and the OH proton. The
ratio of the areas under the resonances is proportional to the number of
protons in each chemical environment, 3 :2 :1. The high-resolution structure
(right) shows that these three resonances are multiplets of peaks due to spin-
spin splitting. The number of peaks within a multiplet is determined by the
number of spin orientations of neighboring nuclei. In this case, the spins of the
two hydrogens on the methylene (CH2) carbon can have four possible arrange-
ments of orientations

The middle two arrangements are equivalent so that the methyl proton reso-
nances are split by the neighboring CH2 into three resonances with relative
areas under the peak of 1 : 2 : 1. The OH proton, also next to the methylene
carbon, is split into three peaks. Similarly, the methyl proton can have three
different orientations, with the two underlined groups being equivalent:

The methylene resonance, therefore, is split into four peaks, with area ratios
of 1 : 3 : 3 : 1. The hydroxyl proton will split these four peaks further into an
octet, but this detail is difficult to see in the spectrum. In order for scalar cou-
pling to occur, the two nuclei must have distinct resonance peaks. Thus the
methyl protons will not split each other’s resonances.

Spin-spin splitting is of special importance in considering the NMR spectra
of proteins because coupling between the a-C proton and N proton of the
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Figure 6-4. Schematic representation of the nmr spectrum of dry ethanol at low (left)
and high (right) resolution. The ratio of the areas under the peaks is 3 : 2 : 1. The octet
expected for the methylene protons (right) is not shown as the splitting of the four
peaks is very small.
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amide bound occurs. Scalar coupling can also occur between different nuclei,
for example, a proton and 15N.The magnitude of the spin-spin splitting is called
the coupling constant and is designated by J. The number of covalent bonds
separating the nuclei in question is often appended as a prior superscript and
a post subscript designates the atoms involved. For example, the coupling con-
stant for the amide proton and the a-C proton would be written as 3JHN-Ha.

The spin-spin coupling constant for protons on adjacent atoms varies con-
siderably, from about 0 to 10Hz. This variation is due to different torsional
angles between the protons as defined below:

If the torsional angle is 90°, the coupling is close to zero, whereas when it is
0° or 180°, it is about 10Hz. If free rotation about the bond occurs, an average
coupling constant is obtained.The dependence of the coupling constant on the
torsional angle is given by the Karplus equation:

(6-6)

The constants A, B, and C can be calculated or established from measurements
with molecules having known dihedral angles. If free rotation about the bond
occurs, the coupling constant will be some average of the possible dihedral
angles. However, if the bond is constrained, such as in a peptide linkage that
has double bond character or in a folded macromolecular structure, the cal-
culated dihedral angel can provide useful information about the structure.This
is especially true when used in conjunction with other information.

This simple picture of spin-spin splitting is not rigorous. It provides a useful
and adequate explanation for relatively simple situations but breaks down
when considering multidimensional NMR, which is discussed later.

RELAXATION TIMES

Thus far we have not dealt explicitly with the time scale for nuclear spin tran-
sitions. If we think of a pulsed NMR experiment, we can envisage nuclear spins
being oriented in a specific direction by the pulse, with the precession of spins
about the direction of the field. When the pulse is turned off, the nuclei will
come to equilibrium with regard to their environment.The rate at which a par-
ticular nuclear spin returns to equilibrium depends on interactions with other
nuclear spins, and this in turn will depend on the fluctuating fields experienced
as the molecules tumble. This mode of relaxation involves a change of energy
between the spin systems and their environment. The return of a spin popu-
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lation in a magnetic field to its equilibrium population follows first-order 
kinetics, and the reciprocal of the first-order rate constant is called the spin-
lattice relaxation time, T1. Typically it is in the range of tenths of a second to
seconds for protons.

Simply put, the value of T1 depends on the interactions of a nuclear spin
with its neighbors, including the solvent, and how fast the molecule rotates.
The molecular rotation is characterized by a rotational correlation time that
is basically a measure of the rotational diffusion constant of a molecule.
Measurements of T1 can, in fact, be used to determine rotational diffusion 
constants of rigid molecules. In some cases, chemical exchange of nuclei in 
different environments can contribute to T1 although this is somewhat
unusual. In general, anything that gives rise to magnetic fluctuations in the
environment can contribute to this relaxation, for example, unpaired electrons
or dissolved oxygen.

A second mode of nuclear spin relaxation is possible that does not involve
the exchange of energy of the magnetic moment with its environment. In terms
of the picture of a nuclear spin being oriented in a field and precessing about
the field direction, the spin-lattice relaxation time can be thought of as char-
acterizing the return of the spin orientations to their equilibrium positions.The
spin-spin relaxation time, T2, on the other hand, is associated with the rate of
precession about the field direction. Basically, T2 is a measure of alterations in
the precession frequency during nuclear spin relaxation. This alteration is dif-
ferent for different nuclear spins so that the rates of precession change with
respect to each other. This is called a loss of phase coherence. This can be
viewed as an exchange of energy within the spin system. It does not change
the net population of the excited states.

The dominant factor determining T2 is the rate of molecular tumbling. The
molecular tumbling effect is quantitatively different for T2 and T1. Because T2

is generally much shorter than T1 in liquids, the line widths of spectra are deter-
mined by T2, 1/T2 = pu1/2 where u1/2 is the peak width at one-half of its maximum
value. As previously stated, rapidly tumbling molecules produce relatively
sharp lines whereas slowly tumbling molecules have relatively broad lines.

Chemical reactions provide one of the most interesting examples of how T2

can be altered. Consider the simple chemical reaction

(6-7)

Assume that a specific proton has a different chemical shift in A and B. (This
means they have a different Larmor frequency.) If the chemical exchange rate
is very slow compared to the difference in chemical shifts (i.e., smaller than
the difference in Larmor frequencies), two distinct peaks will be seen in the
NMR spectrum, as shown in Figure 6-5 (top). At the other extreme, if the
chemical exchange rate is very fast relative to the difference in the chemical
shift frequencies, states A and B will interconvert many times during the NMR
experiment, and the two frequencies are effectively averaged. Consequently,

A BW
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only a sharp single line will be seen, located at the average of the two lines
weighted by the relative populations of A and B (Fig. 6-5, bottom). In the inter-
mediate cases, where the rate of the chemical reaction is comparable to the
difference in chemical shift frequencies, the two lines will broaden, coalesce
into a single broad peak, and finally sharpen, as shown in Figure 6-5. For a
single line, the spin-spin relaxation time can be written as

(6-8)

where T2A is the relaxation time of the A state without significant chemical
exchange and tA is the relaxation time for the chemical reaction. We will not
delve into the details, but the line shape can be quantitatively analyzed to
determine the rate constants for the chemical reaction. The time scale of the
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Figure 6-5. Schematic drawing of the effect of chemical exchange on NMR spectra. In
the top spectrum, resonances from two protons are shown. In this case, the rate of
exchange between the two environments is much less than u, or 1/tA << u, whereas in
the lowest spectrum, 1/tA >> u, so that only a single resonance is seen that is the average
of the positions in the upper spectrum. The two spectra in the middle represent the
cases where 1/tA ~ u, with 1/tA becoming progressively larger from the top spectrum
to the bottom spectrum.



MULTIDIMENSIONAL NMR 115

reactions that can be studied is determined by the chemical shift difference
between the two states. For example, if the difference is 100Hz, then rates of
chemical reactions in the range of 1/100 = 10-2 s can be studied. Reactions such
as the rate of exchange of hydrogens between proteins or amino acids and
water have been investigated with this method.

MULTIDIMENSIONAL NMR

Thus far we have considered what is now called one-dimensional NMR,
namely determining the spectrum for a specific nucleus by scanning the mag-
netic field or by analysis of the frequencies associated with the free induction
decay following a frequency pulse. One-dimensional analysis has been invalu-
able in determining the structures of small molecules and can also be used to
obtain information about macromolecules. However, in order to get definitive
structural information about macromolecules, multidimensional NMR is nec-
essary. The genesis of this field was in the early 1970s and its vigorous evolu-
tion continues to this day. The underlying principle of multidimensional NMR
is to find “cross-peaks” that link two resonances. This linkage can be either
through space or through a small number of chemical bonds. Finding these
cross-peaks allows the spatial relationships to be determined between the
nuclei responsible for the two resonances. These connections between reso-
nances are sometimes called coherence pathways.

A detailed presentation of multinuclear NMR is beyond the scope of 
this text. However, the concepts can be understood by considering two-
dimensional NMR in a qualitative manner. Two-dimensional NMR can be
viewed as the assembly of one-dimensional spectra in an array. The experi-
ments consist of four stages, illustrated in Figure 6-6. In the preparation phase
a frequency pulse is applied to the system.An evolution phase of length t1 then

t1 tm t2

EVOLUTION MIXING DATA ACQUISITION

Figure 6-6. Schematic representation of a two-dimensional NMR experiment in which
a radiofrequency pulse (black bar) is applied to the sample initially. After a period t1,
a second pulse is applied, followed by a mixing time, tm. The data are acquired after a
final pulse. The number of pulses and the various times depend on the type of experi-
ment being carried out.
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occurs and is followed by a mixing period ending in a second pulse. (A pulse
may also be applied between the evolution and mixing phases, depending on
the specific two-dimensional experiment being carried out.) Finally, a free
induction decay occurs for a time t2 in the data acquisition phase. In the actual
experiment, t1 is varied incrementally and the signal is collected for the period
t2, ultimately giving a large number of time points. This experiment is repeated
many times and signal averaged. The nature of the pulses will depend on the
specific experiment. Qualitatively, the pulses flip the spins (magnetic moments)
in the field that is created, and the end of the mixing phase flips them again.
In the evolution phase, the magnetic moments associated with the nuclear spin
will partially return to equilibrium at a rate that depends on T1 and T2. The
return to equilibrium also occurs in the collection phase. In contrast, one-
dimensional NMR uses a single pulse, followed by free induction decay and
data collection.

The design of these experiments can be quite tricky, as it depends on what
connections between spin states is being probed and what the relaxation 
times are. The representation of the result is done by carrying out a Fourier
transform on both the t1 and t2 data sets and converting them into a two-
dimensional plot of u1 versus u2 with the third dimension being the amplitude
of any resonance peaks that are observed. A very simple illustration is given
in Figure 6-7 for two interacting spin systems. Peaks that occur on the diago-
nal have the same frequency in both dimensions and correspond to the one-
dimensional spectrum, whereas those occurring off the diagonal represent
cases where different spin systems interact during the mixing period (coher-
ence transfer). Contours are usually used to indicate the amplitudes of the res-
onance peaks, rather than a third dimension. The interactions (coherence
transfer) between nuclear spins can be either homonuclear (same nuclei) or
heteronuclear (different nuclei).

One of the first two-dimensional experiments carried out was COSY 
(COrrelated SpectroscopY). This experiment identifies pairs of nuclei that are
linked by scalar coupling (spin-spin splitting connectivities). The interaction
between these nuclei occurs during the relaxation taking place in the mixing
phase and results in cross-peaks in the spectrum. Scalar coupling (off diago-
nal peaks) between nuclei means they are within three covalent bonds. A
typical COSY spectrum is shown in Figure 6-8 for l cro repressor, a DNA
binding protein that regulates phage development.

One of the most important two-dimensional NMR experiments is Nuclear
Overhauser Effect SpectroscopY (NOESY). This is a through space interac-
tion that takes place because of the interactions between the magnetic dipoles
of two nuclear spins. In terms of our previous discussion, this primarily
involves the T1 mode of relaxation and is coupled with rotational motion. The
NOE is the NMR equivalent of fluorescence resonance energy transfer dis-
cussed in Chapter 3. In fact, an NOE can be observed in one dimension. If a
sufficiently large magnetic field is applied at the resonance condition of a given
nucleus, the spin system becomes saturated, that is, the ground and excited
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states become equally populated so that no more energy can be absorbed. If
the magnetic moment of this nucleus is sufficiently close in space to another 
magnetic moment, energy can be transferred.This perturbs the intensity of the
resonance of the nucleus to which energy is transferred and decreases the 
resonance intensity of the nucleus that was initially irradiated. The interaction
between magnetic dipoles varies as the inverse sixth power of the distance
between the two dipoles so that only nuclear spin systems that are very 
close to each other give rise to NOEs. In practice, this means distances of 5 Å
or less.

The NOESY experiment is quite similar to the two-dimensional experiment
described previously, except that a pulse is applied at both the beginning and
end of the mixing period, with the time of the mixing period being constant.
An example of a NOESY spectrum is given in Figure 6-9 where proton-proton
NOEs for a complex of DNA and an antibiotic, distamycin A, are presented.
Because of the distance dependence of this effect, the distance between spins
can be estimated from the cross-peaks. However, because only the distance,
not the direction, is derived from these measurements, many distances must
be determined to arrive at a unique structure.

A

AD

AD

BC

BC

B

C

D

n1

n2

Figure 6-7. Schematic representation of a two-dimensional NMR spectrum for two
spins. The frequency axes labeled u1 and u2 are the positions of the resonances for the
two different spins. The diagonal (circles) corresponds to the one-dimensional spec-
trum. If coherence transfer occurs during the mixing period, off diagonal resonances
(squares) will be seen. In this example, coherence transfer occurs between nuclei with
resonances at A and D and between nuclei with resonances at B and C.
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One of the most useful multidimensional spectra is HSQC (Heteronuclear
Single Quantum Correlation), an example of which is shown in Figure 6-10
for a protein involved in proton transport across a membrane (subunit c of
ATP synthase from E. coli). This spectrum uses both 1H and 15N and selec-
tively detects only pairs of covalently attached nuclei. Each spot in the contour
map represents such a pair, with the position on the horizontal axis repre-
senting the proton resonance frequency and the position on the vertical axis
representing the resonance frequency of the nitrogen nucleus. Every amino
acid, except for proline, has a backbone amide so essentially every residue is
represented in this spectrum. Side chains containing amides will give rise to
additional resonances. This gives direct information about which nitrogen is
coupled to which hydrogen. Furthermore, the resonances are usually quite well
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Figure 6-8. Example of a COSY spectrum for the protons of the aromatic spin systems
in l cro repressor protein. Tyrosine rings are connected with a dashed line and pheny-
lalanine rings by a solid line.The diagonal and cross-peaks can be easily seen. Reprinted
in part with permission from P. L. Weber, D. F. Wemmer, and B. R. Reid, Biochemistry
24, 4553 (1985). © 1985 by American Chemical Society.
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resolved. The HSQC spectrum provides information that is useful for assign-
ing the observed resonances to specific amino acid residues.

Extending NMR to dimensions greater than two involves similar concepts.
Multiple pulses and even field gradients are used. These dimensions can be in
terms of different nuclei and/or combining two-dimensional experiments. The
most common nuclei studied in addition to 1H are 13C and 15N. In these cases,
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Figure 6-9. Example of a NOESY spectrum for a complex of distamycin A and DNA.
Aromatic C6H resonances of adenine and guanine and C2H resonances of adenine 
are shown along the vertical axis. The Cl¢H resonances are shown along the horizon-
tal axis. Sets of sequential connectivities are denoted by dotted, dashed, and solid lines.
Reprinted in part with permission from J. G. Pelton and D. F. Wemmer, Biochemistry
27, 8088 (1988). © 1988 by American Chemical Society.
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proteins and nucleic acids enriched in the nucleus of interest can be used to
enhance the sensitivity.

Transforming the NMR results for a macromolecule into a structure is
straightforward but not easy. First, the resonances have to be assigned to spe-
cific nuclei within the structure.This can be done by analysis of scalar coupling
and sequential NOEs. The three-dimensional structure is derived from the 
distances determined from NOE experiments and dihedral angle information
determined from spin-spin splitting and the Karplus equation (Eq. 6-6). In
practice, the information gleaned from the NMR spectra provides hundreds
of constraints on the structure. A number of computer programs have been
written that take the constraints and convert them into a family of structures,
usually very similar, consistent with the constraints. These programs involve
sophisticated theory as well as data analysis to arrive at final structures. NMR
spectroscopy is a very powerful tool for determining protein structures in their
biologically active conformations. As proteins increase in size, their rate of
rotation slows down, and NMR spectra broaden. Although the size of macro-
molecules whose structure can be determined with NMR increases year by
year, most of the structures to date are for molecules with a molecular weight
less than 20,000.
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Figure 6-10. Example of an HSQC spectrum. All 76 backbone amide cross-peaks are
shown for the c subunit protein of ATP synthase from E. coli. This membrane-bound
protein is involved in proton transport across the membrane. Reprinted in part from
M. F. Girvin, V. K. Rastogi, F. Abildgaard, J. L. Markley, and R H. Fillingame, Bio-
chemistry 37, 8817 (1998). © 1998 by American Chemical Society.
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MAGNETIC RESONANCE IMAGING

One of the most remarkable advances in diagnostic medicine has been the
evolution of magnetic resonance imaging (MRI). Although x rays readily dis-
tinguish hard objects, such as bones, they do not distinguish soft tissue struc-
ture. MRI, on the other hand provides excellent images of tissues and is able
to distinguish between various types of tissue. Protons in water are the primary
nucleus used for detection although applications with 13C, 31P, and 19F have
been developed. The principle underlying MRI is the use of a magnetic field
gradient. Since the resonance frequency is directly proportional to the mag-
netic field, the frequency of the resonance will depend on its location in the
magnetic field. The intensity of the absorption is dependent on how many
protons are present. If a linear magnetic field gradient is applied, the position
of the resonance will change, also linearly, as the field is varied. Thus a plot of
the amplitude of the resonance versus frequency is equivalent to a plot of the
integrated number of protons versus distance. A series of cross-sections can
be obtained by rotating the sample in the field, or by moving the field around
the sample. These cross-sections can then be reconstructed to give a three-
dimensional image.

In soft tissue, the amount of water varies for different tissues, so the density
of protons varies. In addition, the various tissues are characterized by signifi-
cantly different T1 values. The difference in proton density can be shown in
reconstructions by varying the darkness of the shading. This can be seen in
Figure 6-11 where the MRI image of an adult human brain is shown. In addi-
tion to being able to distinguish various soft tissues, MRI is noninvasive, as
contrasted to x rays or injections of foreign substances, including radioactive
isotopes, required for other imaging techniques.

Figure 6-11. MRI of an adult human brain. Courtesy of Professor Scott Huettel, Duke
University Brain Imaging and Analysis Center. Reproduced with permission.



122 PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE AND ELECTRON SPIN RESONANCE

ELECTRON SPIN RESONANCE

We now return briefly to ESR. Unlike NMR, ESR is not observed for most
materials. This is because electrons are usually paired and consequently have
no net magnetic moment. However, free radicals and other paramagnetic sub-
stances have unpaired electrons that give rise to ESR spectra. Because the 
frequencies associated with transitions between the energy levels of unpaired
electrons in a magnetic field are in the microwave region, special techniques
are required for placement of the sample in the magnetic field. Conceptually
the experiment is the same as for NMR. The magnetic field is varied until 
resonance is found.

The usefulness of ESR in biological systems arises from the interactions
between nuclear spins and the electron spin.This gives rise to “hyperfine struc-
ture” in the spectrum. For example, if a neighboring nucleus has a nuclear spin
of 1/2, it will have two orientations in the field and will split each of the two
energy states of the electron into two, as shown in Figure 6-12. Because of
quantum mechanical selection rules, only two transitions between these four
energy states are allowed. If the nuclear spin is 1, six energy levels are created
and three transitions between the levels are allowed. The hyperfine structure
can provide information about the environment of the paramagnetic species.

H

E
n

er
g

y

mI = 1/2
mS = 1/2

mI = -1/2

mI = -1/2
mS = -1/2

mI = 1/2

Figure 6-12. Hyperfine splitting of the energy levels of an electron in a magnetic field,
H, by a nuclear spin. The electron has a spin quantum number, mS, of ±1/2, and the
nucleus has a spin quantum number, mI, of ±1/2.
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Figure 6-13. Schematic representation of a derivative spectrum. An absorbance peak
is shown as a solid line, and its derivative is shown as a dashed line. ESR spectra are
usually presented as derivatives of the absorption.

As with NMR, the sharpness of the spectrum provides information about the
rotational mobility of the paramagnetic species. However, the time scale for
rotation is much different than NMR because the frequencies are much higher.
For ESR, rotational correlation times of approximately 10-9 s influence the line
width whereas for NMR the time scale is about 10-6 s. For reasons we will not
dwell on here, the spectra are usually presented as the derivative of the ampli-
tude versus the field (Fig. 6-13).

One of the important developments in the application of ESR to biologi-
cal systems was the synthesis of stable free radicals that could be reacted with
macromolecules and membranes, both noncovalently and covalently (2). The
most common element of these spin labels is the nitroxide free radical (Fig. 6-
14). Because the 14N nucleus, with a nuclear spin of 1, is next to the free radical,
three bands are seen in the spectrum. The derivative of the resonances is three
up and down peaks. This is illustrated in Figure 6-14 where ESR spectra are
shown for nitroxides under various conditions of rotational mobility.The effect
of molecular motion on the spectra of the free radical is clearly illustrated. As
these spectra illustrate, spin labels can provide information about the rota-
tional mobility of the macromolecule to which they are bound. However, it
should be noted that the probe mobility can be due to macromolecule rota-
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tion, segmental motion of the macromolecule, or simply rotation of the probe
in the site to which it is bound. The interpretation of what motion is being
observed is not always straightforward.

ESR spectra can also provide information about the polarity of the spin
label environment. The extent of splitting of the hyperfine structure depends
on the effective dielectric constant of the environment. Thus, for example, the
splitting is quite different in a biological membrane or in solution.When bound
to a membrane, the splitting will be different for a spin label close to a polar
headgroup and for a spin label buried in the hydrocarbon chains.
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Figure 6-14. ESR spectra of spin labels whose structures are shown at the top of the
figure. The effect of viscosity on the line shapes and rotational correlation times, t, is
shown. Reproduced with permission from R. A. Dwek, Nuclear Magnetic Resonance in
Biochemistry, Clarendon Press, Oxford, England, 1973, p. 289. Adapted from data in P.
Jost, A. S. Waggoner, and O. H. Griffith, Spin Labeling and Membrane Structure, in
Structure and Function of Biological Membranes (L. Rothfield, ed.), Academic Press,
New York, 1971, p. 83. © 1971, with permission of Elsevier.
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This chapter is a relatively brief introduction to NMR and ESR. Many 
texts are available that provide more detailed descriptions of NMR(cf. 3–7)
and ESR (8). Unfortunately, most of these are not easy reading and require a
working knowledge of quantum mechanics. Applications of these techniques
to biological systems are presented in the next chapter.
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PROBLEMS

6.1. Deduce the structure of the compounds below from their schematic NMR
spectra. Indicate which protons are assigned to each resonance.

3 3 2 Integrated
intensity

4.0
Chemical shift (ppm relative to tetramethylsilane)

3.0 2.0 1.2

C4H8O2
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6.2. Nucleotide phosphates are important biological molecules. Sketch the 31P
(spin 1/2) NMR spectra of a nucleotide monophosphate, diphosphate, and
triphosphate. Order the resonances in terms of chemical shift, with zero
on the right-hand side. The phosphates are designated as a, b, and g with
a being closest to the sugar and g furthest away. For the triphosphate,
the g position has the lowest electron density and the b position has the
highest.

6.3. The structure of L-leucine in D2O is

a. Sketch the one-dimensional proton NMR spectrum. The approximate
chemical shifts are 1.0 for the methyl groups, 1.4 for the g hydrogen,
1.5 for the b hydrogens, and 3.3 for the a hydrogen. Assume that 
the methyl hydrogens and b hydrogens are not resolved, that is, all of
the hydrogens in each of the two classes have a single resonance 
peak. Indicate the integrated intensity of the resonances for each 
resonance.

b. Sketch the proton COESY spectrum of L-leucine, indicating the cou-
pling that should give rise to off-diagonal peaks.

6.4. Two common structures found in proteins are the a-helix and b-sheet 
(parallel and antiparallel), as discussed in Chapter 2, The approximate 

CH3
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distances in Å between protons for the two structures are given 
below:

a-Helix b-Sheet

amide H—amide H 2.8 4.2
a-carbon H—amide H 3.5 2.2
a-carbon H—(amide H)i + 3 3.4 >5

The subscript i + 3 means the a-carbon is i + 3 residues away from the
amide proton. Indicate how the measurement of NOE’s could be used to
distinguish these structures by considering the expected relative intensi-
ties of the NOEs for the three classes of protons in the table.

6.5. a. Use Eq. 6-3 to construct a plot of the resonant frequency for an elec-
tron as a function of the field strength from 0 to 4 Tesla.

b. Show schematically the splitting expected in the energy levels if the
unpaired electron is located next to a nuclear spin of 3/2.

6.6. An RNA structure containing uracil and adenine was studied by NMR.
The structures of these two bases are given below.

a. In a 2JNN COSY type experiment with 15N-enriched RNA, scalar 
couplings were observed between N3 of uridine and N1 of adenine 
[A. J. Dingley and S. Grzesiek, J. Am. Chem. Soc. 120, 8293 (1998)].
In addition, in a NOESY type experiment, an NOE was observed
between H3 of uridine and H2 of adenine. Postulate a structure 
for the hydrogen-bonded dimer formed between uridine and 
adenine.

b. As the pH of the solution is lowered, the chemical shift of adenine N1
shifts downfield, and at sufficiently low pH (<4), the scalar coupling
and NOE disappeared. Explain this result. (This experiment was not
actually done, but this is the expected result.)

H6
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C6
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H2
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C4

C5
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c. With free adenosine, this same chemical shift is observed, but it occurs
at much lower pH values. Explain this result.

6.7. The spectrum of pure methanol is shown in a below. When HCl is added,
the spectrum is that shown in b [Z. Luz, D. Gill, and S. Meiboom, J. Chem.
Phys. 30, 1540 (1959)].

a. Explain this result.
b. The rate of the proton exchange reaction

can be written as R = k(CH3OH2
+)(CH3OH) where the rate constant k

has a value of about 108 M-1 s-1. The chemical relaxation time, t, for this
reaction is t = 1/[k(CH3OH2

+)]. If the above reaction is responsible for
the doublet in the spectrum becoming a single peak, estimate the con-
centration of HCl at which the doublet disappears. Is this consistent with
the autoprotolysis constant methanol: (CH3O-)(CH3OH2

+) = 2 ¥ 10-17 M2?

CH OH CH OH CH OH CH OH3 3 3 32 2
+ ++ Æ +

4.9 cps

Magnetic field

S
ig

na
l

(a) (b)



CHAPTER 7

APPLICATIONS OF MAGNETIC
RESONANCE TO BIOLOGY

INTRODUCTION

Magnetic resonance has been widely applied to biological systems so that the
selection of examples to illustrate the information that can be obtained is nec-
essarily quite arbitrary. We first consider some examples of structural deter-
minations utilizing NMR. As previously indicated, the advantage of NMR is
that structures in solution can be obtained and variation of these structures in
different environments can be readily assessed. The primary drawback of
NMR is that only relatively small structures can be easily determined. NMR
can provide important information about biological systems other than macro-
molecule structures, as will be illustrated. In the case of ESR, spin labels and
paramagnetic ions can provide unique information, especially in unusual envi-
ronments such as membranes.

REGULATION OF DNA TRANSCRIPTION

The regulation of transcription is of central importance in biology. We have
previously discussed the use of CD to study zinc fingers, a structure of special
importance for the interaction of transcription factors with DNA (Chapter 4).
In this section, we consider the structure of cyclic-AMP response element
binding protein (CBP). It is a large transcriptional adapter protein that medi-

129

Spectroscopy for the Biological Sciences, by Gordon G. Hammes
Copyright © 2005 John Wiley & Sons, Inc.



130 APPLICATIONS OF MAGNETIC RESONANCE TO BIOLOGY

ates transcription responses to intra- and extracellular signals (cf. 1, 2). This
class of proteins has been implicated in the regulation of cell growth, trans-
formation, and differentiation. Defects in this regulator are involved in a mul-
titude of human diseases. The CBP interacts with a variety of transcription
factors and other components of transcription regulation to mediate cellular
activities.

CBP itself is a very large protein, more than 2000 amino acids, but contains
a number of distinct structural and functional domains. Three putative zinc-
binding domains (zinc fingers) were identified by sequence homology. The
CH3 domain was selected for study because not only is it a representative zinc
finger structure, it also binds known transcription factors (3). Constructs of
varying length were examined, but the final studies were done on an amino
acid sequence that was 88 residues long. It contains 13 cysteine and 5 histidine
residues. Nine of the cysteine residues were coordinated to Zn2+. This was
ascertained from the chemical shifts of 13Cb of cysteine.The cysteines that were
not coordinated to Zn2+ had chemical shifts of 26.5–27.1ppm, whereas the 
cysteines bound to Zn2+ had chemical shifts of 29.2–30.7. The three Zn2+- 
coordinated histidines also displayed a down field shift of 8–9ppm for a 13C
ring resonance of the imidazole and an upfield shift for an 15N resonance.Thus,
the sites of metal coordination could be determined from one-dimensional
NMR. Three Zn2+ ions are bound/CH3 domain.

If Zn2+ is absent, the NMR spectra indicated a disordered structure. How-
ever, in the presence of the metal a well-defined structure formed. This can be
seen in Figure 7-1, where the HSQC spectrum is shown for the protein with
three bound Zn2+ atoms. Many additional cross-peaks can be seen in the pres-
ence of Zn2+. The structure was solved using three-dimensional heteronuclear
spectra of uniformly labeled 15N and 15N, 13C protein. The structure 
determination involved the fitting of NOESY and dihedral angle constraints.
In addition an energy minimization was carried out to arrive at the final 
structure(s). Energy minimization is a theoretical calculation of the minimum
free energy for the structure making use of empirical equations for the
intramolecular interactions. The final structure is shown in Figure 7-2 
(see color plates) in the usual format, namely the best fit superposition of mul-
tiple structures, in this case 20. In essence, this representation provides a
measure of the uncertainty in the final structure. The cysteines and imidazoles
are also shown as ball-and-stick representations to indicate how the Zn2+ is
bound to the protein. Table 7.1 is a brief summary of some of the NMR con-
straints used to determine the structure and the deviations from ideal cova-
lent geometry.

The structure contains four a-helices and three histidine(cysteine)3 Zn2+

binding motifs.The helices are tightly packed to form a hydrophobic core.Two
of the metal binding regions are quite similar, but the structure of the third is
noticeably different. Although detailed data were not presented, preliminary
results suggest that the structure of the CH1 domain is quite similar to that of
CH3. Surprisingly, the structures of these zinc fingers are different than others
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that have been determined, presumably because of unique steric constraints
within the structure.

As mentioned at the outset, the structure of the CH3 domain is of special
interest because it mediates protein-protein interactions that are crucial for
regulation of transcription. The interaction with a small peptide (eight
residues) from p53, a known activator, with CH3 was investigated with NMR.
A specific interaction was found by following shifts in both the backbone and
side chains in HSQC spectra. The largest chemical shifts were observed for a
small number of residues in three of the helices so that the portion of CH3
interacting with the ligand could be identified. The dissociation constant for
the interaction of the peptide and CH3 is about 300 mM.
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Figure 7-1. The 600MHz proton-nitrogen HSQC spectrum of TAZ2 (CH3) domain, a
portion of the c-AMP response element binding protein, with three bound Zn2+. Many
cross-peaks can be seen. Some of the amino acid assignments for the resonances are
indicated. Reprinted from R. N. De Guzman, H. Y. Liu, M. Martinez-Yamout, H. J.
Dyson, and P. E. Wright, Solution Structure of the TAZ2 (CH3) Domain of the Tran-
scriptional Adaptor Protein CBP, J. Mol. Biol. 303, 243 (2000). © 2000, with permission
from Elsevier.
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This study indicates the variety of information that can be obtained with
NMR: The structure of an important biological molecule was determined; the
specific residues binding the Zn2+ were determined; and the binding region for
the interaction of CH3 with a regulatory molecule was identified.

PROTEIN-DNA INTERACTIONS

Proto-oncogenes are segments of DNA that code for proteins that have a
normal function, but can be mutated or altered to become cancer-causing
oncogenes. One of these, c-myc, encodes a nuclear protein involved in the
regulation of transcription. The expression of c-myc is in turn regulated by
FUSE binding protein (Far-UpStream Element). This protein binds to single-
stranded DNA (ssDNA) that is about 1500 base pairs upstream from the c-
myc promoter.This protein, FBP, contains four homologous repeats (KH) that
are separated by linkers of varying lengths (4, 5). The minimal ssDNA binding
domain is designated as KH3-KH4. The structure of the KH3-KH4 domain
bound to ssDNA (20–29 nucleotides long) has been solved using multidimen-
sional NMR (6). The total molecular weight of the complex is about 30,000,
and 3,153 NMR restraints were used to determine the structure. A represen-
tation of the best-fit structure for the KH3-ssDNA is shown in Figure 7-3 (see

TABLE 7-1. NMR Restraints and Statistics for the
Structure of theTAZ2 (CH3) Domain

A. NMR restraints

Total NMR restraints 1030
Distance restraints 846
Intraresidue 145
Sequential 286
Medium range 252
Long range 163
Total dihedral angle restraints 184

B. NOE violations 
Average violation (Å) 0.11 ± 0.04
Maximum violation (Å) 0.25

C. Deviations from ideal  
covalent geometry

Bond lengths (Å) 0.0057 ± 0.0001
Bond angles (deg) 2.41 ± 0.02

Reference 3
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color plates). The ssDNA is shown as a ball-and-stick model, whereas the
protein chain is shown to delineate the overall fold and the a-helices and 
b-sheets.

The protein fold has three a-helices packed onto a three-stranded anti-
parallel b-sheet. The ssDNA binds in a groove formed by helices 1 and 2. The
center of the groove is hydrophobic and the edges are hydrophilic so that the
DNA bases point toward the center and the sugar phosphates toward the left-
hand side of the protein. As expected, recognition of the DNA involves a
number of intermolecular hydrogen bonds. This protein binding scaffold for
nucleic acid binding can be fine-tuned for either ssDNA or RNA. The KH3
and KH4 domains do not interact with each other. The flexible linker between
the domains is 30 amino acids long. NMR relaxation time measurements 
indicate that the two domains wobble with respect to each other, with time
constants of nanoseconds. The flexibility of the domains appears to be of func-
tional significance. If the flexibility of the motion is restricted by deleting four
of the DNA bases in the intervening ssDNA between domains, the c-myc
expression is reduced by a factor of four whereas adding four bases has no
effect.

What is the significance of this structure? The functional concept is that
DNA transcription can be controlled at a significant distance along the DNA
by recognition of the ssDNA that is formed during transcription. The struc-
ture determined shows that the regulatory element (FUSE) upstream from
the c-myc promoter is recognized specifically and forms a very stable complex
with the FBA. This work, when combined with functional studies, can be used
to construct a mechanism for transcriptional control. Furthermore, the over-
expression of c-myc has been linked to cancer: the loss of FBP prevents c-myc
expression and halts cellular proliferation. The disruption of the FBP-ssDNA
interaction, therefore, is a potential target for cancer therapy.

DYNAMICS OF PROTEIN FOLDING

Understanding how proteins fold into their native conformation is of central
importance in biology. First, protein folding is a necessary part of cellular
metabolism and development. Second, understanding how proteins fold pro-
vides information about the intramolecular forces in proteins. Many proteins
fold and unfold very fast, in times less than a second, so that study of the
dynamics of protein folding requires special methods, including the use of
NMR (cf. 7).

A prototypical fast folding protein is the N-terminal domain of bacterio-
phage l repressor, a crucial molecule in gene regulation (cf. 8). The structure
of the N-terminal domain has been determined both with crystallography and
NMR, and it is essentially identical to the full-length version of l repressor.
The protein unfolds in a simple two state process, both thermally and in the
presence of urea. The folding reaction can be written as:
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(7-1)

where N and D are the native and denatured states, and kf and kr are the first-
order rate constants for folding and unfolding, respectively.

The aromatic region of the NMR spectrum is quite different for the native
and denatured states as shown in Figure 7-4, where the NMR spectra are
shown at various urea concentrations (9–11). Both the native and denatured
states show well-resolved spectra. Some of the central peaks are in fast
exchange at all urea concentrations so that only sharp resonances are
observed, and the resonance most downfield is in slow exchange. However,
some of the peaks show broadening at intermediate urea concentrations
because the rate of interconversion of the native and denatured states is com-
parable to the chemical shift between the native and denatured resonances,
about 100cps.

The resonances chosen for analysis are associated with two specific tyro-
sine residues. The analysis of the data calculated the line shapes from theo-
retical considerations and compared the calculated and experimental line
shape with varying rates of reaction until the two matched. Basically, this meas-
ured the effect of the reaction rate on the spin-spin relaxation time, T2, and
yielded the relaxation time for the reaction in Eq. 7-1, t (Eq. 6-8). The recip-
rocal of the relaxation time for the chemical reaction is the sum of the two
rate constants (12). The proportion of the protein present in the native and
denatured states can be derived from the line shape analysis since it is directly
proportional to the strength of the resonance for each state. Thus, the indi-
vidual rate constants can be directly determined. The rate constants vary lin-
early with the urea concentration but are in the range of 102–103 s-1. When
extrapolated to zero urea concentration, the rate constants for folding and
unfolding are 3600s-1 and 27s-1at 37°C, respectively, for the particular variant
of the l repressor studied (9).

Why does this protein fold so fast? It is relatively small, only 79 amino acid
residues, but some proteins of this size fold much slower. A unique feature of
this protein is that the only significant secondary structural elements are a-
helices, which are known to wind and unwind in microseconds or less. In con-
trast, b-sheet structures form and break down considerably slower. The
detailed folding mechanism has been explored further by site-specific muta-
genesis of amino acid residues. The results obtained suggest that minor modi-
fications, such as changing two glycines to alanines or disruption of a single
hydrogen bond, can have significant effects on the folding mechanism. The
results further suggest that formation of one of the five helical stretches may
be a crucial slow step in the folding mechanism.

Knowledge of the kinetics of fast folding proteins provides unique informa-
tion about the folding mechanism, and NMR provides one of the few methods
available for studying these very fast reactions.
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Figure 7-4. NMR spectra of the aromatic region of l repressor at various concentra-
tions of urea. Differences between the native and denatured (top and bottom) can be
seen. The sharp peaks in the middle are in fast exchange. At intermediate urea con-
centrations line broadening of several of the peaks can be seen because of chemical
exchange. Analysis of the line broadening permitted determination of the rate con-
stants for the interconversion of the native and denatured protein. Reprinted in part
with permission from J. K. Myers and T. G. Oas, Biochemistry 38, 6761 (1999). © 1999
by American Chemical Society.
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RNA FOLDING

The folding of RNA into functional structures is of obvious importance to
biology. The mechanism of folding appears to be more complex than for pro-
teins (cf. 13). A number of structures exist that have similar free energies so
that molecules can become trapped in nonfunctional structures. Furthermore,
because RNA molecules are highly charged, the structures formed are very
dependent on the ionic environment, particularly on the concentration of
Mg2+. A frequently invoked mechanism is that two major structural changes
occur in the folding reaction. First, stable secondary structures form on the
microsecond time scale. Secondary structure is defined as local structural ele-
ments such as helices, etc., due to base pairing. The second stage is formation
of tertiary folding that brings the secondary structural elements together. This
is similar to the mechanism of protein folding discussed above. The study
described below suggests that this picture is too simple in many cases.

We have previously discussed ribozymes (Chapter 2). The folding of a self-
splicing RNA from Tetrahymena has served as a prototypical example of RNA
folding (14, 15). This group I intron consists of two large domains, labeled P4-
P6 and P1-P2/P3-P9. The stable P4-P6 domain folds independently, and its
crystal structure has been determined by x-ray crystallography (16, 17).Within
this structure are three helices, labeled p5abc, and the structure of this RNA
has been studied with NMR (18).The P5abc RNA can fold independently, and
its structure is amenable to determination by NMR.

To arrive at a structure, the one-dimensional proton NMR spectrum was
obtained for the imino protons, protons that are involved in the hydrogen
bonding of base pairs.An A-U base pair has one imino proton, and a G-C base
pair has two imino protons.A two-dimensional NOESY study was then carried
out to determine which imino protons were close to each other. Interpreta-
tion of these spectra required assignment of each of the resonance peaks in
the one-dimensional spectrum to specific bases in the RNA.The imino protons
if guanine and uracil give rise to very sharp NMR resonances in the 10–15ppm
range. This suggests that a single conformation is present, and no aggregation
is occurring. In the NOESY spectrum, the diagonal peaks corresponded to the
one-dimensional spectrum, and each cross-peak connected two diagonal
peaks, which implies the two protons are within 5 Å of each other. Neighbor-
ing base pairs give rise to NOEs and helped establish the assignments of spe-
cific resonance peaks and the secondary structure of the RNA.

The results are summarized in Figure 7-5, where the secondary structure of
the 56 nucleotide RNA is shown. The arrows indicate the connectivitiy estab-
lished by the NOESY experiments, often called a “NOE walk.” Included in
the structure are disks that indicate the locations of the imino protons, all of
which are involved in base pairs.

The NMR results give a quite clear picture of the secondary structure. Sur-
prisingly, when this structure was compared with that determined with x-ray
crystallography, the two structures were found to be different. In the crystals,
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the hydrogen bonding of six base pairs are broken (two G-C, one A-U, and
three G-U) and four new G-C base pairs are formed, as well as two non-
standard A-U pairs. In addition, a tetraloop is disrupted, and other changes
occur. The calculated free energy of the secondary structure of the RNA
crystal structure actually is higher than that of the NMR secondary structure.
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Figure 7-5. Secondary structure of the 56-nucleotide RNA ribozyme fragment. The
disk between each base pair represents the imino protons that are observed by NMR.
The arrows represent the connectivity established by the NOESY experiments. The
dotted arrow NOE was not observed because the resonances could not be resolved.
Reproduced with permission from M. Wu and I. Tinoco Jr., Proc. Natl Acad. Sci. USA
95, 11555 (1998). © 1998 National Academy of Sciences, USA.
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However, this difference in free energy is more than compensated for by inter-
actions within the tertiary structure. These structural differences can be rec-
onciled if Mg2+ is added to the solution. The addition of this metal results in a
conversion to a new structure that is identical to that found in the crystal struc-
ture. In fact, two sets of resonances are seen, indicating that the two structures
are slowly interconverting. In this case, slow means with a rate constant less
than 30s-1. (This is determined by the differences in chemical shifts between
the two structures.) In terms of the structure, the interactions of RNA with
Mg2+ alter both secondary structure and the tertiary structure. This change in
structure is shown schematically in Figure 7-6. In the fully folded RNA, a
cluster of five Mg2+ ions are coordinated to phosphate oxygens, indicating the
tertiary folding occurs on a Mg2+ core.

The significance of these results in understanding RNA folding is that pre-
formed secondary structure cannot be assumed to be the direct precursor of
the final tertiary structure (18, 19). In other cases, this has been found to be a
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valid assumption. It also indicates that many stable conformations are avail-
able for RNA within a range of salt and Mg2+ concentrations. This makes the
delineation of the physiological folding mechanism for RNA more difficult
than for proteins where a more restricted number of stable conformations
probably exists.

In a follow-up study, site-specific mutations of the P5abc RNA fragment
were made to explore the balance between tertiary and secondary structures
(20). In particular, point mutations designed to disrupt the secondary struc-
ture greatly affected the Mg2+- dependent folding into the new structure. More-
over, two single-point mutations are sufficient to prevent the rearrangement
of the secondary structure observed in the crystal structure. However, if the
same experiments are done with the P4-P6 domain, formation of the tertiary
structure is sufficient to alter the secondary structure of P5abc, as observed
with the native P5abc RNA, even with the point mutations. The message of
this work is that the balance between tertiary and secondary structure is very
delicate in RNA. It depends on both the ionic conditions and the context of
the RNA domains. This is likely to be a general feature of RNA structure/
folding.

LACTOSE PERMEASE

Transport proteins are integral membrane proteins that are responsible for the
flow of many metabolites across the cell membrane.Two broad classes of trans-
port mechanisms exist, facilitated diffusion and active transport. Facilitated 
diffusion depends on a concentration gradient, and the molecules being trans-
ported flow from a higher to a lower concentration. Selectivity is due to the
size of the pore and/or gating of the channel by a stimulus. For example, Gram-
negative bacteria contain several porins, 34–38 kDalton proteins, in their outer
membranes. The porins permit molecules and ions with a molecular mass of
about 600 to enter. The molecules that are transported include maltodextrins,
sugar phosphates, and chelated iron. Glucose and HCO3

- are also generally
transported across membranes by facilitated diffusion. In active transport,
material is carried across the membrane against a concentration gradient, from
low to high concentration. Active transport must be coupled to an electro-
chemical gradient created by a free energy favorable process such as the
hydrolysis of ATP.

Lactose permease (LacY) is responsible for all of the translocation reac-
tions carried out by the galactoside transport system in E. coli. It couples the
free energy associated with the collapse of a proton gradient, that is, transport
of protons, with the energetically uphill translocation of galactosides against a
concentration gradient.The lactose permease from E. coli has been extensively
studied (cf. 21), and ESR has been one of the tools used to elucidate its struc-
ture in the membrane. The protein has been purified, reconstituted into prote-
oliposomes, and shown to be solely responsible for the galactoside transport.
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The crystal structure of lactose permease is now known (22), but prior to
the structure determination, the primary features of the molecule had been
determined by less direct methods such as mutagenesis, chemical cross-linking,
and ESR. Lactose permease has a molecular weight of about 45,500, and the
structure contains 12 a-helices passing through the membrane, linked by loops
on each side of the membrane. The structure is shown schematically in Figure
7-7. A hydrophilic cavity is formed between the helices that alternately faces
the inside and outside of the cell as the sugar is transported. We will not be
concerned about the detailed mechanism of transport here, but rather with the
structural information that was obtained from a series of ESR studies. In sim-
plistic terms, the mechanism consists of a series of sugar and proton bindings
that result in the conformation of the protein switching between conforma-
tions that expose the hydrophilic cavity to the appropriate side of the mem-
brane.The structural models for the inward and outward facing conformations
are shown schematically in Figure 7-8: note the complex arrangement and dis-
tortions of the helical rods that make up the structure.

Site-directed spin labeling of lactose permease can be carried out by intro-
duction of a single cysteine residue into a protein with no cysteines, and then
labeling the thiol with a nitroxide spin label. The protein with no cysteines
(prepared by site-specific mutagenesis) retains its transport activity. In the
initial set of experiments (23), three derivatives were prepared with cysteines
at amino acid positions 148 (helix V) and 228 (helix VII), 148 and 226 (helix
VII), or 148 and 275 (helix VIII). A nitroxide spin label was then covalently
linked to the cysteines. The ESR spectra showed relatively broad lines for all

Periplasm

Cytoplasm
NH2

COOH

I II III IV V VI VII VIII IX X XI XII

Figure 7-7. Secondary structure model of lac permcase. The permease has a
hydrophilic N terminus, followed, by 12 a-helical hydrophobic domains that are con-
nected by hydrophilic loops, and a hydrophilic C-terminus. Adapted with permission
from J.Wu, J.Voss,W. L. Hubbell, and H. R. Kaback, Proc. Natl.Acacl. Sci. USA 93,10123
(1996). © 1996 National Academy of Sciences, USA.
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three pairs, suggesting the nitroxides were relatively immobile due to strong
interactions with their environment, nearby protein and membrane. Addi-
tional broadening could be detected at low temperatures for the 148/228 and
148/275 pairs due to close proximity of the nitroxides (spin-spin interactions).
Analysis of this additional broadening indicates the spin labels are within
about 15 Å of each other. These results suggest that position 148 in helix V is
in close proximity to position 228 in helix VII and position 275 in helix VIII.
Chemical cross-linking experiment indicate that position 148 is closer to helix
VII than to helix VIII. On the other hand, the lack of spin-spin interactions
between positions 148 and 226 suggests that cysteine 226 is on the opposite
face of helix VII from cysteine 228.

In a second study (24), a high-affinity Cu2+ binding site was created on
lactose permease by replacing Arg 301 (helix IX) and Glu 325 (helix X) with
His residues. In addition, a series of proteins with single cysteines at various
positions in helices II, V, or VII were prepared, and nitroxide spin labels were
attached to the cysteines. The ESR spectra of the nitroxides varied, depend-
ing on their locations. Those interacting within the protein structure were
broad, indicating restricted rotation, whereas those directed away from the
interior of the protein were much sharper, indicating freer rotation.When Cu2+

was added, some of the lines broadened due to interaction of the unpaired
electron of the metal ion with the spin label. This permitted a mapping of the
cysteines with respect to the metal ion.When these results were combined with
those from chemical cross-linking, fluorescence, and other techniques, a model
for the helix packing could be developed. Additional experiments of this type
utilized the interaction of Gd(III) with spin labels to provide confirmation that
helix V lies close to both helices VII and VIII (25).

A B

Cytoplasm

Periplasm

Cytoplasm

Periplasm

Figure 7-8. Schematic representation of the inward- and outward-facing conforma-
tions of lac permease. The mechanism of lactose transport involves alternating these
conformations. Lactose is shown as a space-filling molecular structure. Adapted with
permission front J. Abramson, I. Smirnova, V. Kasho, G. Verner, H. R. Kaback, and S.
Iwata, Science 301, 610 (2003). © 2003 AAAS.
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Single cysteines also were introduced at positions 126–156, and the cysteines
were derivatized with nitroxide spin labels (26). The dynamics of these labels
varied from highly mobile to highly immobilized, as judged by the broadness
of the spectra. These results can be interpreted in terms of structure in that
enhanced mobility can be interpreted as increased accessibility of the side
chain. In addition, spectral broadening due to addition of paramagnetic species
(potassium chromium oxalate and oxygen) provided further information
about the accessibility of the spin labels to the solvent. These experiments
provide information about both the structure and the dynamics of the protein
side chains.

These extensive ESR studies provide detailed structural information about
a membrane-bound protein. Such information is difficult to obtain because
membrane-bound proteins are not readily accessible to the large cadre of tech-
niques that can be applied to soluble proteins. In this case, a crystal structure
has been obtained that is in reasonable accord with the more indirect methods
used. The studies of lactose permease serve as a useful paradigm for investi-
gation of the structure of membrane-bound proteins.

CONCLUSION

These selected examples of the application of magnetic resonance methods to
biology are a small fraction of the many interesting investigations that have
been carried out. Note that in each case, important questions were being asked
about structure and function. In point of fact, the biological problem is the
most significant aspect of these studies, and magnetic resonance is one of many
spectroscopic/biochemical tools that can be used for the elucidation of these
problems.
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CHAPTER 8

MASS SPECTROMETRY

INTRODUCTION

The field of mass spectrometry does not fall within the rubric of spectroscopy
as it does not involve the interaction of matter with radiation. However, its
use in biology has become sufficiently prevalent that the basic concepts and
their applications merit consideration in this text. The basic variable parame-
ter in spectroscopy is wavelength whereas in mass spectrometry it is m/z, the
ratio of the mass of a particle to its charge. In very simple terms, a mass spec-
trometry experiment can be divided into three main steps: ionization, mass
analysis, and ion detection. Although modern mass spectrometry experiments
are more complicated than suggested by this simple analysis, these three steps
are always involved. Importantly, the only environment in which ions are
stable for a sufficient time to analyze readily is a vacuum, and a good vacuum
is an essential part of a mass spectrometer. This chapter constitutes an 
introduction to the field. More comprehensive treatments can be found in 
references 1–3.

MASS ANALYSIS

The basic principles underlying mass spectrometry can be understood by 
considering the motion of a charged particle in electric and magnetic fields.
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The kinetic energy of a charged particle in an electric field is given by the 
relationship.

(8-1)

where m is the mass, v is the velocity, z is the charge, and V is the applied
voltage. The trajectory of an ion in a magnetic field, H, is an arc of radius r, as
shown in Figure 8-1. The conservation of angular momentum requires that

(8-2)

Eliminating the velocity between these two equations gives

(8-3)

This relationship shows that in constant magnetic and electric fields, the tra-
jectory will be the same for all ions with the same ratio m/z. Thus, if the mag-
netic and electric field are kept constant, the mass spectrum can be collected
by determining the positions of the ions after they have passed through the
magnetic field. Alternatively, the magnetic field can be scanned to determine
the mass spectrum.

The ultimate goal of the mass analysis is to determine m/z with the small-
est possible error and to analyze a broad range of m/z. Unfortunately, these
goals are often in conflict so that several different methods of mass analysis
are used. The resolution of a mass spectrometer is defined as m/Dm. For
example, a mass resolution of 1000 can distinguish between ions with m/z of
1000 and 1001.

z m H r V2 2= ( )2

mv r zvH2 =

1
2

mv zV2 =

DetectorMagnet

Ion Source

(m/z)

(m/z)'

Figure 8-1. Schematic representation of the trajectory of ions with different m/z values
in a magnetic field. In this illustration, m/z > (m/z)¢.
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The simplest type of mass spectrometer utilizes only a magnetic analyzer.
As is evident from Eq. 8-2, the path of an ion in a magnetic field is different
for every value of m/z. If Eq. 8-2 is solved for r, we find that

(8-4)

The path for two ions with different m/z passing through a magnetic field is
included in Figure 8-1. The resolution of the separation can be determined by
taking the natural logarithm of Eq. 8-4 and differentiating:

(8-5)

Thus, in order to sharply focus the ions, thereby decreasing the error in m, it
is important for all ions to be homogeneous in energy, that is, the last term
must be small. This can be partially accomplished by using a high voltage (V),
typically 8000 volts, but usually the magnetic focusing is coupled with an elec-
trostatic analyzer in order to produce ions that are homogeneous in energy
(small DV).This can be done by subjecting the ions to a constant voltage either
prior or subsequent to the magnetic field. Instruments of this type, double-
focusing magnetic sector mass spectrometers, have high resolution and a mass
range up to about 15,000 daltons. They are also very expensive.

The quadrupole mass spectrometer is the most widely used, primarily
because of its relatively low cost. The separation of ions is accomplished by
utilizing electric fields only. The mass analyzer consists of four metal rods, as
shown in Figure 8-2. The trajectory of the ions is between the four rods. The
rods are electrically connected in pairs, A to A and B to B in the figure. A con-
stant voltage of opposite sign is applied to the A and B rods. An oscillating
voltage is superimposed on the constant voltage, with the phase differing by
180° between A and B. The quadrupole serves as a mass filter: only ions with
a specified value of m/z can get through the filter. Other ions collide with the
rods and do not reach the detector. To obtain a mass spectrum, the applied
electric fields are varied, thus allowing ions with different values of m/z to be
detected. The resolution of quadrupole instruments is not as good as double-
focusing magnetic sector instruments, 10,000 versus 100,000, but it is signifi-
cantly less expensive and can tolerate relatively high pressures. The latter
feature is important if the ions are generated by electrospray, a frequently used
technique that will be discussed later.

The quadrupole mass spectrometer has been coupled with an “ion trap.”
With these instruments, the ions are held within the quadrupole and manipu-
lated before proceeding to the detector. By holding the ions in the trap, both
a time and space dimension are available. This improves the resolution and
sensitivity. In simple terms, the ions are physically trapped between electrodes
and subjected to both constant and oscillating electric fields such that ions of
specific m/z precess within the trap.The magnitudes of the fields are increased,
thereby causing ions of specific m/z to be ejected from the trap.

D D Dr r 1 m m 1 V V= ( )( ) + ( )( )2 2

r 1 H mV z= ( )( )2
1 2
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The time-of-flight mass spectrometer selects ions by measuring the time of
arrival of the ion at the detector. Eq. 8-1 can be rearranged to give.

(8-6)

This equation predicts that the lighter the ion, the faster it will arrive at the
detector. In order for this method to work, the ions must enter the flight tube
at the same time. This is accomplished by generating ions in short bursts. The
difference in the time of arrival of ions is not great, typically in the microsec-
ond range. Thus, a complete spectrum can be determined in very short times.
In some cases, reflectors are used to improve the sensitivity and resolution.
This is done by slowing the ions with a series of electric field “lenses” until
they essentially stop and then accelerating them in the opposite direction. The
reflection increases the path length traveled thus providing better separation
of the time-of-flight, and the lenses focus the ions with a specific m/z by reduc-
ing the spread in kinetic energies for a given ion.The time-of–flight instrument
has the advantage of essentially unlimited mass range and high sensitivity.

Other methods exist for mass analysis but are not discussed in detail here.
Most notably, Fourier transform methods using ion cyclotron resonance have
been developed that permit very high precision mass determinations. The ions
are inserted into a small volume in the cyclotron, and a large magnetic field is
applied so that the ions precess in circular orbits according to Eq. 8-2.The ions

v Vz m= ( )2
1 2

Detector

Ion Source

A

B B

A

Figure 8-2. Schematic representation of a quadropole mass analyzer. The ions pass
through the middle of four parallel rods. The A rods are connected and have the same
DC and superimposed radiofrequency voltages. The B rods are also connected and
have a DC voltage opposite in sign to the A rods and the radiofrequency voltage phase
shifted 180° relative to the A rods.
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are constrained to the cell by an electric field applied to front and rear plates
of the sample cell. If a pulsed electric field is applied at a frequency matching
the precession frequency of the ions, energy is absorbed, analogous to a mag-
netic resonance experiment. The ions then transmit a radio frequency current
at the detector plates that contains the frequency components of each of the
ions. This is converted to a free ion decay signal (analogous to the free induc-
tion decay in NMR) that can be Fourier transformed to the mass spectrum of
all of the ions, thus permitting detection over a wide mass range.

A summary of the various mass analyzers, along with their approximate
range of m/z and resolution is given in Table 8-1.

TANDEM MASS SPECTROMETRY (MS/MS)

Tandem mass spectrometry couples two (or more) mass analyzers to obtain
additional information about the sample in question. Three steps are typically
involved in MS/MS analysis: mass selection, fragmentation, and mass analysis.
The first step is the selection of a specific ion for further study. In a second
step, the selected ion then undergoes fragmentation, usually through collisions
with neutral gas atoms. The ion fragments are then analyzed by a second mass
analyzer. Because modern ionization methods produce very little fragmenta-
tion, the ion selected is often similar to the ion of the parent compound. Selec-
tion of a specific ion and determination of its fragmentation pattern may be
important for its molecular identification.

A variety of different MS/MS instruments are available. For example, a
triple quadrupole instrument uses the first quadrupole for ion selection, the
second for collision induced dissociation, and the third for analysis of the frag-
ments produced. Ion traps can also be incorporated at a relatively low cost.
Similarly multiple sector instruments are available that use a series of mag-
netic and electric fields for analysis. As might be expected, multiple sector
instruments are quite expensive. Time-of-flight and Fourier transform-
cyclotron resonance instruments also are available. The use of MS/MS is par-
ticularly useful for biological systems to identify and characterize substances
uniquely.

TABLE 8-1. Characteristics of Mass Analyzers

Method Mass Range (Dalton) Resolution

Magnetic Sector 15,000 200,000
Quadrupole 4,000 4,000
Quadrupole ion trap 100,000 30,000
Time-of-flight Unlimited 15,000
Fourier transform-ion >106 >106

cyclotron resonance

Adapted from reference 1.
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ION DETECTORS

The two most common methods of detecting ions after they have been sorted
by the mass spectrometer are electron multipliers and photomultipliers. With
electron multipliers, the ion strikes a dynode that emits secondary electrons.
Typical dynode surfaces are BeO, GaP, and CsSb. These secondary electrons
are accelerated by a voltage and attracted to a second dynode that emits more
electrons. This process continues through a series of dynodes, resulting in a
cascade of electrons. The resulting current can be read with standard technol-
ogy. Electron multipliers are very sensitive: a signal amplification factor of 106

can be readily obtained.
Photomultiplier detectors operate in a similar fashion except that the ion

first strikes a phosphorous screen. The phosphorous screen releases photons,
which are detected by a photomultiplier. The photomultiplier also has a series
of dynodes and causes a cascade of electrons when the light strikes it. This
type of detection is commonly called scintillation counting and is often used
to measure radioactivity quantitatively. The amplification factor is similar to
electron multipliers. A major advantage of photomultipliers is that they have
significantly longer lifetimes than electron multipliers. The lifetime of electron
multipliers is limited by contamination/damage of the surface that the ions
strike. Nonetheless, electron multipliers are currently the most common
devices used.

Detection of the ion signal is often done by a point detector so that only a
single type of ion is detected, that is, a single m/z. However, array detectors
also are available. Array detectors consist of a linear arrangement of detec-
tors so that multiple ions can be detected simultaneously.

IONIZATION OF THE SAMPLE

The first step in the analysis is to ionize the sample into the vacuum of the
mass spectrometer. A variety of methods are used to ionize the sample, and
we will only deal with a few of them. Currently, the two most widely used
methods for macromolecules are MALDI, Matrix Assisted Laser Desorp-
tion/Ionization, and ESI, ElectroSpray Ionization, but a few other methods
that are commonly used for relatively small molecules also will be discussed.

Electron ionization vaporizes the sample into the mass spectrometer and
then bombards the vapor with a beam of high energy electrons, 50–100eV.This
is typically accomplished by thermal evaporation from a probe containing the
sample. The high-energy electrons are produced from a filament and acceler-
ation of the electrons through a large electric field. In order to produce ions,
the electrons must have an energy greater than the ionization energy of the
molecule, M, being studied. This process can be written as:

(8-7)M e M e.+ Æ +- + -2
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The positive ions formed, M+·, are referred to as odd-electron molecular ions
or radical cations. Because the ionization energy for most molecules is only
about 5eV, the molecular ion produced usually has an excess of energy and
fragments. The fragmentation pattern provides a “fingerprint” for each mole-
cule. Libraries of fragmentation patterns are available for the identification of
unknown compounds. The primary drawback of this method is that relatively
stable and volatile compounds are required. In practice this limits the molec-
ular weight of samples to less than about 1000 daltons.

The technique of fast ion bombardment (FAB) was developed in the 1980s
and permits substances with molecular weights of 4000 or greater to be ana-
lyzed routinely. The principle of the method is to place a sample that is dis-
solved into a matrix on the tip of a metal probe.The sample is then bombarded
with a stream of fast (high temperature) Ar or Xe atoms, and molecular ions
are produced, predominately by the loss or gain of an H atom. (In some cases,
a beam of Cs+ is used.) The key to this method is the matrix, which is a viscous
liquid and relatively inert. Typical examples are m-nitrobenzyl alcohol and
glycerol. The sample is dissolved in a solvent that is miscible with the matrix.
The matrix absorbs most of the high-energy atoms and produces a high-
temperature, high-density gas within a small volume. Various matrix ions are
produced, protonated, and deprotonated, and these react with the sample mol-
ecule, M, to produce ions:

(8-8)

Thus, both negative and positive sample ions are produced. The energy of the
ions is considerably less than produced by electron ionization, but some frag-
mentation occurs. A schematic representation of FAB is shown in Figure 8-3.

The concept behind MALDI is similar to FAB (Fig. 8-3). The sample is
embedded in a matrix, and an external source is used to convert the sample
to ions. In the case of MALDI, the sample is embedded into a solid crystalline
compound, and a laser, operating at a wavelength at which the matrix strongly
absorbs, is used to desorb and ionize the sample. A laser with a high-energy
output is needed: both uv and ir lasers have been used. The matrix is essen-
tially a “solvent” for the sample, and the sample forms a microcrystal with the
matrix. In practice, the sample is dissolved into a small amount of solvent
(water or water plus organic solvents, typically), and the sample is then mixed
with a concentrated solution of the matrix. Just a picomole of sample is
required and the ratio of sample to matrix is typically 1/1000. A variety of
materials has been used for matrices, for example, cinnamic acid, succinic acid,
and urea. The mixture is then evaporated and introduced into the mass spec-
trometer. Short laser pulses, typically 10–20ns duration, with about 106 W/cm2

power are used. The exact mechanism for producing ions is not well under-
stood, but the general idea is that the matrix is ionized, and the ions produced

M matrix - H MH matrix

MH matrix M matrix - H

+ Æ +
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ionize the sample molecules through a series of proton transfer reactions
involving the matrix molecules and the anylate. As with FAB, both positive
and negative ions are produced. This method can be used to study macro-
molecules with molecular weights in excess of 300,000 daltons. Moreover, the
sensitivity is excellent, in the pico- to femtomole range, and little fragmenta-
tion occurs. A typical mass spectrum of a protein obtained with MALDI is
shown in Figure 8-4.

Laser 
(MALDI)

Light

Atom/Ion source
(FAB)

Atom/ion beam

Secondary ionsProbe

Matrix/Sample

MA

Figure 8-3. Schematic representation of FAB (right) and MALDI (left) methods of
ionization. In both cases, the sample is embedded in a matrix. In the case of FAB, the
ions are created by bombardment with an atom or ion beam, and in the case of MALDI
by a pulsed laser. The secondary ions are then injected into the mass analyzer.
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Figure 8-4. The MALDI mass spectrum of a monoclonal antibody. Reprinted from 
F. Hillenkamp and M. Karas, Mass Spectrometry of Peptides and Proteins by Matrix
Assisted Ultraviolet Laser Desorption/Ionization, Meth. Enzymol. 193, 280 (1990).
©1990, with permission from Eisevier.
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Finally, we consider electrospray ionization (ESI). With this method, a fine
spray of highly charged droplets is created by spraying the sample onto the
tip of a metal nozzle at approximately 4000 volts. This is done at atmospheric
pressure. Solvent is removed through a series of Coulombic explosions. The
droplets can also be heated to facilitate evaporation. As a droplet becomes
smaller, the electric field density increases, until finally mutual repulsion
between the ions causes the ions to leave the droplet. In essence, the electro-
static forces become greater than the surface tension. The ions are then
directed into the mass analyzer with an electrostatic lens. An important and
unique characteristic of this method is that highly charged ions are produced
so that a wide range of m/z values are observed for a single analyte. For
example, the mass spectrum of myoglobin obtained with ESI is shown in
Figure 8-5. If two adjacent peaks are assumed to differ by only one charge and
one proton, the molecular weight can be calculated. This method can be used
for molecules of about 100,000 daltons or less and has good sensitivity, in the
pico- to femtomole range.
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Figure 8-5. An electrospray ionization (ESI) mass spectrum of horse myoglobin. Each
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From C. Dass, Principles and Practice of Biological Mass Spectrometry, Wiley & 
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SAMPLE PREPARATION/ANALYSIS

Before discussing applications of mass spectrometry, some general comments
should be made. Table 8.2 summarizes the most frequently used methodology
for biomolecules. The amount of sample required depends on the specific
methods used, but generally 5–50 mL of 10–100mM solutions are adequate. Fre-
quently, a mass spectrometer is coupled to purification procedures such as gas
chromatography, high-performance liquid chromatography, or capillary elec-
trophoresis. This provides a high throughput of samples and rapid analysis of
unknown mixtures. In some cases, an in-depth study of a single substance is
carried out. In this case, the purity is important and extraneous background
material should be eliminated, notably salts, if possible.

In order to obtain accurate mass measurements with mass spectrometry,
the instrument must be calibrated with standard compounds.This is sometimes
done by running a series of calibration curves, but the best procedure is to
include an internal mass standard with the sample. This will ensure that fluc-
tuations in instrument response are adequately taken into account. Mass meas-
urements can be made to within 1–500 parts per million. Thus, for example,
the accuracy can be within a few tenths of a dalton for a macromolecule of
molecular weight of 100,000.

PROTEINS AND PEPTIDES

With the advent of soft ionization methods, the determination of the molecu-
lar weight of proteins with mass spectrometry has become routine and has
become the method of choice because of its accuracy and the relatively small
amount of material required (fmols). The method works best if a pure protein
is obtained by conventional methods such as chromatography. With a pure
protein, mass spectrometry, usually with MALDI or ESI, can detect differ-

TABLE 8-2. Ionization Techniques for Biomoleculesa

Compound Ionization Method Ionization Mechanism

Peptides FAB, MALDI, and ESI Protonation, deprotonation
Proteins MALDI and ESI Protonation
Carbohydrates FAB, MALDI, and ESI Protonation, deprotonation,

cationizationb

Oligonucleotides MALDI and ESI Protonation, deprotonation,
cationizationb

Small biomolecules FAB, MALDI, and ESI Protonation, deprotonation,
cationizationb, electron ejection

a Adapted from reference 2.
b Addition of a cation other than H+.
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ences in a single amino acid quite readily. Thus, for example, mass spectrom-
etry is a confirmatory tool for site-specific mutagenesis. Also if post-
translational modifications occur, such as phosphorylation or carbohydrate
addition, mass spectrometry can identify and in some cases quantify the 
modification.

Proteomics is a rapidly developing field that systematically characterizes
gene products. Proteomics is concerned with determining the identities of pro-
teins, both known and unknown, and their functions. Tissues or fluids are sub-
jected to protein purification protocols, usually by simple chromatography or
gel electrophoresis, and the molecular masses and amino acid sequences of the
proteins are then determined by mass spectrometry. This represents the first
step in the characterization of gene products. Molecular weight by itself is
rarely sufficient to identify a protein so that once proteins have been identi-
fied and their molecular weight determined, further studies are carried out.
The next step is to take a specific protein, which could be a spot taken from
two-dimensional gel electrophoresis of the crude starting material, and subject
it to proteolysis with an enzyme such as trypsin. Before the use of mass spec-
trometry, the resultant peptides had to be separated, often by laborious pro-
cedures. However, with mass spectrometry, the trypsin digest can be analyzed
directly and the molecular weights of the peptides determined. Since proteins
usually have a unique digest, this procedure is often sufficient to determine
what the starting protein is. Data banks of trypsin digests for hundreds of pro-
teins and sophisticated software are available to help in the identification
process. An example of the mass spectrum of a mixture of peptides is shown
in Figure 8-6.

Although molecular weight characterization of peptide fragments after pro-
teolysis is very useful for identifying proteins, the surest identification is to
determine the amino acid sequence of the peptides. The amino acid sequence
of the protein can then be compared with the vast database of known pro-
teins. In addition to identifying specific proteins, the databases can be searched
for homologous proteins, that is, proteins with similar but not identical amino
acid sequences.

Determining the sequence of a peptide with mass spectrometry is not as
easy as making molecular weight measurements. Basically, the principle is to
use fragmentation of the parent peptide as a unique identifier of the sequence.
The most frequently used technology is tandem mass spectrometry. With this
method, a single peptide can be selected by the initial ion separation, and this
peptide can then be subjected to fragmentation and analysis by the second
mass analyzer. The amino acid sequence of peptides with molecular weights
of up to about 3000 can be readily determined with this technique. If the
peptide is large, the amount of useful sequence information that can be gen-
erated in the mass spectrometer is limited because of the complexity and large
number of fragments produced.

An effective strategy for amino acid sequencing is the use of peptide
ladders.With this methodology, a peptide is treated with an exopeptidase (car-
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boxypeptidase or aminopeptidase). These enzymes take off one amino acid at
a time from the C- or N- terminus. The products of these digestions are then
analyzed with mass spectrometry, and the reduction in molecular weight can
be used to deduce the amino acid sequence. An example of ladder sequenc-
ing is shown in Figure 8-7, where a peptide from HIV protease was sequenced
by degradation from the amino terminus. The letter by each mass spectrum
peak indicates the amino acid that was found on the N-terminus as the peptide
decreased in length (4).

The above sequence of events has not taken into account the fact that pro-
teins often contain disulfide linkages. If this is the case, the protein must first
be subjected to a reduction process that converts the disulfides to cysteines,
and the cysteines are then typically alkylated so that the disulfides will not
reform. Because the molecular weights of the reduced/alkylated and oxidized
enzymes are different, mass spectrometry can be used to determine exactly
how many disulfide linkages are present.

As the fields of genomics and proteomics expand, mass spectrometry
undoubtedly will be a central analytical technique for the characterization of
gene products. Both the methodology and database searching techniques are
rapidly improving.
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Figure 8-6. The positive ion ESI mass spectrum of a mixture of ten peptides. The
masses and amino acid sequences of the major peaks are indicated. Reproduced with
permission from C. Dass in B. S. Larsen and C. N. McEwen, eds. Mass Spectrometry of
Biological Materials, Marcel Dekker, New York (1998), pp. 247–280.
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PROTEIN FOLDING

We have previously discussed the transformation of proteins between native
and denatured states (Chapters 4 and 7). Mass spectrometry provides a unique
tool in such studies. Proteins have many hydrogens that can exchange with
water hydrogens. This is a dynamic process and takes place continuously in
aqueous solution. The amide hydrogens, that is, those associated with peptide
bonds, are of particular interest because their rate of exchange with solvent is
dependent on structure and generally occurs over a time range that is readily
accessible experimentally. All of the amide hydrogens are replaced by deu-
terium at approximately the same rate when a denatured protein is put into
D2O. However, for native proteins the rate depends on the environment of
each amide hydrogen. For example, if the amide hydrogen is involved in a
stable a-helix, the rate of exchange will be slower than if it is freely exposed
to solvent.Amide hydrogens directly exposed to solvent exchange rapidly with
the solvent. The remaining amide hydrogens can be divided roughly into two
classes. One class exchanges due to the making and breaking of local struc-
tures: this is often called breathing motions of the protein. The second, slower,

m/z
1400 3400

0

100
R

el
at

iv
e 

ab
u

n
d

an
ce

 (
%

)
G I I

N

V

P
T

P
G

V
L

V
T G I A K H G

Figure 8-7. Mass spectrum of a mixture of peptides from an HIV protease following
sequential removal of an amino acid from the N-terminus of the peptide. The letters
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exchanging class of hydrogens is associated with the global structure of the
protein.They usually do not exchange unless the native structure is denatured.
Within each of these classes, subgroups can be found, especially the class asso-
ciated with local structures (cf. 5 and 6 for reviews of this subject).

For each subgroup the exchange process can be described by the 
mechanism:

(8-9)

Here, NHcl and NHop are the closed and open forms of the protonated enzyme:
closed means hydrogen exchange cannot occur, and open means hydrogen
exchange can occur. ND is the deuterated amide(s), and the rate constants are
for the opening, closing, and exchange of the unprotected amide reactions. If
the intermediate state is assumed to be in a steady state, the rate constant for
the overall exchange reaction is

(8-10)

Two limiting cases exist. If the rate constant for closure is much faster than
the rate constant for the replacement of hydrogen by deuterium (kcl � kint),
kex = kopkint/kcl. If kint � kcl, then kex = kop. These are called the EX2 and EX1
limits. In the former case, since kex can be estimated from studies with model
compounds, the equilibrium constant kop/kcl can be calculated and is a direct
measure of the thermodynamic stability of the structural element under 
consideration.

If deuterium is substituted for hydrogen, the molecular weight of the
protein increases so that mass spectrometry is an excellent tool for studying
hydrogen/deuterium exchange. NMR has also been used extensively because
it can monitor specific individual amide protons in a single experiment.
However, it can not easily detect multiple populations of the same conforma-
tion. The combination of NMR and mass spectrometry provides a powerful
experimental approach to the study of protein folding, but only a few selected
examples studied with mass spectrometry are considered here.

In the EX2 limit, the open and closed forms of the protein are in equilib-
rium so that, as deuterium is substituted for hydrogen, only a single protein
species of increasing molecular weight is observed during the time course of
exchange. The starting protein species would have all amide hydrogens and
the final protein species all deuteriums, with intermediate species having a spe-
cific number of hydrogens and deuteriums. This is shown schematically in
Figure 8-8. In the EX1 limit, the opening reaction is rate determining, with
rapid exchange following. Therefore, two species should be present during the
time course of the exchange, one completely deuterated and the other com-
pletely hydrogenated at the amide position. This situation is also shown
schematically in Figure 8-8. The shape of the mass spectrum peaks in the EX1
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limit can provide information about correlated exchange reactions and other
reaction dynamics, but we will not discuss this more complex situation (6).

An extensive study of the incorporation of deuterium into rabbit muscle
aldolase has been carried out (7). The protein was incubated in D2O for a 
specified length of time. The exchange reaction was quenched by lowering 
the pD to 2.5 and the temperature to 0°C. Under these conditions the rate 
of the exchange reaction (kex) becomes very slow. Denaturant was used to
increase the initial rate of exchange—it promotes the formation of open 
forms. After quenching, the protein was proteolyzed with pepsin, and the 
peptides were subjected to mass spectral analysis by ESI. The time depend-
ence of the exchange reaction was determined, and it was found that two dif-
ferent peptides incorporated deuterium at different rates. Both protonated
and deuterated peptides were found, but intermediate states with both protons
and deuterons were not found. This indicated that the EX1 limit is operative.
Thus, the mass spectra showed that the EX1 mechanism of exchange was
occurring and that the hydrogen/deuterium exchange for the two peptides
took place at different rates, indicating differences in kinetic stability within
the protein.

Mass spectrometry can also be used to study the exchange reaction in the
EX2 limit which provides direct information about the thermodynamic sta-
bility of the protein. Mass spectrometry coupled with hydrogen exchange pro-
vides a means of rapidly scanning a library of proteins for relative stability (8).
The stability of overexpressed proteins in crude cell lysates also can be
assessed (9). In the latter case, the increase in mass of the overexpressed
protein after exposure to D2O for a fixed time was determined at different
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Figure 8-8. Schematic representation of mass spectra for the EXI (A) and EX2 (B)
exchange limits midway through the hydrogen/deuterium exchange reaction. The mass
of the protein or peptide increases as the amide hydrogen is replaced by deuterium.
In the EX1 limit, each protein or peptide molecule has either all hydrogens or all
deuterons, whereas in the EX2 limit, each protein or peptide molecule contains both
hydrogens and deuterons.
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guanidine chloride concentrations. The reaction was quenched by addition to
a MALDI matrix. The increase in mass for a number of variants of the protein
l repressor followed the typical sigmoidal behavior for a two-state denatura-
tion, and the relative stability of seven mutants was determined. The results
correlated well with those from circular dichroism measurements. The same
method can be used to estimate binding constants since ligand binding gen-
erally stablizes the native protein configuration. In addition, binding of a ligand
or macromolecule may selectively alter the exchange rate for specific regions
of the target protein, thus providing information about the region of the
protein involved in binding. The ability to rapidly screen many samples is a
unique advantage of mass spectrometry for such studies.

OTHER BIOMOLECULES

Although the mass spectrometry literature has been dominated by the 
study of proteins in recent years, largely because of the genome project and 
proteomics, many other biomolecules have been studied. Post-translational
modification of proteins is a good example. After proteins are synthesized 
in the cell, they are often modified, for example, by glycosylation and 
phosphorylation.

The attachment of a carbohydrate to a protein is often important for its
function and localization. Carbohydrates also play a significant role in the reg-
ulation of physiological processes. Determination of the structure of glyco-
proteins is challenging, and mass spectrometry can play an important role. If
a protein is not homogeneous with respect to glycosylation, multiple molecu-
lar weights will be observed. MALDI is especially useful since it generally pro-
duces a single charged species and permits the multiple species to be easily
sorted. ESI produces multiple ions for each species but has better mass reso-
lution. The molecular mass of the attached carbohydrate can be determined
by treating the protein with glycosidases to free the protein of the carbohy-
drate. If the extent of glycosylation is not great, the nature of the attached
group can sometimes be inferred directly. If similar experiments are carried
out in conjunction with peptide mapping (proteolysis and separation of pep-
tides), the attachment sites of the carbohydrate can be ascertained. Ultimately,
sequencing of the carbohydrate is required for complete characterization, and
MS/MS methods are useful in this regard. The coupling of database searching
and mass spectrometry is a promising approach for the characterization of 
carbohydrates. Although the characterization of carbohydrate structures is 
difficult and not yet well developed, its importance in biology is well recog-
nized (1).

Finally, mention should be made of the application of mass spectrometry
to characterizing oligonucleotides and lipids. In the case of lipids, it is a primary
tool for structural characterization of the many diverse types of lipids that
occur in nature. For nucleic acids, it is especially useful for determining mod-
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ification of bases. We also have not dwelt on the characterization of metabo-
lites; mass spectrometry is a tool of choice for small molecules because of the
small amount of sample required to obtain a complete structure.
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PROBLEMS

8.1. The mass spectrum of the enzyme lysozyme was determined using ESI,
and several positive ion peaks were observed. Peaks at m/z = 1432 and
1592 were found adjacent to each other. Calculate the molecular weight
of lysozyme. Assume that the charges are due to protonation of the
protein and that z differs by one unit for the two peaks.

8.2. A peptide was subjected to degradation from the N-terminus (Edman
degradation). The resultant mixture was subjected to MALDI/MS analy-
sis.The following ladder of m/z was observed: 977.2, 1064.3, 1151.4, 1222.6,
1378.9, and 1465.9. Assume that z = 1 in all cases, and derive the sequence
of the N-terminal region of the peptide. The identical peptide was enzy-
matically phosphorylated with protein kinase C. For this peptide, the
ladder of m/z was as follows: 977.3, 1064.3, 1231.6, 1302.6, 1458.9, and
1545.9. Explain these results.

8.3. Derive an equation for the time of flight of an ion with a mass/charge
ratio of m/z that travels a distance L in the mass spectrometer. Calculate
the time of flight for a particle with m/z = 200 amu that was accelerated
by 3000 volts over a distance of 30cm. (Hint: Start with Eq. 8-6 in your
derivation. Be careful of the units in making your calculation.)
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8.4. Avidin is a glycoprotein found in egg white. It binds an important bio-
molecule, biotin, very tightly. Mass spectrometry of avidin using ESI dis-
played the usual multiple peak spectrum due to multiple charges on a
single avidin molecule. Two of the peaks had m/z values of 4002 and 4251.
When the avidin was reacted with biotin prior to mass spectrometry, these
peaks had m/z values of 4058 and 4312. Determine how many molecules
of biotin are bound per molecule of avidin.The molecular weight of biotin
is 244.



APPENDIX 1

USEFUL CONSTANTS AND
CONVERSION FACTORS

Avogadro’s number, N0 6.0221 ¥ 1023 mole-1

Gas constant, R 8.3144 ¥ 107 erg K-1 mole-1

8.3144 Joule K-1 mole-1

1.9872 calorie K-1 mole-1

0.082057L atmosphere K-1 mole-1

Boltzmann’s constant, kB 1.3806 ¥ 10-23 Joule K-1 molecule-1

Planck’s constant, h 6.6262 ¥ 10-34 Joule-second
Speed of light, c 2.9979 ¥ 108 m second-1

Standard gravity, g 9.8066 meter second-2

Electronic charge, e 1.6022 ¥ 10-19 Coulomb
Electron mass, me 9.1094 ¥ 10-31 kg
Proton mass, mp 1.6276 ¥ 10-27 kg
Faraday constant, F 9.6485 ¥ 104 Coulomb mole-1

1 calorie = 4.184 Joule
1 Joule = 107 erg = 1 volt-Coulomb
1 electron volt = 1.602 ¥ 10-19 Joule
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Circular dichroism (CD) 64, 66
differential extinction coefficient 67
DNA-zinc fingers 77–78
ellipticity 67
molar ellipticity 67
nucleic acids 69–70
P protein 75–76
proteins 67–69

COSY (correlated spectroscopy)
116

l cro repressor protein 118
Cotton effect 67
Coupled equilibria 77
Crystal systems 19
Cyclic-AMP response element
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de Broglie wavelength 4
Difference spectroscopy 41
Diffraction
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x rays 21
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Absorption spectra 36
Active transport 139
Acridine orange-DNA binding 71
Adenine spectrum 41
Adenylic acid (poly) 70
Aldolase, folding 159
a-helix

CD and ORD 68
structure 28

a-ketoglutarate dehydrogenase 81–83
fluorescence anisotropy 82

Amino acids
spectra 38
structures 165–166

Anisotropy 79, 80, 82
Anharmonic oscillator 91

Beer-Lambert law 36
b sheet

CD and ORD 68
structure 28

Bravais lattice 18
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Chloroplast coupling factor 55–57
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Diffusion
facilitated 139
rotational 80

Dihydrofolate reductase 57–58
resonance Raman 100–101

DNA
A-DNA structure 26
acridine orange binding 71–73
B-DNA structure 25
melting 42
protein interactions 71
transcription 129, 132
Z-DNA structure 26

DNA polymerase
enzyme catalysis 30
processive reaction 31
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structure 23

Electromagnetic radiation 2
polarized 63
wavelength designations 2

Electron spin resonance (electron
paramagnetic resonance)
122–125

hyperfine splitting 122
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Fluorescence 35, 47
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energy transfer 52–54
lifetime 53
microscopy 58
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Förster energy transfer 52–54
Fourier transform 11, 13

infrared 92
ion cyclotron resonance 148
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x ray 22

Franck-Condon principle 89
Free induction decay (FID) 107
FUSE binding protein 132

Glycosylation 160
Guanine spectrum 41
Gyromagnetic ratio 104–105

Harmonic oscillator 90–91
energy levels 90
frequency 90

Helicase 51
Heme 29–42
Hemoglobin
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spectrum 12, 42
structure 30

HIV genome 80–81
Hydrogen exchange 157–159
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EX1 158
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correlation) 118
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c-AMP response element 131

Infrared spectroscopy 92
Fourier transform 92
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protein secondary structure 95–97
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electrospray (ESI) 153
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151
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Isomorphous replacement 23

Jablonski diagram 48
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nitroxide spin label 140
structure 141
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Larmor frequency 106

MAD (multiple wavelength anomalous
dispersion) 22

Magnetic resonance imaging 121
Mass analysis 145–147

resolution 146
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Mass spectra
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lipids 160
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proteins 154–156
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mass spectrum 153
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COLOR PLATES

Figure 2-5. Stick-figure representation of the B form of the DNA double helix. The
planes of the hydrogen-bonded bases can be seen, as well as the twisting of the chains
to form a double helix.The pale yellow spheres are the phosphorous atoms of the sugar
phosphate backbone on the outside of the helix. The bases are color coded, and the
two grooves in the structure are labeled. Copyright by Professor Jane Richardson.
Reprinted with permission. [From G. G. Hammes, Thermodynamics and Kinetics for
the Biological Sciences, Wiley-Interscience, New York, 2000.]
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COLOR PLATES

Figure 2-6. Structure of yeast phenylalanine t-RNA with the backbone in cyan
(Protein Data Bank entry 1EHZ). The L-shaped structure can be seen and the hydro-
gen bonding of the side chains to form helical structures. The anticodon loop is at the
bottom of the long arm of the L. Copyright by Professor David C. Richardson. Re-
printed with permission. Kinemage graphics, then rendered in Raster3D.
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Figure 2-8. The a-helix found in many proteins. The yellow arrow follows the right-
handed spiral of one helical turn. The hydrogen bonds between backbone peptide
bonds are brown lines, the oxygens are red, and the nitrogens blue.The hydrogen bonds
are formed between the ith carbonyl and i + 4 NH in the peptide backbone. Copyright
by Professor Jane Richardson. Reprinted with permission. [From G. G. Hammes, Ther-
modynamics and Kinetics for the Biological Sciences, Wiley-Interscience, New York,
2000.]
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Figure 2-9. The b-pleated sheets found in many proteins. Both parallel and antiparal-
lel strand-strand interactions are shown, as indicated by the yellow arrows. Again, the
hydrogen bonds between backbone peptide bonds are shown as brown lines between
the oxygens and nitrogens. Copyright by Professor Jane Richardson. Reprinted with
permission. [From G. G. Hammes, Thermodynamics and Kinetics for the Biological 
Sciences, Wiley-Interscience, New York, 2000.]



Figure 2-10. Ribbon structure of sperm whale myoglobin (Protein Data Bank entry
1A6M). The large amount of a-helical structure is apparent. The space filling structure
in cyan is the heme. Copyright by Professor David C. Richardson. Reprinted with per-
mission. Kinemage graphics, then rendered in Raster3D.

Figure 2-11. Schematic structure of ribonuclease A with uridine vanadate (magenta)
bound to the active site (Protein Data Bank entry 1RUV). Both a-helical and b-sheet
structure can be seen, as well as structure that does not have a regular array of hydrogen
bonds. The disulfide linkages are in yellow, and the green residues are histidines 12 and
119, which are essential for catalytic activity. Copyright by Professor David C. Richard-
son. Reprinted with permission. Kinemage graphics, then rendered in Raster3D.



Figure 2-12. Schematic representation of the R (bottom, pink) and T (top, blue) forms
of the hemoglobin a2b2 tetramer. The hemes where the oxygen binds can be seen in the
structure. The yellow side chains form salt bonds in the T structure that are broken tin
the R. structure. One pair of the a-b subunits also rotates with respect to the other by
about 15° in the interconversion of R and T forms. Copyright by Professor Jane
Richardson. Reprinted with permission. [From G. G. Hammes, Thermodynamics and
Kinetics for the Biological Sciences, Wiley-Interscience, New York, 2000.]
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Figure 2-13. Structure of a catalytic fragment of DNA polymerase from Bacillus
stearothermophilus. The “thumb” and “fingers” of the structure are labeled, and the
template and primers can be seen as stick structures. Copyright by Professor L. S. Beese,
Duke University. Reproduced with permission.

Figure 7-2. NMR structure of the TAZ2 (CH3) domain of CBP. A superposition of 20
structures are shown. The orange balls are Zn2+, the yellow ball-and-stick representa-
tions are cysteines, and the purple and blue structures are imidazoles from histidines.
The four a-helices can be easily discerned. PDB entry 1F81. Copyright by Professor
David C. Richardson. Reprinted with permission. Kinemage graphics, then rendered in
Raster3D.
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Figure 7-3. Structure of a KH3-DNA complex determined with NMR. The DNA 
(10mer) is shown in magenta as a ball-and-stick model, and the protein backbone is in
cyan. PDB entry 1J5K. Copyright by Professor David C. Richardson. Reprinted with
permission. Kinemage graphics, then rendered in Raster3D.
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