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Preface

There is an incredible amount of current global research activity devoted to under-
standing the chemistry of life. The genomic revolution means that we now have
the basic genetic information in order to understand in full the molecular basis of
the life process. However, we are still in the early stages of trying to understand the
specific mechanisms and pathways that regulate cellular activities. Occasionally
discoveries are made that radically change the way in which we view cellular activ-
ities. One of the best examples would be the finding that reversible phosphoryla-
tion of proteins is a key regulatory mechanism with a plethora of downstream con-
sequences. Now the seminal discovery of another post-translational modification,
protein ubiquitylation, is leading to a radical revision of our understanding of cell
physiology. It is becoming ever more clear that protein ubiquitylation is as impor-
tant as protein phosphorylation in regulating cellular activities. One consequence
of protein ubiquitylation is protein degradation by the 26S proteasome. However,
we are just beginning to understand the full physiological consequences of cova-
lent modification of proteins, not only by ubiquitin, but also by ubiquitin-related
proteins.

Because the Ubiquitin Proteasome System (UPS) is a relatively young field of
study, there is ample room to speculate on possible future developments. Today a
handful of diseases, particularly neurodegenerative ones, are known to be caused
by malfunction of the UPS. With perhaps as many as 1000 human genes encoding
components of ubiquitin and ubiquitin-related modification pathways, it is almost
certain that many more diseases will be found to arise from genetic errors in the
UPS or by pathogen subversion of the system. This opens several avenues for the
development of new therapies. Already the proteasome inhibitor Velcade is produc-
ing clinical success in the fight against multiple myeloma. Other therapies based
on the inhibition or activation of specific ubiquitin ligases, the substrate recogni-
tion components of the UPS, are likely to be forthcoming. At the fundamental re-
search level there are a number of possible discoveries especially given the surpris-
ing range of biochemical reactions involving ubiquitin and its cousins. Who would
have guessed that the small highly conserved protein would be involved in endocy-
tosis or that its relative Atg8 would form covalent bonds to a phospholipid during
autophagy? We suspect that few students of ubiquitin will be surprised if it or a

Xl
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Preface

ubiquitin-like protein is one day found to be covalently attached to a nucleic acid
for some biological purpose.

We are regularly informed by the ubiquitin community that the initiation of this
series of books on the UPS is extremely timely. Even though the field is young, it
has now reached the point at which the biomedical scientific community at large
needs reference works in which contributing authors indicate the fundamental
roles of the ubiquitin proteasome system in all cellular processes. We have at-
tempted to draw together contributions from experts in the field to illustrate the
comprehensive manner in which the ubiquitin proteasome system regulates cell
physiology. There is no doubt then when the full implications of protein modifica-
tion by ubiquitin and ubiquitin-like molecules are fully understood we will have
gained fundamental new insights into the life process. We will also have come to
understand those pathological processes resulting from UPS malfunction. The
medical implications should have considerable impact on the pharmaceutical in-
dustry and should open new avenues for therapeutic intervention in human and
animal diseases. The extensive physiological ramifications of the ubiquitin protea-
some system warrant a series of books of which this is the first one.

Aaron Ciechanover
Marty Rechsteiner
John Mayer
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1
Brief History of Protein Degradation and
the Ubiquitin System

Avram Hershko

1.1
Introductory Remarks

The reader of this book may be impressed (and possibly overwhelmed) by the enor-
mous recent progress in this field. The ubiquitin system is now known to be in-
volved in basic biological processes, such as the control of cell division, signal
transduction, regulation of transcription, DNA repair, quality control in the endo-
plasmic reticulum, stress response, induction of immune response and inflamma-
tion, apoptosis, embryonic development, and circadian clocks, to mention but a
few. It has been implicated in diseases such as many types of cancer, neurodege-
nerative diseases (such as certain types of Parkinson’s, Alzheimer’s and Hunting-
ton’s diseases), retroviral infections, certain types of hypertension, mental retarda-
tion, and cachexia associated with cancer, renal failure, or sepsis. New functions of
ubiquitin and of ubiquitin-like proteins are being reported almost every month,
and the number of publications in this field is increasing at an exponential (and
bewildering!) rate. It may be therefore instructive to consider briefly the humble
beginnings of this field, how significant progress was achieved, and also how at
times progress was impeded by wrong dogmas. Important lessons can be learned
from both achievements and failures in science.

1.2
Protein Degradation — Does It Exist?

In the first three decades of the twentieth century, a generally accepted theory of
protein metabolism was that proposed by Folin [1]. Based on studies on the chem-
ical composition of urine in humans fed protein-rich or protein-free diets, Folin
proposed that there are two separate pathways of protein catabolism, which he
called “endogenous” and “exogenous” types of protein catabolism. According to
this concept, “‘exogenous” protein catabolism originates from dietary proteins, ac-
counts for the major part of urea excreted under normal conditions, and shows
wide variations according to dietary protein intake. By contrast, “endogenous” pro-
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tein catabolism was thought to originate from tissue proteins, to be mainly repre-
sented by excreted creatinine, not to be affected by the amount of dietary protein
intake, and to account for a minor part of nitrogenous compounds excreted in the
urine. Because of the minor proportion of “endogenous” protein catabolism, it was
thought that cellular proteins are predominantly stable, and only a small fraction
resulting from “wear and tear” of tissue proteins is subject to catabolism [1].

In spite of its obviously wrong assumptions (such as that creatinine is the end
product of protein catabolism), Folin’s theory was widely accepted and cited in text-
books of biochemistry until the late thirties. At that time, a breakthrough in the
field was achieved by the pioneering studies of Schoenheimer and co-workers,
who introduced the extensive use of isotopically labeled compounds in biological
studies. In a typical experiment [2], 1*N-labeled 1-leucine was administered to
well-fed rats, and the distribution of the isotope in excreta and in body tissues was
examined. According to the concept of Folin, most exogenously administered leu-
cine should have appeared in urinary waste products. This was not the case: less
than one-third of the isotope was excreted in the urine, and most of it was found
to be incorporated into tissue proteins [2]. Since the weight of the animals did not
change during the experiment, it could be assumed that the mass and composition
of body proteins also did not change. It was concluded, therefore, that newly incor-
porated amino acids must have replaced those in tissue proteins in a process of
protein turnover. From these studies a new concept has emerged according to
which cellular proteins, and some other body constituents, are in a dynamic state
of constant and extensive renewal [3].

Schoenheimer’s concept of the dynamic state of body proteins did not remain
unchallenged. In 1955, Monod and co-workers studied the origin of amino acids
utilized for the synthesis of newly induced f-galactosidase in growing E. coli [4].
Bacteria were first labeled with 3S0O,2~ and then were transferred to unlabeled
medium containing the inducer methyl-f-p-thiogalactoside. Newly synthesized f-
galactosidase was isolated and was found not to contain significant amounts of ra-
dioactivity. This result suggested that in growing E. coli, the degradation of most
cellular proteins is negligibly slow, otherwise newly synthesized f-galactosidase
would have contained 3°S-labeled amino acids originating from the degradation of
pre-existing proteins. Instead of restricting these conclusions to the case of grow-
ing E. coli, the authors went on to generalize and proposed that cellular proteins
are also stable in mammalian tissues. They furthermore suggested that in Schoen-
heimer’s experiments, incorporation of amino acids into tissue proteins might be
due to the replacement of cells lost by cell lysis or the replacement of secreted pro-
teins [4]. This was, in effect, a return to Folin’s dogma of static cellular proteins.

So great was the authority of Monod at that time that the dynamic state concept
of Schoenheimer fell into disfavor, as judged by contemporary review articles [5].
Gradually, however, experimental evidence accumulated which refuted Monod’s
hypothesis. Using mammalian cells in culture, Eagle and co-workers carefully ex-
amined the problem of cellular protein turnover vs. cell turnover or protein secre-
tion [6]. In a variety of growing or resting cells in culture, cellular proteins were
replaced at a high rate of approx. 1% h~!. This was due to true protein turnover
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and not to the replacement of secreted proteins or lysed cells, as indicated by the
lack of significant amounts of labeled proteins in the culture medium. Further
work in several laboratories has shown that protein degradation in animal cells is
extensive and is highly selective. Thus, for example, abnormal proteins produced
by the incorporation of some amino acid analogues or by certain mutations are se-
lectively recognized and are rapidly degraded in cells [7]. However, it is not correct
to state (as is written in some current articles) that, until recently, protein degrada-
tion was thought to be mainly a “garbage disposal” system to get rid of abnormal
proteins. In the late sixties, it was already evident that normal proteins are also de-
graded in a highly selective mode. The half-lifetimes of different proteins range
from several minutes to many days, and rapidly degraded normal proteins usually
have important regulatory functions. These properties of intracellular protein deg-
radation and the importance of this process in the control of the levels of specific
proteins were summarized by Schimke and Doyle in 1970 [8].

In retrospect, one can only speculate why the concept of intracellular protein
degradation was resisted for such a long time. It is possible that one reason was
the difficulty in accepting the idea that cells carry out such a wasteful process. A
substantial amount of energy is invested in the formation of peptide bonds in the
process of protein synthesis, and all this energy is dissipated when the protein is
degraded. A possible explanation is that energy expenditure is used to achieve reg-
ulation. Our current knowledge of some of the functions of the ubiquitin system is
consistent with this notion.

1.3
Discovery of the Role of Ubiquitin in Protein Degradation

Although the basically important cellular functions of selective protein degradation
became evident in the late sixties, the molecular mechanisms involved in this pro-
cess remained unknown. I became interested in the problem of how proteins are
degraded in cells when I was a postdoctoral fellow in the laboratory of Gordon
Tomkins in 1969-71. Gordon was mainly interested at that time in the mecha-
nisms by which steroid hormones induce the synthesis of specific proteins. His
model system for this purpose was the regulation of the enzyme tyrosine amino-
transferase (TAT) in cultured hepatoma cells. Like other regulatory proteins, TAT
has a rapid degradation rate. I found at that time, quite by accident, that the degra-
dation of TAT is blocked by inhibitors of cellular ATP production, such as fluoride
or dinitrophenol [9]. These results confirmed and extended earlier findings of
Simpson [10] on the energy-dependence of the liberation of amino acids from pro-
teins in liver slices. Since ATP depletion also prevented the inactivation of the en-
zymatic activity of TAT, it was concluded that energy is required at an early step in
the process of protein degradation [9].

I was very much impressed by the energy-dependence of intracellular protein
degradation because it suggested the involvement of a novel mechanism, different
from that of known proteolytic enzymes. One attractive possibility that I consid-
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ered was that proteins may be modified by some energy-dependent reaction prior
to their degradation, and that such modification renders them susceptible to the
action of some proteolytic enzyme [11]. To examine the existence of such (or any
other) mechanism, a cell-free system was required, which faithfully reproduced
energy-dependent protein degradation in the test tube, and which could be sub-
jected to biochemical analysis. A cell-free ATP-dependent proteolytic system from
reticulocyte lysates was first established by Etlinger and Goldberg [12]. Subse-
quently, my laboratory subjected this system to biochemical fractionation, with
the aim of isolating its components and characterizing their mode of action. In
this work, I was greatly helped by Aaron Ciechanover, who was my graduate stu-
dent at that time. I have also received a lot of support, help, and great advice from
Irwin Rose, in whose laboratory at Fox Chase Cancer Center [ worked in a sabbat-
ical year in 1978-79 and for many summers afterwards.

In the initial experiments, we resolved reticulocyte lysates on DEAE-cellulose
into two crude fractions: Fraction 1, which contained proteins not adsorbed to the
resin, and Fraction 2, which contained all proteins adsorbed to the resin and eluted
with high salt. The original aim of this fractionation was to get rid of hemoglobin,
which was known to be in Fraction 1, while most non-hemoglobin proteins of
reticulocytes were known to be in Fraction 2. We found that neither fraction was
active by itself, but ATP-dependent protein degradation could be reconstituted by
combination of the two fractions [13]. The active component in Fraction 1 was a
small, heat-stable protein; we have exploited its stability to heat treatment for its
purification to near homogeneity. We termed this protein at that time APF-1, for
ATP-dependent Proteolysis Factor 1 [13]. The identity of APF-1 with ubiquitin was
established later by Wilkinson et al. [14], subsequent to the discovery in my labora-
tory of its covalent ligation to protein substrates, as described below.

The next question was what is the role of this small protein in ATP-dependent
protein degradation. It looked smaller than most enzymes, so at first I thought
that it might be a regulatory subunit of some enzyme (such as a protein kinase or
an ATP-dependent protease) present in Fraction 2. To test this notion, we looked
for the association of APF-1/ubiquitin with some protein in Fraction 2. For this
purpose, purified radiolabeled APF-1/ubiquitin was incubated with Fraction 2 in
the presence or absence of ATP, and subjected to gel filtration chromatography.
A marked ATP-dependent association of APF-1/ubiquitin with high molecular
weight material was observed [15]. It was very surprising to find that binding was
covalent, as indicated by the resistance of the high molecular weight derivative to a
variety of denaturing agents [15]. Subsequent work showed that proteins to which
ubiquitin is bound are substrates of the ATP-dependent proteolytic system [16].
Based on these findings, we proposed in 1980 that proteins are targeted for degra-
dation by covalent ligation to APF-1/ubiquitin and hypothesized that a protease ex-
ists that specifically degrades proteins ligated to ubiquitin [16]. Shortly afterwards,
the identity of APF-1 with ubiquitin was established by Wilkinson et al. [14]. Ubig-
uitin was originally isolated by Goldstein and co-workers in a search for hormones
from the thymus, but was subsequently found to be present in all tissues and
eukaryotic organisms, hence its name [17]. The functions of ubiquitin were not
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known, though it was discovered by Goldknopf, Busch, and co-workers that ubig-
uitin is conjugated to histone 2A in an isopeptide linkage [18].

1.4
Identification of Enzymes of the Ubiquitin-mediated Proteolytic System

In subsequent work in my laboratory, we tried to isolate and characterize enzymes
of the ubiquitin-mediated proteolytic system from Fraction 2 of reticulocytes, using
a similar biochemical fractionation—reconstitution approach. Over a period of about
ten years (1980-1990), we have identified eight different components in Fraction 2,
all of which were required for ubiquitin-ATP-dependent protein degradation. Three
of these are involved in the conjugation of ubiquitin to protein substrates. These
are the ubiquitin-activating enzyme E1 [19], ubiquitin-carrier protein E2 [20] and
ubiquitin-protein ligase E3 [20]. We found that E1 carries out the ATP-dependent
activation of the carboxy-terminal glycine residue of ubiquitin [21] by the forma-
tion of ubiquitin adenylate, followed by the transfer of activated ubiquitin to a thiol
site of E1 with the formation of a thiolester linkage [19, 20]. Activated ubiquitin
is transferred to a thiol site of E2 by transacylation, and is then further transferred
to an amino group of the protein substrate in a reaction that requires E3 [20].
All three types of enzyme were purified by affinity chromatography on ubiquitin-
Sepharose [20]. The terms E1, E2, and E3 were suggested by Ernie Rose; “E” stood
for enzyme, and not eluate, as stated in some articles. We found that the role of E3
is to specifically bind specific protein substrates [22]. Building on this observation,
it was proposed that the selectivity of ubiquitin-mediated protein degradation is
mainly determined by the substrate specificity of different E3 enzymes [23]. This
notion was verified by subsequent work in many laboratories on the selective
action of a large number of different E3 enzymes on their specific protein sub-
strates.

Three other components that my laboratory has identified and partially purified
from Fraction 2 of reticulocytes, termed CF1-CF3, are involved in the degradation
of proteins ligated to ubiquitin [24]. These are apparently subcomplexes of the
26S proteasome, a large ATP-dependent protease complex first described by Re-
chsteiner and co-workers [25]. CF3 is identical to the 20S proteasome core particle
[26], while CF1 and CF2 may be similar to the “base” and “lid” subcomplexes of
the 19S regulatory particle of the 26S proteasome, described more recently by the
Finley laboratory [27]. In hindsight, the reason for finding subcomplexes, rather
than the complete 26S complex in Fraction 2 was technical: we have routinely pre-
pared Fraction 2 from ATP-depleted reticulocytes [20], under which conditions the
26S proteasome dissociates to its subcomplexes. We found that incubation of the
three subcomplexes in the presence of ATP promotes their assembly to the 26S
proteasome [24, 26]. The role of ATP in the assembly of the 26S proteasome com-
plex remains unknown.

The last two enzymatic activities that we have described in reticulocytes are ubiq-
uitin C-terminal isopeptidases, which act at the final stages of the ubiquitin proteo-
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lytic pathway to release free and reusable ubiquitin from intermediary degradation
products. One is an enzyme called isopeptidase T, which preferentially cleaves
ubiquitin-Lys*-ubiquitin linkages in polyubiquitin chains [28]. Its main function
appears to be the disassembly of polyubiquitin chain remnants following proteoly-
sis of the protein substrate moiety of ubiquitin—protein conjugates by the 26S
proteasome complex. Another is a ubiquitin-C-terminal hydrolase that is an in-
tegral part of 26S proteasome complex [29]. Its role appears to be to release ubiq-
uitin from linkage to the protein substrate at the final stages of the action of the
26S proteasome. Unlike most ubiquitin-C-terminal hydrolases, this isopeptidase is
not inhibited by ubiquitin aldehyde, but is inhibited by the heavy metal chelator
o-phenanthroline [29]. It appears to be similar to the Rpn11 metalloprotease sub-
unit of the lid subcomplex, which has been recently identified by the Deshaies labo-
ratory and shown to be essential for substrate deubiquitination and degradation [30].

1.5
Discovery of Some Basic Cellular Functions of the Ubiquitin System

The discovery of the basic biochemistry of ubiquitin-mediated protein degradation
opened up the way for significant further progress in the elucidation of the roles
of this system in a large variety of biological processes. Such further progress
required the additional approaches of molecular genetics and cell biology. Thus,
the first indication of the role of the ubiquitin system in cell cycle control was the
discovery by Varshavsky and co-workers that the ts85 mammalian cell line, which
fails to enter mitosis at the restrictive temperature, is defective in the ubiquitin-
activating enzyme E1 [31]. The cloning of various genes of the ubiquitin system in
yeast by the same laboratory led to insights into the roles of the polyubiquitin gene
in stress response [32] and to the identification of the product of the DNA repair
gene RADG as an E2 protein [33]. Shortly afterwards, another E2 protein was iden-
tified as the product of the CDC34 gene, known to be involved in the G1 — S tran-
sition in the cell cycle [34]. These early studies on the molecular genetics of the
ubiquitin system initiated an avalanche of rapid progress in this field by many lab-
oratories.

The entry of molecular genetics into the ubiquitin field did not signal the end
of the usefulness of biochemical approaches. A good example of the power of the
combination of biochemistry with genetics is the discovery of the Anaphase Pro-
moting Complex/Cyclosome (APC/C), a large multisubunit ubiquitin ligase essen-
tial for exit from mitosis by the degradation of mitotic regulators such as cyclin B.
In 1983, Hunt and co-workers discovered cyclin B, the first cyclin, as a protein that
is destroyed at the end of each cell cycle in early embryos of marine invertebrates
[35]. This discovery not only opened up a new era in cell cycle research, but also
kindled interest in the problems of what is the machinery that targets cyclin B for
degradation, and why does it act only at the end of mitosis? Though researchers of
the cell cycle were at that time searching for a putative “cyclin protease”, I thought
that a specific ubiquitin ligase might exist that acts on cyclin B only at the end of
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mitosis. In 1991, independent work from the laboratory of Kirschner [36] and from
my laboratory [37] showed that cyclin B is degraded by the ubiquitin system. Both
laboratories employed biochemical approaches, using cell-free systems from early
embryos of frogs [36] and clams [37]. Initial fractionation of the system in my lab-
oratory [38] showed that in addition to E1, two novel components were required to
reconstitute cyclin—ubiquitin ligation. These were a specific E2, termed E2-C, and
an E3-like activity, which, in clam extracts, was associated with particulate material.
In 1995, rapid progress in this system took place due to the convergence of infor-
mation from biochemical experiments with genetic analysis in yeast. In work done
in collaboration with Joan Ruderman, we solubilized the E3-like activity and par-
tially purified and characterized it [39]. It was found to be a large (~1500 kDa)
complex, which has cyclin—ubiquitin ligase activity. The activity of this enzyme is
regulated in the cell cycle: it is inactive in the interphase and becomes active at
the end of mitosis by phosphorylation. We called this complex the cyclosome, to
denote its large size and important roles in cell-cycle regulation [39]. A similar
complex was isolated from frog extracts at the same time by the Kirschner lab,
and was called the Anaphase Promoting Complex [40]. The identification of subu-
nits of the APC/C was made possible by work from the Nasmyth laboratory, who
used an elegant genetic screen to identify yeast genes required for the proteolysis
of cyclin B [41]. The products of some of these genes, CDC16, CDC23 and CDC27,
had been previously shown to be required for the onset of anaphase in budding
and fission yeasts. Thus, the genetic work also proved the relevance of the bio-
chemical results on APC/C to its role in exit from mitosis in cells. Subsequent
work by several groups showed that APC/C is also involved in the degradation of
some other important mitotic regulators, such as securin, an inhibitor of anaphase
onset (reviewed in Ref. [42]). In addition, the APC/C is the target of the spindle
assembly checkpoint system, a surveillance mechanism that allows sister chroma-
tid separation only after all chromatids have been properly attached to the mitotic
spindle [43].

1.6
Concluding Remarks

Several lessons can be learned from our story. One is not to accept authority
in science. Monod’s statement that there is no protein turnover in animal cells
should not have been accepted without examination of the assumptions on which
the statement was based. A second is that if you believe that you have a biolog-
ically important problem to study, you should pursue it, even if very few other re-
searchers are interested in it. At the beginning, very few scientists were interested
in the ubiquitin system (and some of the few who knew about it thought it was
all wrong), but being obstinate was rewarding in the long run. If everyone only
worked on subjects that are in the current mainstream of science, very few new
fields would be discovered. The third lesson, which I keep reiterating with the
hope of convincing a few young scientists, is the continued importance of bio-
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chemistry in biomedical research. The ubiquitin system could not have been dis-
covered without the use of biochemical approaches, and biochemistry continues
to be essential, in combination with molecular genetics and cell biology, in un-
raveling the myriad cellular functions of this system and their underlying molecu-
lar mechanisms.
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2
N-terminal Ubiquitination: No Longer Such
a Rare Modification

Aaron Ciechanover
Abstract

The ubiquitin—proteasome system (UPS) is involved in selective targeting of in-
numerable cellular proteins via a complex pathway that plays important roles in a
broad array of processes. An important step in the proteolytic cascade is specific
recognition of the substrate by one of many ubiquitin ligases, E3s, that is followed
by generation of the polyubiquitin degradation signal. For most substrates, it is be-
lieved, though it has not been shown directly, that the first ubiquitin moiety is con-
jugated, via its C-terminal Gly’® residue, to an ¢&-NH, group of an internal lysine
residue. Recent findings indicate that for an increasing number of proteins, the
first ubiquitin moiety is fused linearly to the o-NH, group of the N-terminal resi-
due. An important biological question relates to the evolutionary requirement for
an alternative mode of ubiquitination.

2.1
Background

Two distinct structural elements play a role in the ubiquitination of a target pro-
tein: (i) the E3 recognition site and (ii) the anchoring residue of the polyubiquitin
chain. In most cases, it is believed, though it has been shown for only a few pro-
teins, that the first ubiquitin moiety is transferred to an ¢&-NH, group of an internal
lysine residue in the substrate. The N-terminal domain of the target protein has
attracted attention both as an E3 recognition domain and, recently, as a ubiquitina-
tion site.

As for specific recognition, in certain rare cases, the stability of a protein is
a direct function of its N-terminal residue, which serves as a binding site for
the ubiquitin ligase E3o (Ubrl in yeast; ‘N-end-rule’; [1, 2]). Accordingly, two
types of N-terminal residues have been defined, “stabilizing” and “destabilizing”.
For the Mos protein, it was found that its stability is governed primarily by the
penultimate proline residue and by a phosphorylation/dephosphorylation cycle



2.1 Background |11

of serine3 [3]. A mechanistic explanation for the role of the Pro and Ser residues is
still missing.

As for the lysine residue targeted, there is no consensus as to its specificity. In
some cases distinct lysines are required, while in others there is little or no specif-
icity. Thus signal-induced degradation of IxBo involves two particular lysine resi-
dues, 21 and 22 [4]. In the case of Gcn4, lysine residues in the vicinity of a specific
PEST degradation signal serve as ubiquitin attachment sites [5]. Mapping of ubig-
uitination sites of the yeast iso-2-cytochrome ¢ has revealed that the polyubiquitin
chain is synthesized almost exclusively on a single lysine [6]. In two other exam-
ples, that of Mos (see above; [3]) and the model “N-end rule” substrate X-f-gal
(where X is a short fused peptide not encoded by the native molecule [7]), one
and two lysines, respectively, that reside in proximity to the degradation signal are
required for ubiquitination. In striking contrast, ubiquitination of the { chain of
the T-cell receptor is independent of any particular lysine residue and proceeds as
long as one residue is present in the cytosolic tail of the molecule [8]. Similarly, no
single specific lysine residue is required for ubiquitination of either c-Jun [9] or
cyclin B [10]: any single lysine residue, even artificially inserted, can serve as a
ubiquitin acceptor. Important in this context is that only in a handful of cases it
has been shown directly, via chromatographic or mass spectrometric analyses,
that ubiquitin is indeed anchored to a lysine residue (see for example Refs.
[11, 12]). In most cases studied, and there are not too many, the assumption that
an internal lysine serves as the polyubiquitin chain anchor is indirect and based on
mutational analyses.

One interesting case involves the artificial fusion protein ubiquitin-Pro-X-f-
galactosidase. In this chimera, the ubiquitin moiety was fused to the N-terminal
Pro residue of the protein. Unlike other ubiquitin-B-X-f-galactosidase species
(where B is any of the remaining 19 amino acid residues), here ubiquitin is not
removed by isopeptidases and serves as a degradation signal following generation
of a polyubiquitin chain that is anchored to Lys48 of the artificially fused ubiquitin
moiety [13]. However as noted, in this case the ubiquitin moiety was fused to the
N-terminal residue artificially.

The first substrate that was identified in which the N-terminal residue serves
as a ubiquitination target was MyoD. The basic helix-loop-helix (bHLH) protein
MyoD is a tissue-specific transcriptional activator that acts as a master switch
for muscle development. MyoD forms heterodimers with other proteins belonging
to the bHLH group, such as the ubiquitously expressed E2A, E12 and E47. These
dimers are probably the transcriptionally active forms of the factor. Association of
MyoD with HLH proteins of the Id family (inhibitors of differentiation that lack
the basic domain) inhibits its DNA-binding and biological activities. MyoD is a
short-lived protein with a half-life of ~45 min [14, 15]. Degradation of MyoD is
mediated by the ubiquitin system both in vitro and in vivo. Furthermore, the pro-
cess is inhibited by its consensus DNA-binding site. In contrast, addition of Id1
destabilizes the MyoD-E47-DNA complex and renders the protein susceptible to
degradation [15].
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2.2
Results

To analyze specific ubiquitination sites in MyoD, we used site-directed mutagene-
sis to substitute systematically all the lysine residues with arginines [16]. The pro-
tein contains nine lysine residues, most of them located within the N-terminal do-
main of the molecule. The nine residues are in positions 58, 99, 102, 104, 112, 124,
133, 146 and 241. The various proteins were generated either by expression in bac-
teria followed by purification, or by in vitro translation in reticulocyte lysate in the
presence of [**S]methionine. Conjugation and degradation of the proteins were
monitored in a reconstituted cell-free system or in cells. Proteins were detected
by either Western blot analysis or Phosphorlmaging. Surprisingly, even a MyoD
species that lacked all lysine residues was still degraded efficiently in an ATP-
dependent manner in vitro. To demonstrate involvement of the ubiquitin system
in the process, we followed the degradation of wild-type (WT) and lysine-less (LL)
MyoD in the absence and presence of ubiquitin. Similar to the degradation of
the WT protein, degradation of the LL MyoD was completely dependent upon the
addition of exogenous ubiquitin to an extract that does not contain it (Fraction II).
Furthermore, addition of methylated ubiquitin, which cannot form polyubiqui-
tin chains and serves as a chain terminator [17], inhibited the degradation of LL
MyoD. The inhibition could be alleviated by the addition of excess of free ubiq-
uitin. These results strongly suggested that polyubiquitination of LL MyoD is nec-
essary for degradation of the protein. Furthermore, they implied that the polyubig-
uitin chain is synthesized on internal lysine residues of ubiquitin. To demonstrate
directly polyubiquitinated LL MyoD, we used in-vitro-translated **S-labeled protein
in a partially reconstituted system. We demonstrated that LL MyoD generates high
molecular mass ubiquitinated adducts. It should be noted, however, that these con-
jugates are of somewhat lower molecular mass than those of the WT MyoD. This
can be attributed to the role that the internal lysine residues also play in the pro-
cess (see also below).

To investigate the physiological relevance of the observations in the cell-free
system, we followed the fate of the different MyoD lysine-mutated proteins in
vivo, using pulse-chase labeling experiments in COS-7 cells that were transiently
transfected with the different MyoD cDNAs. In agreement with our in vitro data,
the lysine-less MyoD protein is degraded efficiently in cells as well. However, we
could observe a progressive increase in the half-life of the proteins of up to ~2-
fold with the gradual substitution of the lysine residues. While the half-life of WT
MyoD was ~50 min, that of LL MyoD was ~2 h. Interestingly, we found that the
stability of MyoD is not affected by the substitution of any specific lysine residue,
and it is the total number of these residues that determines the half-life of the pro-
tein. To identify the system involved in the destruction of LL MyoD in vivo, trans-
fected cells were incubated in the presence of inhibitors of proteasomal and lysoso-
mal degradation. Chloroquine, a general inhibitor of lysosomal proteolysis, and
E-64, a cysteine protease inhibitor that affects lysosomal, but also certain cytosolic
proteases, had no effect on the stability of the LL MyoD. In striking contrast, the
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proteasomal inhibitors MG132 and lactacystin blocked degradation of the LL pro-
tein significantly. To demonstrate the intermediacy of ubiquitin conjugates in the
degradation of LL MyoD, we incubated COS-7 cells, transiently transfected with
either WT or LL MyoD cDNAs, with MG132, and followed generation of ubiquitin-
MyoD adducts. Immunoprecipitation with anti-MyoD antibody followed by West-
ern blot analysis with anti-ubiquitin antibody revealed accumulation of high molec-
ular mass compounds in cells transfected with either WT or LL MyoD. A similar
analysis of mock-transfected cells clearly demonstrated the specificity of both the
anti-MyoD and anti-ubiquitin antibodies.

Based on these results, it was clear that polyubiquitination is essential for target-
ing MyoD for degradation. The lack of internal lysine residues, the only known tar-
gets for ubiquitin modification, made it important to identify the functional group
that can serve as an attachment site for ubiquitin. Chemically, several groups can
generate covalent bonds with ubiquitin. Ser and Thr can participate in ester bond
formation, while Cys can generate a thiol ester bond. However, these bonds are un-
stable and are hydrolyzed in either high pH (Ser and Thr) or high concentration of
—SH groups (Cys). The stability of the MyoD-ubiquitin adducts under these con-
ditions made it highly unlikely that any of these modifications is the one we
observed.

A likely candidate, however, was the free amino group of the N-terminal residue
of the protein, which can generate a stable peptide bond with the C-terminal Gly
residue of ubiquitin. Edman degradation of the N-terminal residue of bacterially
expressed, in-vitro-translated and cellularly expressed MyoDs, has revealed that the
ubiquitin attachment site can be the free, unmodified initiator methionine: the pro-
teins were not modified and the N-terminal residue was not acetylated. To demon-
strate a role for the free N-terminal amino group in the degradation of MyoD, we
chemically modified this group. Initially, we blocked this group in the LL MyoD
protein by reductive methylation. While this procedure blocks all amino groups in
a protein in a non-discriminatory manner, in this case, it could have been only the
«-NH; group, which is the only free amino group left in the MyoD molecule. The
modification stabilized the protein completely. Whereas a free o-NH; appears to be
sufficient for degradation (probably following ubiquitination) of LL MyoD, it is not
clear whether it also plays a physiological role in targeting the WT molecule, which
has nine available lysine residues. In order to investigate the role and biological rel-
evance of the free «-NH, group in the targeting of WT MyoD, we selectively
blocked it by carbamoylation with potassium cyanate at low pH. This procedure
does not modify ¢&-NH; groups of internal lysine residues. Automated Edman deg-
radation along with fuorescamine determination of the extent of remaining free
NH, groups confirmed that the modification affected only the N-terminal group.
The modified protein was subjected to in vitro degradation and conjugation in cell
extract. In contrast to LL MyoD, the N-terminally carbamoylated protein could not
be ubiquitinated and was stable. Thus, a free and exposed NH, terminus of MyoD
appears to be an essential site for degradation, most probably because it serves as
an attachment site for the first ubiquitin moiety. As an additional control, we selec-
tively modified the internal lysine residues of WT MyoD by guanidination with O-
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methylisourea. The modification, which does not affect the N-terminal group, gen-
erates a protein that is essentially the chemically modified counterpart of the LL
MyoD that was generated by site-directed mutagenesis. Similar to the LL protein,
this MyoD derivative is degraded efficiently in the cell-free system in a ubiquitin-
and an ATP-dependent mode.

To analyze the role of the N-terminal residue of MyoD as a ubiquitination site,
we fused to WT MyoD, upstream to the N-terminal residue, a 6 x Myc tag, and
monitored the stability of the tagged protein. We showed that it is stable both in
vitro and in vivo. It should be noted that the two first N-terminal residues of the
Myc tag, methionine and glutamate, are identical to the first two N-terminal resi-
dues in MyoD. In addition, the Myc tag also contains a lysine residue. Thus, alto-
gether, six additional lysine residues were added to WT MyoD in addition to its
own nine native residues. Nevertheless, the tag stabilizes it, probably by blocking
access to a specific N-terminal residue, and, as became clear later (see below), to
its neighboring domain.

Taken together, these findings strongly suggested that MyoD is first ubiquiti-
nated at its N-terminal residue, and the polyubiquitin chain is synthesized on this
first conjugated ubiquitin moiety. Internal lysine residues also play a role, probably
by serving as additional anchoring sites, whose ubiquitination accelerates degrada-
tion. Yet they are not essential for proteolysis to occur. In contrast, ubiquitination
of the N-terminal residue plays a critical role in governing the protein’s stability
[16] (Figure 2.1).

Using a similar, though not a complete, set of experiments, 12 additional pro-
teins have been identified recently that appear to undergo N-terminal ubiquitina-
tion: (i) the human papillomavirus-16 (HPV-16) E7 oncoprotein (18), (ii) the Jatent
membrane protein 1 (LMP1)(19) and (iii) 2A (LMP2A)(20) of the Epstein Barr
virus (EBV), involved in viral activation from latency, (iv) the cell cycle-dependent
kinase (CDK) inhibitor p21 (21,22), (v) the extracellular signal-regulated kinase 3,
ERK3 (22), the inhibitors of differentiation (vi) Id2 (23) and (vii) Id1 (24), two pro-
proliferative Helix-Loop-Helix proteins, (viii) hydroxymethyglutaryl-Coenzyme A
reductase (HMG-CoA reductase), the first and key regulatory enzyme in the choles-
terol biosynthetic pathway (25), (ix) p192RF, the mouse Mdm2 inhibitor and (x)
p14RF "its human homologue (26), (xi) the HPV-58 E7 oncoprotein, and (xii) the
cell cycle regulator p16™N%42 (27). As for HMG-CoA reductase, several specific inter-
nal lysine residues have also been shown to be important for its targeting, and
therefore the essentiality of the N-terminal residue in the process has to be further
substantiated. The case of p21 requires further investigation, as one study reported
that its degradation by the proteasome does not require ubiquitination [28], while
an independent study has demonstrated a role for Mdm2 in targeting p21, also
without a requirement for ubiquitination [29]. As we noted for MyoD, substitution
of the internal lysines inhibited slightly (up to twofold) both conjugation and deg-
radation of HPV-16, LMP1, and Id2, suggesting that these residues, probably also
by serving as ubiquitin anchors, can modulate the stability of these proteins. It
is possible to suppose that N-terminal ubiquitination and modification of internal
lysines is catalyzed by different ligases that may be even located in different subcel-
lular compartments (e.g. the nucleus and cytosol). Because of the role that internal
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lysines play in modulating the stability of these proteins, and in order to better
understand the physiological significance of this novel mode of modification, it was
important to identify proteins whose degradation is completely dependent on N-
terminal ubiquitination. An important group of potential substrates for N-terminal
ubiquitination is that of naturally occurring lysine-less proteins — NOLLPs. Since
these proteins cannot use the “canonical” lysine conjugation pathway, in order to
be targeted by the ubiquitin system they must use, an alternative site for their tag-
ging. Searching the database, we were able to identify 177 eukaryotic NOLLPs, 14
of which occur in humans. In addition, we have identified 111 viral NOLLPs. We
have shown that two of the proteins mentioned above, the human tumor supressor
p16™K*4 and the viral oncoprotein HPV-58 E7 are degraded via the N-terminal
ubiquitination pathway [27]. Interestingly, we demonstrated that p16™%* is ubiq-
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uitinated and degraded only in sparse cells, and is stable in dense cells. Similar
findings were reported for the NOLLPs p194RF and p144RF (26).

For E7-16 [18], LMP1 [19], and MyoD (unpublished), it has been shown that
truncation of a short N-terminal segment of 10-20 residues stabilized the proteins,
suggesting that the entire domain beyond the single N-terminal residue plays a
role in governing the stability of these proteins. Such a segment can allow the
mobility/flexibility necessary for the N-terminal residue to serve as a ubiquitin ac-
ceptor. It can also serve as a recognition domain for the cognate E3. There is no
homology between the N-terminal domains of these three proteins, suggesting
that if the three N-terminal domains serve as recognition motifs, they recognize
different components of the ubiquitin system. Interestingly, the LMP2A E3 was
identified as a member of the NEDD4 family of HECT domain ligases, AIP4 and/
or WWP2 [20]. A PY motif in LMP2A is recognized by the E3. It resides in the N-
terminal domain of the molecule, supporting the hypothesis that in these proteins
the E3-binding domain may reside in close proximity to the N-terminal residue
ubiquitination site.

Is there any direct evidence for N-terminal ubiquitination? All the different and
independent lines of evidence in the various studies strongly suggest that ubiquiti-
nation occurs on the N-terminal residue, and any other scenario is highly unlikely.
Yet, the only direct evidence must be demonstration of a fusion peptide between
the C-terminal domain of ubiquitin and the N-terminal domain of the target sub-
strate. The study on p21 [21] and E7-58 [27] brought us a little closer. Bloom and
colleagues [21] transfected cells with N-terminally His-tagged ubiquitin and N-
terminally HA-tagged p21 that contained a Factor X proteolytic site immediately
after the HA tag and upstream of the p21 reading frame. They then immuno-
precipitated and resolved the cell-generated ubiquitin conjugates of p21 and treated
the mono-ubiquitin—p21 adduct with Factor-X protease. This treatment released a
smaller species of p21 (lacking His-ubiquitin and the HA-tag-Factor X site) and
His-ubiquitin-HA-Factor X site, thus demonstrating that the HA-tag-Factor X site,
which was previously part of p21, had now become part of the Factor X-cleaved
ubiquitin. A similar experimental evidence was brought for the NOLLP HPV E7-
58 [27]. Here, Ben-Saadon and colleagues generated two species of the protein con-
taining the eight amino acid sequence of the Tobacco Etch Virus (TEV) protease
cleavage site inserted either 21 amino acid residues after the iMet [E7-58-TEV(21)]
or immediately after the iMet [E7-58-TEV(1)]. The prediction from this experiment
was that if ubiquitin is indeed attached to the N-terminal residue of E7-58, TEV
protease-catalyzed cleavage will generate an extended ubiquitin molecule that will
also contain the respective N-terminal domain of E7-58 [21 residues or 1 residue,
respectively, dependent upon whether the substrate of the reaction is E7-58-
TEV(21) or E7-58-TEV(1), and the six amino acids derived from the TEV cleavage
site]. Such extended ubiquitin moieties were indeed generated following incuba-
tion of the substrate with labeled methylated ubiquitin (which generated mostly
the mono-ubiquitin adduct of the E7-58 protein), followed by cleavage of the adduct
with TEV. The only conclusion that can be derived from these experiments is that
the ubiquitin moiety was fused to any of the amino acid residues of the HA tag-
Factor X site at the N-terminal domain of p21, or to any of the first 21 amino acids
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of E7 or the TEV site (part of it; the protease cleaves after the sixth amino acids out
of eight in the complete site). Such internal modification is unlikely, however, as it
must require a novel chemistry since none of the residues in the tags, the protease
sites or the E7 N-terminal fragment, is lysine. Yet, formally, it is still possible that
such a modification occurs. The HA tag contains, for example, three Tyr residues.
Thus, the evidence provided by these two experiments clearly limits an unlikely
non-peptide bond ubiquitination, such as esterification, to a much smaller zone
in the N-terminal domain of the tagged p21 or the TEV-containing E7-58, but does
not demonstrate directly that the modification occurs indeed on the N-terminal
residue.

As noted, only identification of a fusion peptide between the C-terminal domain
of ubiquitin and the N-terminal domain of the target protein will constitute such
an evidence. Ben-Saadon and colleagues have recently isolated the long sought after
fusion peptide [27]: mass spectrometric analysis of a tryptic digest of the isolated
mono-ubiquitin adduct of HPV-58 E7 revealed a peptide of 11 amino acids, GG-
MHGNNPTLR which represents the last two C-terminal amino acids of ubiqui-
tin, GlyGly, and the first nine residues of E7, MetHisGlyAsnAsnProThrLeuArg
(MHGNNPTLR). It should be noted that WT E7-58 contains an Arg residue in
position 2. It was necessary to substitute this Arg with His, since otherwise the
digesting enzyme, trypsin, would have generated a tetrapeptide, GG-MR, that
would have been difficult, if not impossible, to identify in the MS analysis. MS/
MS analysis of the 11-mer, verified its internal sequence. Coulombe and colleagues
were also able to isolate and identify the sequence of a fusion peptide between the
C-terminal domain of ubiquitin and the N-terminal domain of HA-tagged p21 that
also contained, downstream of the tag, a stretch of residues derived from the N-
terminal domain of the native substrate, but without the iMet (which was removed
during the construction of the tagged protein) [22].

23
Discussion

N-terminal ubiquitination is a novel pathway, clearly distinct from the N-end rule
pathway [30]. In the latter, the N-terminal residue serves as a recognition and bind-
ing motif to the ubiquitin ligase, E3a; however, ubiquitination occurs on an inter-
nal lysine(s). In contrast, in the N-terminal ubiquitination pathway, modification
occurs on the N-terminal residue, whereas recognition probably involves a down-
stream motif. It should be mentioned that in yeast, using the model fusion protein
ubiquitin-Pro-X-f-galactosidase (where X is a short sequence derived from the A re-
pressor), a new proteolytic pathway has been described, designated the UFD (ubig-
uitin fusion degradation) pathway [31]. The stably fused ubiquitin moiety (note
that in this exceptional case, with Pro and not any other amino acid residue as
the linking residue, the ubiquitin moiety is not cleaved off by ubiquitin C-terminal
hydrolases), functions as a degradation signal, where its Lys*® serves as an anchor
for the synthesized polyubiquitin chain. This pathway involves several enzymes,
UFD 1-5, some of which appear to be unique and are not part of the “canonical”
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UPS. It is possible that N-terminal ubiquitination is the most upstream event in
the UFD pathway — which was discovered using an artificial chimeric ubiquitin-
protein model substrate: the N-terminal ubiquitination pathway can function by
providing substrates to the UFD pathway.

The physiological significance of N-terminal ubiquitination is still obscure. Nat-
urally occurring lysine-less proteins, NOLLPs, that are degraded by the ubiquitin
system must traverse this pathway. Many such proteins, mostly viral, can be found
in the database (see above and in Refs. [26,27]). We believe that many additional
lysine-containing proteins, will be discovered to be targeted via this novel mode of
modification. Of note is that all the proteins that are N-terminally ubiquitinated
must contain a free, unmodified N-terminal residue. Such proteins constitute
approximately 25% of all cellular proteins, while the remaining 75% are No-
acetylated. Whether a protein will be acetylated is dependent on the structure of
the N-terminal domain of the mature protein. This is determined by the combined
activities of methionine aminopeptidases (MAPs) and N-terminal acetyltransfer-
ases (NATSs), which are dependent on the specific sequence of up to the first four
N-terminal residues of the target protein substrates (reviewed in Ref. [32]). Thus, it
is possible to predict which proteins will be potential substrates of the N-terminal
ubiquitination pathway. Internal C-terminal fragments of Na-acetylated proteins can
also be modified by ubiquitin at their “new” N-terminal residue following limited
processing. Many proteins, such as the NF-«B precursors p105 and p100 or caspase
substrates are processed initially in a limited manner, generating a C-terminal frag-
ment with a newly exposed N-terminal residue. For all lysine-containing proteins,
the intact free N-termini as well as the products of processing, the assumption is
that their internal lysines are not easily accessible, for whatever reason, for ubiqui-
tination, and it is only the N-terminal residue that can be modified. Interestingly,
most of the substrates identified thus far have a few lysine residues that might not
be accessible to the E3s: For example, MyoD has nine (out of 319), E7 two (out of
97), LMP1 has a single lysine residue (out of 440), LMP2A has three (out of 497),
Id2 nine (out of 134) and p21 six (out of 164). From the random discovery of thir-
teen N-terminally ubiquitinated proteins, it appears that their number could well
be larger and that many more will be discovered, which will help in the unraveling
of the unique characteristics that distinguish this group of substrates.
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Evolutionary Origin of the Activation Step
During Ubiquitin-dependent Protein
Degradation

Hermann Schindelin

Abbreviations

E1l Activating enzyme of a UbL
E2 Conjugating enzyme of a UbL
E3 Ubiquitin ligase

Moco Molybdenum cofactor

MPT Molybdopterin

NEDDS8-E1 NEDD8-activating enzyme
Ubiquitin-E1 Ubiquitin-activating enzyme
UbL Ubiquitin-like protein
Abstract

Ubiquitin and related protein modifiers are activated in an ATP-dependent process,
which leads to the initial formation of an acyl adenylate between the C-terminus of
the modifier and AMP. The modifier is subsequently transferred onto an active-site
cysteine residue in the activating (E1) enzyme via a thioester bond and from there
to a conjugating (E2) enzyme. In the case of ubiquitin a large family of ubiqutin
ligases (E3 enzymes) primarily ensure specific transfer onto the correct protein
substrate. Biosynthesis of the molybdenum cofactor is an evolutionarily conserved
pathway present in bacteria, archaea and eukaryotes. The molybdenum cofactor
contains a cis-dithiolene group and incorporation of the sulfur atoms involves
among other proteins, MoaD and MoeB. Structural studies of MoaD revealed that
this protein shares the same fold as ubiquitin despite the absence of detectable
sequence homology. The crystal structure of the MoaD—MoeB complex in its apo-
state defined the structure of MoeB and its corresponding domains in the E1 en-
zymes. The MoaD-MoeB structures in complex with ATP and after formation of
the acyl adenylate identified key residues involved in the catalysis of this enzyme
superfamily. The recent crystal structures of the NEDDS8 activator confirmed the
predictions made on the basis of the MoaD-MoeB complex and describe the more
complex architecture of the E1 enzymes. The phylogenetic distribution of the en-
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zymes involved in Moco biosynthesis strongly suggest that the two-component
systems consisting of a UbL protein and a cognate E1 enzyme, which are present
exclusively in eukaryotes, are derived from the simpler and universally distributed
MoaD—-MoeB pair.

3.1
Introduction

3.1.1
Activation of Ubiquitin and Ubiquitin-like Proteins

The transfer of ubiquitin and related protein modifiers (reviewed in [1]) such
as SUMO [2], NEDD8 [3], Apg12 [4], Apg8 [5], ISG15 [6], Urm1 [7] and Hublp
[8] is initiated by an activation step catalyzed by an activating (E1) enzyme, which
is specific for the respective modifier [9, 10]. The activation reaction [11, 12] is
dependent on ATP, which is hydrolyzed to form an acyl adenylate between the C-
terminus of the modifier and AMP. The resulting high-energy mixed anhydride
intermediate is nucleophilically attacked by a conserved cysteine residue of the E1
enzyme, leading to the formation of a thioester linkage between this cysteine and
the C-terminus of the modifier [11-13]. Subsequently the UbL protein is trans-
ferred from the E1 enzyme to a conjugating (E2) enzyme in a trans-thioesterifica-
tion reaction. The thioester linkages preserve the free energy of ATP and facilitate
transfer of the modifier onto target proteins in which the modifier is almost always
linked with its C-terminus to the side chain of a lysine residue via an isopeptide
bond.

In the archetypical transfer of ubiquitin to a target protein via ubiquitin’s Lys48
residue and the subsequent elongation of the mono-ubiquitin to an oligo-ubiquitin
chain of at least four residues, this modification triggers the proteasome-dependent
degradation of the target protein. In addition, ubiquitylation is also involved in
DNA repair (summarized in Ref. [14]), receptor endocytosis (reviewed in Ref.
[15]), endocytic sorting (reviewed in Ref. [16]), budding of HIV (reviewed in Ref.
[17]) and inflammatory responses [18]. While UbLs are generally transferred onto
proteins, APG8, which is involved in the process of autophagy, is conjugated to
phosphatidylethanolamine [19] through its amino group, thus mimicking the iso-
peptide linkage typically observed in other UbL-protein complexes. Ubiquitin and
its related modifiers are exclusively found in eukaryotes, but are evolutionarily
derived from individual steps in ancient metabolic pathways, which lead to the
formation of either the molybdenum cofactor, thiamine or certain types of FeS-
clusters.

3.1.2
Molybdenum Cofactor Biosynthesis

The molybdenum cofactor (Moco) is the essential component of a group of redox
enzymes [20-22], which are diverse not only in terms of their phylogenetic distri-
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bution, but also in their architectures, both at the overall structural level and in
their active site geometry, and finally in the wide variety of transformations cata-
lyzed by these enzymes. Some of the better-known Moco-containing enzymes in-
clude sulfite oxidase and xanthine dehydrogenase in humans, assimilatory nitrate
reductases in plants and dissimilatory nitrate reductases as well as formate dehy-
drogenases in bacteria. Moco consists of a mononuclear molybdenum coordinated
by the dithiolene moiety of a family of tricyclic pyranopterin structures, the sim-
plest of which is commonly referred to as molybdopterin (MPT). Moco biosynthe-
sis is an evolutionarily conserved pathway comprising several interesting reactions.
Mutations in the human Moco biosynthetic genes lead to Moco deficiency, a severe
disease that leads to premature death in early childhood [23]. The affected patients
show severe neurological abnormalities such as attenuated growth of the brain,
seizures, and, frequently, dislocated ocular lenses.

Genes involved in Moco biosynthesis have been identified in eubacteria, archaea
and eukaryotes. Although many details of Moco biosynthesis are still unclear at
present, the pathway can be divided into three universally conserved stages (Figure
3.1A). (1) Conversion of a guanosine derivative into precursor Z. This aspect is differ-
ent from other pterin biosynthetic pathways, since C8 of the purine is inserted be-
tween the 2" and 3’ ribose carbon atoms during formation of precursor Z, rather
than being eliminated [24, 25]. (2) Transformation of precursor Z into MPT. This pro-
cess generates the dithiolene group responsible for coordination of the molybde-
num atom in the cofactor, and is catalyzed by MPT synthase [26-28]. MPT syn-
thase is composed of two subunits encoded in E. coli by the moaD and moaE
genes. In its active form, MoaD contains a thiocarboxylate at its C-terminus, which
acts as the sulfur donor for the synthesis of the dithiolene group (Figure 3.1B).
MoeB activates MPT synthase by transferring a sulfur atom onto the C-terminus
of MoaD generating the thiocarboxylate [29]. MoeB exhibits significant sequence
similarity (Figure 3.2A) to two segments of the E1 enzyme for ubiquitin (UBA1);
one is located close to the N-terminus, while the other is located near the center of
the sequence encoding UBA1. A similar relationship also exists with E1 enzymes,
which are heterodimeric such as the NEDDS8-E1 (Figure 3.2A). The sequence sim-
ilarities between MoeB and E1 enzymes, in concert with their functional rela-
tionship (Figure 3.2B), have fostered speculation regarding an evolutionary link be-
tween the two pathways [30]. (3) Metal incorporation. The MogA and MoeA proteins
together are responsible for metal incorporation [31-33].

Additional steps occur in the case of eubacteria, namely syntheses of various di-
nucleotide forms of the cofactor, in which the pyranopterin is linked to a second
nucleotide via a pyrophosphate linkage [34].

3.2
The Crystal Structure of MoaD Reveals the Ubiquitin Fold

The high-resolution crystal structure of MPT synthase [35, 36] revealed that the en-
zyme forms an elongated, heterotetrameric molecule (Figure 3.3A) with overall di-
mensions of 93 x 28 x 27 A. The small (MoaD) subunits are positioned on oppo-
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Fig. 3.1. Moco biosynthesis in E. coli. (A) The
carbon atom at position 8 of the guanosine
derivative of unknown composition (GXP),
which is the starting structure, is incorporated
into precursor Z as indicated by the asterisk. In
the mature Moco additional Mo ligands are

present besides the dithiolene sulfurs shown
here, with the metal being either penta- or
hexa-coordinated. (B) Details of step 2, the
sulfur incorporation step. MoaD, MoeB and
MoaE are represented by a circle, a rectangle
and a diamond, respectively.

site ends of the heterotetramer and interact only with the large (MoaE) subunits,
which in turn dimerize. The MoaE subunit has an «/f hammerhead fold contain-
ing an additional antiparallel 3-stranded f-sheet. The C-terminus of each MoaD
subunit is deeply inserted into the active site located in the MoaE monomer. The
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Fig. 3.2. MoeB-E1 sequence relationships. the human ubiquitin-activating enzyme. Resi-

(A) Schematic comparison between MoeB, the
ubiquitin-activating enzyme (UBAT) and the
heterodimeric (APPBP1-UBA3) NEDDS activa-

tor based on PSI-BLAST [54] sequence analyses.

The numbers represent the sequence identities

dues 3-189 of E. coli MoeB can be aligned
with residues 47-236 of human ubiquitin E1
(22% identity) and residues 7-175 of E. coli
MoeB can be aligned with residues 446620 of
human ubiquitin E1 (26% identity). (B) Rela-

between the first ~170-180 residues of MoeB
(shaded) and the corresponding regions in

tionships between the reactions catalyzed by
MoeB and the ubiquitin-E1 (UBAT).

interface between the two proteins is quite extensive, burying ~2000A2, and is
primarily hydrophobic in character. Although primarily restricted to a single
MoaE subunit the active site appears to also involve residues from the distal MoaE
subunit. Precursor Z binds to this active site and two sulfur atoms are transferred
sequentially from the thiocarboxylated MoaD C-terminus to the substrate to form
MPT.

The crystal structure of MPT synthase and the simultaneously determined
NMR structure of the MoaD-related ThiS protein involved in thiamine biosynthesis
[37] unambiguously demonstrated the evolutionary relationship between a subset
of enzymes involved in the biosynthesis of S-containing cofactors (e.g. Moco, thia-
mine and certain FeS-clusters) and the process of ubiquitin activation. MoaD dis-
plays significant structural homology to human ubiquitin (Figure 3.3B and C), re-
sulting in a superposition with a root mean square (rms) deviation of 3.6 A for 68
equivalent Co atoms out of 76 residues in ubiquitin. The key secondary structure
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A

Fig. 3.3. Structure of MPT synthase. (A)
Overall structure of the heterotetramer. MoaD
subunits are shown in yellow, MoaE subunits
in cyan and magenta. The view is along the
two-fold axis of symmetry. N- and C-termini
and residues adjacent to a disordered loop

are labeled in one of the MoaD—MoaE
heterodimers. (B) Side-by-side comparison of
MoaD (yellow) and ubiquitin (red) in the same
orientation. (C) Stereo diagram of a least-
squares superposition of MoaD (yellow) and
ubiquitin (red).
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elements, a five-stranded mixed f-sheet packed against an o-helix, which runs diag-
onally across one face of the f-sheet, are present in both structures and also in
ThiS. However, there is no statistically meaningful level of sequence conservation
between MoaD and ubiquitin (7% identity) with the exception of the C-terminal
Gly—Gly dipeptide. This dipeptide is a conserved feature present in almost all UbL
proteins, but usually requires proteolytic processing to be liberated. Because of the
relationship between Moco biosynthesis and ubiquitin-dependent protein degrada-
tion described above, this structural homology was not completely unexpected. To-
gether with the known sequence similarities between MoeB/ThiF and the E1 en-
zymes, this level of structural homology confirmed that the ubiquitin-like protein
modifiers and their activating enzymes are the likely evolutionary offspring of the
corresponding proteins involved in Moco and thiamine biosynthesis.

33
Structural Studies of the MoeB—MoaD Complex

The crystal structure of the MoeB—MoaD complex (Figure 3.4) was determined by
multiple isomorphous replacement in its apo-state at 1.7-A resolution, with bound
ATP at 2.9-A resolution and after formation of the covalent MoaD-adenylate at
2.1-A resolution [38]. The latter two structures were obtained by soaking either
ATP or Mg-ATP into crystals of the apo-complex.

3.3.1
Structure of MoeB

The structure of MoeB consists of eight f-strands that form a continuous fS-sheet
surrounded by eight o-helices, which are located on opposite sides of the f-sheet
(Figure 3.5A). In the N-terminal half of the sheet all f-strands are parallel and re-
veal a variation of the Rossman fold [39]: the typical fofuS-topology is interrupted
between the second fS-strand (f,) and the fourth a-helix (o4) by the insertion of two
310 helices. The first of these 319 helices contains five residues that are strictly con-
served between MoeB and the E1 enzymes. The loop between f1 and «3 contains
a highly conserved glycine-rich motif with the sequence Gly—X-Gly—X-X-Gly,
which is reminiscent of the P-loop [40] typically found in the superfamily of ATP
and GTP hydrolyzing enzymes. The C-terminal half of MoeB contains an antipar-
allel p-sheet (5—p8) and is critical for MoeB dimerization and MoaD binding (see
below). Two Cys—X—X-Cys motifs are found in this half of the protein and are re-
sponsible for coordinating a zinc atom with tetrahedral geometry through their thi-
olates. This zinc-binding site is quite distant from the active site, thus suggesting a
structural rather than a catalytic role for the metal. Moreover, these zinc-binding
motifs are only found in 60-70% of the known MoeB sequences and only in a few
E1 sequences, indicating that they are non-essential for the catalytic mechanism.
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Fig. 3.4. Structure of the MoaD—MoeB
complex. (A) Overall structure of the hetero-
tetramer. MoaD subunits are shown in yellow,
MoeB subunits in red and light blue. The two-
fold axis of symmetry is running vertically in
the plane of the paper. The AMP is shown in

bonds representation together with the cova-
lent link to the C-terminal glycine of MoaD.
The Zn ion is shown in van der Waals repre-
sentation in gray. (B) As in (A) after a 90° rota-
tion around the horizontal axis. The view is
now along the two-fold axis of symmetry.



Fig. 3.5.

MoeB-catalyzed reaction. (A) Struc-
ture of the MoeB—MoaD heterodimer with
MoaD in yellow and MoeB in red. Atoms in
MoeB are shown as gray spheres representing
their van der Waals radii and are rendered

transparent. Residues 75 to 81 of MoaD, the
AMP and sulfate molecule are shown in ball-
and-stick representation. (B) Close-up stereo

332
The MoeB—MoaD Interface

3.3 Structural Studies of the MoeB—MoaD Complex | 29

view of the acyl adenylate intermediate formed
during MoaD activation in which AMP is cova-
lently linked at Gly 81 to MoaD (yellow). The
principal MoeB subunit with which MoaD
interacts is shown in red, while the N-terminus
of the second MoeB subunit is shown in blue.
Selected residues have been labeled and
hydrogen bonds are indicated by dashed lines.

As in the interface between MoaD and MoaE, the subunits of MPT synthase, the
MoeB-MoaD interface is composed to 65% of hydrophobic interactions. In fact,
the hydrophobic core between MoeB and MoaD involves the same region of the
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MoaD surface buried in the MPT synthase complex, yet it is slightly more extensive
in the MoaD—MoeB complex. Three residues found in MoaD, Phe D7, LeuD59 and
Phe D75, are common to both interfaces. Residues in MoaD and MoeB are pre-
fixed with D and B, respectively, to allow differentiation between the two chains.
Most of the interactions involving MoaD binding are localized to o7, f7 and 8 of
MoeB. In addition to the hydrophobic core, a salt bridge and two hydrogen bonds
are formed between Asp B227 Oé1 and Od2 and Arg D11 Ny1 and N2 at the pe-
riphery of the complex. Additional hydrogen bonds involve the C-terminal tail of
MoaD (see below).

Perhaps the most striking feature of the MoeB-MoaD interface is the C-terminal
extension of residues 76-81 of MoaD into a cleft on the MoeB surface (Figure
3.5A), which is adjacent to the Gly-rich sequence motif. Proper positioning of the
C-terminal Gly—Gly dipeptide appears to be accomplished by hydrogen-bonded in-
teractions. Hydrogen bonds are present between the main chain oxygen of Thr
D79 and Ne¢ of Arg B135, which is conserved in MoeB and E1 enzymes, and be-
tween the oxygen of Glu D80 and the nitrogen of Ala B154. The C-terminus of
MoaD extends over 85 of MoeB, which acts as a structural scaffold. Sequence align-
ments using MoeB and E1 sequences show a preference for small amino acids
(Gly, Ala, Ser) at the center of 5, which appear to allow the insertion of the Gly—
Gly motif of MoaD and the UbL into the active site of MoeB and E1. The active-site
region in MoeB is delineated by residues found in loops connecting f1 and «3
(containing the modified P-loop motif), 2 and 319-A, as well as 4 and «6. The
strictly conserved residues in helix 319-A form a region of the active site that binds
a sulfate molecule from the mother liquor. In addition, a second sulfate molecule
is observed at the active site in close proximity to the incoming Gly—Gly motif
of MoaD. Residues 182 to 188 of MoeB are disordered, but owing to the constraints
imposed by the adjacent residues (181 and 189) these residues must form a flexible
loop crossing over the MoaD C-terminus. One of the residues in this segment,
Cys 187, has been proposed to correspond to the active-site Cys in the E1 enzymes
and to form a thioester bond with the MoaD C-terminus prior to the formation of
the thiocarboxylate [9].

333
Structure of MoeB—MoaD with Bound ATP

The structure of the MoeB—MoaD-ATP ternary complex reveals that the ATP
molecule is bound in a pocket in close proximity to the C-terminus of MoaD.
Although the MoaD carboxylate and the a-phosphate are in close spatial proximity,
their electrostatic repulsion in the absence of magnesium prevents a nucleophilic
attack of MoaD on the o-phosphate. Residues in the modified P-loop motif of
MoeB form the floor of the nucleotide-binding pocket. The adenine ring is located
in a hydrophobic patch of the pocket, which is created by Phe B63, Leu B109 and
Val B134. None of these residues is conserved in MoeB and surprisingly there is
only one hydrogen bond to the purine base involving the side chain of Asn 131
and the N7 atom (Figure 3.5B). The ATP appears to be anchored at the active site
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through the hydroxyl groups of its ribose ring and the triphosphate moiety. 02’
and O3’ form hydrogen bonds with Od1 and Od2 of Asp B62, which is strictly con-
served in MoeB orthologs and E1 enzymes. Additionally, N{ of the conserved Lys
B86 forms hydrogen bonds with 002 of the ribose. The w-phosphate is buried
deeply in the pocket and is involved in main-chain contacts with the nitrogen
atom of Gly B41 of the P-loop. Additional MoeB-ATP contacts are seen between
the side chains of the strictly conserved Arg B73 and one oxygen each of the o-
and f-phosphates and between Lys B86 and the f-phosphate. Interactions with
the y-phosphate involve the side chains of Ser B69 and Asn B70. The overall shape
of the binding pocket distorts the ATP molecule and induces a kink between the
tightly bound «- and f-phosphates. Arg B14’, a residue from the second MoeB
monomer, is inserted at the active site of the first monomer and undergoes a sig-
nificant conformational change compared to the nucleotide-free structure. In the
ATP-bound state, the side-chain atom Ne of Arg B14’ is within hydrogen-bonding
distance of two oxygens of the y-phosphate, whereas some atoms of its side chain
are displaced by more than 5A in the apo-structure. This residue, though con-
served in all MoeB sequences, is not present in the MoeB-like central domain of
the ubiquitin-E1 and the UBA3 subunit of the NEDD8-E1.

334
Structure of the MoaD Adenylate

Soaking MoeB—MoaD cocrystals with ATP and Mg?* led to the visualization of a
covalent reaction intermediate (Figure 3.5B). The most striking feature of this
structure is the presence of an MoaD adenylate at the active site in which Gly D81
is covalently linked to the o-phosphate through a mixed anhydride. Although the
pyrophosphate leaving group is not seen in this structure, a bound sulfate mole-
cule from the mother liquor is presumably mimicking one of the phosphates of
pyrophosphate. This sulfate is ligated by Ser B69, Asn B70, and Arg B73 and is
observed in a position similar to that occupied by the y-phosphate in the ATP-
bound model. The role of the strictly conserved Asp B130 might be to coordinate
the divalent Mg?" ion that appears to be necessary for the turnover of ATP, which
in turn would be coordinated by oxygen atoms of the - and f-phosphate. In con-
trast to glycyl tRNA synthetase, in which the metal remains bound to the o-
phosphate after formation of the glycyl adenylate [41], the structure of the MoaD
adenylate provides no evidence of a bound Mg?*.

335
Fate of the Adenylate

After the formation of an acyl adenylate, the similarities between MoeB and E1
appear to come to an end (Figure 3.2B). In the E1 enzymes an active-site cysteine
residue attacks the ubiquitin adenylate forming the El-ubiquitin thioester. E. coli
MoeB contains nine cysteine residues, four of which are involved in coordinating
the zinc atom. Sequence alignments show that among the remaining cysteines
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only Cys B187 is conserved in all MoeB sequences, and might correspond to the
active-site cysteine in the E1 sequence family. It has been postulated [9] that the
corresponding residue in MoeB also forms a thioester with the MoaD C-terminus,
which is then attacked by sulfide to form the thiocarboxylate. Cys B187 in MoeB is
part of the consistently disordered loop region, which is located in close proximity
to the active site. There appears to be no obvious reason why the side chain of this
residue should not be able to attack the acyl adenylate if a thioester is indeed
formed during the reaction. While substitution of this cysteine by alanine has
been reported not to impair MoeB activity in an in vitro system [42], a more recent
study [43] does report a 20% reduction in activity. This latter observation is in agree-
ment with mass spectrometric data on ThiF, the MoeB-related protein involved in
thiamine biosynthesis, which demonstrated that the corresponding cysteine forms
an acyldisulfide linkage with the C-terminus of ThiS [44], suggesting that this res-
idue does indeed have a somewhat similar activity to the active site cysteine present
in the E1 enzymes, despite the fact that no thioester intermediate is formed.

In molybdopterin and thiamine biosynthesis the thiocarboxylate sulfur is derived
from cysteine by a cysteine desulfurase. Recent findings have implicated IscS in the
biosynthesis of thiamine [45]. IscS mobilizes sulfur from cysteine forming an IscS
persulfide that is subsequently shuttled to Thil, a rhodanese-like enzyme, to form a
putative Thil persulfide. This moiety is responsible for attacking the ThiS adeny-
late, which is bound at the ThiF active site, leading to the formation of the thiocar-
boxylate product. IscS has also been implicated in Moco biosynthesis together
with the related CSD protein [29], although Thil is not involved. It is interesting
to note that some MoeB orthologs, including human MoeB, contain an additional
C-terminal domain, which shares distant sequence relationships with rhodaneses.
In fact, a C-terminal truncation of the A. nidulans MoeB homolog, CnxF, has been
shown to abrogate enzyme function as evidenced by the lack of MPT production
[46]. Recently, the rhodanese-like domain of MOCS3, the human MoeB ortholog,
was shown to be able to transfer the sulfur required for thiocarboxylate formation
of MOCS2A, the small subunit of human MPT synthase [43]. Furthermore, site-
directed mutagenesis revealed that the conserved cysteine residue in the rhodanese
domain is essential for activity. The fact that residues 182 to 188 of MoeB are dis-
ordered could indicate that they are involved in protein—protein interactions with
either the rhodanese domain or the cysteine desulfurase. Cys187 of MoeB could ei-
ther cleave the acyldisulfide between the cysteine of the rhodanese domain and the
MoaD C-terminus as suggested by Matthies et al. [43], or could itself form an acyl-
disulfide bond with the MoaD C-terminus prior to formation of the MoaD thiocar-
boxylate.

3.4
Structure of the NEDDS8 Activator

NEDDS8 (Rubl in yeast) is a UbL, which is attached to cullins following activation
by a specific E1 and transfer by an E2 enzyme [47]. Cullins are subunits of the SCF
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(Skp1-Cullin-F-box protein) family of ubiquitin ligases (E3) and this modification
results in an increase in the ubiquitin ligase activity of these enzymes [48, 49]. The
E1 enzyme responsible for activation of NEDD8 is a heterodimer composed of the
APPBP1 (534 residues in humans) and UBA3 (442 residues in humans) subunits,
which share homology (Figure 3.2A) with the N- and C-terminal regions of ubiqui-
tin’s E1 enzyme (UBA1). The reactions catalyzed by the E1 for ubiquitin, SUMO
and NEDDS8 are more complex than in the case of MoeB as established for ubiqu-
tin’s E1 [11-13]. While the initial formation of the acyl adenylate between ubiqui-
tin and AMP is a conserved feature, the ensuing covalent attachment of the UbL to
an active-site cysteine is specific to the E1 enzymes. This covalent E1-ubl complex
subsequently binds another UbL and ATP leading to the formation of a second acyl
adenylate. After transfer of the first UbL onto an E2 enzyme, the second adenylated
UDL is transferred to the active-site cysteine thereby re-forming the thioester link-
age. The crystal structures of the heterodimeric APPB1-UBA3 NEEDDS activator
in its apo-state [50] and in complex with NEDD8 and ATP [51] were reported in
2003.

3.4.1
Overall Structure of the NEDDS-E1

The crystal structure of the heterodimeric NEDD8-specific E1 in the absence of
NEDDS has been determined at 2.6-A resolution [50]. The complex consists of
three structural entities (Figure 3.6A): (1) An adenylation domain formed by the
MoeB-like repeats in both APPBP1 and UBA3. As predicted on the basis of the
MoaD—MoeB crystal structure the two MoeB-like repeats are arranged in exactly
the same way as they are in the MoeB dimer. However, as will become evident
shortly, only one active site is present in this heterodimer. In addition, APPBP1
contains a four-helix bundle domain (residues 407 to 485, shown in dark blue in
Figure 3.6A), which replaces the disordered loop of MoeB and occupies the region
in which the MoaD subunit is located in the MoaD—MoeB complex. This feature
contributes to the fact that the APPBP1 subunit is catalytically incompetent. (2) A
catalytic domain responsible for thioester formation, which contains the active-site
cysteine (Cys 216). This domain is formed by ~80 residues from UBA3 (residues
209-287, shown in light green in Figure 3.6A) including the essential cysteine, and
an additional ~225 residues from APPBP1 (residues 169-393, shown in dark
green in Figure 3.6A). Both of these domains are o-helical; the segment belonging
to UBA3 folds into four o-helices and is inserted at the position of the disordered
loop in MoeB (residues 182 to 188), while the additional domain in APPBP1 con-
tains eleven a-helices and is inserted between the f-strand and o-helix correspond-
ing to 6 and «7 of MoeB. (3) Finally, a small, UbL domain (starting at residue 348,
shown in orange in Figure 3.6A) is present at the C-terminus of UBA3. These
three domains are arranged such that a large groove is formed with the adenylation
and catalytic domains on opposite sides and the C-terminal UbL domain on the
UBA3-side of the groove. With the exception of a crossover loop, which connects
the adenylation domain and the catalytic domain of UBA3, the groove is fully ac-
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Fig. 3.6. Structure of the NEDDS activator. (A) helical insertion containing the active-site
Subunit structure of the NEDDS activator. The cysteine in light green and the C-terminal UbL
UBA3 subunit (upper left) is shown with the domain in orange. The APPBP1 subunit
MoeB-related adenylation domain in red, the (bottom) is shown with the MoeB-related
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cessible along its entire length. The groove can be subdivided into two clefts, each
of which is of sufficient size to allow binding of either two NEDD8 molecules or
one E2 enzyme. Cleft 1 contains the glycine-rich loop involved in ATP binding,
while cleft 2 points toward the catalytic cysteine of UBA3. This residue is located
at the center of the catalytic domain, in an interface between the segments origi-
nating from the UBA3 and APPBP1 subunits, although it is at a substantial dis-
tance from the cleft.

Subsequently, the crystal structure of the complex between APPBP1/UBA3 and
NEDDS was determined at 3-A resolution [51]. NEDDS is bound in the middle of
the groove formed by APPBP1/UBA3 and interacts with the adenylation domain of
UBA3 and the large extra-domain of APPBP1 (Figure 3.6A). NEDD8’s extended C-
terminus is threaded underneath UBA3’s crossover loop and extends towards the
Gly-rich loop of UBA3. A total of ~3400A? or 34% of NEDDS’s surface area is
buried in the complex, and residues involved in these interactions can be mapped
to two different areas on the surface: (1) A hydrophobic area including Leu 9, Ile
44 His 68, Val 70, Leu 71 and Leu 73 on NEDDS interacts with the adenylation
domain of UBA3 in a manner analogous to that observed in the MoaD-MoeB
interface. This region includes the C-terminus of NEDDS8, which contacts the
crossover loop and extends into the active site of UBA3. (2) A charged surface
patch containing residues Arg 25, Glu 28, Arg 29, Glu 31 and Glu 32, located in
the lone a-helix of NEDD8 on the opposite side, contacts the large helical domain
of APPBP1. This interaction motif appears to be specific for E1 proteins and is not
found in the MoaD—MoeB complex, which explains why significantly less surface
area is buried in the MoaD—MoeB complex.

NEDDS binding is accompanied by conformational changes in NEDDS8 and the
UBA3 subunit of the activator. The most notable change in NEDDS involves the C-
terminal tail, which rotates around Leu 69 by about 30°. Binding reduces the inher-
ent flexibility, leading to a visualization of the last three residues that contrasts with
the structure of free NEDDS [52]. Conformational changes in the activator are evi-
dent in the domain containing Cys 216, which moves away from the adenylation
domain, thereby facilitating NEDD8 binding in the widened groove. At the same
time the crossover loop moves closer to the floor of the groove (by 2.5A) and
clamps down on the NEDDS8 C-terminus.

The structure also provides insights into how different E1 enzymes discriminate
between different UbLs. Ala 72 of NEDD8 appears to be a key determinant of spe-

P

domain in light blue, the helical extension, a superposition of the APPBP1-UBA3-NEDD8
which forms part of the catalytic sub-domain in (color-coded as defined in (A)) and hetero-
dark green and the additional helical sub- tetrameric MoaD—MoeB complexes (MoaD
domain in dark blue. The MoaD—MoeB subunits are shown in yellow and MoeB sub-
complex (upper right) is shown in the same units in gray). While the MoaD subunit bound

orientation as the UBA3 and APPBP1 subunits  to the MoeB subunit corresponding to UBA3
with MoeB in red and MoaD in yellow. The Zn  (red) fits reasonably well, the second MoaD
atoms in the UBA3 and MoeB subunits are subunit overlaps dramatically with the four-
shown as gray spheres. (B) Stereo diagram of  helical insertion (dark blue) in APPBP1.
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cificity. This residue participates in van der Waals interactions with Leu 206 and
Tyr 207 of UBA3’s crossover loop. Ala 72 is replaced by arginine in ubiquitin and
when modeled in the APPBP1-UBA3-NEDD8 complex this residue would be
forced into close contact with Arg 190 of UBA3. The residue corresponding to
Arg190 in the E1 for ubiquitin, however, is a glutamine, which on the basis of the
APPBP1-UBA3-NEDD8 complex is predicted to interact favorably with Arg 72 of
ubiquitin, a prediction that was confirmed by biochemical studies [51].

In addition to the ternary APPBP1-UBA3-NEDDS8 complex the quarternary
complex with bound ATP has been described at 3.6-A resolution [51]. Because Cys
216 was changed to alanine and Mg?* was not present in the crystals, ATP hydro-
lysis could not take place, thus preventing formation of a NEDD8 adenylate and
subsequent thioester formation. ATP is bound in the nucleotide-binding pocket of
UBA3 in close proximity to the NEDD8 C-terminus. The adenine base interacts
with several hydrophobic residues (Met 80, Ile 127, Leu 145 and Ala 150), which
are at least type-conserved in other E1 enzymes. In contrast to ATP binding by
MoeB an adenine-specific hydrogen bond is formed between the exocyclic amino
group and a glutamine residue (Gln 128 in UBA3); however, this residue is not
conserved in other UDbL activators. The remaining interactions involve residues
that are highly conserved between E1 enzymes and MoeB. Of particular interest
are Asp 146 (Asp 130 in MoeB), which is proposed to ligate the Mg+ ion and two
Arg residues: Arg 90 (Arg 73 in MoeB) and Arg 15 from APPBP1 (Arg 14 in
MoeB). The latter residue is the only one in the ATP-binding site of the NEDD8
E1 that originates from APPBP1. In MoeB this residue is contributed from the
other monomer of the MoeB dimer where it contacts the ATP in a similar fashion.
As already envisioned based on the NEDD8-E1 structure alone, the active site cys-
teine is at the significant distance of ~32 A from the «-phosphate.

3.4.2
Comparison with the MoaD—MoeB Complex

The adenylation domains of APPBP1 and UBA3 are in fact remarkably conserved
with MoeB (Figure 3.6A and B). In the case of APPBP1 the regions corresponding
to MoeB involve residues 6-168 at the N-terminus (corresponding to residues 5-
167 of MoeB), residues 394—404 (169-179 of MoeB) following the larger first inser-
tion and, at the C-terminus, residues 486—534 (189-238 in MoeB) following the
smaller second insertion. Overall, the Co atoms of 220 out of 240 structurally ob-
served residues of MoeB can be superimposed with an rms deviation of 1.6 A re-
sulting in 19% overall sequence identity. A similar picture is evident when MoeB
and UBA3 are compared: at the N-terminus UBA3 residues 12-208 correspond
to MoeB’s residues 4-181 (an insertion of 12 residues in UBA3 is primarily re-
sponsible for the offset in the numbers at the C-terminal ends of the correspond-
ing stretches), while the structural similarities at the C-terminus, following the in-
sertion of the domain containing the catalytic cysteine, involve residues 288—347 of
UBA3, which align with residues 189-248 of MoeB. In this case the rms deviation
after superposition of the Co atoms for 230 out of 240 structurally observed resi-
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dues are 1.9A with 23% overall sequence identity. Another feature that is con-
served between MoeB and the UBA3 subunit of the NEDDS activator is the pres-
ence of a bound Zn ion, which is ligated in an analogous manner by the thiolates
of four Cys residues.

343
Conformational Changes during the Formation of the Acyl Adenylate

The available structures of the NEDD8 activator and the MoaD—MoeB complex
provide valuable insights into the universally conserved adenylation step catalyzed
by members of the E1 enzyme superfamily. The following discussion focuses on
the available MoaD—MoeB structures, but also applies to the E1 enzymes. A view
into the active site of the apo, ATP-bound, and acyl adenylate forms of the MoeB—
MoaD complex reveals subtle conformational changes in the protein (Figure 3.7A).
Interestingly, the active sites of the apo and acyl adenylate models have remarkably
similar structures. Both contain a sulfate molecule from the mother liquor interact-
ing with Arg B14’, Ser B69, Asn B70 and Arg B73. The positions of the sulfates
in each model are nearly identical and correspond to the y-phosphate in the ATP-
bound complex. The only noticeable difference in the two models is seen in the
conformation of the MoaD C-terminus where Gly D80 and Gly D81 clearly adopt
different conformations as a result of the covalent linkage between the C-terminal
glycine and the a-phosphate. The active site of the ATP-bound model shows the
most pronounced structural changes. The side chain of Arg B14’, which com-
plements the active site across the MoeB dimer interface, exhibits the largest con-
formational change. Additionally, the side chains of Ser B69 and Lys B86 adopt dif-
ferent conformations compared to the apo and acyl adenylate models. Finally, the
C-terminal Gly—Gly motif of MoaD adopts a different conformation owing to a flip
of the peptide bond between Thr D79 and Gly D80.

Multiple sequence alignments using various MoeB and E1 sequences reveal a
remarkable degree of conservation for the residues surrounding the active site. In
light of the structural data on the MoaD—MoeB and APPBP1-UBA3-NEDDS8 com-
plexes, it is possible to assign functional roles to most of the residues in these con-
served regions. The loop regions between 8, and o3 (secondary structure elements
and residue numbers refer to MoeB, but the corresponding regions/residues are
also present in the APPBP1-UBA3-NEDDS8 complex) consist of a glycine-rich
nucleotide-binding motif that facilitates entry of ATP into the respective active
sites. The loop region between 2 and helix 31¢-A is critical for binding the ribose
of ATP. The highly conserved residues forming helix 31o-A are essential for bind-
ing the f- and y-phosphates of ATP and, more importantly, stabilize the pyrophos-
phate leaving group upon attack by the MoaD or UbL carboxylates. Residues in the
loop between 4 and u6 are responsible for the proper positioning of Asp B130 ad-
jacent to the a-phosphate of ATP, and this residue is predicted to be involved in
Mg?*-ligation. Arg B135 found inside helix 6 properly orients both the incom-
ing C-terminal extension of MoaD and strand 5 of MoeB, which serves to support
the C-terminal Gly-Gly dipeptide.
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Summary

A reaction mechanism for UbL activation can be formulated based on the
MoaD-MoeB and the APPBP1-UBA3-NEDDS structures (Figure 3.7B). After
Mg?*+-ATP and UbL binding at the active site, the carboxylate oxygen of the termi-
nal glycine of the UbL attacks the a-phosphate of ATP creating a transient pentaco-
valent intermediate. The divalent metal appears to be required to overcome the
electrostatic repulsion between the UbL C-terminus and the a-phosphate. Subse-
quently, the bond between the «- and f-phosphates is cleaved, which could be facili-
tated by the strained conformation of the triphosphate observed in the ATP-bound
structures of the MoaD—MoeB and APPBP1-UBA3-NEDDS8 complexes. Further-
more, the developing negative charge on the f-phosphate appears to be stabilized
by two arginine residues, which in MoeB correspond to Arg B73 and Arg B14’ of
the second MoeB monomer. In the E1 enzymes the second arginine, correspond-
ing to Arg B14’ of MoeB, is contributed from the second MoeB-like repeat in the
case of the single subunit E1s such as the ubiquitin activating enzyme, or the sec-
ond subunit as is the case for the APPBP1 subunit of the hetereodimeric NEDD8-
El. The importance of Argl4, Arg73 and Asp130 of MoeB has been demonstrated
by site-directed mutagenesis and a nitrate-reductase overlay assay [38|.

Following the formation of the acyl adenylate the reactions will proceed along
different paths. In the MoaD—MoeB complex a thiocarboxylate will be formed and
the current knowledge regarding this step has been summarized (Section 3.3.5.).
In contrast, the E1 enzymes will form the covalent thioester linkage between their
active site cysteine and the UbL C-terminus. A remarkable observation of the
NEDD8-APPBP1-UBA3-ATP complex in this context has been the large distance
(~32A) between this cysteine and the a-phosphate of ATP, which apparently re-
quires substantial conformational changes for the reaction to proceed. As men-
tioned earlier a second UbL protein will bind to the E1 enzymes and this process
could trigger the necessary conformational changes leading to the formation of the
thiocarboxylate. Another issue that is poorly understood is binding of the cognate
E2 enzyme and the resulting transfer of the UbL to E2. Clearly more structural and
mechanistic studies are required to understand the complex mechanism of the E1
enzymes in detail.

Summary

Recent structural studies of the bacterial MoaD—MoeB system have demonstrated
that the El-catalyzed activation of UbL proteins is derived from a more ancient and

o
Fig. 3.7. Adenylation reaction. (A) Stereo or the N-terminal MoeB-repeat in single
representation of a superposition of the subunit E1 enzymes. (C) The structure of the

MoaD—MoeB complex in its apo-state (red), in NEDDS activator in complex with NEDD8
complex with ATP (yellow) and after formation  (yellow) and ATP (all-bonds representation) is

of the acyl adenylate (blue). (B) Proposed shown with the same subunit and domain
reaction scheme for the formation of the acyl ~ color code defined in Figure 3.6A. The active-
adenylate. Arg’ refers to the second arginine site cysteine and the bound Zn are indicated

originating either from the second subunitin  as black and gray spheres, respectively.
case of MoeB and hetereodimeric ET enzymes,
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widespread step during Moco biosynthesis, namely the temporary incorporation of
sulfur as a thiocarboxylate. The MoaD protein is thus the evolutionary ancestor of
ubiquitin and other UbLs and due to its near-universal presence in all phylogenetic
kingdoms occupies a position ubiquitin was envisioned to assume when it origi-
nally received its name and was thought to be present in all kingdoms of like [53].
On the other hand, the MoeB protein, as already deduced by sequence compari-
sons, is the ancestor of the E1 enzymes. All El-catalyzed reactions including MoeB
involve the formation of an acyl adenylate with the C-terminus of a small protein,
but subsequently diverge with the formation of either a thiocarboxylate or a thio-
ester. The factors dictating whether a thiocarboxylate or a thioester is formed are
not fully understood at present. After the activation step was adopted to fulfill sec-
ondary functions in eukaryotes an additional transfer step, catalyzed by the E2 en-
zymes, was presumably added and, in the case of ubiquitin, also the complex diver-
sity of the E3 enzymes evolved, which ensures that only selected proteins are
degraded at the appropriate time by the proteasome.
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4
RING Fingers and Relatives: Determinators of
Protein Fate

Kevin L. Lorick*, Yien-Che Tsai*, Yili Yang, and Allan M.
Weissman

4.1
Introduction and Overview

As recently as 1998, the RING finger was a structure without known function, and
was often confused with the zinc finger. Three years later this compact structure
was rapidly becoming one of the most widely studied protein modules because
its presence in proteins has strong predictive value for ubiquitin ligase activity. An
exhaustive treatment of RING finger ubiquitin ligases would warrant an entire
volume by itself. Therefore, this chapter will provide general information on the
RING finger and its structural relatives. This is followed by brief synopses of sev-
eral well-studied families of RING finger proteins implicated in cell regulation and
signaling. These examples are Siahs, IAPs, TRAFs and Cbls. These are intended to
illustrate the biological importance and complexities of RING finger proteins. We
will then provide more detailed discussions on two RING finger proteins: Parkin,
associated with autosomal recessive juvenile Parkinson’s disease and Mdm?2, the
most well-known and extensively studied cellular ubiquitin protein ligase for the
tumor suppressor p53.

4.1.1
Historical Perspective

Ubiquitylation of proteins, i.e. their conjugation with ubiquitin, has dramatic
effects on their fate and function. Its most well-described role involves protea-
somal degradation as a consequence of modification with K48-linked chains of
ubiquitin, but it has other roles not linked to proteasomal degradation. These in-
clude enhancement of endocytosis and targeting to lysosomes (vacuoles in yeast),
DNA repair, transcriptional regulation and kinase activation. Ubiquitylation is a hi-
erarchical, multi-step process generally involving, at a minimum, enzymes known
as ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzymes (E2s) and
ubiquitin protein ligases (E3s). E1 forms a thiolester linkage with the C-terminus
of ubiquitin via an ATP-dependent reaction. Ubiquitin is then transferred to one of

* Equal contributors.



4.1 Introduction and Overview

over 30 (in mammals) E2s where a second thiolester linkage is formed. E3s inter-
act with E2 and substrate, which then mediate the transfer of ubiquitin to substrate
[1-5].

Because of the large number of known ubiquitylation substrates and since E3s
recognize specific proteins or modified forms of proteins, the number of E3 speci-
ficities is necessarily enormous. However, until recently few E3 had been molecu-
larly characterized. By 1992, for example, 13 E2s had been described in yeast [6].
Of these, 11 function with ubiquitin and one with each of two different ubiquitin-
like (UbL) proteins, Sumo and Nedd8/Rub1 [2]. However, while several yeast and
metazoan E3s had been identified biochemically by that time, the primary amino
acid sequence was known only for a single E3 [7]. This was the Saccharomyces cer-
evisiae Ubrlp, which had been studied extensively by Varshavsky and co-workers
in delineation of the N-end rule [8, 9]. Its mammalian ortholog, E3c, was the pro-
totypical E3 used in the description of the basics of the ubiquitin pathway by
Hershko and Ciechanover [1, 10].

A major advance in the identification of E3s came with the discovery by Howley
and co-workers of E6-AP (E6 protein-associated protein). This cellular protein func-
tions as an E3 for p53 in human papilloma virus (HPV)-infected cells. Specifically,
oncogenic strains of HPV (HPV-16 or -18) express a protein, E6, that usurps the E3
function of E6-AP [11, 12]. E6-AP was found to resemble other deduced protein
sequences in cDNA databases. This led to the identification in 1995 of a family of
proteins characterized by a C-terminal 350 amino acid HECT (homologous to E6-
AP carboxyl terminus) domain [13]. Many of these have now been shown to be
E3s. HECT E3s generally recognize substrates through their N-terminal halves.
HECT domains interact with E2s and form transient thiolester linkages with ubig-
uitin before transferring ubiquitin to target substrates (see Chapter 5). Based on
searches using the BLAST program [14, 15], there are 27 HECT proteins encoded
within the human genome, not considering splice variants.

As HECT domain function was being elucidated, studies in the mid-1990s on
cell-cycle regulation led to the initial description of SCF E3s. These were first char-
acterized as containing Skpl, Cullin-1, and an F-box-containing protein [16, 17].
Also identified during the mid-1990s was the APC (anaphase promoting complex
— also known as the cyclosome), another multi-subunit cullin-containing E3 that
mediates ubiquitylation of mitotic cyclins [18, 19]. Mdm?2, initially thought to be a
HECT domain variant, was shown in 1997 to have E3 activity towards p53 in vitro
[20]. For the non-HECT E3s no common structural feature had been detected.
Thus, by 1997 the only defined molecular signature for E3 activity was the HECT
domain.

In 1999, the world of E3s began to change dramatically. Using a yeast two-hybrid
approach, a protein of unknown function, AO7, was identified in the Weissman
laboratory as a binding partner for a human E2, UbcH5B, and was found to medi-
ate UbcH5B-dependent self-ubiquitylation [21]. These properties depended upon a
motif known as the RING finger, which has the general sequence CX;CX9_39)
CXHX(2,3)C/HX2CX(4,43)CX2C (Figure 42)

The term RING finger was first coined by Freemont and colleagues referring to a
gene product in the MHC class I locus [22]. Their apparent exuberance led to the
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4.1 Introduction and Overview

descriptor Really Interesting New Gene 1 (RING1). Little did they know how inter-
esting it would be! Determination of the structure of several RING fingers [23-29]
revealed that the RING finger consists of two Zn binding sites with a total of eight
cysteine and histidine ligands. They may be ordered either as C3H2C3 (RING-H2)
or C3HC4 (RING-HC) with the resultant fold assuming a cross-braced type ar-
rangement (Figures 4.2 and Figure 4.3). AO7 was determined, specifically, to be a
RING-H2 protein. Strikingly, each of four other RING-H2 proteins, for which there
was no prior evidence for roles in ubiquitylation, were also demonstrated to have
RING finger-dependent E3 activity. The RING-HC proteins Brcal (Breast cancer
associated protein 1) and Siahl (seven in absentia homolog 1) were found to be-
have in a similar manner [21].

Coincidentally, while initial E3 studies were ongoing, the Ashwell lab (next door
to the Weissman lab), had evidence for a potential role for proteasome activity in
IAP (inhibitor of apoptosis) function. A connection became clear with the determi-
nation that most IAPs include RING-HC fingers and have E3 activity [30]. It
shortly became apparent through studies by a number of groups that many pro-
teins whose functions had been associated with ubiquitylation, such as Cbls,
Mdm?2, Ubrlp/E3o and Hrd1p/Der3p are RING finger E3s [31-34]. Similarly, the
presence of a small RING finger protein, Apcll, within the multi-subunit APC
took on new significance [35].

Remarkably, at the same time, several groups independently determined that
there was a previously undiscovered component to the SCF complex — a small
non-canonical RING finger protein known variably as Rbx1, Rocl or Hrtl [36-

A

Fig. 4.1. Fundamentals of the ubiquitin
system. Adapted from Ref. [5]. Figure 4.1
shows the fundamentals of the ubiquitin
system. (1) Ubiquitin is synthesized in linear
chains or as the N-terminal fusion with small
ribosomal subunits that are cleaved by de-
ubiquitylating enzymes to form the active
protein. Ubiquitin is then activated in an ATP-
dependent manner by E1 where a thiolester
linkage is formed. It is then transthiolated to
the active-site cysteine of an E2. E2s interact
with E3s and with substrates and mediate
either the indirect (in the case of HECT E3s) or
direct transfer of ubiquitin to substrate. A
number of factors can affect this process. We
know that interactions with Hsp70 can
facilitate ubiquitylation in specific instances
and competition for lysines on substrates with
the processes of acetylation and sumoylation
may be inhibitory in certain instances. (2) For
efficient proteasomal targeting to occur chains
of ubiquitin linked internally through K48 must
be formed. This appears to involve multiple

cycles of E3-mediated transfer of ubiquitin or
in some cases other factors known as E4s may
play a role in facilitating the processivity of
polyubiquitin-chain formation. Interactions
with proteins containing UbDs (ubiquitin
domains), including some E3s, may facilitate
targeting to the proteasome. For a number of
subsrates an ATPase known as p97 (also
known as VCP or in yeast as Cdc48p)
facilitates transport to proteasomes. (3) The
factors that influence the balance between K48
chains and mono-ubiquitin or other linkages,
such as K63, are poorly understood. However,
ubiquitin-binding domains such as the UBA or
UIM could influence this balance in cells by
blocking K48 on ubiquitin and thus favoring
chain termination or other linkages [82] — this
is a point that is far from being established
with certainty. Anywhere along the pathway
deubiquitylating enzymes may reverse the
process, including at the level of the
proteasome itself.
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4.2 RING Fingers as E3s

39]. It was also found that Rbx1 was central to the E3 activity of the newly de-
scribed CBCVHE complex [40, 41]. During this time, others demonstrated binding
of E2s to RING finger proteins — although in these cases the connection with ubig-
uitylation was not made [42]. So, by mid-2000 there was a new family of over 300
additional potential human E3s.

Things did not stop with the identification of the RING finger. The PHD (plant
homeodomain) or LAP (leukemia-associated protein) domain represents a varia-
tion on the RING finger [43, 44]. A second more distant RING finger relative has
been identified as the U-box (see below) [45]. Members of both of these have now
been shown to have E3 activity [46-51]. Thus, from 1998 to 2002 we had gone
from a family of perhaps 27 potential human E3s, which could be discerned based
on their primary amino acid sequence, to over 400. Additionally, substantial heter-
ogeneity in substrate recognition is provided by the cullin-containing E3s.

4.2
RING Fingers as E3s

4.2.1
General Considerations

It is reasonable to divide RING finger E3s into two major types, cullin and non-
cullin E3s, the latter being the primary focus of this chapter. However, to put the
full range of RING finger E3 specificities into perspective some mention of the
cullin E3s is required. cullin-containing E3s are remarkable in having the capacity
to bind to and ubiquitylate multiple different targets through use of different sub-
strate-recognition subunits. These E3s have a small RING finger protein (in most
cases Rbx1/Rocl/Hrtl) associated with a specific member of the cullin family.

P
<

Fig. 4.2. Comparison of RING finger and

PHD finger includes invariant tryptophan two
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RING finger-related motifs. (A) Schematic
representation of RING, PHD and FYVE fingers
(left), U-box (center), and tandem classical
zinc fingers for comparison (right). (B) Multi-
ple alignments of representative RING, PHD,
and FYVE, fingers. Adapted from Ref. [46]. In
Figure 4.2A, numbered residues in RING
fingers represent metal coordinating residues.
A canonical RING finger has histidine in
position 4, cysteine in positions 1-3, 6-8.
RING fingers are classified as RING-H2 or
RING-HC depending on whether position 5 is
occupied by histidine (-H2) or cysteine (-HC).
Canonical PHD finger consensus has histidine
in position 5. FYVE finger includes (R/K)
(R/K) (HHCR) insertion indicated in purple.

amino acids before the seventh coordinating
residue indicated in blue. In the U-box the
predicted conformation is conferred by hydro-
gen bonding and salt bridges, indicated
schematically by dotted lines. In Figure 4.2B,
predicted metal-coordinating residues are
indicated in blue boxes. Consensus RING,
PHD and FYVE finger motifs are indicated
below each grouping. The position of
tryptophan conserved in PHD fingers is
indicated in blue. The FYVE finger insert is in
purple. The canonical RING, PHD and FYVE
finger motif is indicated under each set of
alignments. For the U-box, conserved residues
are indicated in red.
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Fig. 4.3. Structures of RING-E2 complexes
and RING dimers. (A) c-Cbl and UbcH7 based
on crystal structures [23]. (B) Cnot4 and
UbcHS5B based on NMR solution structures
and molecular modeling [28, 70]. (C) Solution
structure of Brcal—-Bard1 dimer [25, 77]. (D)
Space-filling model of the Brcal-Bard1 dimer
showing (right) sites of interaction with
UbcHS5C with which it functionally interacts,
and (left) less extensive sites of interaction
with UbcH?7, for which there is no evidence of
functional interaction. (C and D adapted from
ref. 25 and ref. 77 with permission). In Figure
4.3A, Cbl is shown in silver, its RING finger

region is shown in blue, and E2 in red. Points
of interaction of UbcH7 on ¢-Cbl (RING finger
and linker o-helix) are indicated in cyan and
Cbl-interacting sites on E2 are shown in green.
Note that most interactions involve a linker o-
helix of Cbl (shown in orange), loops including
the cysteine pairs that coordinate the first
(shown in pink) and last (shown in orange) Zn
molecule and the central o-helix of the RING
finger. In Figure 4.3B, E2, RING, active sites,
contacts and Zn residues are colored as in
Figure 4.3A. Interactions involve the same
general regions of the E2 and RING finger with
no evidence of involvement of regions outside
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cullin-containing E3s include the SCF E3s, where F-box proteins recognize
substrates and Skp1 connects the Cull core to F-box proteins [17, 24, 52-55]. For
the CBC (elongin C, elongin B, Cul2 or Cul5) E3s the dimer of elongin C and elon-
gin B play an analogous role to Skpl. VHL (Von-Hippel-Lindau), the first defined
substrate-recognition element for the CBC complex, or other members of the SOCS
(suppressor of cytokine signaling) box proteins, serve to recognize the substrate
[40, 56, 57]. More recently the Cul-3 BTB/POZ (Bric-a-Brac Tramtrack and Broad
Complex/ Pox virus and Zn finger) family of E3s has been identified. In these com-
plexes BTB proteins both recognize substrate and link to Cul3, combining the roles
played by the Skpl and F-box proteins of the SCF [58-60]. The most complex
cullin-containing E3 is the anaphase promoting complex, APC. Apc2 is a cullin,
and Apcl1 is a small RING finger protein. The APC complex also includes at least
nine other essential subunits, a large number of which include TPR (tetratricopep-
tide repeat) protein—protein interaction domains. Tandem TPR repeats generate a
right-handed helical structure with an amphipathic channel that is thought to ac-
commodate an a-helix of a target protein [61]. These subunits may therefore serve
to hold the APC complex together or to bind substrates. Other known APC sub-
strate-recognition elements include Cdc20 and Cdh1l/Hctl [62-64]. In general,
the cullin-containing E3 is written with the family name followed by the sub-
strate-recognition element in superscript. Thus, the SCF E3 for IxB may be written
as SCF/TRCP while the E3 that recognizes hypoxia inducible factors, HIF-1o and
HIF-18, is CBCVHL. As shorthand, cullin-containing E3s are often referred to as
“multi-subunit E3s” to underscore the need for multiple subunits for discernable
activity. This is clearly an over-simplification, as single subunit, non-cullin, E3s can
also function in the context of more complex assemblies. For more detail on cullin-
containing E3s see Chapters 6 and 7.

An obvious question is whether all consensus RING fingers mediate ubiquityla-
tion. Our view, based on the literature, our experience and discussions with col-
leagues, is that the large majority do. A few RING proteins persist in showing no
E3 activity, as defined by the minimal criteria of E2-dependent self-ubiquitylation
in vitro, despite experimental evaluation by multiple laboratories. However, almost
all of these persistent negatives influence the ubiquitin pathway. The best example
of this is Bardl (Brcal-associated RING domain 1). Inactive as an E3 by itself,
Bardl dimerizes with Brcal and greatly enhances the latter's E3 activity [21, 65,
66] (Figure 4.3C and D). Furthermore, failure to express Bard1l markedly desta-
bilizes Brcal [67]. Until recently, MdmX had not been reported to be an E3. How-
ever, there is now evidence that MdmX has at least a small amount of ligase activity

4
<

the RING finger. Figure 4.3C shows Brcal in have been observed in patients with sporadic
silver, Bard1 in blue. Zn-binding residues are breast or ovarian cancer. Extensive E2-

indicated in green. Known mis-sense interacting regions on Brcal extend beyond the
mutations of Brcal are labeled. Mutations of ~ RING finger to include regions in the o-helices
residues marked in red have been linked to N- and C-terminal to the RING that form the

familial cancers; other mutations (in black) four-helix dimerization interface.
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[68]. Perhaps, analogous to Bard1, MdmX may modulate the E3 activity of Mdm2
towards p53 through dimerization (see below). Ironically, PML ( promyleocytic leu-
kemia), one of the first RING finger proteins to be characterized has, to date, not
shown E3 activity (see below).

4.2.2
Structural Analysis and Structure—Function Relationships

How do RING fingers function to mediate ubiquitylation? Unlike HECT domains,
which function as catalytic intermediates in the transfer of ubiquitin from E2 to
substrate, there is no evidence that RING fingers play such a role. A minimalist
view is that RING fingers act as E2 docking sites. As such, they would position
the complex of E2 and ubiquitin allowing for nucleophilic attack from a substrate
lysine onto the C-terminus of ubiquitin [69]. In this model, the RING finger is not
expected to affect the catalytic reaction required for ubiquitin transfer. Consistent
with a docking role, the crystal structure of the ¢-Cbl RING finger with an E2,
UbcH?7, provides no evidence for a catalytic role in RING finger function (Figure
4.3A). This is similarly the case for the solution structure of the Cnot4 RING finger
with UbcH5B. The Cnot4 RING finger is atypical in having only cysteine residues
coordinating Zn, but otherwise has a consensus RING finger sequence [70] (Fig-
ure 4.3B). For both of these the active site cysteine of the E2 projects away from,
and is not in close proximity to, the RING finger. Thus, based on these structures,
there is little to suggest direct interactions between the RING finger and the site of
ubiquitin attachment on E2.

Despite the structural data, this docking-site model may be an over-simplifica-
tion of how RING fingers function. There is evidence that E2 binding without an
intact RING finger is not sufficient to target substrates for degradation. This is
based on the analysis of other E2 binding domains, including those found within
the yeast protein Cuelp [34, 71] and in gp78 [72]. The latter, also known as
AMFR (the autocrine motility factor receptor), is a mammalian E3 involved in
ERAD (endoplasmic reticulum associated degradation). It includes both a RING
finger and a distinct E2 binding site [72], both of which are required for proper
E3 activity in the presence of its cognate E2. Also contrary to the minimalist view
are instances where E2-RING finger interactions occur but lack functional activity.
This is the case for UbcH7 and the Brcal/Bardl heterodimer (see below) [23, 25].
It is, therefore, reasonable that the RING finger might act as an allosteric co-factor
whose binding to E2-Ub alters the E2 so as to facilitate transfer of ubiquitin to
substrate.

4.2.2.1 RING finger—E2 Interactions

For both Cnot4 and c-Cbl there are several points of contact between the E2 (shown
in red) and the RING finger (shown in blue in Figure 4.3A and B). These include
residues in the first o-helix of the E2 and two loops that extend down from the core
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of the E2 into the RING finger (shown in green). One precedes and one immedi-
ately follows the active-site cysteine (yellow side chain). The first E2 o-helix contacts
residues close to the first cysteine pair of the RING finger (shown in cyan around
the first Zn molecule, which is depicted in pink). The first loop of the E2 interacts
with the central a-helix of the RING finger at one or more points (contacts in cyan),
while the second loop of the E2 contacts residues near the final cysteine pair (con-
tacts in cyan). However, there is variation between the two E2-RING finger pairs
as to the specific residues involved. In addition, c-Cbl also contacts the first o-helix
of the E2 through a linker o-helix immediately N-terminal to the RING finger (in-
dicated in orange). On the other hand, for Cnot4 all of the E2 contacts are confined
to the RING finger. While Cnot4 exhibits robust activity with UbcHSB in vitro, it is
notable that there is little evidence for direct functional interactions between c-Cbl
and UbcH?7.

A third RING finger protein for which E2 interaction data is available is Brcal.
Notably, mutations of Zn-coordinating and other residues in the Brcal RING fin-
ger are associated with familial breast and ovarian cancers [73-76]. By itself, Brcal
has weak E3 activity, which is dramatically enhanced by dimerization with Bardl,
which also contains a RING finger. While the two RING fingers are juxtaposed in
the dimeric structure (Figure 4.3C), the major determinants of dimerization are o-
helices N- and C-terminal to each RING finger. These form a four o-helix bundle
[25]. NMR studies have examined the binding of the Brcal-Bardl heterodimer to
both UbcH5C, with which this E3 functions, and UbcH7, which has no activity
with the heterodimer as assessed by self-ubiquitylation [77].

Although the Brcal-Bardl heterodimer contains two RING finger subunits,
UbcHS5C and UbcH?7 interact only with the Brcal subunit. One reason for this
may be the lack of a central o-helix in the Bardl RING finger. These central o-
helices may be one essential element required for E2 contact. UbcH5C contacts the
Brcal RING finger through an extended 17 amino acid interface on the RING fin-
ger (Figure 4.3C and 3D). Points of contact on the Brcal RING finger are more ex-
tensive than those seen for c-Cbl and Cnot4, although similar regions of the RING
finger are involved. Interactions with UbcH5C extend beyond the Brcal RING fin-
ger forming additional interfaces on the two adjacent Brcal o-helices. In contrast to
UbcHSC, UbcH?7 forms a single, less extensive interface involving 10 Brcal RING
finger residues. Despite the differences in interactions, both E2s show only weak
affinity for the Brcal RING finger, and NMR titration experiments found no large
difference in affinity between the two E2s. These observations may be explained if
UbcHS5C and UbcH7 bind to Brcal in similar, but not identical, orientations.

Interestingly, Ile26, which immediately precedes the second cysteine of the
Brcal RING finger, is a contact point for both UbcH5C and UbcH?7. While not re-
quired for the coordination of Zn, this residue is also essential for maintaining E3
activity. Conversely, mutations in other E2-contact residues in the RING finger, par-
ticularly those in the central a-helix of Brcal can be altered with little functional
consequence [77]. The residues corresponding to Ile26 in both Cnot4 (Leul6) and
c-Cbl (I1e83) are also included in E2 interaction interfaces. Again, however, there is
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substantial variation in E2 contact points on the central o-helices of these RING
fingers. Consistent with the structural observations, inspection of a number of
RING proteins (Figure 4.2) reveals a high degree of conservation of the residue im-
mediately preceding the second Zn-coordinating cysteine. Similar conservation is
found surrounding other Zn-coordinating residues. With exceptions [23, 31], this
is not the case for amino acids corresponding to the central o-helix of RING
fingers.

While the major site of interaction for each E2-E3 pair is within the RING fin-
ger, there are additional binding surfaces for E2 on ¢-Cbl and Brcal outside of this
region. These contacts vary between RING finger proteins. For example, those
c-Cbl residues implicated in E2 binding that are N-terminal to its RING finger, do
not correspond to those non-RING finger residues implicated in Brcal-UbcHS5C
interactions. The structural data summarized in Figure 4.3 also provides mechanis-
tic insights into the sequential actions of E1, E2 and E3 enzymes. In addition to
interacting with RING fingers (and HECT domains), the first o-helix of E2 is also
a major site of interaction with E1 [78]. This supports a mechanism where E2
must receive ubiquitin from E1 prior to association with E3. In considering the
structures depicted in Figure 4.3, one should note that all were determined using
E2 without bound ubiquitin. The possibility that E2 loaded with ubiquitin will pro-
vide different results cannot be overlooked.

As noted above for Brcal, E2-RING finger interactions do not need to be of high
affinity to be productive. While UbcH5B binding is easily detectable for the RING
finger protein AO7, stable binding of E2s to RING fingers is not generally the
norm. In considering this generality one needs to keep in mind that generation of
poly-ubiquitin chains on proteins requires repetitive transfers of ubiquitin from E2
to substrate. As such, E2s exist in both ubiquitin-bound and -unbound states. It
follows that an ideal RING finger, whether as an E2 binding platform or as a
means to decrease the activation energy for ubiquitin transfer, must not bind the
E2 so tightly as to limit its dissociation after transfer of ubiquitin to the target pro-
tein. Consistent with this notion are observations that mutations outside the RING
of AO7 that reduce E2 binding correlate with increased self-ubiquitylation (Lister,
K. M., Lorick, K. L., Jensen, J. P. and Weissman, A. M., unpublished observations)
and that release of E2-ubiquitin by the SCF complex E3 appears to be an important
first step in substrate ubiquitylation [79].

One point that arises from study of these E2—E3 structures, is that there is a de-
gree of specificity in their physical interactions. The biochemical data extends the
idea of physical specificity in E2-E3 interactions to functional specificity. An
example of this is the Brcal-Bardl heterodimer, which interacts physically with
UbcH?7 and UbcHS5C, but is only active with UbcHS5C. There appear to be two con-
sequences of E2 specificity: variability in the strength of a particular E3 response
and variability in the type of ubiquitin modification.

The Snurf (small nuclear RING finger) protein has E3 activity using at least six
different E2s [80], all of which appear to have different patterns of ubiquitin modi-
fication. On the other hand AO7 and Brcal only appear active with members of the
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UbcHS5 family [21, 80, 81]. Presumably, the ability to interact productively with a
smaller number of E2s will restrict E3 activity to situations where the RING finger
protein and the E2 are co-expressed and co-localized.

Because ubiquitylation is not limited to degradation of substrate proteins — a pro-
cess primarily utilizing K48-linked poly-ubiquitin chains [82] — the use of different
E2s may control the type of ubiquitin modification or ubiquitin chain formed.
Brcal-Bardl has been shown to form Ké6-linked and K29-linked ubiquitin chains
when employing UbcHSC as the E2 [83]. When employing the closely related but
distinct UbcH5B, the same E3 can form K63-linked chains [66]. The RING finger
protein, Rad5 binds to Mms2-Ubc13 to form K63-linked ubiquitin chains in the
DNA repair process [84, 85]. This linkage requires the complex of another RING
finger protein, Rad18, and an additional E2, Rad6 [85]. While there is no data to
suggest the E3 proteins involved in this process form other ubiquitin linkages,
Rad18 has been implicated in proteasomal degradation of Ho endonuclease in
yeast [86], implying that it may form K48-linked chains.

4.2.3
Other Protein—Protein Interaction Motifs in RING finger Proteins

A remarkable feature of RING fingers is their small (up to 70 amino acids), com-
pact nature. This is in contrast to the considerably larger elongated HECT domain
(~350 amino acids). Perhaps one consequence of this small size is its inclusion
into a large number of proteins having a number of different protein-interaction
modules. The RING finger thereby provides ubiquitin ligase activity to a wide
range of otherwise functionally divergent proteins. Accordingly, the means by
which RING finger E3s interact with substrates are highly variable and run the
gamut of protein—protein interactions (http:/home.cancer.gov/Ipds/weissman).
As discussed above, small RING finger proteins can interact with a large number
of substrates in the context of a cullin-containing complex. For others, the size and
complexity of the ligase presents the possibility for many different interactions.
Well-characterized examples of this include Cbl proteins [87] (see below) and the
Brcal-Bardl heterodimer [88]. Protein interaction domains found in this dimeric
E3 include: the Brcal RING finger, which, in addition to interacting with E2,
has been reported to bind the de-ubiquitylating enzyme Bap1 [89]; BRCT (Brcal
carboxyl-terminal) domains, found in both Brcal and Bardl, which bind to basal
transcription machinery [90]; the large non-conserved central region of Brcal,
whcih binds DNA repair enzymes and transcription factors [91-93]; and the Bard1
ankyrin repeats, which may interact with a number of different proteins and may
induce apoptosis [94].

RING finger proteins may have other domains associated with signal transduc-
tion, such as SH3 and STAT domains and domains that bind and effect hydrolysis
of nucleotides in signal transduction or for other purposes. These include ATPases,
ATP synthases, serine/threonine kinases, GTP-binding domains, ADP-ribosylation
domains and AAA-superfamily ATPases (http://home.cancer.gov/Ipds/weissman).
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One example that encompasses two of these in one protein is Ard1 (ADP-ribosyla-
tion factor domain 1), a 64-kDa protein with an ADP-ribosylation factor domain
linked to an N-terminal GTPase domain [95, 96]. The Ard1 GTPase domain physi-
cally binds its ADP-ribosylation factor domain, stimulating hydrolysis of bound
GTP. It has been suggested that this protein plays a role in vesicular trafficking,
and it is also a member of the TRIM family of RING finger proteins (see below).
The RING finger is found in other proteins associated with organelle transport, in-
cluding those with kinesin motor domains, peroxisome domains (Pex3, Pex10 and
Pex12), and clathrin heavy chain repeats (Vpsll) (http://home.cancer.gov/lpds/
weissman).

The RING finger motif is also found in numerous proteins having domains
associated with nuclear functions (e.g. helicases, DNA repair ezymes). It is also
found in proteins having domains associated with the establishment and mainte-
nance of intracellular and extracellular matrices (e.g. scaffold/matrix specific fac-
tors, Band4.1, ezrin/radixin homologs). A number of other protein-interaction do-
mains in RING finger proteins, such as WD40 repeats, PDZ domains, sterile o
motifs or TPR domains, are not easily pigeonholed as being either organelle- or
function-specific. Curiously, RING fingers are frequently found in proteins with
a variety of other Zn-binding structures (Table 4.1). In many cases these cysteine-
rich domains have no effect on E3 activity, but may mediate interactions with pro-
teins and nucleic acids.

There are a number of RING finger E3s that contain transmembrane domains,
including some without characterized substrates, such as Kf-1 and Trc8 [21]. One
example for which a direct substrate interaction has been determined is Rnf5,
which interacts with and mediates ubiquitylation of paxillin [97]. However, for
other transmembrane RING finger E3s, the means of interaction with a substrate
does not involve easily traceable direct or even indirect protein—protein interac-
tions. The best example of this is in ERAD, where a single E3 has the potential to
target multiple structurally unrelated substrates. For one such RING finger E3, the
yeast Hrd1p/Der3p, there is evidence for specific indirect interactions through
Hrd3p in targeting yeast HMGCoA reductase [98]. For other Der3p substrates, in-
cluding the test substrate CPY*, there is little evidence for substrate-ligase interac-
tions [99]. This is also the case for the mammalian transmembrane ERAD E3,
gp78 and its substrates such as the T cell antigen receptor CD3-¢ subunit and Apo-
lipoprotein B [72, 100]. Whether ERAD substrates are recognized by co-localization
in membrane sub-domains, through adaptors or chaperones, or a combination of
these remains to be determined.

Some RING finger and related E3s possess regions related to ubiquitin, known
as ubiquitin domains (UbD). Examples of these are Parkin and Hoil-1, both of
which also contain two RING fingers (see below). There is increasing evidence
that at least one function of UbDs is to mediate interactions with proteasomes
[101-103]. There is also now a growing list of protein domains that bind ubiquitin.
Of these the structurally related UBA (ubiquitin-associated) domain and Cue
domains are found in two of the Cbl family members (see below) and in gp78,
respectively.
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CGIHTCEKLCHEGDC
GPVSCRC

repressor NF-X1, a PHD
finger/RING finger protein.

1 X-box binding factor

Tab. 4.1.  Alternative zinc-binding domains in RING proteins.
Description Function Examples in Zn-binding
(CD ID); RING proteins domain
Consensus (Genebank Accession) References
ZnF-RanBP Zn-coordinating RNA-binding MdmX (NP_002384), Mdm2 357, 358
(smart00547) domain, in RAN-binding (NP_002383), UbcM4-IP 3
CPACTFLNFASRSKCF protein binds RAN-GDP. (NP112506)
ACGAP
Rad18-like CCHC Zn Yeast Rad18p functions with Yeast Rad18 (NP_009992); 359, 360
finger (smart00734) the RING finger protein human Xpcc (NP_004619)-
LVQCPVCFREVPENLI Rad5p in error-free post- Xeroderma pigmentosa
NSHLDSCL replicative DNA repair. complementation group C
protein
B-Box-type Zn finger B-boxes have seven potential Human Murf2 (NP_908975); 361, 362
(smart00336) Zn-coordinating residues (Ifp1) Inerferon-responsive
QAAPKCDSHGDEPAE but only four bind zinc. finger (NP_569074)
FFCEECGALLCRDCD Characteristic of TRIM
EAEHRGHTVVLL proteins.
TRAF-type Zn finger Found in Trafs. Protein— Human Traf4 (NP_004286); 363, 364
(pfam02176) protein interactions Traf5 (NP_004610); Traf6
HEKTCPFVPVPCPNK (NP_004611)
CGKKILREDLPDHLSA
DCPKRPVPCPFKVYG
CKVDMVRENLQ
77 Zn finger Zn-binding domain, present Mindbomb (NP_065825)- 365, 366
(smart00291) in CBP/p300 and involved in neural
VHHSVSCDTCGKPIV Dystrophin. In Dystrophin, development; SWIM domain
GVRYHCLVCPDYDL domain is implicated in containing protein 2
CESCFAKGGHH Calmodulin binding. Mis- (NP_872327)
GEHSM sense mutation of
conserved cysteine
correlates with Duchenne
muscular dystrophy.
C1 domain (smart00109); Protein kinase C conserved MII3 (NM_170606)-mixed 367, 368
HHHVFRTFTGKPTYC region 1 (C1) domains lineage leukemia protein
CVCRKSIWGSFKGGL (Cysteine-rich domains);
RCSWCKVKCHKKCA Some bind phorbol esters
PKVPKPC and diacylglycerol. Some
bind RasGTP.
ZnF_NFX (smart00438); Found in the transcriptional NF-X1 (NP_002495)-MHC class 369
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Tab. 4.1.  (continued)
Description Function Examples in Zn-binding
(CD ID); RING proteins domain
Consensus (Genebank Accession) References
ZnF_UBR1 (smart00396) Domain is involved in Yeast Ubr1(NP_011700); 370
CTYKFTGGEVIYRCK recognition of N-end rule Human E3-o I (NP_777576)
TCGLDPTCVLCSDCF substrates. and II (NP_056070)
RSNCHKGHDYSLKTS
RGSGICDCGDKEAWN
EDLKCKAH
ZnF_UBP (smart00290); Found in ubiquitin hydrolases ~ Brap2/Imp (NP_006759)- 365, 366
RCSVCGTIENLWLCLI and other proteins. In Brcal-associated protein,
CGQVGCGRYQLSHA BRAP2, this domain binds impedes Raf signaling.
LEHFEETGHPLVVKL ras-GTP.
GTQRV
FYVE finger Implicated in endosomal Sakura/Fring (NP_476519); 371-374
(smart00064) targeting. Recent data Riff/Momo (NP_919247) a
CMGCGKEFNLTKRR indicates that these suspected inibitor of
HHCRNCGRIFCSKCS domains bind PtdIns(3)P apoptosis.
SKKAPLPKLGNEKPV
RVCDDCYENLNG
In-between-Ring fingers The IBR (C6HC or DRIL) Ariadnel (NP_005735), parkin 375
(IBR) domain domain is found to occur
(smart00647); between pairs of RING
KWCPAPDCSAAIIVTE fingers (pfam00097). The
EEGCNRVTCPKCGFS function of this domain is
FCFRCKVEWHSPVSC unknown.
PHD Zn-finger Found in nuclear proteins Tif1l-a (NP_003843) 43
(smart00249) and implicated in
YCSVCGKPDDGGELL chromatin-mediated
QCDGCDRWYHQTCL transcriptional regulation.
GPPLLIEEPDGKWYCP
KCK
Zn finger C3H1 Implicated in DNA binding. Zfp 183 (NP_849192), 376, 377
" (smart00356); Found in proteins makorinl (NP_038474)
KYKTELCKFFKRGNC controlling cell cycle or
PYGDRCKFAHPL growth. Shown to interact
with the 3’ UTR of mRNA.
Often found in tandem.
C2HC Zn finger Found in the Nucleocapsid Human Rb-BP 6 (NP_008841)- 378, 379
(smart00343) protein of retrovirus. Also retinoblatoma-binding
KCYNCGKPGHIARDC found in eukaryotic RNA- protein 6
PS or ssDNA-binding proteins
ZnF_C2H2 (smart00355) First identified in the Xenopus Ragl (NP_000439), Strin/ 380
YRCPECGKVFKSKSA transcription factor TFIIIA. Rfp138 (NP_057355)
LQEHMRTH Found in numerous nucleic

acid-binding proteins.
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In addition to containing protein—protein interaction motifs, E3—substrate spe-
cificity may be affected by post-translational modifications. In particular, phospho-
rylation can alter E3—substrate interactions. One example is p53 where certain phos-
phorylations inhibit its direct binding to Mdm2, while others indirectly enhance
their association by promoting nuclear localization of p53 [104-106]. Phosphoryl-
ation also directly enhances substrate interactions, as exemplified by the Cbls,
which include phospho-tyrosine binding domains (see below) [107].

4.2.4
Variations on the RING Finger

In addition to RING-HC and RING-H2, there is one example of a RING-CC,
Cnot4. Cnot4, part of a transcriptional repressor complex, has potent E3 activity
that is highly specific for UbcH5B (Figure 4.3B). In addition, there are other varia-
tions on the RING finger that also demonstrate ubiquitin ligase activity. These in-
clude the PHD finger and the U-box.

The PHD finger closely resembles the RING finger in having eight cysteines and
histidines that bind Zn in a cross-brace pattern (Figure 4.2). Differences with the
RING finger include a variation in spacing between the coordinating residues; a
cysteine in the fourth and a histidine in the fifth (C4HC3) coordinating residues;
and an invariant tryptophan two amino acids before the seventh Zn-coordinating
residue. NF-X1 is an example of a protein with co-linear consensus sequences for
PHD and RING fingers. We have shown that the PHD arrangement — not the
RING finger — is essential for in vitro E3 activity [46]. Another PHD finger E3 is
Mekk1 (mitogen-activated protein kinase/ FRK kinase kinase 1) [48]. Mekk1 func-
tions not only as an activating kinase for Erk (extracellular signal regulated kinase)
and JNK (Jun N-terminal kinase) through its kinase domain, but also as a negative
regulator by targeting Erk1/2 for degradation. Similarly, the AIRE (autoimmune
regulator) protein, which contains two PHD fingers, has ubiquitin ligase activity.
This E3 activity requires only the first PHD finger sequence, which, of the two,
more closely resembles the PHD consensus [49]. The murine y-herpesvirus-68 K3
was originally described as a PHD/LAP finger protein [51]. It was later suggested
that this is a RING finger variant distinct from the PHD [108]. K3 localizes to the
endoplasmic reticulum membrane and binds the cytoplasmic tail of nascent MHC
class I H-2D(b), targeting it for ubiquitylation and degradation [50, 109, 110]. Sim-
ilar PHD finger variant proteins from Kaposi Sarcoma Herpes virus, MR1 and
MR2, lead to internalization and lysosomal degradation of cell-surface molecules
including Class I MHC, B7.2 and ICAM-1 [51].

The relation of the U-box motif to the RING finger is far less obvious than that
of the PHD finger. The first U-box protein implicated in ubiquitylation was CHIP
(carboxy-terminus Hsc70-interacting protein) [111-113]. Subsequently, a yeast pro-
tein, Ufd2p, was shown to enhance the processivity of the ubiquitin chain formed
by the HECT E3 Ufd4p. This led Jentsch and co-workers to coin the term E4 in ref-
erence to this function of Ufd2p [114]. Aravind and Koonin then identified a motif
common to CHIP, Ufd2p and more than 10 other proteins. They predicted that the
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U-box would conform to a cross-brace structure similar to the RING finger, al-
though it lacks the canonical cysteine and histidine residues for Zn-binding. This
motif is predicted to fold using salt bridges and other hydrophilic interactions in
order to achieve the structure provided to the RING finger by its Zn coordinating
residues [45]. The E3 activity of this family was subsequently verified in the same
way that the activity of RING fingers was established, although there is yet to be
direct structural verification of its predicted RING finger-like topology [47, 115].

It may be that not all domains that resemble RING fingers are E3 modules. The
FYVE finger binds phosphoinositides to effect protein transport. It bears similarity
to the RING finger in the use of eight Zn-coordinating residues and in its cross-
brace structure [116-118]. The FYVE finger is, however, quite distinct. It employs
only cysteines to coordinate Zn, has a different spacing for its Zn-binding residues
and contains a short basic amino acid residue sequence preceding the third Zn-
coordinating cysteine (Figure 4.2) [119]. FYVE fingers have not, so far, been shown
to have E3 activity.

4.2.5
High-order Structure of RINGs — TRIMs

RING fingers exist in structural contexts crucial to their function. One example
is the relatively small but medically relevant family of TRIAD proteins, which will
be discussed in a separate section in the context of Parkin. The largest family of
higher order RING finger-containing proteins are the tripartite motif (TRIM) or
RING/B-box/Coiled Coil (RBCC) proteins. An example, Midlinel (Mid1) is shown
in Figure 4.4A. TRIM proteins constitute up to one-fifth of the nearly 300 known
RING finger proteins in the human genome. As expected, RING finger domains of
TRIM proteins can serve as ubiquitin ligase modules.

The two B-box Zn-finger domains (Table 4.1) bind phosphoproteins and, similar
to TFIIA Zn fingers, they may also bind nucleic acids. The binding of TRIM pro-
teins to DNA through B-boxes may aid in the modification of transcription factors
and histones by ubiquitin. Consistent with this, several TRIMs are known tran-
scriptional regulators. For example, Trim24/Tifl-« is believed to bind to the AF2
(activation function 2) region of the estrogen, retinoic acid and vitamin D receptors
[120]. The estrogen-responsive finger protein (Trim25/Efp) is a transcription factor
that is postulated to mediate estrogen action in breast cancer [121, 122]. Another
example of a DNA-interacting TRIM protein is Trim32/Hta (HIV TAT-associated),
which translocates from cytoplasm to nucleus in HIV-infected cells. In the nu-
cleus, Hta appears to aid in regulating TAT-mediated transcription [123]. On the
other hand, Trim22/Staf50 (Stimulated #rans-activation factor 50 kD) down-
regulates transcription from the HIV-1 LTR promoter region in response to inter-
feron. Staf50 might mediate interferon’s antiviral effects [124].

The coiled-coil domain frequently mediates hetero- or homodimerization. About
two-thirds of a large number of TRIM proteins tested dimerize [125]. As a number
of other RING finger proteins either homo- or hererodimerize, dimerization may
facilitate optimal E3 activity of TRIMs. While most proteins that carry the TRIM
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designation have RING fingers, there are variants that retain all of the TRIM
domains except the RING finger. In some cases these form heterodimers with
RING finger-containing TRIMs via their coiled-coil domains. TRIMs without RING
fingers may help modulate substrate interactions, or serve as substrates them-
selves. An excellent example for study is the RING fingerless TRIM29 or ATCD
(ataxia telangiectsia complementation group D protein). ATCD forms heterodimers
with RING-containing TRIMs including Trim1/Mid2, Trim10/hematopoietic RING
finger, Trim22/Staf50 and the ret finger protein [125]. The significance of these in-
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teractions is not yet known. However, ATCD mutations found in ataxia telangiect-
sia patients makes alteration of E3 activity an attractive mechanism for disease
pathogenesis.

A number of other TRIM-containing proteins are associated with genetic disor-
ders. For example, mutations of TRIM37 (Mull) correlate with mulibrey (muscle-
liver-brain-eye) nanism, an autosomal recessive disorder involving tissues of meso-
dermal origin [126, 127]. Although Mull E3 activity is yet to be established, it is
known to affect induction of NF-xB by TRAF2 and TRAF6 [128]. Midl (Figure
4.4A) mutations are associated with the X-linked Opitz syndrome, which is charac-
terized by severe midline abnormalities. Mid1 forms both homo- and heterodimers
with Mid2 (TRIM1), which also contains a RING finger [129]. Mid1/Mid2 dimers
are involved in the formation of microtubule anchors. The protein phosphatase 2A
(Pp2A) regulatory subunit, «4, is attached to microtubules by the B-box regions of
Mid1/Mid2. Pp2A is also a substrate for this E3 [130]. While not yet implicated in
human disease, Murf-1 (Muscle-specific RING finger 1) is a TRIM E3 whose over-
expression is associated with muscle atrophy in rodents. MURF1~/~ mice exhibit
protection from muscle atrophy [131].

PML is a TRIM protein that is an exception to the rule — one of the few RING
finger proteins for which no E3 activity has yet been detected. There are fourteen
TRIM-containing PML splice variants. Phosphorylated PML localizes to PML nu-
clear bodies, where numerous roles have been ascribed to it. These roles include
transcription factor [132], tumor suppressor [133] and regulator of p53 response
to oncogenic signals [134]. Though PML is not known to be a sumo ligase, it is
sumoylated at multiple sites, including on its RING finger. This modification af-
fects its ability to bind Mdm?2 and presumably regulates p53 response [135].

4.3
RING Fingers in Cell Signaling

Families of RING finger proteins play important roles in cell regulation, signal
transduction and apoptosis. Some of the more prominent families are the Siahs,
IAPs, TRAFs, and Cbls (Figure 4.4). Short summaries of these are presented below.

4.3.1
Siahs

The Siah mammalian RING finger E3s are homologs of Drosophila seven-in-
absentia (Sina) and are represented in plants by the Sinat family. Before RING
fingers were known to be E3s, Sina was implicated in Tramtrack degradation in
Drosophila [136]. Further, Siahs were found to be involved in the proteasomal deg-
radation of the DCC (deleted in colorectal carcinoma) gene product, the Netrin re-
ceptor [137]. In humans, there are two family members, Siah1 and Siah2. In mice,
in addition to Siah2, there are two highly homologous forms of Siah1 (a and b). In
plants, there are five Siah relatives, Sinatl-5. Siah proteins are generally ~280
amino acids and characterized by variable N-terminal extensions followed by a
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RING finger (Figure 4.4B). The RING finger is followed by a cysteine-rich Zn-
finger-containing region. Siahs are known to dimerize, and there is biochemical
and structural evidence that this primarily involves the Zn-finger region and part
of the more C-terminal coiled-coil domain [138-140]. A role for dimerization in
Sinat5 E3 activity has been established [141]. Consistent with biochemical studies,
the crystal structure of the C-terminal region, lacking the RING finger, has re-
vealed that it exists as a dimer [142]. Interestingly, this domain bears substantial
similarity to the C-terminal regions of TRAF proteins.

The C-terminal domain of Siah proteins is also referred to as the substrate-
binding domain (SBD). Siahs target a wide array of divergent substrates for degra-
dation. Directly recognized substrates include the netrin receptor, c-Myb, Bob/
Obf1, Peg3/Pwl, Synphillin-1 and TRAF2 [137, 143-147]. However, Siahs can
also exist in the context of an SCF-like complex that includes Skp1, Ebi, Sip (Siah-
interacting protein) and the adenomatous polyposis coli protein. This complex
serves as an alternative to SCFFTRCP in targeting f-catenin for ubiquitylation [148].
In addition, a consensus Siah-binding sequence, RPVAxVxPxxR, has been identi-
fied with the core sequence PxAxVxP. This sequence is found in Sip as well as a
number of Siah substrates, including netrin receptor. Sequences slightly degener-
ate from this are found in other Siah substrates including nuclear receptor co-
repressor (Nco-R), Kid motor protein and Numb. However, other Siah substrates,
such as adenomatous polyposis coli protein, Synaptophysin, and group 1 metabo-
tropic glutamate receptors contain no similar sequence, revealing the complexity of
Siah interactions [145].

The biological consequences of Siah E3 activity, apparent from the number of its
substrates, are significant. Siahs are implicated in mitosis and meiosis [149, 150].
In plants, Sinat5 targets the transcriptional activator Nacl, thereby attenuating
auxin-mediated signaling and modulating lateral root development [141]. In
mouse, deletion of both Siahl « and Siah2 results in embryonic lethality [147].
Siahs also modulate tumor necrosis factor receptor (TNFR) function by promoting
degradation of TRAF2 [151].

Most recently Siah2 has been shown to target prolyl-hydroxylase family members
for degradation. Furthermore, Siah2 is transcriptionally induced in response to
hypoxia. Proline hydroxylation has been observed on Hif-1a and Hif-2« (hypoxia
inducible factor-1x and —2«) during normoxia. Thus, hypoxia may result in in-
creased Siah2 and decreased prolyl-hydroxylases [152]. This would lead to decreased
targeting of Hif-1o and -2« by CBCVH! and, consequently, an increase in levels of
VEGF (Vascular endothelial growth factor) and other Hif-1« and -2« targets.

432
IAPs

The sine qua non of the IAPs (inhibitors of apoptosis) is one or more copies of a
Zn-finger-containing domain referred to as a BIR (Baculovirus IAP Repeat; Figure
4.4C). This name was derived from their initial identification in baculovirus, where
they prevent host-cell apoptosis, allowing viral replication. At least 10 mammalian
IAPs have been described. Many have C-terminal RING fingers [153]. A major
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function of IAPs, including XIAP, cIAP-1 and cIAP-2, all of which are active E3s
[30], is to bind to and inhibit the tonic activation of caspases. The most extensively
studied and potent mammalian IAP is XIAP, which binds and inhibits processed
Caspase 9 as well as activated Caspase 7 and Caspase 3 [154] — the latter being an
important effector caspase common to both the intrinsic (mitochondrial) and ex-
trinsic (death receptor initiated) apoptotic pathways. Our understanding of how in-
hibition of caspases by XIAP is regulated has been greatly assisted by the identifi-
cation of two XIAP-interacting proteins Smac/Diablo and HrtA2/Omi. These are
released from mitochondria in response to permeability changes induced by pro-
apoptotic stimuli. Also released on disruption of mitochondrial integrity is cyto-
chrome c, which together with Apaf-1 and Caspase 9 leads to the activation of the
effector caspase, Caspase 3. Smac/Diablo and HrtA2/Omi bind XIAP, and possibly
other IAPs, resulting in the release of caspases from the IAP [155-157]. This may
explain the paradox that, in certain XIAP-expressing cells, death-receptor-mediated
apoptosis (i.e. the extrinsic pathway) depends on pro-apoptotic Bcl-2 family mem-
bers that increase mitochondrial outer membrane permeability. In Drosophila, in
addition to Smac/Diablo and HrtA2/Omi, induction of apoptosis requires three
other proteins: Reaper, Hid and Grim. Upon over-expression, these result in excess
cell death, which is suppressed by co-expression of the Drosophila IAP, DIAP1
[158-160]. Reaper, Hid and Grim bind DIAP1 and promote its ubiquitylation and
degradation in a RING finger-dependent manner. This enables them to promote
self-ubiquitylation and degradation of the IAPs. These findings are consistent
with the initial observation of IAP E3 activity, where activation of apoptosis via the
intrinsic pathway resulted in degradation of IAPs and activation of caspase activity
[30]. Both of these functions are RING finger dependent, as expressing RING fin-
gerless IAPs delays apoptosis. Thus, a scheme emerges where IAPs continually
inhibit caspases until their dissociation is promoted by proteins such as Smac/
Diablo. In this context, self-ubiquitylation is possibly potentiated by Reaper, Hid
and Grim and their mammalian orthologs. Ubiquitylation of Caspase 9 by XIAP
and of Smac/Diablo by cIAP1 and cIAP2 has also been reported. While such find-
ings are consistent with anti-apoptotic roles of the IAPs, their overall significance
is unclear [30, 161-163].

It should be stressed that IAPs are not just caspase inhibitors. cIAP-1 and cIAP-2
are recruited to TNFRs in response to activation by tumor necrosis factor (Tnf)
[164]. As discussed below, cIAPs apparently play roles in attenuating TNF signaling
by contributing to TRAF2 ubiquitylation. At face value this might be construed as a
pro-apoptotic role in that it can contribute to down-regulation of NF-xB activation.
However, we are just beginning to scratch the surface as to the roles of the IAPs so
judgments should probably be kept in reserve.

433
TRAFs

TRAFs (TNF receptor associated factors) are a family of signaling molecules char-
acterized by a conserved C-terminal TRAF domain (Figure 4.4D) [165], which is
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divided into TRAF-N and TRAF-C. TRAF-N includes a coiled-coil domain. TRAF-C
is structurally similar to the C-terminal region of Siahs. TRAF domains mediate
many TRAF interactions, including their association with receptors, oligomeriza-
tion (e.g. trimerization of TRAF2), and interaction with IAPs. The name TRAF
was coined because the two prototypic members of the family, TRAF1 and
TRAF2, were first found to associate directly with type II TNFR (TNFR-2) [164].
Interactions with TNFR-1 occur through the adaptor molecule Tradd. Six mamma-
lian TRAFs (TRAF1-6) have been identified. They function as critical signal trans-
ducers for the TNFR family and the IL-1/Toll-like receptor family and, therefore,
affect a wide range of biological processes, such as embryonic development, innate
immunity, inflammation and bone homeostasis [166]. TRAFs2-6 all contain RING
fingers at their N-termini, which under many circumstances are required for
receptor-mediated signaling.

TRAFG6 promotes its own ubiquitylation in vitro [167]. This ubiquitylation has
been shown to utilize an E2 consisting of Ubc13 (also know as Bendless) dimer-
ized with Mms2/Uevla (Ubiquitin E2 variant 1A). Mms2, like Tsg101 (below), in-
cludes a core 14-kDa UBC domain common to E2s but lacks the canonical active-
site cysteine. Association of TRAF6 with this dimer results in K63-linked polyubi-
quitin chains. It has more recently been shown that ubiquitylation of TRAF6 with
K63-linked polyubiquitin chains is required for activation of the kinase Tak1. Tak1,
in turn, activates IxB kinase as well as the kinase(s) that activates the JNK and p38
kinase systems [168-170].

The large amount of data available for TRAF2 in comparison to TRAF6 makes
its story more complex, but perhaps also more informative. CD40 engagement re-
sults in redistribution of TRAF2 to lipid rafts. This correlates with its ubiquityla-
tion and subsequent degradation. Presumably, TRAF2 degradation prevents pro-
longed JNK activation. Expression of EBV-Lmpl (Epstein—Barr virus Jatent
membrane protein 1) also results in redistribution of TRAF2. However, Lmp1-asso-
ciated redistribution does not lead to TRAF2 degradation. This may help explain
the prolonged activation of downstream signaling pathways by this viral protein
[171, 172]. It has not been determined directly whether ubiquitylation of TRAF2
is a function of its intrinsic activity or due to ubiquitylation by other E3s. In fact,
cIAP-2 can ubiquitylate TRAF2 following TNFR stimulation and Siah2 can bind to
and promote TRAF2 ubiquitylation under stress conditions [151, 173]. Further-
more, there is little evidence for in vitro activity of TRAF2 in a purified ubiquityla-
tion system.

Interestingly, recent reports indicate that ubiquitylation of TRAF2 in the pres-
ence of Ubc13 and Mms?2 is also required for activation of the downstream kinases
Gckr (germinal center kinase-related) and JNK [174, 175]. This suggests that K63-
linked polyubiquitylation of TRAFs may be a common mechanism for members of
this family to activate kinases. This story becomes more intriguing since the pres-
ence of the TRAF2 RING finger domain is necessary for JNK, p38 and NF-«B acti-
vation. However, of the three, only JNK activation requires intact E3 activity of
TRAF2 and expression of Ubc13. This TRAF2- and Ubcl3-dependent activation of
JNK correlates with redistribution of ubiquitylated TRAF2 into an insoluble com-
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partment, reminiscent of CD40-mediated signaling [175]. Thus, it seems that JNK
activation may involve K63-linked polyubiquitylation and redistribution of TRAF2
to selective membrane microdomains or insoluble compartments. On the other
hand, activation of the p38 and NF-«xB pathways requires neither K63-linked chains
nor TRAF2 E3 activity. However, it does require the physical presence of the RING
finger region of TRAF2 [175]. It may be that TRAF2 and TRAF6 mediate assembly
of K63-linked polyubiquitin chains that are either directly or indirectly required for
activation of some of their targets. However, interactions with IAPs and Siahs may
be required to synthesize K48-linked polyubiquitin chains necessary for TRAF2
and TRAF6 proteasomal degradation. Between these two ubiquitin-generating
events there may also be a requisite disassembly of the K63-linked chains by de-
ubiquitylating enzymes. While we await elucidation of the details, what is emerg-
ing is a complex set of interrelationships between the Siahs, IAPs and TRAFs in
mediating signaling though TNFRs and related receptors.

434
Cbls

The Cbls play crucial roles in signaling by determining the fate of tyrosine kinase
receptors as well as non-receptor tyrosine kinases. The importance of Cbls first be-
came apparent with the discovery that the v-Cbl oncogene (Casitas B-lineage Lym-
phoma) is transduced by the Cas NS-1 retrovirus, resulting in lymphomas of B cell
lineage and fibroblast transformation. v-Cbl corresponds to the N-terminal region
of ¢-Cbl. v-Cbl includes the phospho-tyrosine binding domain but lacks other do-
mains including the RING finger [176]. The Cbls were first implicated in cell sig-
naling with the finding that the Caenorhabditis elegans Cbl protein, Slil, rescued a
loss of function phenotype of the EGFR (Epidermal Growth Factor Receptor) ortho-
log Let-23 [177]. In mammals there are three Cbls. ¢-Cbl is the cellular ortholog of
v-Cbl [178], Cbl-b is highly homologous to ¢-Cbl [179] and the most recently char-
acterized family member is a shorter cousin known as Cbl-3 or Cbl-c [180, 181].

Cbls share a common architecture [107]. All members of the family have an N-
terminal phospho-tyrosine binding (PTB) site that includes a four o-helix bundle,
an EF hand and an atypical SH2 domain. This is followed by a RING finger. C-
terminal to the RING finger are proline-rich regions — more extensive in ¢-Cbl and
Cbl-b than in the shorter Cbl-3. The proline-rich region provides interaction sites
for SH3 proteins including constitutive interactions with Grb2 and others (Figure
4.4E). Moving further towards the C-terminus, the two longer members of the fam-
ily include a number of sites for tyrosine phosphorylation that bind heterologous
SH2 domains. ¢-Cbl and Cbl-b include C-terminal UBA domains. As with a subset
of other UBA domains including Rad23, the c-Cbl UBA domain mediates homodi-
merization, apparently functioning akin to a leucine zipper [182]. Recently, the
UBA of Cbl-b has been shown to bind polyubiquitin without evidence for a role in
dimerization [183].

Because of their many interactions, Cbls were logically thought of as scaffolds
for signaling and endocytosis. It is now apparent that Cbls target many tyrosine
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kinases for ubiquitylation. Extensively characterized substrates include receptor
tyrosine kinases such as EGFR and PDGEFR (platelet-derived growth factor recep-
tor) [31, 184-186], and non-receptor tyrosine kinases, such as Src and Lck [186—
189]. Generally, recognition of receptor tyrosine kinases occurs through the PTK-
binding domain. Interactions with Src-family tyrosine kinases may occur between
the proline-rich regions of Cbls and SH3 domain of the kinases [107, 190]. Cbl
may also play ubiquitin-independent roles related to endocytosis. This has been
postulated for the SH3-dependent interactions of c-Cbl with Cin85, which may pro-
vide a bridge from receptors to endophillins [191, 192].

The first clue to a relationship between Cbl and ubiquitylation came from
Stanley and co-workers who demonstrated that c-Cbl was mono-ubiquitylated in
response to CSF-1 (colony stimulating factor-1) [193]. Yarden and colleagues dem-
onstrated an association between Cbl recruitment to receptors and their ubiquityla-
tion and down-regulation. C-Cbl E3 ligase activity was subsequently demonstrated
by several groups [31, 184, 186].

Cbl-mediated ubiquitylation illustrates several important points related to the
varied effects of ubiquitylation. The first is that transmembrane receptors targeted
for degradation by Cbl proteins are largely targeted to lysosomes [194-196]. Sec-
ond, as with ubiquitylation of yeast cell surface transporters and receptors by the
HECT E3 Rsp5, this targeting does not require formation of K48-linked polyubig-
uitin chains [197]. Additionally, in response to receptor-ligand binding, multiple
components of the receptor signaling complex are targeted for degradation by Cbls.
Included among these are the Cbls themselves and the associated proteins, Grb2
and Shc [198]. In contrast to transmembrane receptors, ubiquitylation of non-
receptor tyrosine kinases appears to be associated with proteasomal degradation
[186, 199, 200; A. Magnifico, S. Lipkowitz, A. M. Weissman, unpublished observa-
tions]. Further, there is evidence to suggest that Cbl-mediated ubiquitylation of PI3
kinase does not target it to either lysosomes or proteasomes but leads to its redis-
tribution to CD28 or to T-cell antigen receptors and results in the attenuation of its
activity [201]. Thus, Cbls provide an example of the range of different effects that
can be mediated by a single ubiquitin ligase. Additionally, all three members of the
Cbl family bind members of the WW domain class of HECT E3s including Nedd4
and Itch and are subject to ubiquitylation by these HECT E3s, providing yet an-
other level of regulation [202].

There are still a number of questions regarding Cbl proteins. Where in the pro-
cess leading from movement off the cell surface to lysosomes does Cbl-mediated
ubiquitylation have its effects? Some studies suggest a role distal to internalization
[189, 203] while others suggest a role at the cell surface [204]. Another question
pertains to why receptor degradation in response to Cbl-mediated ubiquitylation is
abrogated by inhibitors of both proteasomes and lysosomes. Is there a short-lived
proteasomal protein essential to the process or are some components of the acti-
vated receptor complex targeted to proteasomes while the receptor itself is de-
graded in lysosomes? Is there an interdependent process of degradation of the sig-
naling complex with some substrates “peeled off” and sent to proteasomes while
others go on to lysosomes and multi-vesicular bodies? Finally, why is there a re-
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quirement for three distinct family members? A partial explanation may be their
differential transcription in various tissues. Both c¢-Cbl and Cbl-b are widely ex-
pressed and, from analysis of mouse models, appear to have at least partially re-
dundant developmental functions [205]. However, it is also clear that there are
tissue-specific differences. c-Cbl is found to a greater extent in immature thymo-
cytes and Cbl-b is found in more mature T cells [205-207]. In contrast, Cbl-3 exhib-
its a much narrower range of distribution [180]. There is much more to be learned
about this family of complex regulatory proteins.

4.4
Multi RING finger Proteins

4.4.1
Mindbomb and TRIADs

Oligomerization is a common feature of RING finger proteins; examples include
Brcal-Bard1l [208], Siahs [142], Mdm2-MdmX [209] and c-Cbl [182]. Additionally,
some evidence suggests a propensity for RING fingers to form higher order aggre-
gates in vitro [210]. A number of proteins contain multiple RING fingers in the
same polypeptide. The most striking example of this is Mindbomb (Mib), one of
several E3s implicated in Notch signaling. In Drosophila this protein plays a role
in ubiquitylation and internalization of Delta, a Notch co-receptor. Mib includes
three RING finger motifs, only the most C-terminal of which has been shown to
have E3 activity. Mutations in the second RING finger have adverse developmental
effects, but the relationship of this to ubiquitylation is as yet unclear [211].
Searches of Genbank additionally reveal at least three families of proteins, includ-
ing homologs of the Icbp90 transcription factor (Np95), where a RING is found
in the same polypeptide chain as a PHD domain. Similarly, the protein KIAA0860
contains both a RING finger and a U-box.

The most well characterized and apparently largest group of multi-RING pro-
teins is the family of 13 human and at least 16 Arabidopsis thaliana E3s that gen-
erally include two RING fingers or RING finger-like consensus sequences with an
intervening cysteine-rich sequence. This intervening sequence is referred to as the
IBR (in between RINGs). These proteins are variously referred to as TRIAD (Two
RING fingers and Intervening-Associated Domain), DRIL (double RING-finger
Iinked), or RBR (RING-between RINGs-RING). The TRIAD motif has a general,
although far from absolute, pattern of conserved residues, C3HC4-C6HC-C3HCA4.

The most extensively studied TRIAD is Parkin, shown schematically in Figure
4.5A. The N-terminus contains a region homologous to ubiquitin called the ubiq-
uitin domain (UbD), which interacts directly with proteasomes. The C-terminus
contains two RING fingers (R1, R2) separated by a cysteine-rich in-between RING
(IBR) region. This TRIAD motif mediates E3 activity and interacts with molecular
chaperones. The last three amino acids of Parkin interact with a PDZ domain and
possibly function to anchor Parkin to lipid microdomains.

Other multi-RING proteins with demonstrated E3 activity include HHARI, the
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Fig. 4.5. Parkin and RBR proteins (A) Schematic of Parkin. (B)
Alignment of RING-IBR-RING domains of RBR proteins.

human homolog of the Drosophila retinoic acid-inducible protein, Ariadnel.
HHARI promotes ubiquitylation and degradation of a protein homologous to
translation initiation factor 4E [212]. Parc is a TRIAD protein that binds p53 in
the cytoplasm and shows E3 activity in vitro, although its in vivo targets are un-
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known [213]. Dorfin promotes the ubiquitylation of Synphilin-1, which is also a
Parkin substrate [214]. Dorfin also promotes the ubiquitylation and degradation of
mutant copper/zinc superoxide dismutase (Sod-1) [215]. In familial ALS and trans-
genic models, mutant Sod-1 is misfolded and aggregates in inclusions that also
contain ubiquitin, proteasome and Hsc70 [216-219]. Hoil-1 is a ubiquitin ligase
for iron regulatory binding protein 2 (Irp2), which binds to iron responsive ele-
ments in RNA to alter the stability of RNAs encoding ferritin and transferrin re-
ceptor. Hoil-1 recognizes and ubiquitylates Irp2 under conditions of high cellular
iron [220-221]. Some other members of the TRIAD family are androgen receptor-
associated protein 54 (Ara54), which interacts with and functions as a co-activator
for androgen receptor and Ariadne2, one of the first family members described.

Analysis of the primary amino acid sequence of the thirteen TRIAD proteins
reveals striking differences compared to consensus RINGs in both the first and
second RING fingers (Figure 4.5B). Two (Parkin, Triad3) lack the predicted Zn-
coordinating cysteine at the third position of the first RING, although other poten-
tial coordinating residues can be identified for both. Three lack identifiable first
RING fingers (Ibrdcl, Ibrdc3, Rnf31). Seven of the remaining eight (Ara54,
Ariadnel, Ariadne2, Parc, p53iRfp, Ankibl, Hoil-1) also have atypical first RINGs
in having one or two extra amino acids inserted between the seventh and eighth
predicted Zn-coordinating cysteines. In addition, p53iRFP has a cysteine rather
than the canonical histidine at position four. Of the thirteen, only Dorfin has a first
RING finger motif that fits the general consensus.

The second RING finger is also divergent from RING finger consensus se-
quences. Ara54, Triad3, Hoil-1 and p53iRfp all lack a histidine in the fourth coordi-
nation site with only a lysine, arginine, tryptophan and glutamine respectively
available to substitute — none would be predicted to be a good Zn ligand. Ariadnel
and Parkin have two extra amino acids inserted between the fifth and sixth pre-
dicted coordinating residues. While the remaining seven proteins may be de-
scribed as having a consensus RING, the distance between C6 and C7 is abbrevi-
ated — only four amino acids as compared to a consensus of ten randomly selected,
non-IBR RING finger proteins, where the shortest stretch is eight amino acids.
Based on structures of RING fingers this might be expected to impact on coordina-
tion of the second Zn. Accordingly, a solution structure of the second RING region
of Ariadnel lacks classic RING finger topology and there is no evidence of a sec-
ond coordinated Zn. Strikingly it can still mediate ubiquitylation [222]. These find-
ings underscore that when one is dealing with RING finger-like structures, ulti-
mately it is function rather than variation from canonical structures or consensus
sequences that counts.

The differences between TRIAD proteins and simpler RING fingers, and among
the TRIAD proteins themselves, suggest distinct functions for the two RING finger
domains in the context of the complete RBR, and perhaps different functions from
non-IBR RINGs. Consistent with this, the proximal HHARI1 RING cannot be sub-
stituted for by the c-Cbl RING finger. However, the proximal RING finger of Par-
kin does not restore function either [223]. Although exceptions exist, RING finger
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domains isolated from these proteins are generally not sufficient for E2 interac-
tions: the Parkin-UbcH7 interaction requires the entire RBR domain [224], while
the interaction of HHARI with UbcH7 or UbcH8 requires the proximal RING fin-
ger and part of the IBR [41]. Similarly, the association of the distal RING finger of
Parkin with UbcHS8 [225] is enhanced by the IBR. E2s other than UbcH7 and
UbcHS8 also interact with RBRs. Ara54 binds UbcH6, Ube2E2 and Ube2E3 but
not UbcH?7 [226]. Functional interactions with Parkin have been detected with oth-
er E2s, including the mammalian orthologs of the yeast ERAD E2s, Ubc6p and
Ubc7p (MmUDbc6/Ube2]2 and MmUDbc7/Ube2G2) and with UbcH5B [224]. How
the RBR functions as a unit for each of the family members remains to be deter-
mined. Whether the two RING fingers bind two E2s simultaneously or sequen-
tially to facilitate chain formation, or whether they function more like Brcal-
Bard1, where one RING finger enhances the E3 activity of the other without di-
rectly binding an E2, also remains an open question.

4.4.2
Parkin and Parkinson’s Disease

Parkin has been extensively studied because of its linkage to autosomal recessive
juvenile-onset Parkinsonism (AR]JP). It may be the most commonly mutated gene
in familial Parkinson’s disease (PD) [229]. Most disease-associated mutations re-
sult in an inactive E3. In addition to being a TRIAD protein, Parkin also includes
an ubiquitin domain (UbD), which binds proteasomes [230]. A UbD mutation that
may affect proteasome interactions is linked to early-onset PD [231], suggesting
that this is crucial to normal function. Notably Hoil-1 also has a UbD. Interest-
ingly, Bag-1 also binds the proteasome via its UbD. Bag-1 recruits a complex con-
sisting of CHIP (a U-box E3) and the chaperone Hsp70. This complex has been
proposed to mediate efficient degradation of misfolded proteins [232, 233]. This
may be enhanced through non-canonical K33-linked polyubiquitin chains as-
sembled on Bag-1 by CHIP [234].

Loss-of-function mutations in the Parkin gene correlate with ARJP with an aver-
age age of onset of 26 years. ARJP shares clinical features with autosomal domi-
nant and sporadic PD, which generally present much later in life. Additionally,
both diseases respond to 1-Dopa treatment. However, while there is loss of dopami-
nergic neurons in the substantia nigra of ARJP patients, there is a general absence
of Lewy bodies, the inclusion bodies characteristic of adult PD [235-238]. As a re-
sult, Parkin-linked PD is often assumed to lack inclusion bodies. However, there is
little autopsy material available from the brains of patients with ARJP and there is
at least one case where Lewy bodies have been observed [239]. Thus, it may be too
early to draw conclusions.

It has also been proposed that Parkin is a tumor suppressor gene [240]. It is in-
cluded in the fragile site FRAGE [241] and down-regulation of Parkin protein due
to exon duplication or deletions has been observed in several cancer cell lines and
tumors [241].
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4.42.1 Parkin Substrates

There is great interest in identifying Parkin substrates (Figure 4.6A). The first of
these, CDCrel-1, was identified as a yeast two-hybrid binding partner [225].
CDCrel-1 is a septin involved in vesicle cycling. CDCrel-1 over-expression inhibits
dopamine release in PC12 cells and causes dopamine-dependent degeneration in
rats [242]. However, CDCrel-1 null mice show no defect in development or dopa-
mine release [243]. A second vesicle-related substrate is Synaptotagmin (Syt) XI
[244], which interacts with Parkin via domains common to many Syt family mem-
bers, suggesting that Parkin may target multiple Syts [244]. Although Parkin is
largely cytosolic, there is evidence for association with synaptic vesicles mediated
through Parkin’s C-terminal PDZ-domain-binding motif. The PDZ-binding do-
main of Parkin has also been shown to interact with Cask, a lipid raft-associated
protein [245].

a-Synuclein is a cytoplasmic vesicle-associated protein first found in autosomal-
dominant PD. It is a prominent component of Lewy bodies and mutations are as-
sociated with genetic PD. A rare 22-kDa form of O-glycosylated a-synuclein (Sp22)
is a Parkin substrate [246] and has also been shown to accumulate in ARJP. How-
ever, this finding remains to be generally established. The modified form repre-
sents a relatively small sub-population of o-synuclein and there is little evidence
that the more common non-glycosylated form is a substrate. Interestingly, Parkin
over-expression protects dopaminergic neurons in Drosophila over-expressing o-
synuclein [247] and also has protective effects in cell-culture models of a-synuclein
over-expression [248]. In these models no «Sp22 has been observed. Parkin also
promotes ubiquitylation and proteasomal degradation of Synphilin-1 [146], an «-
synuclein interacting protein that associates with Parkin through its ankyrin re-
peats [249]. When over-expressed with a-synuclein, Synphilin-1 promotes the for-
mation of inclusion bodies. Notably, over-expression of Synphilin-1 alone results
in aggresome formation in HEK293 cells, suggesting Synphilin-1 itself is an
aggregation-prone protein [250]. The significance of Synphilin-1 ubiquitylation in
PD remains to be determined. Interestingly, at least two other RING E3s, Siahl
and Dorfin, can mediate Synphilin-1 ubiquitylation.

Vesicular trafficking and inclusion body formation are both dependent on the in-
tegrity of microtubules and other cytoskeletal components. Parkin has been shown
to target misfolded tubulin for degradation [251] (Figure 4.6B) and to interact with
centrosomes upon proteasomal inhibition [252]. Whether this reflects association
with specific substrates or co-localization with proteasomes in centrosomes re-

&
Fig. 4.6. Models of Parkin Function. (A) direct coupling of ubiquitylation and
Parkin substrates. (B) A model for Parkin- degradation of the substrate with chaperone

dependent degradation of misfolded proteins.  assistance. The complex may also recruit
Parkin recruits a complex containing molecular CHIP, a U-box protein, to enhance substrate
chaperones and the unfolded substrates to the degradation.

proteasome. Degradation may be facilitated by
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mains an open question, as does the significance of its association with actin [253].
The range of membrane-associated Parkin substrates is not limited to vesicles.
Pael-R (Parkin-associated Endothelin-like Receptor) [228] is a putative G-protein-
coupled receptor that is enriched in dopaminergic neurons. When overexpressed,
Pael-R misfolds and forms insoluble aggregates in the endoplasmic reticulum
causing endoplasmic reticulum stress-activated apoptosis. Parkin promotes Pael-R
ubiquitylation and degradation from the endoplasmic reticulum. Pael-R also accu-
mulates in some ARJP brains. In Drosophila, over-expression of human Parkin pro-
tects dopaminergic neurons from toxicity induced by Pael-R [247].

Other cytoplasmic Parkin substrates have been identified. Parkin promotes
ubiquitylation of the p38 subunit of aminoacyl-tRNA synthetase [254], which can
be found in Lewy bodies. When over-expressed in COS-7 cells, p38 results in
aggresome-like inclusions that include Hsp70 and Parkin. Parkin also promotes
the ubiquitylation of polyglutamine (polyQ)-expanded Ataxin-3 in vitro and facili-
tates degradation of an Ataxin-3-derived fragment containing an expanded polyQ
tract [230]. Over-expression of Parkin suppresses cell death and ameliorates protea-
some inhibition and Caspasel2 activation induced by expression of the polyQ-
expanded proteins. Another putatative Parkin substrate is an, as yet, unidentified,
protein on mitochondrial membranes that may modulate mitochondrial perme-
ability. Parkin has also been demonstrated to facilitate the targeting of Cyclin-E
for ubiquitylation. In this case Parkin exists as a part of a novel SCF-like E3 com-
plex along with the F-box/WD40 protein hSel-10 and Cul-1 [255]. This raises the
provocative possibility that Parkin may be associated with other, as yet to be de-
fined, SCF-like E3 complexes.

4.42.2 Parkin Animal Models

At present, there are two reports of Parkin~/~ mice. One study reports that
Parkin~/~ mice have motor impairments but no dopaminergic degeneration
[256]. No accumulation of CDCrel-1, Synphilin-1 or o-synuclein [256] is observed.
Intriguingly, however, they exhibit increased striatal extracellular dopamine and re-
duced striatal neuronal excitability. This is consistent with a model in which loss of
Parkin results in altered dopamine re-uptake or clearance and post-synaptic down-
regulation. How this might happen is unclear. However, since Parkin is involved in
the degradation of misfolded proteins [230, 257], oxidatively damaged synaptic pro-
teins may accumulate in Parkin null animals. Alternatively, there may be an indi-
rect effect of substrate accumulation with failure of proteasomal function due to
aggregation/accumulation of misfolded proteins. In a different study, Parkin mu-
tants show reduced body weight and learning deficits [258]. Diminished motor
activation with amphetamine suggests a reduced cytoplasmic pool of dopamine.
Increased oxidation of dopamine is also observed, enhancing the potential for
free-radical-mediated damage. Interestingly, there is increased glutathione in the
striatum, which may partially compensate for increased oxidative stress. No degen-
eration of dopaminergic neurons is found. However, there are reduced levels of
dopamine and vesicular monoamine transporters. These could either be contribu-
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tory to the abnormalities observed or be an early indicator of degeneration of
nigrostriatal terminals. Recently, the quaking (viable) mice, which show demyeli-
nation in the central nervous system, have been shown to have spontaneous dele-
tions of Parkin and Parkin co-regulated gene (PACRG) in addition to the Quaking
gene (qKI) [259, 260]. Again, the quaking (viable) mutants show no dopaminergic
degeneration or o-synuclein accumulation.

Loss of a Parkin gene ortholog in Drosophila results in flies with a reduced life
span and male sterility due to a defect in late spermatogenesis [261]. However,
there is no overall neuronal degeneration or dopaminergic cell loss, even though
dopaminergic neurons in the dorsomedial cluster show cell-body shrinkage and re-
duced tyrosine hydroxylase staining in proximal dendrites of aged flies [261]. Inter-
estingly, this is the area most affected by a-synuclein transgenics [262]. Parkin null
alleles also confer locomotor defects in climbing and flight due to loss of muscle
integrity. This is associated with swollen mitochondria with disrupted cristae
[261]. In PC12 cells, Parkin over-expression is associated with delayed mitochon-
drial swelling and cytochrome c release upon exposure to C2-ceramide [263] and
there is evidence for Parkin association with the mitochondrial outer membrane
where it may protect cells from ceramide toxicity [263]. This protective effect is de-
pendent on Parkin’s E3 activity and intact proteasome function. One may expect
Parkin null animals to be more susceptible to oxidative stress, which in Drosophila
may manifest as muscle defects.

Although these animal models show abnormalities, they fail to reproduce the
PD phenotype. Still, they suggest a role for Parkin in synaptic function and main-
tenance of mitochondrial integrity.

4.42.3 Possible Pathogenic Mechanisms in ARJP

While possibly providing clues regarding Parkin’s role in ARJP, animal models
have led to few clear insights. The brain differs from most other organs in its lack
of regenerative capacity, so that the damage accumulated from low-level chronic
insults may be increased. All forms of PD are primarily manifested in a cell type
prone to oxidative insults from decades of dopamine production. It therefore be-
comes evident why short-lived animals, such as mouse and fly, are of limited utility
in testing the role of specific proteins as etiologic factors of this disease. These lim-
its apply even for ARJP, which does not manifest clinically, on average, until the
third decade. Additionally, the range of Parkin substrates identified to date, which
include proteins associated with PD and other neurodegenerative disorders, are not
necessarily derived from unbiased approaches.

The association of Parkin both with dopamine-containing vesicles and with mi-
tochondria is consistent with a role in quality control within axons and dendrites —
disposing of proteins that have been subject to oxidative damage. How does Parkin
recognize a set of structurally diverse proteins? One mechanism might be through
direct recognition of oxidatively-induced modifications or exposed epitopes indica-
tive of misfolded or damaged proteins. Alternatively, Parkin may not directly recog-
nize substrates but rather function together with chaperones, particularly Hsp70,
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that directly associate with altered proteins (Figure 4.6A and B). Support for indi-
rect recognition includes the finding that although the proximal RING finger of
Parkin is implicated in some substrate interactions, there is little to suggest that
these are direct [249]. However, this RING finger does directly bind Hsp70 [230,
264|. Additionally, for some substrates, such as polyQ-expanded Ataxin 3, Hsp70
is crucial for ubiquitylation [230]. Other Parkin substrates including Pael-R, Syn-
philin-1 and p38 are also Hsp70-associated [254, 264; Y. C. Tsai, unpublished
result]. There are striking parallels between Parkin and the U-box E3 CHIP. CHIP
interacts with the UbD protein Bag-1 to target multiple Hsp70-bound proteins
for proteasomal degradation [112, 113, 233]. Also, there is evidence that Parkin
functionally interacts with CHIP to enhance Parkin-dependent degradation of
Pael-R [264], with CHIP playing an E4-like role. Thus, Parkin may be a fusion of
chaperone-binding, ubiquitin-ligase and proteasome-targeting motifs.

It is possible that a subset of TRIAD proteins may play overlapping roles in in-
tracellular protein quality control. In this regard, it is provocative that Drosophila
Ariadne-1 mutants show motor impairments and defects in muscle and neuronal
development [265]. Also in neuronal cultures, over-expression of Hsp70 suppresses
aggregation of the Dorfin substrate, mutant Sod-1 [266]. Furthermore Dorfin, like
Parkin, has the capacity to target Synphilin-1 for proteasomal degradation. Thus,
multiple members of the TRIAD family might function as crucial intermediaries
between chaperones, the ubiquitylation machinery and proteasomal degradation
in protein quality control. While Parkin mutations are associated with ARJP, it re-
mains to be determined whether damaged Parkin contributes to disease progres-
sion in other forms of PD. Notably, Parkin and the other TRIAD proteins are
cysteine-rich and may be particularly susceptible to oxidation or nitrosylation on
these residues. This could result in dysfunction of protein quality control. The
atypical nature of TRIAD RING fingers, with evidence for diminished stable Zn
coordination, may further increase the propensity of TRIADs to be damaged. One
can therefore envision an amplifying effect where failure to maintain vesicular or
mitochondrial integrity by mutant or damaged Parkin leads to increased potential
for oxidative damage of other cellular proteins.

4.5
Regulation of p53 by Mdm2 and other RING finger Proteins

4.5.1
Mdm2

P53 is maintained at low levels in normal proliferating cells. Increased p53 levels
and altered transcription from p53-responsive genes are associated with response
to cellular stress and DNA damage [267, 268]. The role of p53 in regulating genes
that effect cell-cycle arrest, allowing for DNA repair if possible, and in regulating
genes that induce apoptosis in tumor cells, has earned it the apt title of “guardian
of the genome” [269]. The significance of losing p53 activity in cancer is under-



4.5 Regulation of p53 by Mdm2 and other RING finger Proteins

scored by the finding that up to 50% of cancers have inactivating mutations in the
p53 gene [270]. Many other cancers have wild-type p53 yet there is still a failure to
activate a p53 response. We now know there are several mechanisms responsible
for this. The one that has attracted the most attention is increased levels of the cog-
nate p53 ubiquitin ligase Mdm?2 [106]. This E3 binds to the trans-activation do-
main of p53 through its N-terminus and mediates p53 ubiquitylation through its
C-terminus [271].

Mdm?2, which was one of the first characterized p53-responsive proteins, was
identified in a spontaneously transformed cell line, 3T3DM, as the product of a
gene amplified on the mouse double-minute (MDM) chromosome [272]. Its onco-
genic property was demonstrated by the finding that over-expression immortalizes
rodent primary fibroblasts [271, 273]. The discovery that this 90-kDa protein binds
to p53 and inhibits p53 transactivation [274] demonstrated a feedback loop be-
tween Mdm?2 and p53 [275, 276]. The importance of regulating p53 by Mdm?2 is
underscored by the observation that early embryonic lethality of Mdm?2 deficient
mice is rescued by simultaneous deletion of p53 [277, 278]. Moreover, the Mdm2
gene is amplified in approximately one-third of human sarcomas, and is over-ex-
pressed, with or without gene amplification, in a wide range of human tumors
[279, 280]. A majority of these cancers retain wild-type p53, which is inactivated
by Mdm?2, thus allowing for survival of transformed cells.

Since Mdm2 binds the p53 transactivation domain, it directly interferes with the
interaction between p53 and basal transcription factors. This leads to a block of
transcription. However, additional mechanisms may contribute to inhibition of
p53-dependent trans-activation. The N-terminal region of Mdm?2 has intrinsic tran-
scriptional repression activity [281] and more recent studies found that Mdm2 re-
cruits a transcriptional co-repressor, CtBP2 (C-terminal binding protein 2) [282].
Interestingly, this association is abolished by NADH, which changes the conforma-
tion of CtBP2 [282]. Since NADH is increased in hypoxia, it is conceivable that dis-
sociation of CtBP2 from Mdm?2 may contribute to hypoxia-induced p53 activation.

Besides its role in transcription, Mdm2 also promotes the ubiquitylation and
degradation of p53. This function is central to the role of Mdm2 in maintaining
the low levels of p53 that allow cell proliferation [283, 284]. The initial study dem-
onstrating Mdm?2 ubiquitin-ligase activity in vitro provided evidence that it could be
a HECT domain variant [20]. However, we now know that its E3 activity towards
p53 is dependent on its atypical RING finger [32, 285] (Figure 4.7). Moreover, the
intrinsic ligase activity of Mdm2 induces its own ubiquitylation and degradation
[32]. This self-ubiquitylation of Mdm2 may allow for proper regulation of the p53
response.

Mdm?2 is expressed at low levels throughout embryonic development and in
most adult tissues [286]. It is transcribed from two promoters. The more distal,
located between the non-coding exon I and exon II, is p53 responsive [275, 276].
Over 40 alternatively and aberrantly spliced variants of Mdm2 mRNAs have been
detected [287]. Many encode proteins that are deficient in binding to and therefore
regulating p53. Others may function as dominant negative regulators, preventing
the inhibitory action of Mdm2 toward p53 [288-290]. Still others promote cell
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p53 binding NLS NES acidic domain  Zn finger RING finger
CVICQGRPKNGCIVHGKTGHLMACFTCA PCPVC

Fig. 4.7. Schematic representation of Mdm2
domains and RING finger. Mdm2 binds p53 as
well as p63 and p73 through an N-terminal
region of the protein. An acidic central domain,
not found in MdmJX, is essential for function
as is its C-terminal RING finger. Nuclear
import and export signals are indicated in
Figure 4.7. The RING finger of Mdm2 includes

sites of Zn coordination for this atypical RING
finger (red), including four that have been
variously proposed to represent the third and
fourth Zn coordinating residues. The nucleolar
localization sequence that is revealed upon
binding of Arf or upon adenine nucleotide
binding is shown in green and the Walker A
site of nucleotide binding is underlined.

10 residues that could potentially represent

growth and tumor formation in a p53-independent manner [291]. The contribution
of these to tumor development and prognosis is unknown.

The Mdm?2 RING finger is unusual for the spacing of its putative Zn coordinat-
ing residues. Four amino acids have been implicated, in one way or another, as
being the third and fourth coordinating residues [32, 292, 293]. These include a
threonine, in addition to cysteine and histidine residues (Figure 4.7). This raises
the possibility that the Mdm2 RING may exist in multiple conformations. Elucida-
tion of the structure of its RING finger will hopefully clarify this. The RING finger
of Mdm?2 also includes a nucleolar localization signal in the region between the
sixth and seventh coordinating residues. This region is apparently revealed when
Mdm?2 binds to the Arf (alternative reading frame) protein [294]. Interestingly, the
Arf-Mdm? interaction does not directly involve the RING finger (see below) (Fig-
ure 4.7). Further, it has recently been determined that this nucleolar localization
signal can also be exposed in an Arf-independent manner by binding of adenine
nucleotides through a Walker A motif within the RING finger (Figure 4.7) [295].
These findings reinforce the idea that the RING finger may exist in multiple states.
The novel nature of the Mdm2 RING finger is underscored by the finding that sub-
stitution of a heterologous RING finger results in a chimera that promotes self-
ubiquitylation but not ubiquitylation of p53 [32]. The specificity for the Mdm?2
RING in p53 ubiquitylation suggests that the RING finger may have to be oriented
in a specific manner to present E2-UD to the substrate. Consistent with this, the
ubiquitylation sites on p53 appear limited to a cluster of six lysine residues located
near its C-terminus [296]. These also represent potential acetylation sites, which
would preclude ubiquitylation, further adding to the myriad ways by which p53 is
regulated [297]. The specificity in ubiquitylation sites may provide an explanation
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for the finding that Mdm?2 also binds to p53 family members p63 and p73, but
does not promote their ubiquitylation and degradation [296]. These two family
members lack the lysine-rich region near the C-terminus [298, 299].

Much attention has been focused on whether Mdm2 can mediate formation of
polyubiquitin chains on p53. Studies using purified p53, Mdm2 and ubiquitin
with K48 or K63 mutations found that Mdm?2 only catalyzes the addition of single
ubiquitin to multiple lysine residues of p53 [300]. Another in vitro study, however,
suggested that Mdm?2 induces both mono- and polyubiquitylation of p53, depend-
ing on the level of Mdm2 [301]. It is unclear to what extent these in vitro observa-
tions reflect the in vivo setting. Regardless, there is now evidence to suggest that
additional factors may work together with Mdm?2 to promote polyubiquitylation and
proteasomal degradation of p53. p300 has now been reported to have ubiquitin-
ligase activity for p53 or to facilitate polyubiquitylation of p53 together with Mdm?2
[302]. This suggests that p300 could be an E4 for p53. Since p300 is a transcription
co-activator, a possibility is that Mdm2-p300 promotes the selective polyubiquityla-
tion and degradation of p53 that is actively engaged in transcription.

4.5.2
Pirh2

Pirh2 is a RING finger protein that binds p53 and has been shown to mediate
its ubiquitylation, independent of Mdm?2 [303]. Down-regulation of endogenous
Pirh2 increases p53, whereas expression of Pirh2 leads to a decrease in p53. Again,
this leads to repression of p53-induced trans-activation and reversal of growth inhi-
bition. Interestingly, the Pirh2 binding site on p53 (residues 82—-292) does not over-
lap the Mdm2 binding site (residues 1-51). Thus, both Mdm2 and Pirh2 might
bind a single p53 molecule and cooperate to mediate its ubiquitylation. The exis-
tence of an additional E3 for p53 may explain the observation that JNK activation
can lead to p53 ubiquitylation and degradation in an Mdm?2-independent manner
[304]. Like Mdm?2, Pirh2 is also transcriptionally up-regulated by p53 [303]. An-
other RING finger protein that interacts with p53 is a TRIAD protein, Parc, which
binds p53 in the cytosol [213]. Whether Parc contributes to p53 ubiquitylation re-
mains to be determined.

453
MdmX

MdmX (also known as Mdm4) is a close relative of Mdm2. Analogous to Mdm?2,
MdmX binds p53 through its N-terminus and includes a RING finger at its C-
terminus [305]. In addition to direct binding of p53, MdmX heterodimerizes with
Mdma2. This interaction appears to be mediated through their RING fingers. Al-
though MdmX does not effectively promote p53 ubiquitylation [209], MdmX(~/~)
mice, like those negative for Mdm2, undergo embryonic death that is rescued by
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loss of p53 (277, 278, 306-308]. Thus, MdmX is also an essential negative regulator
of p53 activity. Accordingly, the MdmX gene is amplified and over-expressed in
certain human malignant gliomas that express wild-type p53 [309]. Therefore, it
is possible that MdmX functions as a critical regulator of Mdm2 to regulate the
level and activity of p53. There are several lines of evidence supporting this.
Down-regulation of MdmX causes a decrease in Mdm2 and an increase in p53.
This leads to a subsequent increase in the sensitivity of cells to UV-induced apop-
tosis [307, 310]. In p53~/~/MdmX /~ MEFs, re-expression of MdmX increases the
half-life of co-transfected Mdm2 and enhances the degradation of re-expressed
P53 [310]. These results suggest that the formation of Mdm2-MdmX heterodimers
selectively inhibits Mdm2 self-ubiquitylation and stabilizes Mdmz2, leading to
increased ubiquitylation of p53. Over-expression of MdmX appears to reverse nu-
clear export of p53 promoted by Mdm2 [209]. Intriguingly, Mdm?2 also promotes
the ubiquitylation and degradation of MdmX [311, 312]. It is conceivable that this
represents another mechanism for cells to down-regulate Mdm?2 activity, ensuring
the increase of p53 in response to stress stimuli.

The structural similarities and functional distinctions between Mdm2 and
MdmX lend themselves to “mix and match” studies. MdmX alone has very low
E3 activity towards either itself or p53. Interestingly, when the RING finger of
MdmX is replaced with that of Mdm?2, the chimeric molecule can not ubiquitylate
P53 despite binding to p53 and mediating its own self-ubiquitylation [313]. How-
ever, if the central acidic domain of Mdm?2 is also fused to the N-terminal portion
of MdmX along with the Mdm2 RING, the resultant chimeric protein now be-
comes competent for p53 ubiquitylation. The importance of this acidic domain is
further indicated by the finding that Mdm2 lacking this domain does not ubiquity-
late p53. However, co-expression of the acidic domain in trans restores the ability of
mutant Mdm?2 to ubiquitylate p53 [313]. The underlying mechanism for this com-
plementation is not yet clear. If nothing else it underscores the complexities and
nuances of substrate ubiquitylation in vivo.

4.5.4
Arf and Other Modulators of Mdm2 Activity

Another member of the Mdm2-MdmX-p53 cast already mentioned above is Arf.
This is a small basic protein (pI > 12) encoded by the Ink4a locus, which also en-
codes the cyclin-dependent kinase inhibitor pl6Ink4a [314]. Shortly after their
identification, both human and mouse Arf (p14Arf and p19Arf respectively) were
found to interact with Mdm?2 in a region N-terminal to the RING finger, between
amino acids 235 and 289 in the central acid domain [315]. This interaction blocked
Mdm2-mediated p53 degradation [316-319]. Inhibition of p53 degradation by Arf
was the result of its direct inhibition of Mdm2 ubiquitin-ligase activity [320, 321].
However, Arf may also inhibit Mdm2 by promoting Mdm2-mediated ubiquityla-
tion of MdmX [322], thereby lessening the activity of Mdm2 towards p53. Addition-
ally, over-expressed Arf resides in the nucleolus and appears to reveal a nucleolar



4.5 Regulation of p53 by Mdm2 and other RING finger Proteins

localization signal contained within the Mdm2 RING finger, although its binding
site is N-terminal to the RING finger [294]. This change in Mdm2 localization cor-
relates with inhibition of p53 degradation, presumably by separating Mdm?2 from
p53 or possibly by preventing nuclear export of the Mdm2-p53 complex [323-325].
However, relocation of Mdm?2 to the nucleolus is apparently not essential for the
inhibition of Mdm2 by Arf, although it may contribute to the suppression of
Mdm?2 under certain circumstances [326—328]. Further adding to the complexity
of its function is the observation that Arf interacts with the Sumo E2 UbcH9, and
mediates sumoylation of Mdm?2 [329]. How sumoylation, which is frequently cor-
related with nuclear transport, might contribute to the observations obtained with
Arf is another question to be answered.

Interacting with many other proteins, such as ribosomal components, steroid re-
ceptors and tumor suppressor gene products, provides additional ways to modulate
the activity of Mdm2. Ribosomal proteins L5, L11 and L23 have all been found to
bind Mdm2 and the Mdm2-p53 complex [330-332]. Enforced expression of L11
inhibits Mdm2-induced p53 ubiquitylation and degradation, leading to accumula-
tion and activation of p53. L11 also stabilizes expressed Mdm?2, suggesting that it
may act by inhibiting the E3 activity of Mdm2 [333]. This prediction remains to be
directly demonstrated through in vitro experiments. Low concentrations of actino-
mycin D disrupt ribosomal function and increase the levels of L11 bound to
Mdma2. It is therefore conceivable that L11 plays an important role in stabilizing
P53 in response to perturbations of ribosome integrity and activity. Tsg101 (tumor
susceptibility gene 101 product) is an E2-like (Uev) protein, which includes a UBC
core structure that, like Mms2, lacks an active site cysteine. Tsg101 also binds to
and regulates the function of Mdm?2 [334]. Its over-expression results in an in-
crease in Mdm2 and a reciprocal decrease of p53 in cells. Tsg101~/~
late p53 and exhibit early embryonic death [335]. Notably, Tsg101 plays an impor-
tant role in endosomal trafficking and down-regulation of membrane receptors
[336]. The significance of this in relation to Mdm2 regulation is unclear. Whether
regulation of Mdm?2 contributes to the proposed tumor-suppressor function of
Tsgl01.

The level and activity of Mdm?2 are regulated by a variety of signals. The p53 in-
ducer nitric oxide down-regulates Mdm?2 at a post-transcriptional level [337]. Phos-
phorylaton plays major roles in Mdm?2 regulation. In response to DNA damage,
Atm (ataxia-telangiectasia mutated) phosphorylates Mdm2 on Ser395, impeding
Mdm2-mediated nuclear export and degradation of p53 [338]. There is also evi-
dence indicating that Atm activates c-Abl, which phosphorylates Mdm2 at Tyr394
and prevents its interaction with p53 [339]. However, phosphorylation may also
enhance the activity of Mdm?2. For example, the growth-factor-activated kinase Akt
(AKR mouse strain thymoma) phosphorylates Mdm2 at Ser166 and Ser186, which
promotes its nuclear translocation, leading to increased p53 ubiquitylation and
degradation [340, 341]. This may contribute to the anti-apoptotic action of growth
factors such as IGF1 and EGF. Consistent with this, the tumor suppressor Pten
(phosphatase and tensin homolog), a phosphatase that dephosphorylates the Akt

mice accumu-
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activator PIP3, protects p53 from Mdm?2 and enhances p53-mediated transcription
[342, 343]. Recently, Merlin, the product of Neurofibromatosis 2 tumor-suppressor
gene, was also found to down-regulate Mdm2. This led to inhibition of Mdma2-
mediated p53 degradation and an increase of p53 transcriptional activity [344].
Therefore, blocking Mdm?2 E3 activity toward p53 appears to be a common mecha-
nism utilized by a number of tumor suppressors.

4.5.5
Other Potential Mdm2 Substrates

In addition to p53 and MdmX, a number of other proteins have been identified as
potential Mdm2 substrates. Included among these are f-arrestin, f2-adrenergic re-
ceptor, androgen receptor, glucocorticoid receptor, histone acetyl transferase Tip60
and PCAF [322, 345-349]. While the physiological or pathological significance of
the ubiquitylation of these proteins by Mdm2 remains to be further explored, these
findings are consistent with the notion that Mdm2 has p53-independent functions
in cells.

4.5.6
Mdm2 and Therapeutic Intervention in Cancer

Given its importance to cancer, a thorough understanding of how p53 levels and
transcriptional activity are regulated is of practical significance. Accordingly, inter-
ventions that disrupt the capacity of Mdm2 to modulate both activity and levels of
P53 become clinically important. Reagents have now been identified that block the
physical interactions of these two proteins [350] and we and others have taken an
interest in identifying small molecule inhibitors that might block Mdm?2’s E3 activ-
ity [106, 351, 352]. Whether reagents that inhibit Mdm2'’s ubiquitin-ligase activity
will have therapeutic utility, especially if the self-ubiquitylation activity of Mdm?2 is
similarly inhibited, remains to be determined. The reason this becomes an issue is
that such inhibition may result in the accumulation of p53 bound to Mdm2, which
would be incapable of its crucial trans-activation functions. Thus, combinations of
blockers, such as the recently identified Nutlins [353], which bind to p53 and block
interactions with Mdm?2 and bona fide specific Mdm2 E3 inhibitors are an attractive
combination.

However, the complexity of p53 regulation increases the likelihood that therapies
aimed at particular targets in this pathway could give unexpected results. p53 exists
as a tetramer, each tetramer can potentially directly bind a combination of four
Mdm2 and MdmX molecules and each of these has the potential to bind another
Mdm2 or MdmX through RING finger-mediated dimerization. The stoichiometry
of these p53-Mdm2-MdmX arrangements could potentially alter the balance be-
tween p53 stabilization and degradation. Adding to this complexity are the roles
played by p300 and Pirh2 as well as other regulators such as Arf and ribosomal
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proteins. As if this were not enough, the issue of which E3 adds ubiquitin to p53
and how many ubiquitins each E3 adds awaits elucidation. Also, whether ubiquitin
modification of p53 occurs in the nucleus, cytosol or both is unknown.

Underscoring the nuances involved in p53 regulation are studies on the deubi-
quitylating enzyme HAUSP (herpesvirus-associated ubiquitin-specific protease) —
newly published as this chapter was being completed. This deubiquitylating en-
zyme was first found to stabilize p53 presumably by reversing the effects of Mdm2
[354]. HAUSP has effects on p53 when its expression is ablated, either through
RNA interference or in HAUSP null mice. However, the predominant effect is the
opposite of what was expected. The primary target of HAUSP appears to be Mdm2
and not p53. Thus, loss of HAUSP stabilizes p53 and enhances the presumed
self-ubiquitylation and consequent proteasomal degradation of Mdm2 355, 356].
As with most things related to p53, each additional piece of information pertaining
to control of its degradation alerts us to the complexities of regulating this “guard-
ian of the genome”.

4.6
Conclusion — Perspective

At the beginning of the 1990s there was only a rudimentary appreciation of the im-
portance of protein degradation as a means to control protein levels in a temporally
and spatially defined manner. We now understand that degradation of regulatory
proteins plays important roles in almost all cellular processes. Similarly, degrada-
tion of misfolded proteins, unassembled proteins or proteins without useful func-
tions is crucial to normal cellular processes. Further, an increasing number of
disease states are found to be associated with dysfunction of these degradative pro-
cesses. While the common final pathway by which most non-cell-surface proteins
are degraded is via ubiquitin modification in the 26S proteasome, it is clear that
ubiquitin ligases are indispensable regulatory arbiters for both proteasomal and ly-
sosomal targeting. It is through their recognition and targeting of substrates that
the destiny of proteins, and by extension the fate of the cell, is decided. Ubiquitn
ligases, however, are proving to be even more important than simple arbiters of
protein destruction. Non-degradative ubiquitin modification appears to play addi-
tional roles in kinase activation, DNA repair and other cellular pathways.

The largest class of E3s, by far, is represented by the RING finger and its struc-
tural relatives the PHD finger and the U-box. Among these, further division can be
made between the multi-subunit cullin-containing complexes and those non-cullin
E3s in which protein—protein interaction domains and the RING, PHD or U-box
co-exist in the same polypeptide. Non-cullin E3s, which constitute the large major-
ity of RING finger proteins, have the flexibility to recognize substrates either di-
rectly or in the context of protein complexes. In some cases, these RING finger
proteins can target specific individual substrates. In other cases, such as CHIP
and possibly Parkin, these E3s target multiple proteins through cellular quality
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control systems. Further, there is now evidence to suggest that E3s not usually
thought of as being components of SCF complexes, such as Siah and Parkin, may
under certain circumstances function in this manner. The interaction of ubiquitin
ligases with specific subsets of E2s may contribute to the processivity and type of
ubiquitin modification that the E3 generates. It is also apparent that, in many
cases, common features can be found in E3s that contribute to their activities or
specificities, such as heterologous Zn-binding domains, coiled-coil domains,
UbDs and ubiquitin-binding domains. How the RING finger and each of these
contributes to substrate selection, the type and length of ubiquitin chain formed,
E2 interactions, and approximating the substrate—E3 complex with the proteasome
or other cellular structures are all questions that require analysis. Further insights
into the remarkable regulatory pathways mediated by ubiquitylation will emerge as
we begin to develop an increased understanding of individual substrate—E3 pairs.
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5
Ubiquitin-conjugating Enzymes

Michael J. Eddins and Cecile M. Pickart

5.1
Introduction

In this chapter we review the biochemical, structural, and biological properties of
ubiquitin-conjugating enzymes (also called E2 enzymes). Because length restric-
tions preclude a comprehensive treatment, we focus on key findings that have re-
vealed important general insights and principles. Throughout the piece we try to
point out important unanswered questions concerning the E2 enzyme family.

A few words about nomenclature are necessary. The yeast E2 genes were num-
bered in the order of their discovery, but the situation is more complicated in
mammals. There are currently three naming systems in use for human E2s: one
based on protein molecular mass (e.g. E2,sk is a 25-kD E2), one based on temporal
order of gene cloning (e.g. UbcH10 is specified by the tenth E2 gene cloned in hu-
mans), and one based on relationship to yeast E2s (e.g. HR6A is one of two human
homologs of yeast Rad6/Ubc2). The second system is the least ambiguous, but also
the least informative. In this chapter, we generally name mammalian E2s accord-
ing to their relationship to yeast E2s. When this is not possible, we use one of the
published names.

5.2
Historical Background

Ubiquitin’s best-understood function is that of a protein cofactor in an intracellular
protein-degradation pathway that terminates with the destruction of ubiquitin-
tagged substrates by 26S proteasomes [1]. The discovery in 1980 that this 76-
residue protein is conjugated to proteolytic substrates through the formation of
a peptide-like bond, and in an ATP-dependent manner, suggested that ubiquitin
activation would be part of the conjugation process [2, 3]. A ubiquitin activating
enzyme (E1) was soon identified and shown to employ an aminoacyl-tRNA-
synthetase-like mechanism [4]. E1 first catalyzes the addition of an adenylate moi-
ety to the carboxyl group of ubiquitin’s C-terminal residue, G76. The AMP-bound
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Fig. 5.1. The ubiquitin-conjugation pathway. Steps in ubiquitin
activation and substrate modification. E1, ubiquitin activating
enzyme; E2, ubiquitin-conjugating enzyme; E3, ubiquitin-
protein ligase. Atoms involved in the thiol ester and amide
bonds are shown.

ubiquitin is then transferred to a cysteine residue in the E1 active site, concomitant
with the formation of a new molecule of ubiquitin adenylate. The thiol-linked ubiq-
uitin is the proximal source of activated ubiquitin for downstream steps.

From a chemical point of view, the E1/ubiquitin thiol ester should be competent
to donate ubiquitin to a substrate amino group. In fact, aminoacyl-enzyme thiol
esters are used in exactly this way in non-ribosomal polypeptide synthesis, a pro-
cess that was discovered around the same time as ubiquitin—protein conjugation
[5]. In spite of the attractive simplicity of this model, however, biochemical recon-
stitution studies showed that besides E1 two additional fractions were required
to conjugate ubiquitin to a model substrate. They were called ubiquitin carrier pro-
tein (E2) and ubiquitin-protein ligase (E3), respectively, since the respective factors
seemed to act sequentially [6]. Interestingly, the E2 factor apparently formed a thiol
ester with ubiquitin. Based on these results, Hershko and co-workers proposed the
“ubiquitin conjugation cascade” (Figure 5.1).

Multiple thiol ester-forming proteins were present in the E2 fraction [6], but only
the smallest of them reconstituted substrate ubiquitination catalyzed by the then-
known E3 [7]. This result suggested that there could be multiple E2s with distinct
functional properties. Confirmation of this hypothesis came with the cloning of the
first two E2 genes, RAD6/ UBC2 and CDC34/UBC3, which indeed encoded homol-
ogous yeast proteins with a signature cysteine-containing active-site motif [8, 9].
The two E2s functioned in distinct biological processes — DNA damage tolerance
[8, 10] and cell-cycle control [9] — providing the first hint that ubiquitination might
regulate a broad range of biological processes. A family of E2 enzymes naturally
suggested that there would also be a family of E3 enzymes. This prediction has
since been strikingly confirmed. We now know that specific E2/E3 complexes func-
tion to modify specific substrates with ubiquitin.

53
What is an E2?

A protein can be identified as an E2 enzyme according to several different criteria.
Functionally, the E2 occupies an intermediate position in the conjugation cascade —
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that is, it acts between the E1 and the E3 (Figure 5.1). This property accounts for
the original name of ubiquitin carrier protein, which drew an analogy to the acyl
carrier proteins used in fatty acid biosynthesis and non-ribosomal peptide synthe-
sis [6]. Subsequently, with the recognition that E2 enzymes often play an active
role in conjugation, the conjugating enzyme name gained favor.

Mechanistically, the E2 first participates in a thiol ester transfer reaction, in
which the activated ubiquitin is moved from the active-site cysteine of E1 to that
of the E2 (Figure 5.1). The E2/ubiquitin thiol ester intermediate is strictly required
for downstream steps, as shown by ablation of substrate ubiquitination following
mutation of the active-site cysteine residues of different E2s (see, for example,
Refs. [11, 12]). The ubiquitin is then transferred from the E2 active site to the e-
amino group of the substrate’s lysine residue, forming an isopeptide bond. The
conjugation site can also be a specific lysine on a previously conjugated ubiquitin,
which leads to polyubiquitin chain elongation; chains linked through K48 are the
principal signal for targeting substrates to proteasomes [1]. Transfer of ubiquitin
to the substrate requires the assistance of the E3 [1, 6]. If this enzyme belongs
to the HECT domain family (Homologous to EGAP C-Terminus), the ubiquitin is
first transferred to an active-site cysteine residue of the E3; if the E3 belongs to
the RING domain family (Really Interesting New Gene), ubiquitin is transferred
directly to the substrate’s amino group (Section 5.6.3). Collectively, these properties
constitute the biochemical definition of an E2 enzyme: it is a protein that accepts
ubiquitin in thiol ester linkage from E1, and cooperates with an E3 enzyme to de-
liver this ubiquitin to the substrate.

The functional specialization of individual E2s (Section 5.4) reflects the specif-
icity of interaction of each E2 with its cognate E3(s), in conjunction with the
E3’s substrate specificity. Therefore an E2 enzyme can also be defined according
to the cognate E3(s) with which it interacts. The E3 partners of many of the eleven
ubiquitin-dedicated E2s in Saccharomyces cerevisiae are conserved in higher organ-
isms (Section 5.4). However, both the E2 and E3 families are much larger in higher
organisms than in yeast. Present accounting suggests that there are 50-70 E2s,
and hundreds of E3s, in mammals [13, 14].

The amino acids surrounding the thiol ester-forming cysteine residue are par-
ticularly highly conserved, but there is sequence similarity throughout the ~150-
residue E2 core domain (Figure 5.2). This bioinformatic definition makes it easy
to identify E2 genes in sequenced genomes [13, 14]. In fact, many E2s consist
of just this core domain (Figure 5.2). The fact that such E2s are often functionally
distinct from one another indicates that modest sequence variation within the
core domain can be highly significant. Structural biology has begun to shed light
on this structure/function correlation (Section 5.6). Other E2s display N- and C-
terminal extensions to the core domain (Figure 5.2), which may play a role in E3
and/or substrate specificity (see Refs. [15-19]).

Structural biology provides a final way to define an E2 enzyme. As expected from
the strong sequence conservation, the E2 core domain adopts a conserved fold. At
the time this article was being prepared, twelve different E2 structures had been
deposited in the Protein Data Bank. The average root-mean-square deviation of
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Fig. 5.3. Ubc13 (1)BB). Canonical o/f E2 fold with the active-
site cysteine shown in ball-and-stick.

the 150 Ca positions of these structures is less than 2 A. E2s are «/f proteins con-
taining a central anti-parallel four-stranded f-sheet (S1-S4), four o-helices (H1, H3,
H4, H5), and a small 3¢ helix (H2) (Figure 5.3) [20, 21]. The cysteine is located on
an extended loop after f-strand 4 and immediately before the short 319 helix H2.
The active-site cysteine sits in a shallow groove composed of residues from the
H3-H4 and S4-H2 loops. The canonical «/f E2 fold is highly versatile, allowing
E2 enzymes to associate with several different proteins in the ubiquitin conjuga-
tion cascade without any perturbation of the E2’s tertiary structure (Section 5.6).
Residues occupying the face opposite the active site are less conserved than those
surrounding the cysteine [21]. Sequence variation in this region contributes to the
functional diversity of the E2 family by permitting specific interactions of individ-
ual E2s with cognate E3s and (perhaps) substrates.

5.4
Functional Diversity of Ubiquitin-conjugating Enzymes

The functional range of the ubiquitin-conjugating enzyme family is easily appreci-
ated by considering the family members in a single organism. Table 5.1 summa-



Tab. 5.1.

5.4 Functional Diversity of Ubiquitin-conjugating Enzymes

E2 enzymes of the yeast Saccharomyces cerevisiae.

Gene

Amino acids Cognate E3 Functions and substrates

UBC1

215 (28] Short C-terminal tail harbors ubiquitin-
associated (UBA) domain [155]

Unknown Essential in ubc44ubc54 genetic background,
suggesting a redundant role with Ubc4/5
in proteasomal turnover of short-lived and
abnormal proteins [28]

Hrd1 [39] Role in ERAD that is not fulfilled by Ubc4/5
(39, 40|

UBC2 (RADG) 172 (8] Ubr1 [156] Proteasomal degradation of N-end rule [158]

substrates, including cohesin fragment [51]

Ubrl [52] Proteasomal degradation of Cup9 transcrip-
tional repressor regulates peptide import

Rad18 (73, DNA-damage tolerance [8| via mono-

157] ubiquitination of PCNA [65] (non-

proteolytic function)

Brel [67, 69] Ubiquitination of histone H2B [68] regulates
gene transcription and silencing [71] (non-
proteolytic function)

UBC3(CDC34) 295 [9] SCF E3s Essential gene; long C-terminal tail; targets

UBC4

UBCS5

UBC6

UBC7

UBCS8

UBC10

diverse substrates for proteasomal
degradation |30, 34, 36]; regulation of cell-
cycle progression
148 [24] Unknown Proteasomal degradation of diverse short-
lived proteins [24]
Doal0 Proteasomal degradation of MAT«2
transcriptional repressor [49]
Rsp5 Endocytosis of membrane proteins [60, 61];
protein trafficking (see Ref. [63])
148 [24] See UBC4 92% identical to Ubc4; functionally
redundant [24]
250 [46] C-terminal tail provides anchoring to ER
membrane [46]
Unknown Together with Ubc7, proteasomal degradation
of some ERAD substrates [47, 48, 159]
Doal0 [42] Proteasomal turnover of Ubc6 is Ubcé6-,
Ubc7-, and Doal0-dependent [42, 50]
Doal0 [42] In conjunction with Ubc7, proteasomal
turnover of MAT«2
165 [25] Localized to ER membrane via Cuel [37]
Hrd1 [39] Role in proteasomal degradation via ERAD
[38, 48] confers resistance to cadmium and
other ER stresses [25]
Doal0 [42] In conjunction with Ubc7, proteasomal
turnover of MAT2
206 [160] Unknown Glucose-induced proteasome degradation of
fructose-1,6-bisphosphatase [57]
165 [75] Unknown Also called Pas2/Pex10. Peroxisome bio-
genesis [75]; Pex10 is a candidate E3 [78]
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Tab. 5.1.  (continued)

Gene Amino acids Cognate E3 Functions and substrates

UBC11 156 [84] Unknown Unknown,; similar to clam E2-C (E2-C
functions in mitotic cyclin turnover [79],
but Ubc11 is dispensable for this process
in yeast [84])

UBC13 153 Heterodimerizes with Mms2 (UEV) [72]

Rad5 [73] DNA-damage tolerance [72] via polyubiquiti-
nation of PCNA [65] (non-proteolytic
function)

UBC9 157 [161] Essential gene; E2 dedicated to Smt3
(SUMO) [163]

Siz1/2 [162] Septin modification

UBC12 188 [164] E2 dedicated to Rub1 (Nedd8)

SCF E3s Modification of specific cullin lysine residue
activates cullin-based E3s [165]

rizes key properties of the complete set of E2s in the yeast S. cerevisige, including
notable structural features, known cognate E3(s) and their key substrates, and bio-
logical functions (see also [22, 23]). We cannot give a comprehensive review of E2
functions in higher organisms, but we do comment on some notable instances of
functional conservation, expansion, and divergence (see also [23]).

5.4.1
Functions Related to Proteasome Proteolysis

In many cases, the specific function(s) of a given E2 enzyme reflect its role in
targeting one or more substrates for degradation by 26S proteasomes. The scope
of this function varies considerably between E2 family members, however. At one
extreme, the functionally redundant enzymes Ubc4 and Ubc5 are necessary for the
turnover of many substrates, as shown by a marked reduction in the rate of turn-
over of endogenous short-lived and abnormal proteins in a ubc44ubc54 yeast strain
[24]. The slow growth and stress sensitivity of this strain [24, 25] can also be as-
cribed to inhibition of proteasomal proteolysis since these phenotypes are charac-
teristic of proteasome mutants [22, 26]. Despite the important role of Ubc4/5 in
proteasome degradation, few E3 partners relevant to this function have been iden-
tified. One is Ufd4, a HECT-domain E3 that mediates the degradation of linear
ubiquitin fusion proteins [27]. A ufd44 strain grows normally, however, indicating
that Ubc4 has other cognate E3s. Rsp5, an essential HECT-domain E3, is one likely
candidate since this E3 partners with Ubc4 in other pathways (see below). UBCT is
essential for viability in the ubc44ubc54 strain, suggesting that Ubcl shares sub-
stantial functional overlap with Ubc4/5 in directing substrates to proteasomes for
degradation [28|.

The Ubc4/5 sub-family of E2s is much larger in mammals, where it includes
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both constitutively and selectively expressed enzymes. Notable human E2s in this
group are UbcH5a/b/c, UbcH7, and UbcHS (see Ref. [23]). The expansion is likely
to reflect the much larger size of the E3 family in higher organisms. However,
while the results of in vitro conjugation assays and protein—protein interaction
studies suggest that certain E3s partner specifically with individual Ubc4/S sub-
family members, the degree of E3 (hence, functional) selectivity in the cellular
setting remains quite uncertain (discussed in Refs. [23, 29]). RNA interference
studies and mouse knockout models may be helpful in addressing this question
in the future.

Ubc3/Cdc34 supports the proteasome-mediated proteolysis of numerous sub-
strates through its role as the specific E2 partner of a large family of multi-subunit
RING E3s called SCF E3s (Skp-Cullin-F-box, Section 5.6.3). This role is preserved
in higher organisms [30]. Yeast ubc3 mutants arrest in G1 phase of the cell cycle
because they fail to degrade Sicl [31], an inhibitor of the G1/S transition that
is recognized and polyubiquitinated by a specific SCF E3 [32, 33]. Although this is
the only essential function of yeast Ubc3 [31], this E2 partners with many other
SCF E3s to target diverse substrates for degradation by proteasomes (see Refs.
[30, 34-36]). Although studies in yeast suggest that Cdc34 is the main E2 partner
of SCF E3s, some SCF E3s seem to partner with Ubc4/5-type E3s (see Refs. [23,
36]). Ubc3 has a long C-terminal tail (Table 5.1), making it the most distinctive
yeast E2 in terms of primary structure. A chimeric E2 in which the Ubc3 tail is
appended to the core domain of Ubc2 fulfills the essential function of Ubc3 in
yeast, suggesting that the tail of Ubc3 is necessary for key interactions with the E3
or Sicl [15, 16].

Ubc7 is localized to the endoplasmic reticulum (ER) through an interaction with
a partner protein, Cuel [37], and plays a major role in proteasome degradation.
Ubc7 acts on misfolded proteins of the ER, which are ejected from this compart-
ment as a prelude to ubiquitination at the cytosolic face of the ER membrane and
degradation by cytosolic proteasomes [38]. Ubc7’s role in ERAD (ER Associated
Degradation) explains why a ubc74 strain is conditionally sensitive to agents that
induce protein misfolding in the ER [25, 39-41]. Ubc7 frequently partners with
Hrd1, an ER-localized RING E3 [39], but some ERAD substrates of Ubc7 seem to
be recognized in cooperation with a different ER-localized RING E3, Doal0 [42].
Consistent with Ubc7’s prominent role in ERAD, the yeast UBC7 and CUE1 genes
are induced as part of the Unfolded Protein Response (UPR) and there is a syn-
thetic lethal relationship between certain ERAD and UPR genes [40, 41]. Yeast
Ubcl1 also plays a significant, but poorly-defined, role in ERAD [39, 40]. Mamma-
lian Ubc7 also functions in ERAD [43-45].

Ubc6 localizes to the ER through its own C-terminal membrane anchor [46]. Al-
though Ubc6 plays a role in ERAD, its function in this process is less conspicuous
than that of Ubc7 [43, 47, 48]. Interestingly, Ubc6 and Ubc7 both contribute to the
Doal0-dependent degradation of a soluble nuclear protein [42, 49], and Ubcé6 is it-
self rapidly degraded by proteasomes in a manner that depends on its own active-
site cysteine, its C-terminal membrane anchor, functional Ubc7, and Doal0 [42,
50]. The purpose of this instability remains mysterious.
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Ubc2 functions rather selectively in proteasome proteolysis. In yeast, two specific
E3 partners are known, leading to proteasome degradation events that regulate
chromosome stability [51], peptide import [52], and homing endonuclease stability
[53]. Mammals have two closely-related Ubc2 isoforms, each of which comple-
ments most of the functions of the yeast ubc24 strain [54]. But the mammalian
Ubc2 isoforms also have specialized functions — one of them is required for sper-
matogenesis in the mouse [55] and at least one of them can be inferred to be nec-
essary for cardiovascular development [56].

So far, Ubc8 has been implicated in the regulated turnover of just one substrate,
and its E3 partner(s) remain unknown [57]. Interestingly, the closest mammalian
relative of yeast Ubc8 is expressed with a restricted tissue specificity and (in some
tissues) in a regulated manner [58, 59].

5.4.2
Endocytosis and Trafficking

Just because an E2 functions in proteasome proteolysis does not mean that its
functions are limited to this pathway. This is because the E2’s functional range is
largely determined by the substrate specificity of its E3 partner(s). For example,
yeast Ubc4 and Ubc5 play a prominent role in proteasome degradation, but they
also cooperate with a HECT E3, Rsp5, to mono-ubiquitinate certain plasma mem-
brane receptors [60—62]. This modification signals receptor endocytosis, leading to
degradation in the vacuole (equivalent to the mammalian lysosome). Ubcl is par-
tially redundant with Ubc4/5 in endocytosis [61, 62], as seen in ubiquitination re-
actions leading to proteasome degradation (above). Thus, Ubcl, 4, and 5 may be
able to substitute for one another in complexes involving many different E3s, prob-
ably reflecting the strong conservation of the core domain between Ubcl and
Ubc4/5. Ubc4 and Ubc5 may also act with Rsp5 to regulate protein trafficking
downstream of endocytosis (reviewed in Ref. [63]).

543
Non-proteolytic Functions

As mentioned in Section 5.2, Ubc2 is the defining player in a conserved DNA
damage-tolerance pathway [8, 10, 64]. Here Ubc2 partners with a RING E3, Rad18,
to modify a DNA polymerase processivity factor with a single ubiquitin [65]. This
modification signals error-prone bypass of DNA lesions [66]. Ubc2 partners with a
different RING E3 (Table 5.1) to mono-ubiquitinate histone H2B [67-69]. This
modification promotes histone methylation, which in turn regulates transcription
and silencing [70, 71].

Ubc13 participates in the same DNA damage-tolerance pathway as Ubc2 [72].
Ubc13 collaborates with two enzyme partners (Table 5.1) to modify the DNA poly-
merase cofactor (above) with a K63-linked polyubiquitin chain, which signals error-
free lesion bypass [65, 72, 73]. In higher organisms, Ubc13 also helps to synthesize
K63-linked polyubiquitin chains in a second non-proteolytic signaling pathway (see
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Ref. [74]). The function and mechanism of Ubc13 are discussed in more detail be-
low (Section 5.7).

54.4
E2s of Uncertain Function

Ubc10 is required for the biogenesis of the peroxisome, an oxidative organelle
[75]. This E2 plays a role in peroxisomal protein import [76] and is recruited to
the peroxisomal membrane through an interaction with a partner protein [77].
Membrane-localized Ubc10 also seems to be spatially proximal to Pex10, which
has a RING-like domain [78]. Whether Pex10 is a cognate E3 of Ubc10 remains to
be determined, as does the mechanistic role of ubiquitin conjugation in peroxi-
some biogenesis.

The function of the remaining yeast E2, Ubcl1, remains uncertain. Ubcl1 is
very similar to E2-C, a clam E2 that acts with an essential multi-subunit RING E3,
the anaphase promoting complex (APC) or cyclosome, to ubiquitinate mitotic cy-
clins [79]. This reaction leads to cyclin degradation by proteasomes, which drives
exit from mitosis [35, 80]. Mitotic cyclin ubiquitination can be reconstituted in vitro
with apparent amphibian and fission yeast orthologs of either Ubc11 or Ubc4 [81,
82] and other data implicate both E2s in this process in higher cells [82, 83]. How-
ever, mitotic cyclins are efficiently degraded in budding yeast ubc44 and ubc114
strains, indicating that other E2 enzymes can support this essential function in S.
cerevisiae [84].

5.45
E2 Enzymes and Disease

There are now several striking examples of disease-related defects in ubiquitin
conjugation, but most of them involve E3s rather than E2s. This is not surprising
given the paramount role of E3s in substrate selection and the corresponding in-
tensity of research effort that has been focused on E3s. Still, there are several hints
that defects at the E2 level of the conjugation cascade can also contribute to disease.

Many viruses subvert the ubiquitin system to evade the host cell's defenses or
modulate the cellular environment so as to promote viral replication (see Refs.
[85, 86] and Section 5.7). The genome of African swine fever virus encodes an E2
enzyme that is somewhat similar to yeast Ubc3 [87, 88]. This enzyme might alter
the activity or specificity of the host cell's conjugation cascade so as to benefit the
virus, or it could act on specific viral proteins. Herpes Simplex Virus-1 (HSV-1)
encodes an E3 enzyme that specifically binds the host cell's Ubc3/Cdc34 enzyme
and targets this E2 for ubiquitination and (presumably) degradation — events that
may help to stabilize specific cyclins and promote viral replication [89].

A different kind of relationship between an E2 enzyme and disease is exem-
plified by the finding that the Alzheimer’s amyloid-f peptide induces the expres-
sion of E255x, a mammalian relative of yeast Ubcl [90]. E2;5¢ was found to play a
major role in amyloid-f-dependent neuronal cell killing. This effect may be related
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to the E2;5x-dependent production of aberrant polyubiquitin chains, leading to the
inhibition of proteasomes [90, 91]. Other studies showed that the human homolog
of yeast Ubc11 is over-expressed in numerous cancer cell lines and primary tumors
and that forced over-expression of this E2 in cultured cells can drive proliferation
and transformation [92]. Similarly, transformation and chromosomal abnormal-
ities were observed following over-expression of human Ubc2b [93]. Such disease-
related over-expression effects could arise in two different ways. The higher E2
concentration could lead to a relaxation of specificity — that is, pairings with non-
cognate E3s — leading to inappropriate ubiquitination events. Alternatively, specif-
icity could be maintained, but an inappropriately high flux through the normal E2/
E3 pathway could lead to the excessive ubiquitination of cognate substrates.

5.5
E2 Enzymes Dedicated to Ubiquitin-like Proteins (UbLs)

Ubiquitin is just one member of a family of protein modifiers that share a com-
mon fold and a common mechanism of isopeptide tagging [70, 94, 95]. Like ubig-
uitin, individual UbLs are activated at a C-terminal glycine residue by a specific E1
enzyme. Often, the next step is transfer to a specific E2 enzyme. Certain UbL-spe-
cific E2 enzymes are so similar to ubiquitin-conjugating enzymes that they were
initially thought to be members of the ubiquitin-conjugating enzyme family. This
was true of yeast Ubc9 and Ubc12, which are dedicated to Smt3/SUMO and Rubl/
Nedds8, respectively (Table 5.1). SUMO modifies numerous cellular proteins and
has a broad functional range [94], but the only known target of Nedd8 is a specific
lysine residue in one subunit (the cullin) of SCF E3s. Nedd8 modification activates
these E3s (see Ref. [70]).

The reader should consult earlier reviews [70, 94, 95] and other chapters in this
volume for a detailed discussion of UDbL biology and biochemistry. There are two
important points for the current discussion. First, the conjugation cascades of
UbLs differ from that of ubiquitin chiefly in terms of complexity — there is one con-
jugating enzyme per UbL, and many fewer E3s. Second, because modifier proteins
(including ubiquitin) do not interact strongly with their dedicated E2s (Section
5.6.1), it is believed that E1 enzymes play the major role in matching E2s with the
correct modifier protein (see Ref. [96]).

5.6
The Biochemistry of E2 Enzymes

5.6.1
E1 Interaction

An E2 needs to associate with several different proteins in the course of the
ubiquitin conjugation cascade, with the first being the E1. Mutational studies con-
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ducted with the SUMO-specific E2 Ubc9 suggest that free Ubc9 associates with its
free cognate E1 through a surface of Ubc9 that includes the C-terminal residues of
o-helix H1 and residues in a loop between f-strands S1 and S2 (Figure 5.3) [97].
This surface of Ubc9 is also important for thiol ester bond formation [97]. Several
residues in o-helix H1, particularly the C-terminal residues, are poorly conserved
among E2s, and Ubc9 contains a five-residue insertion in the loop between f-
strands S1 and S2 (Figure 5.2). Thus, this region of E2s may contribute to specific-
ity for their cognate Els. Consistent with this idea, the N-terminal helix (H1) of a
ubiquitin E2 was found to be important for E2/ubiquitin thiol ester formation [98].
One cautionary note is that Ubc9 displays a substantial affinity for its free E1 [97],
whereas ubiquitin E2s bind tightly to their E1 only after it has been loaded with
ubiquitin [6, 99, 100]. The structural basis of this effect remains to be determined.

5.6.2
Interactions with Thiol-linked Ubiquitin

As a consequence of interacting with ubiquitin-loaded E1, the E2 accepts the acti-
vated ubiquitin at its active-site cysteine residue. This thiol ester complex, although
biochemically detectable [6], has not been crystallized because it is labile in com-
parison to the requirements of structural biology. However, NMR chemical shift
perturbations have been used to map the binding surface of ubiquitin onto human
Ubc2b [101], yeast Ubcl [102], and human Ubc13 [103]. All three models map the
ubiquitin-binding surface of the E2 to a common area that includes parts of a-helix
H3, the loop between o-helices H3 and H4, and residues around the active-site cys-
teine in the extended S4-H2 loop, including part of the 31y helix H2 (Figures 5.2
and 5.4). The C-terminus of ubiquitin extends around part of the E2 and is con-
strained in a cleft [102, 103]. Although this contact surface is detectable in the thiol
ester, free E2s display a negligible affinity for free ubiquitin [6]. Thus, the covalent
E2/ubiquitin bond enables the formation of these non-covalent contacts.

5.6.3
E3 Interactions

After E2/ubiquitin thiol ester formation, the ubiquitin must be transferred to the
substrate, which is sometimes another ubiquitin. An E3 is usually required for
this reaction in vitro, and is always required in vivo. There are three known types
of E3s: the RING domain, HECT domain, and U-box (UFD2 homology) families.
RING and U-box E3s act as bridging factors for E2s and substrates, but HECT
E3s use a different mechanism, adding an extra step to the pathway (Section
5.6.3.3).

5.6.3.1 RING E3/E2 Interactions

The small RING domain coordinates two zinc ions in a cross-brace arrangement
[104]. The domain is defined by the presence of eight zinc-binding groups (cys-
teines and histidines) with a conserved spacing, such that the distance between
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Fig. 5.4. Ubc1/ubiquitin thiol ester complex model (1FXT).
The surface of Ubcl is shown with residues implicated in
ubiquitin binding colored purple and the active-site cysteine
colored yellow. Ubiquitin is colored green.

the two zincs is conserved at 14 A [104]. Sequence conservation between RING do-
mains is otherwise minimal. The RING-domain fold consists of a central o-helix
and several small f-strands separated by loops with variable lengths [105].

RING E3s can be either single-subunit or multi-subunit enzymes. The crystal
structure of UbcH7 complexed to a single-subunit RING E3, c¢-Cbl, shows that the
RING domain is the main site of contact, although there are a few intermolecular
hydrogen bonds to a non-RING helix of the E3 [106] (Figure 5.5). The structure of
the E2 in the ¢-Cbl/UbcH7 complex is unchanged relative to free E2 structures.
The main basis for the interaction is the packing of several hydrophobic residues
of UbcH?7, notably F63, into a shallow groove on the RING domain surface. These
residues come from the S3-S4 and H2-H3 loops (Figure 5.3). The o-helix H1 of
UbcH7 makes the hydrogen-bond contacts to the non-RING o-helix. Interestingly,
even though the c¢-Cbl/UbcH?7 structure undoubtedly shows conserved RING/E2
contacts, this complex is catalytically inactive (cited in Ref. [107]). Therefore addi-
tional E2/RING contacts may be needed for catalytic competence.
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Fig. 5.5. UbcH7/c-Cbl complex (1FBV). The surface of UbcH7
is shown with residues interacting with the c-Cbl RING domain
shown in red and the active-site cysteine shown in yellow. c-Cbl
is colored green.

The surface of UbcH?7 that contacts ¢-Cbl does not overlap with the E2 surface
that contacts ubiquitin (Figures. 5.4 and 5.5; see also Ref. [108]), confirming that
the E2/ubiquitin thiol ester can associate with a RING E3. The E2 surface that con-
tacts ¢-Cbl does, however, overlap the E2 surface implicated in E1/E2 interactions
(Section 5.6.1). Thus, the E1 may have to depart from the E2/ubiquitin complex
before E2/E3 interactions can take place.

The closest approach of a RING-domain residue to the active-site cysteine of
UbcH?7 is about 15A, arguing against a role for RING E3s in chemical catalysis
[106]. Instead, RING E3s have been proposed to facilitate ubiquitination by induc-
ing physical proximity of the E2/ubiquitin thiol ester and the substrate [23, 30, 106,
109]. Catalysis would result from the increased local concentrations of the two re-
actants (discussed further below).

RING/E2 interactions have also been studied with BRCA1. This E3 is unique in
that it must heterodimerize with a second RING-domain protein, BARD1, in order
to display maximal E3 activity [110]. Even though the heterodimer interface leaves
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both RING domains available for interaction [110], UbcH5c binds exclusively to
the BRCA1 RING [107]. The interacting surface of UbcH5c¢ is homologous to the
surface of UbcH?7 that contacts the ¢c-Cbl RING domain in that several residues of
UbcHS5c pack into a cleft on the BRCA1 RING domain. But UbcH5c also makes
several contacts with the C-terminus of the BRCA1 RING domain and with a
non-RING region of the heterodimer [107]. These extra contacts are not observed
when UbcH7 binds to the BRCA1/BARD1 complex [107]. Because the BRCA1/
BARD1/UbcH7 complex is inactive, the extra contacts observed with UbcH5c may
help to create a competent E2/E3 complex.

Despite the greater complexity of multi-subunit RING E3s, a common theme
is evident — all SCF E3s, as well as several other types of cullin-based E3s, utilize
a common RING-domain subunit, the small protein Rbx1 (reviewed in Refs. [30,
111]). Four subunits compose the minimal SCF E3 ligase complex: a cullin scaf-
fold, Rbx1, an adaptor protein (Skpl), and a substrate-binding subunit that
connects to the adaptor through a conserved domain called the F-box (see Ref.
[30]). The cullin acts as a scaffold, with Rbx1 binding to one end to form a cullin/
Rbx1 subcomplex that recruits the E2 and, in many cases, displays a substrate-
independent ubiquitin-ligase activity (see Refs. [23, 30]).

The crystal structure of the mammalian SCF3%P? (Skp1/Cul1/F-box5P?/Rbx1) E3
ligase shows a remarkably rigid, elongated complex [112]. The Cull scaffold con-
tains three cullin-repeat motifs that span ~110 A, with Rbx1 binding to a discrete
C-terminal o/ domain. The Skp1/F-box3*P? complex binds to the opposite (N-
terminal end) of the cullin. Rbx1 displays a hydrophobic groove, as seen previously
in the c-Cbl RING domain [106, 112]. In ¢-Cbl, this groove provides an interaction
surface for UbcH7 and it is reasonable to assume a similar mode of interaction in
the case of Rbx1. Interestingly, the site where Nedd8 modifies the cullin is close to
where the E2 binds, consistent with data which suggest that neddylation modu-
lates E2 binding or activity [113, 114].

A model of the full SCF/E2 complex [112] shows that the end of Skp2 which
binds the substrate is pointed toward the Rbx1-bound E2, with a 50-A gap between
the two. Models based on two other SCF structures show similar distances between
the F-box protein and the E2 [109, 115]. Whether this gap can be bridged by the
bound substrate is currently unclear. It has been suggested that the E2 may bind
to Rbx1 somewhat differently than UbcH?7 is observed to bind in the c-Cbl RING/
UbcH?7 complex, but it is not obvious that this can lead to a 20 A movement of the
E2 toward the bound substrate as suggested [109].

One could also imagine that the bound substrate and E2 “meet” through confor-
mational changes of the SCF complex. However, the rigid separation produced by
the Cull scaffold seems to be important for activity — introducing a flexible linker
into the center of Cull produced a protein that could still bind an E2, but did not
catalyze substrate ubiquitination [112]. An interesting study established a positive
correlation between the rate of dissociation of the Ubc3/ubiquitin intermediate
from the RING domain and the rate of Sicl ubiquitination catalyzed by SCF “dc*
[116]. The authors proposed that the role of the RING domain is to bring the
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charged E2 into the vicinity of the SCF-bound substrate, but that release of the
charged E2 is important to bridge the gap and enable multiple substrate lysines to
be targeted. However, although these mechanisms may place the substrate’s lysine
residue in the general vicinity of the E2’s active site, it is unclear that they can es-
tablish an effective orientation of the lysine residue and the thiol ester bond. Since
there is no known consensus site for ubiquitination [23, 117, 118], it is unlikely
that specific molecular contacts in the vicinity of the substrate’s lysine residue are
used to position this attacking group. Overall, it remains unclear how the sub-
strate’s lysine residue approachs the E2 active site.

5.6.3.2 U-box E3/E2 Interactions

The U-box family of E3s bind E2s through the small U-box domain [119]. Some U-
box E3s do not seem to have their own cognate substrates, but instead promote
polyubiquitination of the substrates of other E3s [120]. Other U-box E3s have de-
fined cognate substrates and behave in a canonical manner [121, 122].

An NMR structure [123] confirmed an earlier prediction [124] that the U-
box domain has a RING-domain-like fold. Remarkably, the U-box domain uses
hydrogen-bonding networks in place of zinc coordination to support the character-
istic cross-brace arrangement. These interactions stabilize a globular fold consist-
ing of a central o-helix surrounded by several f-strands, which are separated by
loops of variable length [123]. There is a shallow groove in the surface located in a
position homologous to the E2-interacting surface of RING domains. Mutational
studies have linked E3 ligase activity to some of the residues in the surface groove
[123, 125]. Since these mutations do not disrupt the U-box fold, they are likely to
abrogate E2 binding. Although it is likely that E2s bind similarly to the U-box and
RING domains, no E2/U-box structure has been reported so far.

5.6.3.3 HECT E3/E2 Interactions
HECT-domain E3s are defined by the presence of a domain of ~350 residues that
is homologous to the C-terminus of the founding family member, EGAP (E6 Asso-
ciated Protein [126]). EGAP is known for its role in binding the E6 protein of onco-
genic human papilloma viruses and targeting the p53 tumor suppressor for ubiq-
uitination and degradation [127]. HECT-domain E3s possess an active-site cysteine
residue positioned ~35 residues upstream of the C-terminus; a thiol ester with
ubiquitin is formed at this site and is required for substrate ubiquitination [128].
The crystal structure of an E6GAP/UbcH7 complex showed that the HECT domain
is L-shaped, with a large, mostly a-helical, N-terminal lobe and a small C-terminal
lobe with an o/f structure [108] (Figure 5.6). UbcH7 binds to the end of the N-
terminal lobe and somewhat parallel to the C-terminal lobe, forming an overall U-
shaped complex. UbcH7 binds in a large hydrophobic groove in the N-terminal
lobe [108]. As seen in other E2/E3 structures, neither the E2 enzyme nor the
HECT domain changes its overall fold upon binding. UbcH7 contacts its binding
groove with residues from the S3-S4 loop and the H2-H3 loop (Figure 5.3). A
few contacts are also made with the C-terminal portion of a-helix H1.
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Fig. 5.6. UbcH7/E6AP (1C4Z). The surface of UbcH7 is shown
with residues interacting with the EGAP HECT domain shown in
blue and the active-site cysteine shown in yellow. E6AP is
colored green with the active-site cysteine between the N- and
C-lobe shown in yellow.

Remarkably, these are the same two loops and helix that bind the RING domain
in the ¢-Cbl/UbcH?7 structure [106]. That two different E3s contact a largely similar
surface on UbcH7 (Figures 5.5 and 5.6) can be explained through the nature of key
side-chain contacts. The S3-S4 loop seems to provide most of the specificity, as it
contains the F63 residue that is present in all E2s that are known to bind both
HECT E3s and ¢-Cbl [106, 108]. In c-Cbl, the main contacts for F63 are isoleucine
and tryptophan residues located in the RING groove [106]. Both F63 and its con-
tact site in ¢-Cbl are seen to vary in other E2/RING E3 pairs, suggesting that inter-
actions between these three specific residues are needed, but that the nature of the
contact can vary [106]. In other words, a different E2 could bind to a different E3
with a similar geometry, but through different types of side-chain contacts. UbcH7-
F63 makes specific contacts with six E6AP residues, so this interaction is likely to
be important for all HECT/E2 pairs [108]. The H2-H3 loop that makes the other
major contacts with the HECT domain is part of the more variable E2 surface (Sec-
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tion 5.3). The specific contacts made between the H2-H3 loop of UbcH7 and the
E6AP HECT domain could be used to correctly predict the E2 preferences of EGAP
and Rsp5 [108]. Thus, residues in the S3—S4 and H2—-H3 loops play an important
role in determining the specificity of E2/E3 interactions.

Positioned near the bend between the two lobes of the HECT domain is its
active-site cysteine [108]. This residue is 41 A away from the active-site cysteine of
UbcH?7 (Figure 5.6), suggesting that a large conformational change is needed to
bring about transfer of ubiquitin from E2 to E3. Such a mechanism was confirmed
in the crystal structure of another HECT domain [129]. The WWP1-HECT domain
resembles the EGAP HECT domain in having two lobes, but their relative positions
differ. In the WWP1-HECT domain the two lobes form an inverted T-shape as op-
posed to the L-shape seen in the EGAP HECT structure [108, 129]. This conforma-
tional change can be brought about by a rotation around three residues in a hinge
loop connecting the two lobes. Modeling in the E2 in a position homologous to
that seen in the EGAP/UbcH?7 structure, the distance between the two active-site
cysteines decreases to 16 A [129]. With additional rotation around the hinge loop
the WWP1 active-site cysteine can be brought within 5 A of the E2’s active-site cys-
teine. Mutational studies suggested that the flexibility of this hinge loop is indeed
important for ligase activity [129].

This flexibility requirement points to possible models for ubiquitin transfer
and polyubiquitin chain elongation. One possibility is that the HECT domain
adds ubiquitin to target substrates one at a time. This would imply that the E3
changes specificity — from recognizing the substrate to recognizing the ubiquitin
— following transfer of the first ubiquitin to the substrate. A different possibility
is that the chain is built up by the HECT E3 first, and then transferred as a unit
to the substrate. This would require two active sites, one to hold the growing poly-
ubiquitin chain, and the other to hold the next ubiquitin to be added. HECT E3/E2
complexes would satisfy this condition. RING E3/E2 complexes cannot, and thus
would have to utilize another mechanism, presumably building on their rigid
architecture. In an attractive model [129], the HECT cysteine could hold the first
ubiquitin (and later the growing chain), while the C-lobe could rotate to position the
first ubiquitin’s target lysine near the thiol ester bond of the bound E2/ubiquitin
intermediate. Subsequent rounds of ubiquitin addition to the chain terminus
would require the C-lobe to keep rotating, ultimately ending in steric problems
for the chain which could favor its transfer to the substrate.

A third general model for polyubiquitin chain extension is that the initiation
and elongation phases of the reaction involve different E2 enzymes, different E3
enzymes, or different E2/E3 complexes. The modification of a substrate with a
non-canonical polyubiquitin chain follows the third model. The Rad6/Rad18 com-
plex ligates the first ubiquitin, while the Mms2/Ubc13/Rad5 complex extends the
chain [65, 73]. The extension of K48-linked chains from ubiquitin fusion proteins
seems to involve the sequential action of two different E3s with the same E2 [120].
In another possible example, two E2s (orthologs of Ubcll and Ubc4) have been
suggested to act sequentially with the APC in the polyubiquitination of mitotic cy-
clins in fission yeast [82].
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5.6.4
E2/Substrate Interactions

With HECT domain E3s, all of the chemistry of isopeptide bond formation occurs
at the E3 active site. With RING and U-box E3s, however, the E2 participates di-
rectly in this chemical reaction, so the substrate’s lysine must closely approach
the E2’s active site. A crystal structure of the SUMO E2 Ubc9, complexed with a
large fragment of RanGAP1 (an efficient sumoylation substrate), reveals the specif-
icity of this interaction [130]. Unlike ubiquitination, sumoylation is site-specific.
The target lysine for sumoylation lies within a tetrapeptide sequence motif ¥-K-X-
D/E, where W is a hydrophobic residue, K is the target lysine, and X is any residue.
Ubc9 makes specific interactions with each of these consensus-motif residues in a
manner that places the lysine e-amino group within 3.5A of the Ubc9 active-site
cysteine [130]. The lysine approaches the cysteine from what is expected to be its
unencumbered (by SUMO) side [102]. The interacting surface on Ubc9 involves
o-helix H4, the loop preceding it, and the extended S4-H2 loop, including the
active-site cysteine [130] (Figure 5.3). This surface does not overlap with the pre-
sumptive binding surface for SUMO. This mode of interaction is unlikely to hold
with ubiquitin E2s, since no general consensus site for ubiquitination is known.

A model for ubiquitin E2/substrate interactions has also been proposed for
the special case in which the substrate is ubiquitin [131]. The crystal structure of
the Mms2/Ubc13 complex led to the modeling of an E2/UEV/ubiquitin (donor)/
ubiquitin (acceptor) model. As discussed in Section 5.7, UEV (Ubiquitin E2 Vari-
ant) proteins such as Mms2 are homologous to E2s, but lack the active-site cysteine
residue. Known UEV/Ubc13 complexes act as E2 enzymes specialized for the syn-
thesis of K63-linked polyubiquitin chains [72, 132]. In the model [131], Ubc13 is
bound to the donor ubiquitin through a thiol ester bond in a manner that agrees
well with inferences from NMR analysis of the Ubcl/ubiquitin thiol ester [102]
(Figure 5.7). The position of the non-covalently bound acceptor ubiquitin is deter-
mined by the orientation of Mms2 on Ubc13 (Figure 5.7). The acceptor ubiquitin
has its K63 side chain placed to enter the active site of Ubc13 to form a diubiquitin
conjugate. The model suggests that K63 of ubiquitin is selected as the conjugation
site through steric exclusion of other lysines, as determined by an interaction be-
tween Mms2 and a region of ubiquitin that is distant from K63 [131]. Recent
NMR studies have confirmed and refined this model [103]. Thus, the substrate ly-
sine is presented to the active-site cysteine through an indirect mechanism, in con-
trast to the Ubc9/RanGAP1 example in which the E2 interacts directly with the ly-
sine residue itself [130]. Unlike most ubiquitination reactions, the modification of
ubiquitin itself is often site-specific. The Mms2/Ubc13/ubiquitin model can help
to explain this phenomenon.

5.6.5
E2 Catalysis Mechanism

Chemical catalytic mechanisms in the ubiquitin conjugation cascade have proved
difficult to decipher. The reactions leading to E2/ubiquitin thiol ester and isopep-
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Fig. 5.7. Ubc13 interaction surface. The bound ubiquitin (purple); RING domains (red);
interacting surfaces have been mapped onto E1 (presumptive, green); acceptor ubiquitin
Ubc13. The active-site cysteine is shown in involved in K63-linked polyubiqutin-chain
yellow. Colored surfaces contact: covalently synthesis (blue).

tide bond formation would be facilitated by electrostatic stabilization of the oxyan-
ion and deprotonation of the attacking amino group (isopeptide bond formation)
by a general base [133, 134|. However, while the sequence conservation around
the E2 active site is very high (Figure 5.2), all E2 structures show a lack of candi-
date catalytic residues close to the cysteine (see Refs. [23, 135]). Although catalytic
residues could be contributed by other enzymes in the cascade or by the E2 back-
bone, structural data argue strongly against a chemical catalytic contribution where
it may be needed most — in reactions involving RING and U-box domain E3s.

Recent studies [136] addressed the role of a strictly conserved asparagine posi-
tioned just upstream of the active-site cysteine (N79 in Ubcl numbering, Figure
5.2). In existing E2 structures the asparagine is hydrogen-bonded to the backbone
or a side chain. It is distant from the E3 contact surface and, as expected, it is dis-
pensable for E2 binding to RING domain E3s. However, the asparagine is critical
for E2-catalyzed and RING E3/E2-catalyzed ubiquitin conjugation reactions. The
similar effect of asparagine mutation on the two types of conjugation reactions is
reasonable given that E2s do not experience structural perturbations upon binding
to E3s (above). The data suggest that an intrinsic catalytic role of the asparagine
side chain is brought into play through RING-mediated recruitment of the catalyti-
cally competent E2/ubiquitin thiol ester. The asparagine is dispensable for up-
stream and downstream thiol transfer reactions, suggesting that catalytic residues
for these reactions may be located in the E1 and HECT E3 active sites.

A specific proposal for the role of the asparagine was developed in a model
which breaks the hydrogen bonds to the backbone and rotates the asparagine to-
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Fig. 5.8. Model for catalytic role of E2 active-site asparagine.
The side chain of the asparagine in the conserved “HPN’’ motif
(Figure 5.2) stabilizes the oxyanion that forms when the
substrate’s lysine attacks the E2/ubiquitin thiol ester bond. N79
is numbering for Ubc1 (Figure 5.2).

ward the active-site cysteine [136]. Molecular modeling suggested that the aspara-
gine can be positioned to donate a hydrogen bond to the oxyanion (Figure 5.8)
[136]. Many cysteine proteases, including deubiquitinating enzymes, use an amide
side chain in this manner [134, 137-139]. Structural studies of a deubiquitinating
enzyme have shown that the entry of ubiquitin into the active site causes a histi-
dine and an asparagine to shift their positions so that the histidine becomes the
general base and the asparagine provides the oxyanion hole [137]. Similarly, ubiq-
uitin binding in the E2 active site could be a trigger that repositions the asparagine.
So far, no general base is evident in E2s, but this group may not be needed due to
the lability of the thiol ester bond.

5.7
Functional Diversification of the E2 Fold

Increasing evidence suggests that evolution has used (and is using) the E2 fold for
new purposes. In one apparent example of functional expansion, E2 core domains
have been observed to be embedded within much larger polypeptide chains [140,
141]. The functional properties of these massive E2s remain poorly characterized,
and it is likely that more of them will be discovered. But the clearest case of func-
tional diversification is provided by the UEV proteins. UEVs are related to E2s in
their primary, secondary, and tertiary structures, but they lack an active-site cys-
teine residue and therefore cannot function as canonical E2s [142]. Nonetheless
they play several different roles in ubiquitin-dependent pathways.

Mms2 and its close (mammalian) relative Uevla form heterodimers with Ubc13
[72, 132]. Each complex plays a key role in the synthesis of K63-linked chains,
which act as non-proteolytic signals in different cellular pathways. The Mms2/
Ubc13 complex participates in the UBC2/RADG6-dependent DNA damage tolerance
pathway by polyubiquitinating the DNA polymerase processivity factor called PCNA
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(Proliferating Cell Nuclear Antigen) [65, 72]. To be activated for this pathway,
PCNA is first mono-ubiquitinated by the Rad6/Rad18 complex, and then modified
with a K63-linked polyubiquitin chain by the Mms2/Ubc13/Rad5 complex (Rad18
and Rad5 are RING E3s) [65, 73]. The Mms2/Ubc13 complex has a core ubiquitin
polymerization activity [72]. Rad5 might stimulate this activity [132] or target the
Uev/E2 complex to PCNA [73], or both.

The related human Uevla/Ubc13 complex is involved in NF«B signal transduc-
tion [132]. It plays an intermediate role in the signaling cascade that starts with a
proinflammatory cytokine signal and culminates in the nuclear translocation of the
active NFxB transcription factor. In this pathway the Ubc13/Uevla complex modi-
fies a RING E3, Traf6, with K63-linked polyubiquitin chains [132]. This modifi-
cation is linked to Traf6 oligomerization. It instigates a cascade of kinase reactions
ultimately cause the ubiquitination and degradation of NFxB’s inhibitory partner,
IxBo [74, 143].

The crystal structure of Mms2 has been solved alone and in complex with Ubc13
[131, 144]. The overall fold is similar to that in E2s, containing a central four-
stranded anti-parallel f-sheet surrounded by a-helices. Differences include the
absence of the C-terminal o-helix HS in the shorter Mms2 protein. The helical N-
terminus of Mms?2 is also extended compared to Ubcl3, and this region plays the
major role in heterodimer formation. Two ubiquitins can bind to the heterodimer
(Section 5.6.4) and the surfaces they contact do not overlap with the surface con-
tacted by Rad5 [131, 145].

Ubiquitin plays a crucial role in a protein-trafficking pathway that delivers spe-
cific cargo proteins to regions of the late endosome membrane that invaginate
into the lumen, thereby targeting these proteins to the vacuole/lysosome (reviewed
in Ref. [146]). A different UEV protein, called Tsg101 in humans (Taumor Suscepti-
bility Gene) and Vps23 in yeast (Vacuolar Protein Sorting), is part of a large com-
plex that plays a critical role in the sorting step. Cargo proteins are selected based
on their conjugation to mono-ubiquitin; the specific role of the UEV protein is to
bind the cargo-linked mono-ubiquitin moiety [147]. HIV-1 and certain other vi-
ruses subvert this function of Tsg101 in order to bud from the plasma membrane
[148-150]. Mechanistically, Tsg101 is recruited to the virus budding sites by bind-
ing to a tetrapeptide “PTAP” motif in the late domain of viral proteins such as
HIV-1-GAG. Tsgl01 is essential for virus budding from the plasma membrane
[148], so it is possible that the endocytic budding machinery is hijacked to the
plasma membrane via the Tsg101/GAG interaction [85].

The solution structure of the Tsg101 UEV domain has been solved alone and in
complex with a PTAP-containing peptide [151, 152]. Human Tsg101 contains 390
amino acids, with the UEV domain located at the N-terminus [152]. The UEV do-
main is the minimal region needed to bind HIV-1 GAG, and is also the domain
involved in mono-ubiquitin recognition and binding [153]. The overall fold of the
UEV domain is similar to that of E2s. One notable difference is the presence of an
extra N-terminal a-helix on Tsg101 [152]. The other major difference is the absence
in Tsgl01 UEV of the two C-terminal a-helices of the E2s — a truncation that was
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also seen in the Mms?2 structures. This truncation appears to be a special trait of
UEV proteins [154]. In Tsg101 UEV, the absence of the C-terminal helices helps
to create the binding site for the PTAP peptide [151].

When aligning the structures of a canonical E2, Mms2, and the Tsg101 UEV do-
main, the hydrophobic core and the region surrounding the vestigial active site are
quite similar, but the Tsg101 UEV domain differs from Mms2 and canonical E2s in
the positions of the first two f-strands [152]. In Tsgl01 they are elongated and
shifted toward the N-terminus, forming a f-hairpin that extends 11 residues out-
side the main body of the domain [152]. This loop is important for ubiquitin bind-
ing by Tsg101 [152]. As determined by chemical shift mapping and mutagenesis
studies, the Tsgl01/ubiquitin binding interface involves the bottom half of the
four-stranded fS-sheet, including the g-hairpin (loop S1-S2). The binding interface
for ubiquitin on Tsg101 is distinct from the surface that Mms2 uses to position the
acceptor ubiquitin within the Ubc13/Mms2 complex [131, 144]. Thus, two differ-
ent UEVs bind ubiquitin in two different ways. The structural biology and bio-
chemistry of UEVs illustrates how modest changes to an E2-like module can create
new, functionally important interaction sites. The UEV domain is just one of a
growing set of small domains that can endow other protein domains with ubiqui-
tin-binding capability (reviewed in Ref. [63]). Such binding elements are likely to
play important roles in transducing ubiquitin signals in diverse cellular pathways.

5.8
Concluding Remarks

We have emphasized the biochemical properties of E2s, particularly interactions
with other factors in the conjugation cascade, because these properties are central
to the biological actions of E2s. We have tried to give a flavor of the “creativity and
economy”’ [103] with which E2s have evolved to maximize the interaction potential
of a relatively small and conserved surface (Figure 5.7). Owing to the large scope of
the relevant literature and the limited length of this chapter, we have not done full
justice to the biological breadth of the E2 enzyme family. For example, we have fo-
cused on yeast and mammalian enzymes, but ubiquitin conjugation is increasingly
being studied in other model organisms, including flies, worms, and plants. These
systems offer powerful tools to address outstanding questions about ubiquitin-
dependent pathways in general and E2 enzymes in particular. What are some of
those questions? Significant uncertainties remain concerning E2 catalysis and
mechanism, as discussed in Section 5.6. Another important question has been
largely ignored in this review — exactly why are there so many E2s? One appealing
model is that the identity of the E2 can modulate the substrate specificity of the E3,
but experimental evidence for this model remains sparse. Another possibility is
that the E2 has little or no influence on substrate choice, but rather helps to control
the flux of activated ubiquitin to its cognate E3. In view of the remarkable develop-
ments in ubiquitin biology over the last decade, we should be prepared for both in-
teresting and unexpected answers to these (and other) questions.
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6
The SCF Ubiquitin E3 Ligase

Leigh Ann Higa and Hui Zhang

6.1
Introduction

One of the most effective ways to activate or inactivate a biological process rapidly
is to specifically eliminate through proteolysis the critical proteins that regulate or
participate in the process. Eukaryotic cells utilize ubiquitin-dependent proteolysis
to regulate responses to diverse signals during development and metabolism [1,
2]. With more than 30000 genes encoded in the human genome, selective degra-
dation of a particular protein in response to a regulatory signal poses a great chal-
lenge to the cell. The ubiquitin-dependent proteolysis pathway ensures that each
protein is degraded in a temporal and spatially regulated fashion in response to
such diverse signals or environmental cues [2]. In this system, the doomed protein
is specifically modified by ubiquitin, a small peptide consisting of 76 amino acid
residues [1]. The enzymatic cascade is set in motion when ubiquitin is first acti-
vated by an activating enzyme, E1, at the expense of ATP. The activated ubiquitin,
which is covalently linked to the E1 enzyme by a thioester bond, is transferred to
a member of a family of ubiquitin E2-conjugating enzymes. Last but not least, the
doomed protein substrate is recognized by an ubiquitin E3 ligase, which often aids
in ubiquitin transfer from E2 to substrate. Polyubiquitinated proteins are then de-
graded by the 26S proteasome. Since E3 ligases define the substrate specificity,
studies suggest that intricate and fascinating mechanisms specify a large number
of ubiquitin E3 ligases for the selective and timely elimination of a particular sub-
strate through ubiquitin-dependent proteolysis [1-3]. In this chapter, we will focus
on the function and regulation of the SCF (Skp1, Cull/Cdc53, F-box proteins) fam-
ily of ubiquitin E3 ligases. Unlike the HECT-domain E3 ligases, which consist of a
single polypeptide, the SCF E3 ligase is composed of multiple protein subunits.
This multiprotein complex regulates many important biological processes such as
the cell cycle, transcription, and inflammation response. In addition, SCF is sub-
ject to regulation at various levels by complex signaling processes, and some of
the regulatory mechanisms are exclusive to this class of E3 ligases. Accordingly, al-
teration of the function and regulation of the SCF ubiquitin E3 ligase has been as-
sociated with human diseases such as cancer.
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6.2
Discovery of the SCF Complex

One of the largest ubiquitin E3 ligase families, SCF ubiquitin E3 ligases are as-
sembled from Skp1, Cull/Cdc53 an F-box protein, and Rocl (also called Rbx1 or
Hrtl) [3]. Skpl and the F-box protein Skp2 (S-phase kinase associated protein 1
and 2), were initially identified during analysis of the cyclin A/CDK2 complex [4].
Skp2 expression was found to be highly elevated in many cancer cells and is re-
quired for G1 cells to enter S phase. However, Skpl and Skp2 can form a complex
independent of cyclin A/CDK2, suggesting that this binary complex may have a
cell-cycle function independent of the cyclin A/CDK2 kinase activity.

Yeast Skpl was isolated as a high copy suppressor of yeast cdc4 temperature-
sensitive mutant at restrictive temperature, and as a protein that interacts with hu-
man cyclin F, a protein that can also suppress the cell-cycle defects of cdc4 mutant
when it is expressed in high copy in yeast [5]. Skp1 also directly interacts with the
yeast Cdc4 protein, which encodes eight WD40 repeats (WD repeats), and cyclin F.
Since Skp1 also directly binds to Skp2 which contains seven leucine-rich repeats
(LRR), these observations suggest that Skp2, Cdc4, and cyclin F may share a com-
mon mechanism for Skpl binding. Indeed, sequence alignment of all three pro-
teins indicates that they possess a relatively conserved 40-45 amino acid motif
which mediates the binding of Skpl [5] (Figure 6.1). This motif had been previ-
ously identified in some WD repeat-containing proteins but its significance was
unknown [6]. This motif is therefore called the F-box, after the cognate region in
cyclin F, and is present in a wide variety of otherwise unrelated proteins [5, 7-9].
Accordingly, the proteins that contain this motif are called F-box proteins [5]. The
function of Skp1 was further revealed by earlier observations that yeast Cdc4, Cdc53,
and Cdc34 temperature-sensitive mutants all fail to perform yeast Start-related
events (G1 progression into S phase, nuclear DNA replication, and spindle forma-
tion) and accumulate yeast CDK inhibitor p405ic! at the restrictive temperature
[10-12]. Since Cdc34 encodes an ubiquitin E2-conjugating enzyme [10], Cdc34,
Cdc4, and Cdc53 are likely to act in concert to regulate the G1/S transition by con-
trolling the ubiquitin-dependent proteolysis of p405i!. Certain Skpl mutants also
accumulate p405! and expression of Skpl in cdc4 mutants is sufficient to sup-
press the accumulation of p405! in cdc4 mutants at restrictive temperature [5].
These observations suggested that Skpl is involved in the Cdc4-, Cdc53-, and
Cdc34-mediated ubiquitin-dependent proteolysis of p40Sicl,

Cullin-1 (Cull) was originally isolated from Caenorhabditis elegans as a negative
regulator of cell proliferation during development [13]. Loss of Cull (or lin-19) in

P E LL IF L L v GV w L S LW (a.a.98-137)
P E L IF L EDI GV w S LW (a.a.276-316)
P L I L EDIL v v L S W (a.a.33-73)

Fig. 6.1. The F-box motif in human Skp2, budding yeast Cdc4,
and human cyclin F (CycF). The conserved amino acids are
highlighted.
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C. elegans causes hyperplasia in all tissues. In the proliferating cells, the progres-
sion from G1 to S phase is accelerated. The normal developmentally programmed
mitotic arrests are overridden, with additional cell divisions that produce abnor-
mally small cells. It was found that Cull belongs to a conserved family of cullins
that share extensive homology [13]. The cloning of yeast Cdc53 revealed that it is
an ortholog of Cull. Biochemical analyses suggested that Cdc53, Cdc4, and Cdc34
form a protein complex [11]. These studies laid the foundation for the more de-
tailed studies of SCF ubiquitin E3 ligase and related cullin-containing ubiquitin
E3 ligases.

6.3
The Components of the SCF Complex

The essential components of the SCF ubiquitin E3 ligase include Skpl, Cul-1/
Cdc53, one of many F-box proteins, and the RING-H2-finger protein Rocl (Rbx1
or Hrtl) (Figure 6.2). Although initial studies did not reveal the presence of a
fourth component of the SCF complex [14, 15], later work showed that a
RING-H2-finger protein, Rocl, is an essential subunit of the SCF complex [3].
The SCF complex thus contains three invariable components (Rocl, Cull, and
Skp1) which provide a core structure to which one of the many substrate-specific
subunits (F-box proteins) binds. The Roc1-Cul1-Skp1 core also independently in-
teracts with the ubiquitin E2-conjugating enzyme to couple ubiquitin transfer to
the substrates [3]. One of the F-box proteins binds directly to a specific substrate
and such interaction facilitates the polyubiquitination of the substrate by ubiquitin

Skpl

Cull/Cdc53

SCF complex BTB/POZ @
protein @
( Cul3 )
Cul3-BTB/POZ complex
[Elongin CJ Rocl
| Cul2 ]

Cul2-Elongin B-Elongin C complex

Fig. 6.2. The structures of SCF, Cul2—Elongin B-C, and Cul3-
BTB/POZ ubiquitin E3 ligase complexes with the bound
substrates and E2 enzymes.
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transfer from the ubiquitin-charged E2. Since there are multiple F-box proteins [3],
this mechanism illustrates how the same core complex can control the abundance
of a diverse spectrum of substrates. Related E3 ligases built with a conserved cullin
as a core protein employ similar strategies to extend the substrate specificity.

6.3.1
Roc1/Rbx1/Hrt1

The RING-H2 protein, Rocl (also called Rbx1 and Hrtl, but Rocl hereafter) was
identified through its interaction with either mammalian Cull, Cul2, or yeast
Cdc53 [3]. It was found that addition of Rocl stimulates the polyubiquitination
activity of SCF complexes. Rocl and its homologs are highly conserved in evolu-
tion. Rocl contains a cysteine-containing and zinc-binding RING-finger domain in
its C-terminal half that is distinct from but related to other RING-finger E3 ligases
such as c-Cbl. A close homolog, Roc2/Rbx2/Hrt2 (also called Sag), also exists [3].
Both Rocl and Roc2 can bind to Cull and related cullins (Cul2-5, Cul7, and Cul8)
through a highly conserved C-terminal region, the cullin homology domain [3, 16,
17]. A more distant Rocl homolog, Apcll, is a component of the Anaphase pro-
moting complex/Cyclosome (Apc/C) [3], an ubiquitin E3 ligase complex that regu-
lates mitosis. Apcl1 binds to a distant cullin-related protein, Apc2, in the Apc/C
complex [18]. Genetic studies confirmed the essential role of Rocl in the SCF E3
ligase complex. Rocl also binds to ubiquitin E2 ligases such as Cdc34, and thus
serves as the link between the E2 (Cdc34) conjugating enzyme and Cull/Cdc53.
The RING-H2 domain of Rocl has been shown to be required for the E2-binding
and ubiquitin-ligation reaction. However, although biochemical studies suggest
that Rocl and Roc2 share the same biochemical properties of cullin binding and
act as a link between the cullin E3 ligases and the E2 enzymes, the physiological
roles of Rocla (a Rocl ortholog) and Roclb (a Roc2 ortholog) appear to differ in
Drosophila melanogaster [19]. Drosophila Rocla is required for cell proliferation,
and cells lacking Roc1a fail to proliferate during development. However, expression
of Roclb under the control of Rocla promoter does not rescue the Rocla-deficient
phenotype. In addition, Rocla deficiency causes the differential accumulation of
SCF substrates in Drosophila. While F-box protein Slimb/g-Trcp is required for
both the proteolytic degradation of Armadillo/f-Trcp (Arm) and the proteolytic
processing of the Cubitus interruptus (Ci) [20], Rocla null mutants only accumu-
late Ci but not Arm. These studies suggest that an additional mechanism may exist
to distinguish between Rocla and Roclb and various SCF substrates. Drosophila
encode a third Rocl-like protein, Roc2, but its function in the cullin ubiquitin E3
ligase is not clear.

6.3.2
Cullin-1 (Cul1)

In the SCF complex, Cull forms the core scaffold that associates with Rocl at the
extreme C-terminal region [3]. At its the amino terminal region, Cull interacts
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with Skpl. The Rocl-binding domain exhibits the highest conservation among
cullins and was initially identified as the cullin homology domain [3, 13]. The con-
servation of this domain is consistent with the fact that Roc1 can bind to almost all
culling (Cull-5, Cul7, and Cul8) and this binding couples cullin E3 ligases to the
ubiquitin E2-conjugating enzymes.

The N-terminal region for Skp1 binding is conserved between orthologs of Cull
from different species, and also displays significant homology in the equivalent re-
gions among other cullins such as Cul2, Cul3, Cul4, and Cul5 [21]. In Cul2 and
Cul5 this region has been shown to interact with Elongin C [22, 23], a protein that
shares considerable homology with Skpl. In another parallel, the N-terminal re-
gion of Cul3 has been shown to interact with BTB/POZ proteins that display a sim-
ilar three-dimensional crystal structure to that of Skpl [24].

The crystal structure of Cull has been resolved [21] and found to resemble a
long stalk connecting two protein-interaction domains at either end of the stalk.
The globular domain of 360 amino acids at the C-terminal region of Cull forms a
complex with Rocl. In this region, a four-helix bundle and an o/ domain form
two winged-helix domains. This creates a V-shaped groove in which the C-terminal
half of Rocl, containing the RING-finger domain, is situated. This Cull region
spans the cullin homology domain which is highly conserved between all cullins,
being present even in the more distantly related cullin homolog Apc2, a subunit of
the Apc/C ubiquitin E3 ligase. This sequence conservation suggests that other cul-
lins also use the same strategy to interact with RING-H2 proteins such as Rocl
[21]. Overall, the globular domain of Cull/Rocl generates a surface area for inter-
action with the E2 enzyme [21]. Although deletion mutant analysis of Cull sug-
gests that the first 219 amino acids are required to bind Skp1 [3], the crystal struc-
ture of the N-terminal region of the Cull protein reveals that Cull forms three
cullin repeats (about 120 amino acids each) in an arch-like shape [21]. The first N-
terminal repeat forms the domain for Skpl interaction while the other two repeats
form a long stalk between the Skpl/F-box protein-binding domain and the Rocl
interaction domain. In the crystal structure of Cull, it does not seem that the F-
box proteins such as Skp2 bind or interact with Cull [21]. This is consistent
with the biochemical analysis that F-box proteins require Skpl for binding to
Cull [5].

6.3.3
Skp1

Skp1 serves as an adaptor protein that provides a molecular link between Cull/
Rocl and the F-box proteins [4, 5]. The Skpl protein contains two separate
protein-interaction domains that are conserved among its family members be-
tween species [21]. The N-terminal region of Skpl (~1-70 a.a.) interacts with
Cull while the C-terminal half (100-163 a.a.) binds the F-box proteins [21]. The
use of Skpl as an adaptor to link the core ubiquitin E3 ligase components of
Cull/Rocl with numerous and diverse substrate-targeting subunits, the F-box pro-
teins, represents a strategy to specifically target many proteins for ubiquitination
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[3]. The role of Skp1 is to bring the substrate-targeting subunit, the F-box protein,
into proximity with the Cull/Roc1/E2 complex to promote ubiquitin transfer from
the E2-ubiquitin to the F-box protein-bound substrates.

The crystal structure of Skpl reveals that it contains a BTB/POZ-like domain
at the N-terminal region [25]. It has been found that BTB/POZ proteins bind
to Cul3 and act as the substrate-targeting subunits for Cul3 E3 ligase-mediated
ubiquitin-dependent proteolysis [24]. Thus the similarity between Skpl and BTB/
POZ proteins is significant. The structure of Skpl also confirmed its similarity
with Elongin C, a Skp1-like protein that interacts with Cul2. Both Skpl and Elon-
gin C also share structural resemblance to the potassium channel tetramerization
domain, which also belongs to the BITB/POZ superfamily 25, 26]. Thus the BTB/
POZ-like structures determine the interaction between cullins and their adaptor
proteins such as Skp1, Elongin C, and other BTB/POZ-containing proteins.

Interestingly, although in mammals and single-cell organisms such as yeast
there is only one conserved Skpl homolog, other multi-cellular organisms encode
multiple Skpl-like proteins. In Arabidopsis thaliana, at least 19 Asks (Arabidopsis
Skp1-like) are predicted and genetic studies suggest that Asks1 is part of SCF™
and SCF! complexes that regulate the responses to the plant hormones auxin
and jasmonate, respectively [27, 28]. It also regulates vegetative and flower develop-
ment and male meiosis. Other Asks exhibit different abilities to interact with F-box
proteins. In addition, seven Skpl homologs have been identified in Drosophila mel-
anogaster and at least 21 Skp1-related proteins (Skrs) have been identified in C. ele-
gans [29-31]. In C. elegans, while loss of Skr7, 8, 9, and 10 results in slow growth
and morphological abnormalities, Skrl and Skr2 are essential for embryonic devel-
opment. The presence of such large families of Skpl-related proteins in these or-
ganisms suggest that selective expression of these Skpl-related proteins during de-
velopment or in a particular tissue may represent an additional level of regulation
for their protein substrates.

In addition to targeting substrate proteins for degradation, Skp1 has been as-
sociated with certain activities that remain to be further characterized. For exam-
ple, Emil (also called FBXS), an F-box protein that binds to Skp1 [32], contains a
zinc-binding region near its carboxy terminus that is separate from its F-box re-
gion. This zinc-finger domain is required for binding to Cdc20 or Cdh1, substrate-
targeting subunits of Apc/C ubiquitin E3 ligase. The binding of Emil to Cdc20
or Cdh1 inhibits Apc activity and thus regulates mitosis [32]. Furthermore, yeast
Skp1 also binds to the kinetochore Cbf3 complex and is essential for the yeast
kinetochore/centromere function in G2 [3]. However, the precise roles of Skpl in
these biological processes still remain unclear.

6.3.4
F-box Proteins

F-box proteins serve as the substrate-targeting subunit of the SCF ubiquitin E3 li-
gase [5]. They are structurally diverse but they all contain a relatively conserved sig-
nature motif of about 45-50 amino acids [5]. This motif, the F-box, was initially
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identified among human Skp2, yeast Cdc4, and human cyclin F, which all bind to
Skp1 [5]. F-box proteins also contain a separate protein—protein interaction domain
that mediates the binding to various substrates [5, 14, 15]. The binding of F-box
proteins to their selected substrates usually targets the respective substrate for
polyubiquitination and subsequent proteolysis through the 26S proteasome. How-
ever, F-box proteins can also mediate the processing of certain protein precursors
to their cleavage products through limited ubiquitin-dependent proteolysis [20, 33].

The existence of a large repertoire of F-box proteins means that SCF E3 ligase is
one of the largest E3 ligase families (other large E3 families such as the Cul2- and
Cul3-containing ubiquitin E3 ligases are also related to the SCF E3 ligase) 2, 24].
In the yeast Saccharomyces cerevisiae, at least 11 F-box proteins that contain con-
served F-box domains have been identified [7]. In Drosophila at least 22 F-box pro-
teins exist, while more than 326 F-box proteins are predicted in the genome of C.
elegans [34]. In human and mouse, the presence of at least 38 conserved F-box pro-
teins has been reported [4, 5, 8, 9]. However, many F-box proteins may contain a
less-canonical F-box motif [35]. In such cases, identification of the candidate F-box
proteins in the protein databases using the standard sequence search algorithms is
quite difficult. The classification of such a protein as a member of the F-box family
relies on confirming its association with the other components of the SCF complex
and its activity towards a particular protein substrate [35]. The prototypical F-box
proteins such as Skp2, Cdc4, or f-Trcp have been relatively well studied. These
studies clearly indicate that F-box proteins act as the substrate-targeting subunit
of the SCF ubiquitin E3 ligases [3].

In addition to the F-box motif, many conserved F-box proteins contain either
leucine-rich repeats (LRR) such as Skp2 or yeast Grrl, or WD40 repeats, which
are present in Cdc4 or f-Trcp [5]. In human and mouse, seven F-box proteins con-
tain WD40 repeats (Fbws) while 10 F-box proteins have LRR repeats (Fbls) at their
C-terminal domain [8, 9]. However, a large number of F-box proteins contain other
protein—protein interaction modules or unknown domains (Fbxs). The LRR or
WD-40 repeats of F-box proteins have been shown to mediate the interaction be-
tween F-box proteins and their respective substrates through phosphorylated ser-
ines or threonines [34]. The differential binding specificities of protein—protein in-
teraction domains found in F-box proteins confers the substrate specificity of the
SCF ubiquitin E3 ligase.

6.4
E2-conjugating Enzymes for the SCF E3 Ligases

The function of the SCF E3 ligase complex is to facilitate ubiquitin transfer from
the E2-conjugating enzymes to the protein substrates. Although more than two
dozen E2s exist, genetic studies suggest the Cdc34 E2 conjugation enzyme is espe-
cially involved in regulating SCF substrates [12]. These observations are further
strengthened by the association between Cdc34 and components of SCF com-
plexes. From yeast to human, this highly conserved E2 is also required for the in
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vitro polyubiquitination reactions for the substrates of SCF E3 ligases [14, 15, 36,
37]. However, other E2 enzymes, such as human UbcHS5, can also function in vitro
for polyubiquitination of certain substrates of the SCF complexes with similar [38],
if not greater, efficiency than Cdc34.

6.5

Substrates and Substrate Recognition

Both genetic and biochemical analyses suggest that the SCF E3 ligase targets a wide
spectrum of important proteins for ubiquitin-dependent proteolysis (see Table 6.1
for examples). A common feature of the physiological substrates of various SCF

Tab. 6.1.  F-box proteins.

Protein Species Substrates Function of substrates
Skp2 H. sapiens p27 CDK inhibitor
p21 CDK inhibitor
Rb2/p130 Rb-related protein, CDK inhibitor
Orcl Component of origin recognition
complex
Beta-Trcp H. sapiens f-catenin Transcription factor
IxB Inhibitor of transcription
CD4 HIV Vpu target, surface receptor
Emil Inhibitor of anaphase-promoting
complex/cyclosome
CDC25A Phosphatase, positive regulator of Cdks
hCdc4/Fbw7 H. sapiens Cyclin E G1 cyclin
Notch Receptor
Presenilin 1 ~ Familial Alzheimer’s disease gene
Tome-1 X. laevis Weel CDK inhibitory kinase
Slimb (beta-Trcp  D. melanogaster ~ Armadillo p-catenin homolog
homologue) Cubitus Transcription factor
interruptus
Archipelago (Ago) D. melanogaster Cyclin E G1 cyclin
(hCdc4/Fbw
homologue)
Cdc4 S. cerevisiae Cdc6 Replication initiation protein
Sicl Cdk inhibitor
Farl Cdk inhibitor
Gcn4 Transcription repressor
Grrl S. cerevisiae Cln1 G1 cyclins
Cln2 G1 cyclin
Met30 S. cerevisiae Met4 Transcription factor
Swel Weel-like kinase
Pop1/Pop2 S. pombe Rum Cdk inhibitor
Tirl A. thaliana AXR2/IAA7  Auxin response
AXR3/IAA17  Auxin reponse
Ebf1/Ebf2 A. thiana EIN3 Transcription factor in ethylene response
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ligases such as CDK inhibitors p405i! or p27%XiPl  B-catenin, or IxB shows a re-
quirement for phosphorylation of substrates on either serine or threonine for
SCF-mediated ubiquitin-dependent proteolysis [2, 3]. The WD40 and LRR repeats
in the F-box proteins bind phosphorylated substrates independent of the F-box,
which interacts with Skpl. The binding of various F-box proteins to phosphory-
lated serines or threonines within a particular substrate appears to be quite specific
[36-39], suggesting that the phosphorylation-mediated binding of F-box proteins is
dependent on the peptide sequences surrounding the phosphorylation site of pro-
tein substrates. The binding of F-box proteins to the phosphorylated substrates pro-
motes the interaction of Skp1 and its associated Cull/Roc1 with the substrates, fa-
cilitating ubiquitin transfer from the E2-conjugating enzymes to the substrates [3].
Subsequent polyubiquitination of the substrates is coupled to their proteolysis by
the 26S proteasome.

However, studies also suggest that many F-box proteins can bind and target a
number of proteins for polyubiquitination in a phosphorylation- and sequence-
dependent manner [34, 36, 37, 40-43]. Furthermore, evidence also suggests that
some F-box proteins can selectively bind to several sites containing phosphorylated
serines/threonines within a single protein substrate [44, 45]. These observations
raise the question of how substrate specificity is defined. In several cases, addi-
tional mechanisms appear to be involved in specifying substrate selection by the
F-box proteins. Several well characterized examples of SCF substrates will be pre-
sented to highlight our current understanding of the substrate-specificity of the
SCF ubiquitin E3 ligase.

6.5.1
Skp2 and Its Substrates

One of the best characterized SCF complexes is SCF3XP2, Skp2 was originally iso-
lated by its highly elevated expression in many cancer cell lines and by its associa-
tion with Skpl and cyclin A/Cdk2/Cks1 [4]. Skp2 was also found to be critical in
regulating the progression of mammalian G1 cells into S phase. One of the critical
G1 cell-cycle regulators is p27XiP1. In the cell cycle, p27 protein levels are regulated
by ubiquitin-dependent proteolysis, being high in GO and early G1 and low in late
G1 and throughout S phase [46]. The high G1 level of p27 is required for prevent-
ing the premature activation of cyclin E/CDK2 or other G1- or S-specific cyclin/
Cdks. In late G1, p27 is rapidly proteolyzed through ubiquitin-dependent degrada-
tion [46], promoting the release of active cyclin E/Cdk2 kinase and consequently
the S phase entry. p27 degradation requires a single phosphorylation site at threo-
nine 187 located at the C-terminal end of the protein [47]. Cyclin E-associated
kinases can phosphorylate p27 at this critical site in vitro and in transfection sys-
tems. Conversion of threonine 187 to non-phosphorylatable alanine in p27 greatly
stabilizes this protein. The F-box protein Skp2 specifically binds to the phosphory-
lated threonine 187 in p27 and targets p27 for polyubiquitination and subsequent
proteolysis while other F-box proteins such as f-Trcp do not [36, 37]. Deletion of
the F-box region in Skp2 promotes the interaction between Skp2 and the phos-
phorylated p27 but causes stabilization of p27 in vivo [37]. A particularly unique re-
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quirement for substrate binding and recognition by Skp2 involves an accessory
protein, p9 ! [48, 49]. Cks1 was previously identified as a Cdk-binding and Suc1-
like protein, and initially isolated as a suppressor of certain Cdc28/Cdc2 mutants
in yeast [50]. SCFS*2.mediated p27 polyubiquitination requires Cks1, and the
activity associated with p27 polyubiquitination is independent of Cdk binding
but depends on its direct and specific interaction with Skp2. A close Cks1 homo-
log, Cks2, cannot substitute for Cksl in this reaction. The polyubiquitination of
p27 has been reconstituted with purified Skp2, Skpl, Cull, Rocl, Cks1, cyclin
E/CDK2, Cdc34, and E1 in the presence of ATP and ubiquitin [36, 49]. Over-
expression of Skp2 is sufficient to induce p27 down-regulation and in some cases,
induces S phase [51]. Strikingly, genetically engineered Skp2 knockout mice and
Cksl deficient mice share similar phenotypes [49, 52]. Mouse embryonic fibro-
blasts derived from Skp2~/~ and Cks1~/~ mice both accumulate p27 and its bind-
ing partner cyclin E [49, 52]. Thus it appears that Cksl is specifically evolved in
mammals to facilitate Skp2-mediated substrate polyubiquitination. Interestingly,
Skp2 was isolated as a protein complex that contains cyclin A/Cdk2/Cks1 [4]. One
possible role for cyclin A/CDK2 is recruitment of Cks1 into the proximity of Skp2
to facilitate Skp2 binding to phosphorylated p27. Alternatively, cyclin A/CDK2 can
also bind and phosphorylate p27 at threonine 187 to promote Skp2 binding.

Although p27 remains the critical target of Skp2 in late G1, additional
polyubiquitinated substrates of Skp2 have been identified. These include the
retinoblastoma-related protein Rb2/p130 [41], Cdk inhibitor p21 [40], and other
proteins. Characterization of Skp2 binding sites in these proteins reveals that while
phosphorylation of serine 130 in p21 is required for Skp2 binding and polyubiqui-
tination, phosphorylation of serine 672 in p130 is essential for the interaction with
Skp2 and p130 polyubiquitination. One common feature among these character-
ized Skp2 substrates is the presence of minimum serine/threonine followed im-
mediately by a proline residue (S or T/P) in the Skp2-binding motifs. However, it
is still not clear how Skp2 selects its binding site after the phosphorylation of ser-
ines or threonines in these and other substrates.

6.5.2
B-Trcp and Its Substrates

The substrate consensus sequences are best illustrated in the case of f-Trcp (also
called Fbwl, FWD1, and Hos in vertebrates, and Slimb in Drosophila), an F-box
protein that contains seven WD40 repeats at its C-terminal region [20]. Initial
genetic evidence in Drosophila suggests that the Drosophila f-Trcp homolog
Slimb regulates proliferation and axis formation during development through the
Wingless/Wnt and Hedgehog signaling pathways [20]. Genetic mosaic analysis of
Slimb Drosophila mutants indicates that the slimb defect causes the abnormal ac-
cumulation of Armadillo, the Drosophila homolog of f-catenin, a transcription fac-
tor involved in the Wingless/Wnt pathway. In human, f-catenin is the target of the
human tumor suppressor protein adenomatous polyposis coli (APC) which is often
mutated in familial colorectal cancers [53]. In the absence of wingless signaling,
the cytoplasmic f-catenin is unstable and is degraded by ubiquitin-dependent pro-
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teolysis. However, an active Wingless signaling pathway stabilizes f-catenin, which
is subsequently transported from the cytoplasm into the nucleus to activate Wing-
less transcription programs. f-catenin is destabilized by phosphorylation on two
conserved serines (serines 33 and 37, underlined in the sequence of DSGIHS) cat-
alyzed by the glycogen synthase kinase-3b (GSK-3b) and casein kinase I¢ (CKle),
through binding of the scaffold protein Axin and APC [53]. Phosphorylation
of these two conserved serines in this N-terminal region of f-catenin triggers its
ubiquitin-dependent proteolysis mediated by SCF/T™P [39]. In addition to S-cate-
nin, f-Trcp also binds to two phosphorylated serines (serines 32 and 36, DSGLDS)
of IxB [38, 39|, an inhibitor of NFxB, and regulates the NFxB-mediated inflam-
matory and other responses. Initial studies on the binding sites of f-catenin, IxB,
and HIV-1 protein Vpu (another f-Trcp-binding protein when it is phosphorylated
at two serines on DSGNES) [54], suggest that dual phosphorylation of serines
within a consensus sequence of DSGXXS is sufficient for f-Trcp binding. This
binding triggers the polyubiquitination of f-catenin and IxB. In addition to Arma-
dillo, slimb mutation in Drosophila also causes the abnormal accumulation of Cu-
bitus interruptus (Ci), producing phenotypes that resemble the ectopic activation
of the Hedgehog signaling pathway [20]. In the absence of Hedgehog signal, full
length Ci (p155) is processed by the proteasome in a f-Trcp-dependent manner
to generate a smaller p55 form of Ci, which acts as a repressor for Hedgehog-
regulated transcription. Mammalian §-Trcp exhibits similar processing activity to-
wards NFxB1 [33]. However, studies on the phosphorylation-dependent processing
of NFxB1 demonstrate that it occurs when the serines in the DSGXXXS motif
of these proteins are phosphorylated [33]. The extra amino acid between the two
phosphorylated serines suggests a certain tolerance by f-Trcp. More strikingly,
characterization of the f-Trcp-mediated polyubiquitination of Cdc25A in response
to DNA damage indicates that higher tolerance of the spacer between the dual
phosphorylated serines exists [42, 43]. In this case, f-Trcp binds and targets
Cdc25A for polyubiquitination once the two serines in DSGXXXXS are phosphory-
lated. The tolerance of two additional amino acid residues in the spacer region be-
tween the two phosphorylated serines suggests that f-Trcp is substantially flexible
in its binding to substrates within the consensus sequence. Intriguingly, Cdc25A
degradation is triggered after its phosphorylation at serine 76 by the DNA damage
checkpoint kinase CHK1 in response to DNA damage. This phosphorylation,
which precedes the serine 79 and serine 82 utilized for phosphorylation-dependent
binding of f-Trcp in the DSGXXXXS motif, is essential for the DNA-damage-
induced Cdc25A proteolysis by the SCF/T™P E3 ligase. The mechanism by which
the phosphorylated serine 76 triggers the f-Trcp-mediated Cdc25A polyubiquitina-
tion is not clear. These findings suggest that a more complicated regulation exists
for the polyubiquitination of Cdc25 by the SCFAT™P E3 ligase.

6.5.3
Yeast Cdc4 and Its Substrates

The substrate recognition mechanisms discussed above suggest that phosphoryla-
tion at a particular site (or sites) is sufficient to bind the F-box proteins Skp2 or -
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Trep to their respective substrates. These studies also suggest certain flexibilities in
the binding of these F-box proteins to their substrate consensus sites. The yeast F-
box Cdc4, which contains eight WD40 repeats, has been implicated in mediating
the ubiquitin-dependent degradation of Cdk inhibitor p405€! and Far1, replication
initiation protein Cdc6, and transcription repressor GCN4. Characterization of the
yeast SCF “d“*.mediated polyubiquitination of yeast CDK inhibitor p405! provides
additional insights into the mechanism of the interaction between the phosphory-
lated substrates and F-box proteins.

It has been established that phosphorylation of Sicl is absolutely required for
SCF “d*.mediated polyubiquitination [3, 45]. Sicl is phosphorylated by the Cln/
Cdc28 kinase at the minimum consensus sequences of serine/threonine followed
immediately by a proline (S/TP) [3]. In addition, the Cln/Cdc28 kinase preferen-
tially phosphorylates the S/TP site containing basic amino acid residues (arginines
or lysines) [3]. Initial characterization of Sicl phosphorylation sites reveals that at
least nine such sites exist for Cln/Cdc28 phosphorylation and subsequent Cdc4
binding 3, 45]. Since Skp2 binds to p27 only when threonine 187 of p27 is phos-
phorylated [36, 37], a systematic characterization of Sicl phosphorylation sites was
conducted to determine which one of these nine sites is critical for the binding of
yeast Cdc4 F-box protein [45]. Initially, all of the potential serine/threonine phos-
phorylation sites were removed by site-directed mutagenesis of the Sicl protein.
This mutant is extremely stable and cannot be degraded by SCF4* in vivo. Sys-
tematic re-addition of serine/threonine phosphorylation sites to the Sicl mutant
protein suggests that while addition of any single serine or threonine is not suffi-
cient to trigger its degradation, re-addition of at least six phosphorylation sites of
the potential nine serines/threonines restores the Sic1 sensitivity to SCF ¢d*, This
differs from the polyubiquitination of the substrates of SCF3P2 in which a single
phosphorylation constitutes the binding site for F-box protein [45]. However, the
requirement of multiple phosphorylation sites is not unique to yeast Sicl and its
F-box protein Cdc4. The ubiquitin-dependent proteolysis of yeast Cln2, which is
mediated through the F-box protein Grrl encoding seven LRRs also depends on
the phosphorylation of a cluster of at least four serines/threonines in the Cln2 pro-
tein [44]. The requirement of at least six phosphorylation sites in Sicl suggests that
these sites may cooperate to allow the multiply phosphorylated Sicl to bind to
Cdc4 and raises the question of how Cdc4 can count the number of phosphoryla-
tions to properly target Sicl for polyubiquitination.

It turns out that not all the phosphorylated sites are created equal. The mecha-
nism for binding cooperativity by multiple phosphorylation sites in Sicl is demon-
strated in part by the observation that a high affinity phosphorylated Cdc4-binding
site on human cyclin E (threonine 380) is sufficient to destabilize Sic1 that lacks all
original nine phosphorylation sites through Cdc4 [44]. Thus it is unlikely that the
eight WD40 repeats of Cdc4 contain six or more phosphorylation binding modules
for the binding of multiply phosphorylated Sicl to Cdc4. Rather, it appears that a
single phosphorylation site is necessary for Sicl binding to Cdc4.

The co-crystal structure of yeast Cdc4 and its phosphorylated substrates, as well
as that of f-Trcp and its phosphopeptide substrate derived from p-catenin, have
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been resolved [55, 56]. The f-Trcp and Cdc4 proteins contain either seven or eight
WDA40 repeats, respectively, which correspond to the formation of seven- or eight-
blade p-propeller structures. The phosphopeptide substrates lie across the top sur-
face, in alighment with the active E2-binding site in the Rocl-binding domain lo-
cated at the C-terminal end of Cull. All seven or eight f-propeller blades of f-Trcp
or Cdc4 interact with the phosphorylated peptide substrates. One significant fea-
ture of the co-crystal structure of Cdc4 with its respective substrate phosphopep-
tides is that there is only one phosphorylation-binding site on the surface of the
WD40 propeller repeats in Cdc4 [55]. This phosphorylation site is reminiscent of
the B-Trcp site which binds the phosphorylated serine 37 in f-catenin [56]. Consis-
tent with the genetic and biochemical characterization, the structure of Cdc4 does
not suggest that it can contain six phospho-binding modules for Sicl [55].

How then can we explain the observed cooperativity of Sicl phosphorylation in
binding Cdc4? A model was proposed to explain this cooperativity [45, 55]. It hy-
pothesizes that while each single phosphorylation site in Sicl may constitute a sub-
optimal binding site for Cdc4, the binding and subsequent release of each phos-
phorylated site will somehow increase the local concentration of Sicl near Cdc4
[45, 55].

The presence of the multiply phosphorylated suboptimal sites in Sicl should
accelerate binding and dissociation cycles of Sicl within the WD40-repeat domain.
In proximity to Cdc4, this should elevate the effective concentration of this form of
Sic1 above its simple diffusional rate. In terms of Cdc4 binding, this process should
favor multiply phosphorylated Sicl over those containing fewer phosphates. Bio-
logically, Sicl prevents premature entry into S phase in yeast by inhibiting the S
phase cyclin/Cdk kinase, Clb5/6/Cdc28. Thus, multiple phosphorylations of Sicl
may require a higher level of G1 Cln/Cdc28 and promote a shaper transition of G1
to S phase. Consistent with this possibility, conversion of the positively charged ar-
ginine or lysine residues downstream of the serine/threonine-proline (S/TP) sites
to neutral amino acids (such as alanine) in Sicl reduces the number of phosphory-
lated sites in Sicl required for the binding of Cdc4. Such changes may convert the
suboptimal Cdc4-binding sites to high affinity ones for the binding and ubiquitina-
tion of Sic1 by SCF “d*, While this possibility may explain the Sic1 and Cdc4 inter-
action, it also provides an interesting model for substrate recognition and selection
by other F-box proteins in which a degenerate phosphorylation consensus site is
present in the substrates.

6.6
Structure of the SCF E3 Ligase Complex

Elucidation of the structure of the SCF ubiquitin E3 ligase complex and their sub-
strates should help resolve certain issues regarding the mechanism by which SCF
E3 ligase promotes ubiquitin transfer from the E2 enzyme to the protein substrate.
Recently, the structures of Cull/Rocl in complex with Skpl and Skp2, as well as
that of Skp1/f-Trcp and Cdc4, have been reported [21, 25, 55, 56]. These studies
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suggest a rigid structure for the SCF complexes and thus provide an insight into
the mechanism by which the SCF E3 ligase modulates the polyubiquitination of
the protein substrates.

The overall shape of SCFSP? consists of an elongated structure with Cull as
the scaffold protein [21]. The structure of Cull displays a long stalk connecting
protein interaction domains at either end of the stalk. While the C-terminal region
of Cull forms a complex with the RING-H2 protein Rocl, the extreme and oppo-
site N-terminal region of the Cull protein forms the domain for Skp1 interaction.
The other two cullin repeats connecting these two functional domains of Cull
adopt an arch-like shape. One surprise is that there is a substantial space of about
50 A between the Skp1/F-box protein-binding domain and the Roc1 interaction do-
main, which recruits the active E2. In addition, a prominent feature of the SCF
structure is the rigidity of the Cull stalk. This rigidity appears to be required to
separate the substrate-binding domain of Skpl from the E2-binding domain of
Rocl. Attempts to alter the distance or the rigidity of Cull by incorporating a
more flexible swivel in the connecting Cull stalk results in loss of SCF ubiquitin
E3 ligase activity towards its physiological substrates. This rigid structure has also
been observed in ¢-Cbl RING-finger protein which represents an independent E3
ligase family [57].

The structures of Skp2/Skp1, and Skp1/p-Trcp containing the phospho-f-catenin
substrate peptide, and Skpl/yeast Cdc4/phospho-substrate peptides have been
reported [21, 25, 55, 56]. While the conserved F-box regions of Skp2, p-Trcp,
and Cdc4 interact with Skpl, additional linker repeats between the F-box and the
LRR or WD40 repeats also support the interaction with Skp1. In addition, the C-
terminal tail of Skp2 also folds back into the linker repeats between the F-box and
the linker region to provide additional interaction with the C-terminal region of
Skpl. These conformations suggest that the Skpl and Skp2 interaction, as well as
Skp1 binding to f-Trcp and Cdc4, is relatively rigid. This rigid structure may posi-
tion the LRR or WD40 domains of these F-box proteins to orient the substrates in a
particular direction towards the E2 site by Cull/Roc1 interface. Thus the structural
rigidity of the SCF E3 ligases and the existence of a substantial distant gap between
the substrate-binding domain and the E2/RING-H2 domain may be a common
feature required for the polyubiquitination of the substrates. However, the distance
between the F-box-bound substrates and the Cull/RING-H2 protein-bound E2
poses a structural limit for their direct interaction and thus the ubiquitin-transfer
reaction from E2 to substrates.

The SCF E3 ligase, unlike other E3 ligases such as the HECT E3 ligase, does
not appear to form a covalent thioester bond between ubiquitin and the E3 ligase
[2]. This may suggest that the SCF E3 ligase could use a different mechanism
to drive the ubiquitin-transfer reaction. Interestingly, it has been found that al-
though the Cdc34 E2-conjugating enzyme binds to Rocl, which in turn binds
to Cull, the covalent linkage between ubiquitin and Cdc34 leads to an increased
dissociation of the ubiquitin-charged Cdc34 from the Rocl/Cull interaction [58].
These observations suggest that Cdc34 may be constantly dissociated from the
Roc1/Cull-binding domain in a cyclic fashion during the ubiquitin-transfer reac-
tion to extend the elongating ubiquitin chain on the substrate [58]. Thus the func-
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tion of Rocl/Cull is probably to bring Cdc34 into the vicinity of the SCF-bound
substrates, which lie on the top surface of the f-propeller repeats of WD40 or LRR
in line with the E2 active site [21, 55, 56]. The formation of a thioester bond be-
tween ubiquitin and Cdc34 facilitates Cdc4 release from the Rocl/Cull interaction.
Once the ubiquitin-charged Cdc34 is released into the region surrounding the sub-
strate, the resulting increase in the effective concentration of ubiquitin-Cdc34 near
the substrates promotes ubiquitin transfer from Cdc34 to the substrates. This
model appears to provide a mechanistic explanation for the distance between the
F-box protein-bound substrates and the Rocl/Cull-bound E2, and the requirement
for the rigid structure of SCF complexes. In addition, it also helps to address how
the E2 protein can cope with the increasing distance between the elongating poly-
ubiquitin chain and the fixed positions of the Roc1/Cull-bound E2 and the F-box-
bound substrates in bringing about the ubiquitin-transfer reaction. This cyclic
association and dissociation of the E2 enzyme may also help interpret some obser-
vations for the effects of Cop9-signalosome complex (Csn) [59]. Although bio-
chemically Csn plays an inhibitory role towards SCF through deneddylation of
Cull and deubiquitination of the ubiquitinated substrates [59], the loss of Csn
often produces accumulation of the SCF substrates. Since one function of Cull
neddylation is thought to increase the binding of E2 to Rocl, loss of Csn in vivo
may affect the cyclic binding of E2 to SCF complex during the polyubiquitination
reaction of SCF substrates [59].

The rigid structure of the SCF complexes may also underlie the observed selec-
tivity of the lysine residues in the substrates [21, 56]. It was found that only a sub-
set of lysines in the SCF substrates such as p27 or Sicl can be efficiently polyubiq-
uitinated by SCF-E2 enzymes [60, 61]. Conversion of these lysines to arginines
stabilizes these proteins even though they still contain other lysines. A single poly-
ubiquitination chain on one of these critical lysines appears to be sufficient for sub-
strate degradation by the 26S proteasome [60]. It thus appears that only those ly-
sines in the SCF substrates that are in sight of or in the vicinity of the E2 enzyme
may be used as ubiquitination receptors during the SCF-mediated ubiquitin-
transfer reaction. The rigidity of the SCF complex is likely to contribute to such a
restriction on the use of lysines in the substrates.

However, it is still possible that other mechanisms may exist to bridge the gap
between substrate and E2 in the SCF-mediated ubiquitin-transfer reaction. For ex-
ample, reports suggest that SCF may form higher order structures to facilitate the
degradation of protein substrates. The S. pombe F-box proteins Pop1 and Pop2 have
been shown to form heterodimers, and evidence suggests that these interactions
may be important for the degradation of their in vivo substrates [62].

6.7
Regulation of SCF Activity

Several mechanisms have been shown to regulate the activity of the SCF complex.
The expression of F-box proteins such as Skp2 is regulated by cell-cycle-dependent
transcription [4]. The expression of Skp2 is high in late G1, S, and G2/M phase but

149



150

6 The SCF Ubiquitin E3 Ligase

low in the early G1 phase. In addition, Skp2 expression appears to be regulated by
cell attachment and by the Pten/PI-3 kinase signaling pathway in certain cells [63,
64]. Tome-1, an F-box protein that triggers mitosis by targeting the mitotic inhibi-
tory kinase Weel for proteolysis, is regulated by ubiquitin-dependent degradation
through the Apc/C-Cdhl E3 ligase in the G1 cells [35].

The expression of Cull has also been reported to increase in cycling cells after
growth factor stimulation as compared with that of GO cells [65]. In C. elegans and
other organisms where multiple Skpl-related genes exist, the expression of individ-
ual Skpl-related genes is also regulated in a development- or cell-specific manner
[27]. The regulated expression of these genes may play an important role in con-
trolling the temporal functions of these SCF complexes in cell-cycle, development,
and tissue specificity.

Another level of control is mediated through the control of F-box protein stabil-
ities by the SCF complex using an auto-ubiquitination mechanism. Deletion of the
F-box motif of various F-box proteins such as yeast Cdc4 or -Trcp abolishes the in-
teraction between Skp1l/Cull and the F-box proteins [66]. Consequently the F-box
proteins become more stable. This regulation may provide a means to recycle the
components of SCF complexes between different F-box proteins. In addition, the
levels of a particular F-box protein may be in part regulated by the balance between
autoubiquitination and substrate-specific ubiquitination and thus could be sensi-
tive to the presence of the substrates.

Cull, together with other cullin family members, is uniquely regulated by a co-
valent modification with an ubiquitin-like protein, Nedd8 (Rubl in yeast), at the
conserved lysine 720 or equivalent sites in other cullins [59]. Neddylation appears
to be important for the activity of SCF complexes and is essential for many organ-
isms. The neddylation of Cull depends on the neddylation-activating E1 (APPBP1
and UBA3) and its specific conjugating E2 enzyme (UBC12). It was found that
Csn, which shares substantial homology with the lid subcomplex of the 26S protea-
some, exhibits an intrinsic peptidase activity towards neddylated Cull and other
cullins [67]. Csn binds to cullins and this binding promotes the deneddylation of
Cull and other cullins [67]. Csn may also play a role in recruiting the deubiquiti-
nation enzymes to reverse the ubiquitination of the SCF substrates [68]. One func-
tion of neddylation may be associated with the recruitment of E2 to the Cull/Rocl
complex [68]. This possibility is also consistent with the structural determination
that the neddylation receptor lysine 720 of Cull lies within the same surface as
the Rocl-binding site in the C-terminal domain of Cull [68]. Binding of Rocl to
Cull or Cul2 can promote the neddylation of these cullins in plants and animals
[68]. The binding of Rocl to Cull may provide an open configuration for the ned-
dylation of lysine 720 in Cull, which lies close to the Rocl-binding site.

In addition, studies suggest that the association between Skpl/F-box proteins
and Cull/Rocl is highly regulated. In particular, reports suggest that the binding
of a Cull-binding protein, Cand1/Tip120, to Cull or Cull/Rocl complexes causes
the dissociation of Skp1/F-box proteins from Cull. Cand1 (cullin-associated nedd8-
dissociated protein 1) or Tip120 was isolated as a protein that binds to the Cull/
Rocl complex only when Cull is not neddylated [69, 70]. Both in vitro and in vivo,
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there is a dynamic equilibrium between Candl, Cull neddylation/deneddylation,
and Skp1/F box protein binding. Assembly of the SCF complex is in part regulated
by Cand1 and Cull neddylation. In the absence of Cull neddylation, Cand1 binds
to the Cull/Rocl complex and such an interaction dissociates Skp1/F-box proteins
from the Cull/Rocl complex. Neddylation of Cull promotes Candl dissociation,
and facilitates the incorporation of Skp1/F-box proteins and SCF complex assem-
bly. However, it remains unclear whether Cand1 is required for each cycle of ubig-
uitin transfer by the SCF and E2 enzymes to the substrate. Although Csn acts as an
inhibitor of Cull and related cullin E3 complexes, loss of Csn activity often results
in the accumulation, rather than enhanced degradation, of the SCF substrates [59].
The accumulation of SCF substrates in CSN mutants suggests that neddylation of
Cull may be required for the repeated cycles of ubiquitin transfer in vivo.

6.8
The SCF Complex and the Related Cullin-containing Ubiquitin E3 Ligase

The SCF ubiquitin E3 ligase serves as the prototype of many related ubiquitin
E3 ligases containing one of the cullin family members (Figure 6.2). So far, eight
highly conserved cullins (Cul1-8) are found from yeast to human [3, 16, 17, 71].
All cullin-containing E3 ligases appear to bind one of the RING-H2 proteins,
Rocl or Roc2, and are subject to modification and regulation by the Nedd8 path-
way. These multiprotein complexes probably represent the largest branch of the
ubiquitin E3 ligases owing to their utilization of distinct substrate-targeting sub-
units.

Among these E3 ligases, Cul2 and Cul5 bind to Elongin C, an Skp1-like protein
that is highly conserved between yeast and human [22, 23]. Elongin C also binds to
Elongin B, an ubiquitin-like protein that is absent in SCF complexes. The Cul2/
ElonginB/ElonginC complex interacts with the von Hippel-Lindau tumor suppres-
sor (VHL), a substrate-targeting subunit that regulates the stability of the hypoxia-
inducible transcription factor HIF« in response to oxygen levels [23, 72]. Mutation
of VHL is associated with many renal cell carcinomas and these mutations affect
the VHL activity as the substrate-targeting unit of the Cul2/ElonginB/C complex.
VHL also belongs to the large family of SOCS box proteins which are candidate
substrate-targeting subunits of the Cul2/ElonginB/C complex that regulates signal
transduction and many other biological processes [2]. For example, studies have
shown that Cul2/Elongin C maintains germ cell fate in C. elegans by selectively tar-
geting the germ cell-specific zinc-finger proteins for ubiquitin-dependent proteoly-
sis in the soma cell but not in the germ cell [73].

Studies indicate that Cul3 binds to and employs BIB/POZ proteins as substrate-
targeting subunits [24]. Cul3 has been shown to regulate mammalian embryonic
cyclin E levels and also meiosis in C. elegans. A large number of BTB/POZ proteins
exist. In human, more than 200 BTB/POZ proteins have been identified while more
than 100 BTB/POZ proteins exist in Drosophila and C. elegans. The association of
the BTB/POZ protein with Cul3 also has structural relevance to the SCF and
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Cul2/Elongin B/C E3 complexes, since both Skpl and Elongin C show the BTB/
POZ-like protein fold. Thus the presence of the large family of cullin-containing
ubiquitin E3 ligases suggests their profound regulatory roles in various important
biological processes.

6.9
Perspectives

The SCF complex represents one of the largest ubiquitin E3 ligase families. The
diversity of the F-box proteins allows the involvement of SCF in regulating various
biological processes. So far, only a small number of F-box proteins have been char-
acterized; a large body of work remains to further identify the substrates and regu-
lation of other F-box proteins at cellular and organismal levels. In addition, the
SCF E3 ligase represents the prototype of an extended family of E3 ligases that con-
tain cullins. These cullin-containing E3 ligases, with at least hundreds of subunit-
targeting subunits, are involved in a spectrum of biological events encompassing
cell cycle, cell fate, and various signaling pathways. Alterations of many F-box pro-
teins and SCF-regulated pathways are also associated with human diseases [74].
Understanding the function and regulation of this ubiquitin-dependent proteolysis
mechanism should provide new insight into the treatment of human diseases such
as cancer.
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7
The Structural Biology of Ubiquitin—Protein
Ligases

Ning Zheng and Nikola P. Pavletich

7.1
Introduction

Ubiquitination, the conjugation of ubiquitin to proteins, is a major post-
translational modification mechanism that regulates a broad spectrum of biological
functions [1]. One of the major functional roles of ubiquitination is to control the
turnover rate of the substrate proteins, whereby the substrates are targeted to the
26S proteasome and proteolytically degraded. By adjusting the abundance of key
proteins in cellular pathways, ubiquitination can switch many regulatory circuits
to different states. Ubiquitination has also been found to regulate proteins through
processes other than targeting proteins to the proteasome. These include endocy-
totic pathways, where ubiquitination serves as a sorting signal, and the DNA-
damage response, where ubiquitination has a poorly understood but essential role
(2].

The fundamental step of protein ubiquitination involves the formation of an
amide bond between the ubiquitin C-terminus and the e-amino group of a sub-
strate lysine residue. Variations in the way additional ubiquitin molecules are con-
jugated to the substrate-linked ubiquitin confer different cellular functionalities on
the modifier. To target proteins for proteasome-dependent degradation, a poly-
ubiquitin chain is assembled on the substrates through the successive conjugation
of ubiquitin to the K48 residue of the previous ubiquitin. A similar ubiquitin chain
assembled through conjugation to the K63 residue, or the absence of any ubiquitin
chain extension, on the other hand, lead to non-proteolytic signaling events.

The conjugation of ubiquitin to proteins is mediated by ubiquitin—protein li-
gases, which function at the last step of a three-enzyme reaction (Figure 7.1) [1,
3]. In the first reaction, the ubiquitin-activating enzyme, E1, activates free ubiqui-
tin by utilizing ATP to form a high-energy thioester bond between the ubiquitin C-
terminus and an E1 cysteine residue. The activated ubiquitin is then transferred to
the ubiquitin-conjugating enzyme, E2, which forms a similar thioester linkage be-
tween its own active-site cysteine and ubiquitin. The final step of protein ubiquiti-
nation is catalyzed by the ubiquitin—protein ligases, E3, which bind both an E2 and
a protein substrate and promote the ubiquitin transfer from the E2 to the sub-
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Fig. 7.1. The E1-E2—E3 enzyme cascade of ubiquitin conjugation.
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strate. The importance of the ubiquitin—protein ligases in ubiquitination is under-
scored by their roles in both determining the specificity of the modification and
catalyzing the ubiquitin-transfer reaction. Coupled to various cellular signaling
events, ubiquitin ligases ensure that the ubiquitination process is temporally con-
trolled and tightly regulated with a high degree of substrate specificity. Not sur-
prisingly, ubiquitin—protein ligases serve as the key regulators in many cellular
pathways. Abnormal ubiquitin—protein ligase activity has been implicated in nu-
merous human diseases such as cancer and neurological disorders [4].

Although the first E3 ligase activity was described in the early 1980s [5], it is only
more recently that the E3s have emerged as a large superfamily of proteins and
protein complexes. Central to this was the realization that the RING domain is a
common motif in many E3s (reviewed in Ref. [6]). The rapidly growing number
of ubiquitin ligases and the increasing recognition of their biological importance
in recent years have been followed by several structural studies of E3s and of E3
complexes. In this chapter, we will review the recent advances in the structural
biology of ubiquitin—protein ligases, focusing on their general architecture, their
substrate recognition and E2-binding activities, and, importantly, the mechanistic
insights into E3-catalyzed protein ubiquitination provided by these structures.

7.2
The Two Major Classes of Ubiquitin—Protein Ligases

The E3 ubiquitin—protein ligases represent a large and diverse family of proteins
and protein complexes [3]. The human genome alone is estimated to code for hun-
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dreds of E3s, whereas the number of E2s is estimated at around thirty, and there is
only one identified E1. The diversity of the E3 ubiquitin—protein ligases is reflected
in their early loose definition as proteins or protein complexes that are required, in
addition to the E1 and E2 activities, for the ubiquitination of a substrate. Today, we
know that most E3s carry out three functions. They bind the substrate, thus confer-
ring substrate specificity to the ubiquitination pathway, they bind a cognate E2, and
they promote the ubiquitination of the substrate [1]. Identification and the realiza-
tion of a common structural motif, namely the RING domain, in many otherwise
divergent ubiquitin ligases have greatly facilitated the classification of known E3s
[3, 6]. To date, all characterized ubiquitin ligases can be grouped into two major
classes: the HECT (Homologous to E6AP C-Terminus) class and the RING/RING-
like class. These two classes of E3s contain different signature domains and medi-
ate substrate ubiquitination in functionally distinct ways.

HECT E3s share a conserved ~40-kDa C-terminal catalytic HECT domain, pre-
ceded by divergent N-terminal domains that bind different protein substrates [3].
To mediate ubiquitination, HECT E3s first form a thioester intermediate between
their active-site cysteine and the ubiquitin C-terminus and then transfer ubiquitin
to the substrate (Figure 7.1) [7]. The RING class E3s do not form such a thioester
intermediate with ubiquitin. Instead, they promote the direct transfer of ubiquitin
from the E2 to the substrate. RING E3s are structurally diverse, containing from
one to over ten subunits, yet they all have a RING domain in common [6, 8]. The
RING domain is a ~60-amino acid structural domain stabilized by two to three
zinc atoms. In most cases that have been studied, the RING domain has the main
E2-binding activity. The U-box, which is structurally related to the RING domain
but lacks the zinc ligands, has recently also been shown to assemble into RING-
like E3s [9].

Despite the difference in sequence conservation, structure, and the way they me-
diate ubiquitination, all ubiquitin ligases functionally share two common activities.
They bind the substrate, conferring specificity to the reaction, and they also bind a
cognate E2 (Figure 7.1). In regulating protein stability, the ability of E3s to interact
with the substrate protein is often governed by the phosphorylation or other post-
translational modification of the substrate. E3s studied to date are highly specific
for either the Ubc2 or Ubc4 class of E2s, but generally appear to be less specific
for individual E2s within each class, at least in vitro [10].

7.3
Mechanistic Questions About E3 Function

One of the central mechanistic questions regarding ubiquitination has been
whether the reaction utilizes general acid/base catalysis, possibly in a manner anal-
ogous to the catalysis of peptide-bond cleavage. For example, an acidic catalytic res-
idue could deprotonate the substrate lysine and make it a better nucleophile for
attacking the ubiquitin thioester bond. In addition, a basic catalytic residue could
polarize the thioester bond making the carbonyl carbon a better electrophile, and
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it could also stabilize the likely tetrahedral intermediate resulting from the nucleo-
philic attack. This is still an unanswered question for the HECT E3s.

In the case of RING E3s, three distinct mechanisms can be envisioned. One
mechanism is recruitment and positioning. In principle, the RING E3 could pro-
mote ubiquitination by simply increasing the effective concentration of the entire
substrate protein around the E2. Such an effect could be stereochemically more
precise. For example, the E3 could increase the effective concentration of a portion
of the substrate that includes the ubiquitination-site lysine at the E2 active site, or
position and orient the lysine ¢-amino group next to the ubiquitin-E2 thiocester
bond optimally for nucleophilic attack. The second possible mechanism is that
the RING E3 could provide amino acids that act as acid/base catalysts at the active
site of the E2, perhaps in a manner analogous to the GTPase activating proteins
(GAPs) [11]. The third possibility is that E3-binding could cause significant confor-
mational changes of the E2 to activate the enzyme for ubiquitin transfer. This was
initially proposed based on the observation that RING domains of ubiquitin ligases
can catalyze the polymerization of ubiquitin in a substrate-independent manner
[12, 13]. As will be discussed later, the results of structural studies favor the model
that the E3 raises the effective concentration of the lysine-containing substrate
portion as the likely mechanism of catalysis. This, however, does not exclude the
possibility that ubiquitination requires acid/base catalysis. Catalytic groups can, in
principle, be provided by the E2. Although the vicinity of the E2 active-site cysteine
is devoid of solvent-exposed polar or charged residues that are also conserved [10],
a catalytic role could be played by E2 backbone groups, or by conserved residues
elsewhere on the E2 that are brought into the active site through a hypothetical
conformational change [14]. An alternative possibility is that the reaction is sub-
strate catalyzed, with ubiquitin providing catalytic residues.

Another question regarding the mechanism of ubiquitin transfer is how the spe-
cificity for the ubiquitinated lysine is achieved. Until now, no sequence of motifs
has been found that dictates which lysine on a protein is ubiquitinated. Therefore,
it is possible that any lysine residue on a substrate could be modified. This is sup-
ported by studies showing that mutation of a large fraction of all lysines on a
protein is necessary to reduce ubiquitination of certain proteins to a detectable ex-
tent (see, for example, Refs. [15, 16]). In other cases, however, ubiquitination of
substrate proteins showed clear lysine specificity. Early work by Alexander Varshav-
sky and colleagues indicated that the polyubiquitin chain was conjugated to two
specific lysine residues in the 1045 amino acid model substrate, f-galactosidase
fusion protein [17]. More recently, lysine specificity for ubiquitination has been
demonstrated in several physiological ubiquitination substrates. One of the best-
characterized cases is IxBo, which gets ubiquitinated only at two adjacent lysines
out of a total of 51 lysines. Mutation of both IxBu lysines completely abolishes its
ubiquitination and degradation [18, 19]. The lysine specificity of ubiquitination
in some proteins could be functionally required for several reasons. First, like pro-
tein phosphorylation, the ubiquitination of certain proteins is reversible with de-
ubiquitination being mediated by protein-specific ubiquitin hydrolases [20]. Modi-
fication of a specific lysine residue might be favored by the system to gain precise
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control. Second, ubiquitination is one of many post-translational modifications
of proteins that occur at lysine side chains. These include conjugation of other
ubiquitin-like proteins, acetylation, and methylation [21]. Competition among
these modifications at a specific lysine residue might be utilized as a mechanism
to integrate signals from different pathways. For example, the same two lysines of
IxBa that get ubiquitinated can also be modified by the ubiquitin-like protein
SUMO (small ubiquitin-related modifier), and this has been shown to block the
ubiquitination and destruction of IxBa [22]. Site-specific acetylation of the p53
tumor suppressor and the E2F-1 transcription factor has also been shown to block
their ubiquitination [23, 24].

Ubiquitin—protein ligases promote not only the attachment of ubiquitin to the
protein substrates but also the extension of the ubiquitin chain. What determines
the choice between mono- vs. polyubiquitination is not well understood. It is possi-
ble that certain E3s catalyze only mono-ubiquitination. Alternatively, factors other
than E3s might be responsible for the attachment of a single ubiquitin. For exam-
ple, ubiquitin-binding accessory proteins have been suggested to block extension of
the ubiquitin chain [25], whereas E3-associated ubiquitin hydrolase could trim
down the polyubiquitin chain. The identification and characterization of ubiquitin
E2 variant proteins (UEVs) have provided an explanation for the assembly of K63-
linked polyubiquitin chains [26, 27]. As discussed later, UEVs can be considered as
special E3s, with the ubiquitin chain as their substrates.

Unlike many other enzymatic reactions, ubiquitination involves multiple en-
zymes and proteinaceous reactants. Although the structures of some individual
components of the enzymatic system, such as the E2 and the RING fold, had
been long known [28, 29], basic questions such as how the ubiquitin ligases recog-
nize their substrates and recruit their cognate E2s, and how the E3 ligases couple
ligand binding to ubiquitin transfer, could be best answered when the structures of
several E3-substrate and E3—E2 complexes became available. These structures also
set the framework for addressing questions about the mechanism of ubiquitin
transfer.

7.4
The E6AP HECT Domain in Complex With UbcH7

First identified as a protein associated with the human papilloma virus (HPV) E6
[30], EGAP has been shown to be the cellular E3 that cooperates with the viral E6
protein to ubiquitinate p53 in HPV-infected cells [31]. It has since become the pro-
totypical HECT E3, and in fact the E3—ubiquitin thioester intermediate was first
discovered using EGAP [7]. E6AP was independently identified as the gene mu-
tated in Angelman Syndrome (AS), an inherited developmental syndrome charac-
terized by severe motor dysfunction and mental retardation [32]. The endogenous
substrates of E6AP involved in AS remain unknown.

Similar to other HECT E3s, E6AP consists of a ~40-kDa C-terminal HECT do-
main and an N-terminal region containing sequences involved in binding E6-p53,



7.4 The EGAP HECT Domain in Complex With UbcH7

and presumably the endogenous substrate(s). Distinct from many other HECT
E3s, which have protein—protein interaction motifs such as WW domains, E6AP
has no recognizable motifs in the N-terminal region [7]. E6AP also lacks the C2
domain, which is found in some HECT E3s that act on membrane-bound sub-
strates. Nevertheless, biochemical studies have demonstrated that the EGAP HECT
domain has the following activities that are likely to be common to all HECT E3s.
The E6AP HECT binds a cognate E2 and accepts ubiquitin from the E2, forming a
ubiquitin—thioester intermediate with its active-site cysteine. It then transfers ubig-
uitin to the ¢-amino groups of lysine side chains on the substrate by catalyzing the
amide bond formation, and subsequently transfers additional ubiquitin molecules
to the growing end of the polyubiquitin chain (Figure 7.1) [33, 34].

The Ubc4 but not the Ubc2 family of E2s has been shown to function with E6AP
and several other HECT E3s. EGAP appears to have preference for specific E2s
within the Ubc4 family, and this has been shown to be due to specificity in the
HECT domain—E2 interactions [33, 35-37]. In a yeast-two-hybrid assay, the closely
related UbcH7 and UbcHS8 E2s, but not the UbcHS5, bind to EGAP. When tested in
vitro, UbcH7 and UbcHS8 showed the highest rates of ubiquitin—thioester interme-
diate formation with E6AP, whereas UbcHS5 supports E6AP—ubiquitin—thioester
formation at lower rates [37].

The crystal structure of the EGAP HECT domain bound to UbcH7 was the first
solved structure of an E3 catalytic domain and of an E3-E2 complex. While the
structure revealed the fold of the HECT domain, the details of the HECT catalytic
site, the E3—E2 interactions, and the basis of specificity of EGAP for its cognate E2,
it also raised many new questions. The structure showed that the HECT domain
consists of two loosely packed lobes (Figure 7.2) [38], with an elongated N-terminal
one (N-lobe) interacting with the E2, and a globular C-terminal one (C-lobe) bear-
ing the active-site cysteine (Cys820). The C-lobe packs at one end of the N-lobe,
forming an overall L-shape with the N-lobe being the base. The active-site cysteine
of the HECT E3 is found near the junction of the two lobes, where a shallow and
broad cleft is formed at the interface. The E2 active-site cysteine has an open line-
of-sight to the E3 cysteine, the two being separated by ~40 A (Figure 7.2).

The large distance between the E2 and E3 active sites in the complex was unex-
pected, as trans-thioesterification is thought to proceed through an associative
mechanism. For the HECT domain to take the ubiquitin from the E2, the E3 active
cysteine has to be in close vicinity to the E2’s active site. It has therefore been
hypothesized that the HECT domain must undergo a significant conformational
change to accept ubiquitin from the E2 [38]. Support for this model came from a
subsequent report of the structure of the HECT domain from WWP1, determined
by Joseph Noel and coworkers [39]. Although the structures of the individual N
and C lobes of the two HECT domains are very similar, the relative orientation
and position of the two lobes is very different in the two structures. Instead of
packing at one end of the N-lobe, the C-lobe of the WWP1 HECT is interacting
with the middle part of the N-lobe, at a position spatially related to that of the
E6AP HECT C-lobe by a ~100° rotation around the hinge loop connecting the
lobes. Under this structural arrangement, the two active-site cysteines are brought
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much closer to each other, although the two are still 16 A apart (Figure 7.3). Thus,
the HECT must undergo an additional conformational change during catalysis
[39]. In principle, the conformations observed in the two crystal structures could
be induced by crystal packing and are not biologically relevant. However, the junc-
tion of the two lobes in both structures is lined with highly conserved residues
from both sides in spite of the loosely packing interface (Figure 7.3), suggesting
that this part of the structure, its potential conformational changes, and the spe-
cific structural configuration observed in the crystal are functionally important
[38]. Moreover, conserved residues from both the N- and C-lobes, including a sub-
set of those found in EGAP, are also juxtaposed at the active site cleft in the WWP1
HECT domain, again implying that the conformation seen in the WWP1 HECT
crystal is functionally relevant. It is thus more likely that the conformations of
the HECT domain seen in these two structures represent different steps of the
ubiquitin-transfer reaction. Although the number of other steps involved remains
to be determined, the large movement of the C-lobe relative to the N-lobe around
the hinge loop is very likely required during the transfer of ubiquitin from the E2
to the HECT E3. Indeed, mutations that restrain the flexibility of the hinge loop
between the two lobes caused significant decrease of the ubiquitin-transfer activity
of the WWP1 HECT [39]. So far, neither the substrate-binding domain nor the sub-
strate of any HECT E3s has been successfully co-crystallized with the HECT do-
main. It remains unclear how the HECT and its active site are orientated relatively
to the substrate. It is conceivable that the movement of the HECT C-lobe might
also be involved in transferring the ubiquitin it has taken from the E2 to the sub-
strate and/or the growing polyubiquitin chain.

In many enzymes, conserved residues near the active site often participate in the
catalytic reaction. To investigate the possible involvement of acid/base catalysis,
mutagenesis studies of the E6AP active site have been carried out. Although muta-
tions of several polar or charged residues reduced the efficiency of ubiquitin trans-
fer, a residue that would be consistent with a role in deprotonating the substrate
lysine has not been found [38]. Intriguingly, unlike the RING domain, the HECT
domain of all known HECT E3s is always found at the C-terminus of the polypep-
tide. The extreme C-terminus of HECT is located near the active-site cysteine. A
frameshift mutation of E6AP resulting in the extension of the C-terminus by 16
amino acids has been found in AS cases. Together, these lines of evidence raise
the possibility that the C-terminal carboxylic acid group might participate in the
reaction, especially in deprotonating the substrate lysine residue attacking the
ubiquitin—thioester bond.

In the crystal of the EGAP-UbcH7 complex, the E3-bound E2 has an «/f struc-
ture very similar to the structures of other E2s crystallized by themselves, arguing
against the model that E3s activate the E2 by causing conformational changes. The
EGAP E3 interacts with one end of the overall elongated UbcH7 through a shallow
hydrophobic groove on the N-lobe of its HECT domain (Figure 7.3). The major E2—
E3 contacts are made by side chains from two E2 loops, termed L1 and L2 loops,
while a portion of the N-terminal a-helix of the E2 is involved in minor intermolec-
ular contacts (Figure 7.3). The structure indicates that the primary determinants of
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EGAP’s specificity for UbcH7 are in the L1 and L2 loops of the E2. The hallmark of
the interface is an E2 L1 loop phenylalanine (Phe63), which inserts its side chain
into the center of the hydrophobic HECT groove. This phenylalanine residue is
highly conserved in the Ubc4 but not the Ubc2 E2 subfamily, explaining the specif-
icity of EGAP for the Ubc4 class of E2s. The preference of E6AP for UbcH7/UbcH8
over UbcH5 within the Ubc4 class can be explained by the additional contacts
made by the L1 and L2 loops. For example, two L2-loop lysines that contact EGAP
are conserved between UbcH7 and UbcH8 but not in UbcHS5 (Figure 7.3).

7.5
The c-Cbl-UbcH7 Complex

The product of the proto-oncogene c-Chl negatively regulates activated receptor
tyrosine kinases (RTKs) such as PDGFR, EGFR, CSF-1R, and Met, by promoting
their ubiquitination and subsequent degradation [40]. Although it was initially
thought that c¢-Cbl mediates the polyubiquitination of the RTKs, recent studies
have suggested that mono-ubiquitination of RTKs is sufficient for their internaliza-
tion and degradation [41, 42]. Therefore, one of the functional roles of ¢-Cbl in
RTK down-regulation is likely to mediate their mono-ubiquitination, possibly at
multiple sites, providing a signal for their endocytosis and degradation in the lyso-
some. Consistent with this hypothesis, it has been shown that in addition to ubig-
uitinating the activated RTKs, ¢-Cbl also recruits and mono-ubiquitinates adapter
proteins involved in endocytosis [43-45].

c-Cbl is a member of the Cbl protein family that is found in most multicellular
organisms. In mammals, the Cbl family consists of two additional members (Cbl-b
and Cbl-3), whereas in invertebrates such as Drosophila melangogaster and Caeno-
rhabditis elegans, only one member (D-Cbl and SLI-1, respectively) has been identi-
fied [46]. All these Cbl proteins share three highly conserved structural domains,
including an N-terminal SH2-containing tyrosine kinase-binding (TKB) domain,
a RING domain, and a ~40-residue short linker region connecting the two. Two
recognizable sequence motifs, including a proline-rich region and a ubiquitin-
associated (UBA) domain, are also found in some but not all Cbl family members.
c-Cbl recognizes activated RTKs by binding a phosphotyrosine sequence motif
through its TKB domain, whereas it binds an E2 through its conserved RING do-
main [12, 47]. The structure of the TKB domain bound to a phosphopeptide de-
rived from the non-receptor tyrosine kinase ZAP-70 has been reported by Michael
Eck’s group [48]. In that structure, the TKB domain is formed by three interacting
sub-domains comprising a four-helix (4H) bundle, a calcium-binding EF hand, and
a variant SH2 domain. Building on this work, we subsequently determined the
structure of a nearly intact c-Cbl including both the TKB and RING domains
bound to the same ZAP-70 phosphopeptide as well as the UbcH7 E2 [49].

The c-Cbl-E2-ZAP70 peptide complex adapts a compact structure with multiple
inter- and intra-molecular interfaces (Figure 7.2) [49]. The RING domain is an-
chored on the TKB domain through extensive interactions with the 4H bundle,
while the linker forms an ordered loop and an o-helix, which packs closely with
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the TKB domain next to the RING. As expected, the E2 predominantly interacts
with the ¢-Cbl RING domain, but it is also in contact with the c¢-Cbl linker helix
(Figure 7.2). The E2 active-site cysteine is located on the side of the complex oppo-
site where the phosphorylated substrate peptide binds.

The structure of the complex provides several insights into the mechanism by
which the RING E3 mediates ubiquitination. First, the structure helped to rule
out the model of acid/base catalysis, as there were no c-Cbl residues in the vicinity
of the E2 active-site cysteine (the closest c-Cbl residue is 15A away). Second, as
there was no significant conformational change within the UbcH?7 E2 upon bind-
ing to the Cbl protein, the structure helped to rule out the possibility that the
RING E3 activates the E2 by causing conformational changes. Therefore, the
mechanism underlying the catalysis could only be plausibly explained by the gen-
eral recruitment model [49]. Intriguingly, it has been reported that mutations in
the linker region inactivate ¢-Cbl and render it tumorigenic in mice, presumably
through a dominant negative effect. In particular, one of the mutations mapping
to a tyrosine (Y371) at the linker-TKB interface had been shown to abolish c-Cbl
function without qualitatively affecting binding to either RTKs or E2 [12]. This sug-
gests that the Cbl E3 may do more than just recruit the protein substrate to the E2
[49]. In addition to bringing together the substrate and the E2, the precise relative
position and orientation of the substrate-binding and E2-binding domains might
be important to the functions of the RING E3. In fact, this is consistent with the
rigid appearance of the ¢-Cbl structure, where all functional domains are packed
closely to each other. Since the binding site of the substrate phosphopeptide is lo-
cated far from the E2, the precise positioning of the rest of the substrate would re-
quire additional contacting surface from the E3. Strikingly, the molecular surface
of c-Cbl revealed a surface channel lined with conserved residues (Figure 7.4).
The channel runs from the substrate peptide-binding site to the general vicinity of
the E2 active site, suggesting that it might be involved in directing the substrate
polypeptide chain towards the E2. Taken together, these structural features of the
E3—-E2 complex suggest that RING E3s may serve to position and orient the sub-
strate optimally for ubiquitin transfer [49]. Furthermore, the c-Cbl E3 may provide
steric and distance restraints that determine which substrate lysine(s), relative to
the ¢-Cbl binding phosphotyrosine epitope, will be ubiquitinated at the highest
rates [49].

The structure of the c-Cbl-E2 complex revealed that the ¢-Cbl RING domain
binds to essentially the same structural elements of the E2 as the EGAP HECT do-
main does (Figure 7.4). These include both the L1 and L2 specificity loops and the
N-terminal E2 helix. Similar to the HECT domain, the RING domain forms a shal-
low hydrophobic groove on its surface, accommodating the L1 and L2 loops. The
same E2 L1 loop phenylalanine (Phe63) inserts into the center of the groove. Al-
though with a different side, the N-terminal E2 helix, which packs against the
HECT domain, also interacts with the linker helix of the RING (Figure 7.4). The
similarities of E2-E3 interactions between the two cases are even more striking
considering that the E2-binding grooves of the RING and HECT domains are struc-
turally unrelated. Therefore, it is likely that most E2—E3 interactions will occur the
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same way and that the L1 and L2 loops of the E2 are the principal determinants of
E2-E3 specificity [49].

7.6
The SCF E3 Superfamily

The SCF and SCF-like complexes are multi-subunit RING-type E3s that represent
the largest E3 family known to date. This superfamily of E3s are involved in regu-
lating cell-cycle progression, signal transduction pathways, transcriptional control,
and multiple aspects of cell growth and development (reviewed in Ref. [50]). All
members of this E3 superfamily contain two basic components, a member of the
cullin protein family and a RING-domain protein. The cullin subunit serves as the
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scaffold of the E3 complex, whereas the RING-domain protein recruits the E2. In
the human genome, five cullins (Cull-Cul5) and two cullin-interacting RING pro-
teins (Rbx1 and Rbx2) have been identified (Figure 7.5). In addition, three more
genes have been found to share sequence homology to a part of the cullins, termed
the Cullin-Homology (CH) domain (APC2, KIAA0708, and KIAA0076). Among
these three, APC2 has been shown to interact with an Rbx-homologous protein,
APC11, together forming the core of the anaphase-promoting complex (APC), an
important E3 complex regulating the cell cycle [51-53]. KIAA0076 has been shown
to interact with Rbx1 (also called Rocl and Hrtl) and renamed as Cul7 [54].

The prototype of this E3 superfamily is the SCF complex, whose scaffold and
RING subunits are Cull and Rbx1, respectively. An SCF complex also contains
two more components, an adapter protein Skp1l, which interacts with the scaffold
subunit, and an interchangeable substrate-binding subunit, termed the F-box pro-
tein (Figure 7.5). A similar SCF-like complex is formed based on Cul2, in which
Elongin C serves as the adapter protein, whereas the substrate-binding subunit
is one of the SOCS-box proteins. Recent studies have revealed a new family of
SCF-like complexes built on Cul3 [55, 56]. In these complexes, the adapter and
substrate-binding functions are combined in a single polypeptide, which is a mem-
ber of the emerging BTB protein family.

The F-box protein family is the largest substrate-recognition subunit family. It
enables the eukaryotic cells to use the SCF E3 machinery to ubiquitinate a large
number of diverse protein substrates. So far, over 70 F-box proteins have been
identified in the human genome [57, 58]. F-box proteins all share an ~40-amino
acid F-box motif, which is usually followed by a C-terminal protein—protein inter-
action domain such as the WD40 repeats f-propeller (Fbw subfamily) and leucine-
rich repeats (LRRs; Fbl subfamily; Figure 7.5) [59, 60]. F-box proteins interact with
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the Skp1 adapter protein through their F-box motif to assemble with the rest of the
SCF complex. F-box proteins play a central role in the phosphorylation-controlled
destruction of regulatory proteins. For example, SCFS*P? (superscript denotes the
F-box protein) recognizes p27 ! only after the latter has been phosphorylated dur-
ing the G1-S transition [61, 62]; SCF™" binds only phosphorylated CyclinE [63-
65]; and SCF/TP recognizes a doubly-phosphorylated destruction motif sequence
in the f-catenin and IxBo proteins [66].

The SOCS-box protein family plays a similar role in the Cul2-based E3 com-
plexes to the F-box proteins in the SCF complex [60, 67]. The adapter protein Elon-
ginC shares limited sequence homology over ~115 amino acids with Skp1 and also
requires an obligate partner ElonginB for its function (Figure 7.5) [67]. SOCS-box
proteins bind ElonginC through their common SOCS-box motif and bind sub-
strates through their N-terminal protein—protein interaction domains such as an-
kyrin repeats (ASB subfamily) and WD40 repeats (WSB subfamily) (Figure 7.5).
Initially identified as suppressors of cytokine signaling, the SOCS-box protein fam-
ily has expanded to over 40 members in the human genome [68]. Whether all
SOCS-box proteins can assemble into E3 complexes remains to be tested, but a
large body of studies has demonstrated that the SOCS box protein VHL mediates
the ubiquitination of Hiflx in oxygen-response pathways [69]. Furthermore, SOCS-
1 and SOCS-3 have been shown to ubiquitinate the insulin receptor substrate 1
and 2 (IRS1 and IRS2) in response to insulin stimulation [70].

Crystal structures of a number of sub-complexes of the SCF and SCF-like E3s
have been reported. These include the VHL-ElonginC-ElonginB complex bound
to a Hifo peptide, Skpl-Skp2, Skpl—p-TrCP bound to a f-catenin peptide, Skpl—
Cdc4 bound to a consensus peptide, and Cull-Rbx1-Skp1—F-box %P2, Together,
these structures have not only revealed the general architecture of the SCF com-
plex and delineated the structural and functional roles of each subunit, but
also shed light on how these multisubunit RING E3 complexes mediate substrate
ubiquitination.

7.6.1
The VHL-ElonginC—ElonginB—Hifl « Complex

The VHL gene was first identified by positional cloning as a tumor suppressor
gene whose germline mutation is associated with the rare inherited von Hippel-
Lindau cancer predisposition syndrome [71]. The disorder is characterized by tu-
mors of the central nervous system, kidney, retina, pancreas, and adrenal gland.
Soon after, VHL was found to bind the ElonginC and ElonginB proteins [72],
which were known previously as factors that stimulated the transcriptional elonga-
tion factor ElonginA in vitro. Although the association of VHL with ElonginC and
ElonginB suggested that VHL may function in transcription elongation, the sub-
sequent detection of Cul2 in the same complex, together with the sequence ho-
mology between Skpl and ElonginC, indicated that these four proteins form an
SCF-like ubiquitin ligase complex [73].

To date, the best-characterized substrate of the VHL-ElonginB-ElonginC-

169



170

7 The Structural Biology of Ubiquitin—Protein Ligases

Cul2—-Rbx1 (VBC-CR) E3 complex is the a-subunit of the heterodimeric hypoxia-
inducible factors (HIFs). HIFs are transcription factors that play a central role in
the cellular response to low oxygen levels (hypoxia) by activating the expression of
genes involved in angiogenesis, erythropoiesis, and energy metabolism [75]. VHL
recognizes the oxygen-dependent degradation domain (ODD) of Hiflo only when a
proline residue (Pro564) of the ODD is hydroxylated [75, 76]. This proline hydroxy-
lation modification is carried out by a family of recently identified HIF prolyl
hydroxylases (HPHs) only in the presence of oxygen [77, 78]. Under normal condi-
tions (normaxia), where there is enough oxygen delivered, Hiflu is constantly syn-
thesized, hydroxylated, ubiquitinated, and degraded. Under hypoxic conditions,
however, HPHs fail to hydroxylate Pro564 of Hifla owing to the lack of oxygen,
which allows Hiflo to escape from VBC-CR-mediated ubiquitination and be stabi-
lized. This explains why VHL-associated tumors often have constitutively high lev-
els of Hiflu and is associated with the development of highly vascularized tumors.

The crystal structure of the VHL-ElonginC—ElonginB complex reveals that
VHL has two structural domains, an N-terminal f-domain rich in f-sheet and a
C-terminal a-domain adopting a three-helix cluster structure [67]. The «-domain,
where the SOCS box motif is found, interacts with ElonginC, whereas the f-
domain is not involved in any intermolecular contacts (Figure 7.2). The o- and f-
domains are connected by two linkers and an extensive interface with a network
of hydrogen bonds, indicating that the two are rigidly connected. Several residues
mutated in VHL tumors are found at the interface, including the most frequently
mutated one (Arg167). This suggests that the relative arrangement of the substrate-
and ElonginC-binding domains is important for VHL function, a structural feature
also observed in the c-Cbl structure [67].

Mapping of the tumor-derived VHL mutations on the VHL structure revealed
two patches of solvent-exposed residues (Figure 7.6). One patch is located on the
portion of the a-domain involved in ElonginC binding, confirming the role Elon-
ginC binding plays in the tumor suppressor function of VHL. The second patch,

Tumor-derived VHL mutations

2nd mut. hotspot f-domain

f-domain
a-domain

| | |

ElonginC binding predicted protein-
binding site
mutation frequency: high [0 low
Fig. 7.6. Mis-sense mutations derived from clusters corresponds to the ElonginC-binding
VHL tumors map either to hydrophobic core-  site, while the other maps to the f-domain,
residues of the «- and f-domains, or to two suggesting the presence of a protein-binding

clusters of surface residues. One of these site.
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which includes the second most frequently mutated VHL residue (Tyr98), is
mapped onto the f-domain, strongly suggesting that this domain has a protein-
binding site [67]. This prediction was confirmed by the crystal structure of the
VBC complex bound to a hydroxyproline-containing Hiflo peptide reported later
(Figure 7.2) [79]. The VBC-Hiflo structure showed that the Hifla peptide binds
the f-domain of VHL in an extended conformation. The hydroxyproline inserts
into a gap in the VHL hydrophobic core, precisely at the protein-binding site pre-
dicted by tumor-derived mutations (Figure 7.6). The 4-hydroxyl group of the hy-
droxyproline is recognized by a pair of buried serine and histidine residues of
VHL [79].

ElonginC adopts an «/f structure similar to the BITP/POZ fold [67]. ElonginB
does not interact with VHL, and appears to have a structural role in stabilizing
ElonginC. Based on the sequence homology between ElonginC and Skpl, it was
expected that Skpl would also have a similar BTP/POZ fold structure, except for a
~40-residue C-terminal Skpl region extending beyond the homology region [67].
Since the functional relationship between the F-box and Skp1 is highly analogous
to that between the SOCS-box and ElonginC, even before the structure of F-box has
been determined it had been predicted that the F-box might have a similar struc-
ture to that of the SOCS-box. This was supported by threading analysis showing
that among a library of 1925 folds, the fold most consistent with the F-box se-
quence was the three-helix cluster structure of the VHL «-domain [67]. The struc-
tural similarity between the SOCS box and F-box proteins became even more obvi-
ous when the Skp1-Skp2 structure became available.

7.6.2
Skp1-Skp2 Complex

One of the best-studied F-box proteins is Skp2, which contains an LRR substrate-
binding domain. Skp2 is involved in regulating the G1-S transition in mammalian
cells by controlling the levels of the cyclin-dependent kinase inhibitor p27 ! [80].
In quiescent cells, p27%%P! binds and inhibits Cdk2/cyclinA/E kinase complexes,
whose activities are necessary for DNA replication in S phase. Upon stimulation
by mitogenic signals, p27%"P! is phosphorylated and targeted to the SCFSP? for
ubiquitination and subsequent degradation. Since p27*P! functions as a tumor
suppressor, Skp2 can be classified as an oncogene. In fact, Skp2 is over-expressed
in many tumors and has transforming capacity [81]. Unlike canonical F-box pro-
teins, however, Skp2 is essential but not sufficient for recruiting p27 to the ligase
complex. It has been shown that an additional subunit, the 79-amino acid Cks1
protein, is also required for p27 ubiquitination by the SCF%? E3 [61, 62]. Other
studies have expanded the substrates of SCF%? to include the pRb family mem-
ber p130 and c-Myc [82-84]. The recognition and ubiquitination of p130 by
SCFS%P2 however, does not require Cksl.

The crystal structure of a nearly full length Skpl bound to Skp2 without an N-
terminal 100-residue region of unknown function has been determined. Confirm-
ing the prediction from the VHL structure, the structure of the complex showed
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F box and SOCS box structurally and functionally related
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Fig. 7.7. Comparison of the Skp2-Skp1 and VHL—ElonginC—
ElonginB complexes reveals the structural similarity between
the F-box and SOCS-box (VHL «-domain) and similarity of the
assembly of the intact Skp2—Skp1 and VHL—ElonginC—
ElonginB complexes.

that the F-box has a three-helix cluster structure very similar to the SOCS box do-
main of VHL [60] (Figures 7.2 and 7.7). Different from the SOCS box of VHL,
which interacts predominantly with the BTB/POZ fold of ElonginC, the F-box
of Skp2 mainly interacts with the C-terminal extension of Skpl. This makes the
relative orientation between the F-box and the Skpl BTB/POZ fold different from
that of the SOCS-box and the ElonginC BTB/POZ fold [60]. However, when the
BTB/POZ folds of Skpl and ElonginC are aligned, the substrate-binding LRR do-
main of Skpl and the f-domain of VHL end up pointing in the same direction
(Figure 7.7). This common structural arrangement is functionally relevant as the
BTB/POZ fold is the cullin-binding domain of these adapter proteins, as discussed
later.

Another striking similarity between the Skpl-Skp2 and ElonginC—VHL com-
plexes is the rigid structural coupling between the adapter-binding motif and the
substrate-binding domain in both cases. In the Skp1-Skp2 structure, the linker se-
quence connecting the F-box and LRRs adopts the structure of three non-canonical
LRRs, which together with seven predicted LRRs form a single structural domain
packing directly against the F-box motif. In addition, a portion of Skp1 also partic-
ipates in the F-box—LRR interface (Figure 7.7). The functional importance of this
rigid coupling has been further demonstrated by mutation studies showing that al-
tering an Skp1 residue involved in this interface rendered a non-functional mutant
in a yeast complement assay without abolishing its Skp2-binding activity [60].

The Skpl-Skp2 structure thus recapitulated the rigidity of the intermolecular
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and inter-domain interfaces recurrently observed with the RING E3 structures.
Together with mutational analyses in all cases including the ¢-Cbl and VHL, this
common structural feature strongly suggests that the rigid structural architecture
of these RING E3 components is functionally important. Therefore, the ubiquitin
ligase activity of the RING E3s is best explained by the model that RING E3s cata-
lyze ubiquitination by optimally positioning the substrate for ubiquitin transfer.
These concepts were further confirmed by the structure of the SCFSP? complex.

7.6.3
SCFSkP2 Structure

A nearly complete picture of an SCF complex became available when two crystal
structures were reported, one of the full length Cull bound to full length Rbx1,
and the other of the quaternary complex consisting of Cull, Rbx1, Skpl, and the
F-box domain of Skp2 (hereafter referred to SCFSXP2). SCFSX? has an overall
highly elongated structure with Rbx1 and Skp1 segregated to opposite ends (Figure
7.2) [85]. This structural arrangement is organized by Cull, which interacts with
both Rbx1 and Skp1 and serves as the scaffold of the complex. Cull consists of an
~400-amino acid N-terminal helical region (hereafter NTD) that adopts a long
stalk-like structure, and a ~350-amino acid C-terminal globular «/f domain (here-
after CTD). The two domains pack across an extensive interface that is invariant in
the two different crystals [85].

The Cull NTD comprises three novel helical repeats, each is formed by five «-
helices. The three repeats pack consecutively in a regular manner with extensive
hydrophobic interfaces, overall adopting an arc-shaped structure with an ~110-A
span. There is little difference in the NTD in the two crystal structures. One side
of the first repeat at the tip of the NTD stalk binds Skp1, interacting with its BTB/
POZ fold. The Cull NTD residues that contact Skp1 are highly conserved in Cull
orthologs but not in the cullin paralogs, Cul2 through Cul5, explaining the specif-
icity of Skpl to Cull but not the other cullins. Interestingly, when the sequences
of the orthologs of individual cullins are compared, the residues that correspond
to the Skpl-interacting residues of Cull are evolutionarily conserved and distinct
among different cullins (Figure 7.8). This led to the prediction that each cullin
would recruit a different protein-binding partner similar to the way that Cull binds
Skp1. Since Cul2 is known to bind the ElonginC adapter, it is conceivable that the
binding of Cul2 to the BTB/POZ domain of ElonginC should structurally mimic
the Cull-Skpl binding (Figure 7.8). In agreement with the prediction, studies
have shown that Cul3 interacts with a family of proteins containing both a BTB/
POZ domain and a protein—protein interaction domain [55, 56]. Therefore, interac-
tion between the BTB/POZ fold and the cullin NTD is likely to be a common
mechanism involved in the recruitment of adapter/substrate-binding partners by
most if not all cullins. (No BTB/POZ fold has been found in any of the protein
subunits of the more recently found Cul4-containing E3 ligase complex [86].)

The major function of the Cull CTD is to recruit the RING-finger protein Rbx1.
The CTD binds Rbx1 through two distinct interfaces (Figure 7.2). One involves an
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intermolecular f-sheet, where a five-stranded fS-sheet is formed by four f-strands
from Cull and one central strand from Rbx1. Immediately following the Rbx1 f-
strand, the Rbx1 RING domain is embedded in a wide Cull CTD cleft, where the
second Cull-Rbx1 interface is formed. The unusual intermolecular p-sheet be-
tween Cull and Rbx1 likely accounts for the extremely high affinity between the
two proteins, as it involves both an extensive hydrogen bond network and hydro-
phobic packing [53]. The functional reason for this bipartite interacting mode be-
tween the two proteins remains to be clarified.

The Rbx1 RING domain is unique among the RING motifs as it contains three
coordinated zinc ions instead of two. A 20-residue insertion sequence of Rbxl
provides the extra zinc-binding site. The major part of the Rbx1 RING, however,
adopts a structure highly similar to the canonical RING motif, with a hydrophobic
groove on its surface analogous to the c-Cbl E2-binding groove. Mutagenesis
studies have confirmed that this groove is involved in E2 binding by Rbx1, whereas
the insertion region is not essential for its E3 ligase activity [85].

In the cell, a sub-population of all cullins is covalently modified by the ubiquitin-
like protein, Nedd8/Rub1, on a specific lysine residue at their C-terminal domain
[87]. To date, cullins are the only known substrates of Nedd8 modification (neddy-
lation). It is generally believed that neddylation regulates the cullin-based ubiquitin
ligases, although the precise mechanism remains elusive. Nedd8 is essential for
cell viability in fission yeast and for early development of C. elegans, Arabidopsis,
and mice [88-91]. In in vitro systems, neddylation of Cull in the SCF complexes
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has been shown to enhance their E3 activities toward natural substrates [92-94].
The crystal structure of the SCF complex reveals that the target lysine residue in
cullins for neddylation is in close vicinity to the Rbx1 RING domain, suggesting
that Nedd8 might be able to modulate the functions of Rbx1 and/or its associated
E2 [85]. Other studies have identified a cellular protein, Cand1, which can bind the
Cull-Rbx1 complex and inhibits its association with Skpl and F-box proteins
[95, 96]. It has been shown that neddylation of Cull is able to release the inhibition
and promote the assembly of the SCF. The structural basis of the Cand1-Nedd8-
mediated assembly and disassembly of the SCF complex remains to be determined.
Noticeably, the Cull lysine residue targeted for neddylation is surrounded by a
number of highly conserved and surface-exposed cullin residues, which could
potentially interact with Nedd8 or Cand1.

Consistent with the structural observations of ¢-Cbl, VHL, and Skp1-Skp2, the
SCFSkP2 structure suggests that the whole SCF ubiquitin ligase is a rigid assembly.
The functional importance of the rigidity of the SCF has been further tested with a
Cull mutant, whose NTD and CTD were engineered to be linked by a flexible
linker sequence (Figure 7.9) [85]. This mutant was made in two steps. First, the
hydrophobic packing interface between the NTD and the CTD was disrupted by
mutating two residues on the NTD and three on the CTD to polar amino acids.
Second, the two domains were connected with 12- or 18-residue polar linkers. The

Rigidity of Cul1 scaffold important for SCF function
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mutations of the NTD and CTD made the two otherwise insoluble domains com-
pletely soluble when expressed separately in Escherichia coli (the CTD requires
co-expression with Rbx1), indicating that they retain their structural integrity. In
fact, the two slightly altered domains also remain functional as the flexibly linked
Cull mutants are able to bind phosphorylated p27%P! in an Skp1-Skp2—Cks1-
dependent manner and also to promote the substrate-independent polymerization
of ubiquitin. Therefore, the substrate- and E2-binding activities of the engineered
Cull are intact (Figure 7.9). Strikingly, the flexible Cull mutants fail to ubiquiti-
nate p27%%P! in vitro, indicating that the rigidity of the Cull scaffold is indeed cru-
cial for its E3 activity (Figure 7.9) [85].

These findings, together with the structural and mutational analyses of the c-
Cbl, VHL and Skp1-Skp2 complexes, supported the model that the RING E3s cat-
alyze ubiquitination by optimally positioning the substrate for E2-mediated ubiqui-
tin transfer. What is the extent of this positioning effect? It could in principle range
from just raising the effective concentration of the lysine-containing substrate seg-
ment to the precise positioning of the ¢-amino group of the lysine side chain at the
E2 active site [85]. Answers to this question require a model of a RING E3 bound
to both a substrate and an E2. While an SCF-E2 complex model can be con-
structed based on the c-Cbl-E2 structure and the similarity between Rbx1 and
c-Cbl RING domains, structural and biochemical studies of Skpl-fTrCP1 bound
to a substrate peptide helped provide structural insights into the substrate-E3
relationship.

7.6.4
Skp1-pTrCP1-p-Catenin Peptide and Skp1-Cdc4—CyclinE Peptide Complexes

STrCP1 is a WD40-containing F-box protein conserved from C. elegans to humans.
The two best-characterized substrates of the SCF/T'P! complex are f-catenin and
IxBa [97, 98]. These SCF/TICP! substrates contain the DSG®XS destruction motif
(® representing a hydrophobic and X any amino acid), which is recognized by
STrCP1 when both serine residues in the motif are phosphorylated. In the Wnt
signaling pathway, the destruction motif of f-catenin (Ser33 and Ser37) is constitu-
tively phosphorylated by the GSK38-APC-Axin complex in the absence of extracel-
lular signals, resulting in SCF/T"*®P1.mediated polyubiquitination of f-catenin. The
subsequent degradation of f-catenin maintains a relatively low homeostatic level of
the protein. In response to the Wnt signals, phosphorylation of f-catenin is inhib-
ited, leading to its stabilization, translocation to the nucleus, and transcriptional
activation of proliferation-associated genes [99]. Loss of f-catenin ubiquitination,
through mutations either in the destruction motif of f-catenin or in upstream com-
ponents of the pathway, is among the most commonly observed alterations in co-
lon cancer [100]. SCF/T*®Pl.mediated ubiquitination of IxBu« functions in the oppo-
site manner in the NF-«xB signal transduction pathways. IxBx normally inhibits the
NF-xB transcription activator by binding and sequestering it in the cytoplasm.
Stimuli from extracellular signals or viral infection activate signaling pathways
that lead to the phosphorylation of the two serines in IxBa and its ubiquitination.
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Upon degradation of IxBa, NF-xB is released and translocates into the nucleus,
where it will activate transcription [101].

Cdc4 is another conserved WD40-containing F-box protein, which plays an im-
portant role in regulation of cell cycle. In yeast, SCF €4 is responsible for ubiquiti-
nating the Cdk inhibitor Sicl [102], whereas in higher eukaryotes, the same SCF
complex (SCFhCdc4/Fbw7/Ago) recognizes Cyclin E and promotes its degradation
[63-65]. Mutations and alterations of hCDC4 have been found in numerous cancer
cell lines and have been associated with abnormally high levels of Cyclin E.

The crystal structures of both an Skpl-fTrCP1 complex bound to a 26-amino
acid human f-catenin peptide that contains the doubly phosphorylated destruction
motif and a yeast Skpl-Cdc4 complex bound to a phosphorylated Cyclin E model
peptide have been determined [66, 103]. The Skpl-gfTrCP1 complex has a rela-
tively elongated structure, with Skp1 and the f-catenin peptide located at opposite
ends (Figure 7.2). The seven WD40 repeats of fTrCP1 form a torus-like structure
that is characteristic of this fold (commonly referred to as a f-propeller). As seen in
other f-propeller structures, the fTrCP1 f-propeller has a narrow channel running
through the middle of the torus-like structure, presenting the f-catenin peptide-
binding site. Of the 26 f-catenin residues in the crystals, only an 11-residue seg-
ment (residues 30 to 40) centered on the doubly phosphorylated destruction motif
(residues 32 to 37), is ordered in the structure. The phosphoserine, aspartic acid,
and hydrophobic residues of the destruction motif are recognized directly by con-
tacts from STrCP1. The structure of the Skp1-Cdc4 complex resembles closely that
of Skpl-BTrCP1, except that the f-propeller of Cdc4 contains eight instead of
seven structural repeats [103]. The substrate peptide is also specifically recog-
nized by the conserved residues lining up the channel in the middle of the Cdc4
propeller.

The rigid structural coupling of the F-box and substrate-binding domains was
once again revealed in both structures. The fTrCP1 F-box is linked to the WD40
domain through an ~65-amino acid o-helical domain (linker domain), which inter-
acts extensively with both the F-box and with one face of the WD40 f-propeller
(Figure 7.2). A similar structured helical linker is also found in the structure of
yeast Cdc4. It has been further shown that mutations in the linker helix of Cdc4
designed to affect the rigid coupling between the F-box and WD40 domains dis-
rupted Cdc4 function in vivo [103].

7.6.5
Model of the SCF in Complex With E2 and Substrates

With the handful of known structures of several SCF sub-complexes and ¢-Cbl-E2,
models of the SCF bound to E2 and substrate have been constructed (Figure 7.10).
A model of the SCFS*P2_E2 complex was built by superimposing Cull-Rbx1—
Skp1-F-box5? on Skp1-Skp2 and docking the UbcH7 E2 onto the Rbx1 RING
domain based on the way it binds ¢-Cbl. In addition, superimposing the Skp1-F-
box portions of the Skpl-fTrCP1 and Skpl-Cdc4 complex with the SCFS<P?—E2
model has made available the models of the SCF/TCP1_pg.catenin—E2 and the
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Fig. 7.10. Models of the SCF3P2 complex (left), the SCF/TCP!—
f-catenin peptide complex (middle), and the VBC—CR-Hif 1«
peptide complex (right) bound to E2. The E2 active site
cysteine and the f-catenin and Hifla peptides are labeled.

SCF¢d“_CyclinE-E2 complexes [66, 85, 103]. In all cases, no intermolecular colli-
sion was found in the final models. The substrate-binding domains of all three F-
box proteins are positioned on the same side of the SCF complex as the E2. In ad-
dition, these domains are all oriented toward the E2 active site. Remarkably, the
positions of the WD40 domain in the SCF/T'®"! and SCF“* models are strikingly
similar to the position of the LRR domain in the SCFS? structure. In the super-
imposition of all three SCFs, roughly half of the WD40 domain structure over-
laps the LRR domain [103]. Finally, in the SCF/T*°P1_g_catenin—E2 complex, the
f-catenin peptide faces the E2, with both the N- and C-termini of the peptide point-
ing toward the E2 active-site cysteine (Figure 7.10). Based on the structural similar-
ity between the recognition of F-box by Skpl and SOCS-box by ElonginC, a model
of the VBC—Hiflu peptide complex bound to a model of the Cul2-Rbx1 complex
has also been constructed by superimposing the structurally conserved portions
of Skpl and ElonginC from the Cull-Rbx1-Skpl-Skp2 and VHL-ElonginB-
ElonginC—Hifla peptide complexes (Figure 7.10) [79]. In this model, the position
of the VHL f domain relative to the rest of the complex is again very similar to the
BTrCP1 WD40 and Skp2 LRR domains. Even though the VHL f-domain does not
extend as far towards the E2 as the latter two, the N-terminus of the Hiflo peptide
is in clear sight of the E2 active site.

Although the substrate-binding domains are aligned with the E2 in these mod-
els, a large gap is always found in between. For example, the N- and C-terminal
ends of the structured portions of the f-catenin peptide are ~50 A away from the
E2 active-site cysteine (Figure 7.10), while the Hiflo peptide is ~75A away from
the E2 cysteine. It should be noticed that these peptide—E2 distances have consid-
erable uncertainty as the E2 is modeled onto the Cull-Rbx1 complex based on the
c-Cbl-E2 structure and the similarity between the RING domains of Rbx1 and c-
Cbl. In addition to the RING domain, c-Cbl also uses the linker helix to bind the
E2. Yet a counterpart to this is not apparent in the SCF. Pivoting about the E2—
Rbx1 interface of the model could affect the final position of the E2 active site,
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which is ~20 A away from the E2—-Rbx1 contacting point. For example, a 45° tilt of
the E2 can result in an estimated +/— ~20-A error in the position of the E2 active
site [66]. Further structural studies of the SCF complex bound to an E2 will be nec-
essary to clarify this uncertainty.

Even with the uncertainty in E2 active-site position, the models have suggested
that there would be no E3 residues near the E2 active site, in agreement with the
observations made in the c¢-Cbl-E2 structure. This again ruled out the possibility
that the SCF E3 provides acid/base catalysis and the possibility that the SCF posi-
tions the e-amino group of the lysine at the E2 active site [66]. The only plausible
mechanism left accounting for the catalysis mediated by the SCF in substrate ubig-
uitination is that the E3 complex helps increase the effective concentration of a por-
tion of the substrate that contains the physiological ubiquitination-site lysine at the
E2 active site. This model made the testable prediction that the distance between
the destruction motif and the ubiquitinated lysine is a determinant of the ubiquiti-
nation efficiency.

7.6.6
Mechanism of RING E3-mediated Catalysis

The prediction of the effective concentration model has been tested in an in vitro
system reconstituted with E1, E2 (UbcHS5), and SCFfTP1  all purified to >90%
homogeneity [66]. To be able to measure the ubiquitination of the substrate lysine
independently of the ubiquitination of lysine(s) on ubiquitin, a ubiquitin mutant
that lacks lysines and thus does not form polyubiquitin chains was used. The
natural substrates of the SCEAT'CP1 E3_ p.catenin and IxBa were chosen for the de-
tailed analyses. To make the correlations between functional and structural obser-
vations straightforward, the biochemical studies have focused on f-catenin, the
substrate co-crystallized with Skp1-gTrCP1.

Although the ubiquitination site(s) of f-catenin was previously unknown, two ly-
sines of IxBo located ten and nine residues upstream of the destruction motif had
been shown to be necessary and sufficient for ubiquitination and degradation [18,
19]. By analogy, a f-catenin lysine (Lys19) 13 residues upstream of the destruction
motif was predicted to be the site where f-catenin is ubiquitinated. This was con-
firmed by the in vitro ubiquitination assay, in which a 26-amino acid f-catenin pep-
tide that contains Lys19 and the doubly phosphorylated destruction motif was ubig-
uitinated in an SCF/T"?1.dependent manner to an overall level comparable to an
IxBo substrate peptide (Figure 7.11). These isolated f-catenin and IxBa peptides
should accurately reflect the context of these destruction motifs in their respective
full-length proteins, since Lys19 and the destruction motif of f-catenin are both in
a 133-residue N-terminal region that has been previously shown to have a disor-
dered structure by proteolytic digestion analysis [104]. The destruction motif of
IxBa similarly resides outside the structured ankyrin-repeat domain.

With the system established, a series of mutant f-catenin peptides where the
spacing between Lys19 and the destruction motif was increased or decreased in
four-residue steps (wt—8, wt—4, wt+4 and wt+8 peptides in Figure 7.11) was
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tested for in vitro ubiquitination. The deleted residues are unlikely to be involved in
STrCP1 binding as they are present in the crystallized f-catenin peptide but are
disordered in the structure. This is confirmed by experiments showing that the
mutant peptides have affinities for fTrCP1 undistinguishable from that of the
wild-type peptide [66].

Strikingly, changing the Lys19-destruction motif spacing by four to eight resi-
dues had two- to three-fold effects on the rate of ubiquitination. Increasing the
spacing reduced ubiquitination, with the wt+8 peptide being ubiquitinated at an
~three-fold lower rate. Surprisingly, reducing the spacing by four residues in-
creased the ubiquitination rate slightly but consistently, although reducing it fur-
ther by eight residues (wt—8) resulted in a very poor substrate with only trace
amounts of product at the longest reaction times. These findings indicated that
SCF/TCPL gubstrates have an optimal destruction-motif lysine spacing of 9 to 13
residues [66]. Interestingly, the 9-residue lysine-destruction-motif spacing of the
wt—4 mutant is comparable to the 9 and 10-residue spacing found in IxBo (for
Lys20 and Lys19, respectively). IxBa is ubiquitinated at a rate closer to the wt—4
peptide than the wt f-catenin peptide (compare early time points in Figure 7.11,
when the majority of the IxBa peptide is mono-ubiquitinated), suggesting that the
optimal lysine-destruction-motif spacing is closer to 9 than to 13 residues. If the
spacing is an important determinant, it is expected to be conserved in the f-catenin
and IxBa orthologs and paralogs. Indeed, all of these proteins contain a lysine lo-
cated 9 to 14 residues upstream of the destruction motif (Table 1).

The apparent effect of the spacing between the lysine residue and the destruc-
tion motif on the ubiquitination rates is intuitively consistent with the model that
the SCF catalyzes ubiquitination by increasing the effective concentration of spe-
cific lysine(s) at the E2 active site [85]. According to this model, a specific SCF
will catalyze ubiquitination maximally when the distance between its substrate-
binding site and the E2 active site, a parameter likely unique to a particular F-box
protein, closely matches the spatial distance between the substrate’s SCF-binding
motif and its lysine residue(s). Unstructured polypeptides do not have a single,
well-defined length in solution, but rather they sample a distribution of lengths,
each associated with a probability. Assuming that the reaction rate is proportional

Tab. 7.1.  Closest lysine upstream of destruction motif.

Substrate Residues
IxBo (human) 9,10
IxBf (human) 9

IxBe (human) 11
Cactus (fly IxB) 10, 12
f-catenin (human) 13
Armadillo (fly f-catenin) 14

Bar-1 (worm f-catenin) 10

Plakoglobin (human) 11
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to the probability that the lysine side chain will hit the E2 active site, the effective
concentration model predicts that the relative ubiquitination rates of our wild-type
and mutant peptides would be directly proportional to the relative probabilities that
the lysine-destruction-motif distances match the optimal distance.

Except for very short polypeptides, it is not yet possible to calculate ab initio
the length distribution for a given polypeptide sequence, especially as the length
distribution also depends on the nature of the amino acids and the distribution of
charged and hydrophobic groups. However, approaches based on random polymer
theory with empirical corrections have been shown to agree qualitatively with ex-
perimental data [105]. Therefore, polymer theory can be used to analyze and com-
pare the length distribution and its associated probability of a polypeptide. Figure
7.11 shows the length distributions for the polypeptide segments between the ly-
sines and the destruction motifs of the wild-type and mutant f-catenin peptides.
Assuming that the optimal distance corresponds to that of the wt—4 peptide,
which had the highest ubiquitination rate in the in vitro ubiquitination assay, the
probability that the wt+8 peptide will sample this distance is 2.5-fold lower. This
is comparable to the 3-fold lower ubiquitination rate of the wt+8 peptide relative
to the wt—4 peptide. These experimental results are thus consistent with the pre-
dictions of the effective concentration model. Overall, these structural and bio-
chemical studies have provided a solid body of evidence supporting the model
that the SCF E3, and likely other RING E3s, catalyze ubiquitination by increasing
the effective concentration of specific substrate lysine(s) at the E2 active site [66].

7.7
The Mms2-Ubc13 Complex

The topology of the polyubiquitin chains determines the nature of the signals they
encode. Whereas K48-linked polyubiquitin chains signal for proteasome-dependent
degradation, K63-linked chains serves as non-proteolytic signals in cellular pro-
cesses such as DNA repair and IKK activation. A family of ubiquitin E2 variant
proteins (UEVs) has been identified as mediating the assembly of K63 chains.
These E2 variants share sequence homology with the canonical E2s, yet they all
lack the active-site cysteine [26]. Yeast MMS2 gene product, Mms2, is a UEV pro-
tein, which functions in the RAD6/RAD18 post-replication DNA-damage repair
pathway [27]. Mms2 performs its biological roles together with a specific E2, yeast
Ubc13. It has been shown that Mms2 and Ubc13 are able to form a stable complex
and catalyze the assembly of K63 polyubiquitin chains in the presence of E1 only
in vitro. This suggests that the function of Mms2 might be equivalent to that of an
E3, except that the substrate is ubiquitin itself.

The crystal structure of the Mms2—-Ubc13 complex has been determined [106]. It
shows that the two proteins both adopt the canonical o/ E2 fold and together form
an asymmetric heterodimer (Figure 7.12). In the crystal, one end of Mms2 packs
against one side of Ubc13, resulting in an overall T-shaped dimer structure. At
the junction of the two proteins, a hydrophobic channel is formed, leading toward
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acceptor
ubiquitin
binding site

Mms2

Fig. 7.12.  Crystal structures of the Mms2/ structure is indicated by arrow. The side chains
Ubc13 (left) and the RanGAP1-Ubc9 (right) of the substrate lysine and the Ubc9 active
complexes. The proposed binding site for the  cysteine in the RanGAP1-Ubc9 structure are
acceptor ubiquitin in the Mms2/Ubc13 shown.

the Ubc13 active-site cysteine. Mutations of the surface residues of this channel
impaired K63 ubiquitin-chain assembly without disrupting the heterodimerization
of the two proteins and thioester formation on Ubc13 [106]. Together, these re-
sults suggest that the acceptor ubiquitin likely interacts with this channel during
Mms2-Ubc13-mediated K63 chain assembly. In conjunction with previous NMR
studies of the ubiquitin—E2 interaction [107], another surface cleft was identified
on the other side of Ubc13 as the donor ubiquitin binding site [106].

As repeatedly seen in all the RING E3 ligase structures, there is no residue from
Mms?2 close enough to the Ubc13 active-site cysteine to mediate acid/base catalysis
[106]. Neither does Mms2-binding lead to any significant conformational changes
that might activate the Ubc13 E2. Instead, the structure of the Mms2-Ubc13 com-
plex strongly suggests that Mms2 promotes K63 ubiquitin-chain assembly by bind-
ing to the Ubc13 E2, forming a ubiquitin-binding site, and positioning the acceptor
ubiquitin in an orientation to present its Lys63 residue toward the E2 active site, a
mechanism similar to the one derived above for the RING E3s.

7.8
The RanGAP1-Ubc9 Complex

Among the several ubiquitin-like modifiers, SUMO is highly conserved from yeast
to human and has been shown to regulate a variety of cellular functions such
as nucleocytoplasmic transport, signal transduction, and transcriptional control
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[108]. Protein modification by SUMO (sumoylation) requires a similar E1-E2-E3
system as for ubiquitination, although the SUMO E2 Ubc9 can specifically conju-
gate SUMO to most substrates in the absence of an E3. This is possible partly be-
cause the target lysine site in most SUMO-modified proteins is within a consensus
sequence motif WKxD/E, which is directly recognized by Ubc9. A report of the
crystal structure of a RanGAP1-Ubc9 complex marked the first structure of an
E2-substrate complex in the ubiquitin and ubiquitin-like conjugation systems
[109]. RanGAP1 is the best documented substrate for sumoylation. The structure
of RanGAP1-Ubc9 revealed that Ubc9 binds the substrate by both interacting
with the consensus sumoylation motif and keeping extensive contacts with two
nearby RanGAP1 helices (Figure 7.12). The sumoylation motif of RanGAPI,
LKSE, adopts an extended conformation, interacting closely with a rather flat Ubc9
surface with the lysine residue positioned immediately next to the E2 cysteine. Im-
portantly, no residues in the E2 or the substrate surrounding the E2 cysteine and
the substrate lysine appear to play a role in deprotonating the lysine, indicating
that the SUMO transfer reaction does not involve acid/base catalysis [109]. This
was further confirmed by structure-based mutagenesis studies. In agreement with
the model described above for the mechanism by which RING E3s mediates ubig-
uitin transfer, the SUMO E2-substrate structure has implications that SUMO con-
jugation on the substrate is also catalyzed by proper orientation of the lysine resi-
due toward the E2 active-site cysteine.

7.9
Summary and Perspective

Ubiquitin—protein ligases play a central role in conferring the specificity of protein
ubiquitination and promoting ubiquitin transfer from E2 to the substrates. Struc-
tural studies of a series of prototypical ubiquitin—protein ligases have significantly
advanced our understanding of how these enzymes carry out their biological func-
tions. For the HECT E3s, whose E3 activities involve the formation of a thioester
intermediate, structural analyses have revealed a large domain movement within
the catalytic domain. For the much larger RING class E3 family, all structural
studies support the model that this family of ubiquitin ligases promote protein
ubiquitination by optimally orienting and positioning the substrate relative to the
E2 active site to raise the effective concentration of the specific lysine(s) for ubiqui-
tin attachment. Further studies will be needed to address the questions of how the
extension of the ubiquitin chain is mediated by the E3s and how the E3s are regu-
lated by cellular factors.
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8
The Deubiquitinating Enzymes

Nathaniel S. Russell and Keith D. Wilkinson

8.1
Introduction

In the mid-1970s ubiquitin was found to be a covalent modifier of proteins [1]. At
the time, it was quite surprising to find a protein that covalently modified another
protein. Since then, the reversible covalent modification of proteins by other pro-
teins is known to be commonplace and ubiquitin is used to covalently modify hun-
dreds of proteins, often for the purpose of targeting them to the proteasome for
degradation.

Protein degradation through the ubiquitin—proteasome system is facilitated by
covalently linking ubiquitin to the ¢-amino group of a lysine of a substrate protein
through its C-terminal glycine [2]. A polyubiquitin (polyUb) chain is formed by
linking subsequent ubiquitins to the lysine 48 residue of the preceding ubiquitin
in the chain. A chain of four ubiquitins is sufficient for the targeted protein to be
recognized and degraded by the proteasome [3]. Conjugation of ubiquitin to other
proteins is catalyzed by a three-enzyme cascade [4]. Conjugation begins by activa-
tion of ubiquitin by an E1, or Ub-activating enzyme, forming a high-energy thiol
ester bond in an ATP-dependent reaction. The ubiquitin is transferred to an E2,
or Ub-conjugating enzyme, which then usually pairs with an E3, or Ub-ligase en-
zyme, to conjugate the ubiquitin to a specific target protein.

The usefulness of ubiquitin conjugation is not limited to the ubiquitin—
proteasome pathway. Mono- and polyubiquitin are used as signals in various path-
ways including endocytosis, DNA repair, apoptosis, and transcriptional regulation
[5-8]. Polyubiquitin chains can be formed using lysine residues other than K48,
the linkage required for proteasomal degradation [9-11]. In addition, there are a
number of other ubiquitin-like proteins that also behave as signaling molecules
although they are not involved directly in proteasomal degradation. This group
includes SUMO (small ubiquitin-related modifier), Nedd8 (neural precursor cell
expressed, developmentally down-regulated 8), ISG15 (interferon-stimulated gene
15), and others [12-14]. These proteins are conjugated to substrates in a similar
manner to ubiquitin, using an E1, E2, and E3 cascade of enzymes specific for the
particular ubiquitin-like protein involved [15-17].
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DUBs

- N

Enzyme UBP/USP UCH otV JAMM ULP OTHERS
Substrate polyUb Ub Nedd8 Is615 SUMO OTHERS
Proposed  ubiquitin de- de- de- de- 2
Name of iso- ubiquit- nedd- isg- sumo-

Activity peptidase  ylating ylating ylating ylating

Fig. 8.1. DUB families and substrate specifi-  physiologically relevant way. Each family is
city. DUBs can be classified by genetic relation- capable of processing multiple substrates and
ships (family) or by substrate specificities each activity can be catalyzed by members of
(activity). Arrows point towards the substrates  more than one family.

that members of each family can process in a

Soon after it was shown that ubiquitin is conjugated to proteins, it was deter-
mined that this was a reversible process and deubiquitinating enzymes, or DUBSs,
could remove ubiquitin from ubiquitinated proteins [18, 19]. As the genes for ubig-
uitin and ubiquitin-like proteins were identified it became clear that all ubiquitin
family members were synthesized as proproteins and processed to reveal the C-
terminal glycylglycine of the active proteins [20]. Based on this information, DUBs
were defined as proteases that cleave at the C-terminus of ubiquitin or ubiquitin-
like proteins to reverse conjugation to target proteins and also process the
proproteins.

Over 100 DUBs have been identified (see Table 8.1 for a list of the DUBs
whose roles are known or suspected) and they are used to regulate ubiquitin and
ubiquitin-like protein metabolism. Since cells utilize a combination of mono-
ubiquitin, polyubiquitin, and ubiquitin-like proteins for a multitude of reasons
and conjugate them to thousands of proteins, a regulatory system has evolved that
is exceedingly complex and must be exquisitely regulated (see Figure 8.1). DUBs
help regulate this system by processing proubiquitin into a mature form, recycling
free polyubiquitin chains into monomeric Ub, assisting the degradation of protea-
somal substrates, and regulating the ubiquitination levels of proteins in cellular
pathways other than proteolysis. Thus, DUBs play crucial roles in determining
the cellular fates of many proteins and regulating cellular function.

The study of DUBs has moved at a rapid rate since their initial discovery in the
early 1980s. Yet despite all the progress, the total number of DUBs and the sub-
strate specificity of most DUBs are still undetermined. The discovery of novel
DUB families including the JAMM isopeptidases and OTU DUBs has highlighted
that there may be still more unidentified DUBs. Because of the large number of
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Tab. 8.1. Physiological roles of DUBs revealed by deletion or knockdown experiments.
DUB Organism Deletion /knockdown Functional role
phenotype

Ubiquitin C-terminal hydrolases (UCHs)

UCH-L1
UCH-L3

UCH37

BAP1
YUH1

mouse
mouse

human

human
S. cerevisiae

gracile axonal dystrophy
no detectable phenotype

unknown

unknown

cannot process proRUB1

Ubiquitin specific processing proteases (UBPs)

UBP1
UBP2
UBP3/
USP10

UBP6

UBP8
UBP14/IsoT
UBP16
DOA4

Unp/USP4

USP7
UBPy/USPS$

UsP14
uspP21
usP25
UBP41
UBP43
CYLD

fat facets

DUBL, 2, 2A

S. cerevisiae
S. cerevisiae
S. cerevisiae,
human
S. cerevisiae
S. cerevisiae
S. cerevisiae,
human
S. cerevisiae
S. cerevisiae
mouse,
human
human
human
mouse (UBP6
homolog)
human

human
human
mouse

human

Drosophila

mouse

no phenotype detected
no phenotype detected

polyubiquitin accumulation

low levels of free ubiquitin

increase in ubiquitinated

histone H2B
increased polyubiquitin

levels, proteasome defects

no phenotype detected

Ub-depletion, defective
UD recycling
unknown

indirect p53 activation
increase in protein

ubiquitination
ataxia

unknown
unknown

unknown

accumulation of Isgl5
conjugates

cylindromatosis

defective germ cell
specification,
eye formation

unknown

predominant neuronal UCH [112]

undetermined neuronal function
[113]

edits polyubiquitin chains at
proteasome [91]

tumor suppressor? [22]

processes proRUB1, Ub-adducts
[83]

undetermined [97]

undetermined [96]

transcriptional silencing inhibitor,
regulates membrane transport
(66, 118]

processes polyubiquitin chains at
proteasome [94]

transcriptional regulator [88]

recycles free polyubiquitin to
mono-ubiquitin [33, 86]

undetermined function at
mitochondria [70]

recycles Ub and polyubiquitin
adducts [71, 84|

undetermined

regulates p53 ubiquitination [36]
cell-growth regulation [119]

regulating synaptic activity plus
proteasome [109]

process Ub and Nedd8 conjugates,
growth regulator? [32]

over-expression has possible role
in Down’s Syndrome [120]

promotes apoptosis [6]

processes Isg15, regulates Isgl5
conjugate levels [31]

regulates K63 polyubiquitination
of substrates in NF-xB pathway
[7, 103, 104]

regulates specific developmental
processes |74, 75|

cytokine specific growth regulators
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Tab. 8.1.  (continued)
DUB Organism Deletion/knockdown Functional role
phenotype
VDU1 human unknown regulation of Ub-proteasome
pathway? [64]
JAMM Isopeptidases
Rpnll Yeast, lethal processes polyubiquitin chains at
human proteasome [46, 47]
Csn5 Yeast, defects in SCF E3s in yeast, regulation of cullin neddylation
Drosophila lethal in Drosophila levels [45]
OTU DUBs
cezanne human unknown negative regulation of NF-xB
pathway [43]
A20 mouse severe inflammation, negative regulation of NF-xB
premature death pathway [44, 121]
otubainl human unknown editing DUB? [42, 122]
otubain2 human unknown undetermined [42]
VCIP 135 human unknown membrane fusion after mitosis [72]

Ubiquitin-like proteases (ULPs)

Ulpl S. cerevisiae  lethal

Ulp2 S. cerevisiage  increased SUMO
conjugates, DNA
repair defective

regulates cell cycle progression [39]
desumoylating enzyme [123]

Den1/SENP8 mouse unknown deneddylates cullins 26, 37]

SENP6 human unknown involved in reproductive
function? [124]

Others

Apg4B mouse unknown processes autophagy-related
UbLs [116]

ataxin-3 human unknown processes polyubiquitin chains?
[125]

The organism listed for each DUB refers either to where it was
discovered or where the work characterizing the deletion strain and
function was performed. DUBs with multiple organism identifiers are
either highly similar in sequence in each organism or functional
homologs. An unknown deletion phenotype indicates that a deletion,
knockout, or knockdown of a particular DUB has yet to be generated.
No detectable phenotype indicates that a deletion strain has been
made, but no phenotypes were observed.

potential DUB substrates and the exquisite specificity that some individual DUBs
exhibit (see Figure 8.1) study of these enzymes has often been challenging. A bur-
geoning amount of structural data and recent technical advances are being used to
address this challenge. The goal of this chapter is to highlight recent developments
in the DUB field by giving an overview of DUB families, including DUBs that
act on ubiquitin-like proteins, to discuss how DUBs achieve their specificity,
and to show how the physiological roles of DUBs and their substrates are being
elucidated.
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8.2
Structure and In Vitro Specificity of DUB Families

8.2.1
Ubiquitin C-terminal Hydrolases (UCH)

The first class of DUBs discovered, the ubiquitin C-terminal hydrolases (UCHs), is
a relatively small class with only four members in humans and one in budding
yeast. UCHSs are cysteine proteases related to the papain family of cysteine pro-
teases. Most UCHs consist entirely of a catalytic core that has a molecular mass
of about 25 kDa, although Bapl and UCH37 have C-terminal extensions [21, 22].
All UCHs have a highly conserved catalytic triad consisting of the active-site cys-
teine, histidine, and aspartate residues that are absolutely required for function
[23].

In vitro studies have determined that UCHSs have significant activity in removing
small adducts from the C-terminus of ubiquitin, including short peptides, ethyl es-
ter groups, and amides [24]. They are also very efficient at cotranslationally pro-
cessing the primary gene products (proubiquitin or Ub-ribosomal subunit fusions)
to expose the C-terminal gly—gly motif required for conjugation of ubiquitin and
ubiquitin-like proteins to substrates. However, UCHs are unable to cleave the iso-
peptide bond between ubiquitins in a polyubiquitin chain or to act on ubiquitin
conjugated to a folded protein. They are similarly inefficient in acting upon small
peptide substrates based on the sequence of the ubiquitin C-terminus [25]. As de-
scribed below, the binding of ubiquitin is required for optimal UCH activity.
Nedds, a closely related ubiquitin-like protein, is also a substrate for human UCH-
L3, albeit with three orders of magnitude less efficiency than ubiquitin [26].

The crystal structures of human and yeast UCHs have been solved, the latter in
complex with the inhibitor ubiquitin aldehyde [27, 28]. The UCH fold is closely
related to that of the papain family of cysteine proteases. Ubiquitin is bound in a
cleft on a surface that is highly conserved in all UCHs. NMR studies on the bind-
ing of ubiquitin to human UCH-L3 show a similar mode of interaction and define
three regions on the surface of ubiquitin involved in this binding [29]. As noted
below and in Figure 8.2, the same surface of the ubiquitin fold is also involved in
binding to USP7 and ULP1. This is remarkable as these DUBs are from different
families and not significantly homologous in sequence or structure.

A second feature of UCHs is the presence of a “blocking loop” spanning the
active site and limiting the size of substrates that can be accommodated. Yuhl
and other UCH DUBs contain a mobile, ~20-residue loop that is disordered in
the unliganded protein, but becomes ordered upon substrate binding. The loop
passes directly over the active site and the leaving group attached to the gly—gly at
the ubiquitin C-terminus has to pass directly through this loop in order to access
the catalytic cysteine. The maximum diameter of this loop was calculated to be
~15 A, too small for any folded substrate save a single helix [27]. The loop thus
allows small substrates to be efficiently cleaved, but excludes larger Ub—protein
conjugates. This loop explains, at least in part, the preference of UCHs for small
or disordered leaving groups.
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Fig. 8.2. Substrate binding by DUBs revealed  Ubiquitin (green) bound to USP7. (C) SUMO
by X-ray crystal structures. In the ribbon (red) bound to ULPT. (D) Superimposition of
diagrams, the DUB is represented in white and substrates from A—C. The regions of each

the substrate in color. The ubiquitin (yellow or  substrate that are within 3.5 A of the DUB
green) or SUMO (red) substrates are shown in  when bound are highlighted in color to

the same orientation to highlight the similarity demonstrate the conserved regions that are
of substrate binding by different DUB classes.  recognized by the different DUB classes.

(A) Ubiquitin (yellow) bound to YUHT. (B)

822
Ubiquitin-specific Processing Proteases (UBP/USP)

The ubiquitin specific processing proteases (referred to as UBPs in yeast and USPs
in human and mouse) were the second class of DUBs discovered. Catalytically, the
UBPs are very similar to the UCHs in that they also utilize the catalytic triad of an
active-site cysteine and a conserved histidine and aspartate. The UBP catalytic core
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of about 400 amino acids contains blocks of conserved sequences (Cys and His
boxes) around these catalytic residues [23]. The UBPs are generally larger and
more variable in size than the UCH class, ranging from 50 to 300 kDa. N-terminal
extensions to the catalytic core account for most of the increased size although
a few UBPs have C-terminal extensions. These N-terminal extensions are highly
divergent in sequence, unlike the conserved regions of the catalytic core. The se-
quence and size variations of these extensions are thought to aid in determining
UBP localization and substrate specificity.

There are 16 UBPs in yeast and more than 50 USPs identified in humans, mak-
ing the UBP/USP family much larger than the UCH family [30]. UBPs also pro-
cess a wider variety of substrates than UCH DUBs, including proubiquitin, free
polyubiquitin chains of various linkages, and mono-or polyubiquitin conjugated
to target proteins in vitro and in vivo. In addition, some family members can act
on ubiquitin-like proteins. UBP43 has been demonstrated to act on ISG15 while
USP21 cleaves conjugated Nedd8 [31, 32].

The diversity of the UBPs and breadth of substrates they act upon, makes
them useful in a wide variety of cellular pathways and locations. UBPs regulate
apoptosis, DNA repair, endocytosis, and transcription in addition to the ubiquitin—
proteasome pathway (see below). The same diversity presents a challenge in deter-
mining the specificity of UBPs and with the exception of Isopeptidase T (UBP14/
USPS5), there have been few quantitative studies of in vitro specificity [33, 34]. In
general, specificity has been described with qualitative “yes or no” assays that are
not particularly useful in suggesting in vivo roles.

The structure of one UBP catalytic domain has been solved, that of USP7 com-
plexed to ubiquitin aldehyde [35]. The data may be applicable to the way in which
other UBPs function because the catalytic core of many UBPs is highly conserved.
USP7 (also called HAUSP) is a human ubiquitin-specific protease that regulates
the turnover of p53 [36]. USP7 consists of four structural domains; an N-terminal
domain known to bind p53 and EBNA1, a catalytic domain, and two C-terminal
domains. The 40-kDa catalytic domain exhibits a three-part architecture compris-
ing Fingers, Palm, and Thumb (see Figure 8.2). The leaving ubiquitin moiety is
specifically coordinated by the Fingers, with its C-terminus placed in a deep cleft
between the Palm and Thumb where the catalytic residues are located. The do-
mains form a pocket ideal for binding ubiquitin. Residues in the structure impor-
tant for the above functions are conserved amongst UBPs, indicating that many
UBPs may utilize the Fingers, Palm, and Thumb architecture to bind and cleave
ubiquitinated substrates.

Another interesting structural observation is that water molecules cushion ubig-
uitin in the binding pocket. This is necessary because the binding surfaces of ubig-
uitin are uncharged, and the USP7 binding pocket is made up of predominantly
acidic amino acid residues. These water molecules form extensive networks of
hydrogen bonds with the bound ubiquitin and USP7. It is possible that they con-
tribute to USP7’s substrate specificity by allowing the protein to provide for rela-
tively weak binding of ubiquitin and forcing itself to interact with the target protein
to achieve specificity. This seems to be borne out by the fact that ubiquitin does not
form a tightly bound complex with USP7 [35].
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8.23
Ubiquitin-like Specific Proteases (ULP)

The ubiquitin-like specific proteases (ULPs) are a third class of DUB first thought
to act only on SUMO-related ubiquitin-like proteins. There are two yeast ULPs and
seven human ULPs (also called sentrin specific proteases, or SENPs). Further anal-
ysis determined that ULPs have little or no activity on ubiquitin substrates, but one
(SENP8) acts on Nedd8 [26, 37, 38|. Despite acting on non-ubiquitin substrates,
ULPs are still classified as DUBs because the function and mechanism of catalysis
is so similar to those of the DUBs that act on ubiquitin. ULPs lack significant
sequence homology to other DUBs and are more closely related to viral protein-
processing proteases [39].

In addition to the lack of sequence homology, ULPs have little structural homo-
logy to other DUB classes except in the active site. The structure of ULP1 (see Fig-
ure 8.2) in complex with the C-terminal aldehyde of yeast SUMO (SMT3) illus-
trates that, like most other DUBs, ULPs are thiol proteases, utilizing a conserved
catalytic triad consisting of an active-site cysteine, histidine, and aspartate [40].
Also, they require a gly—gly motif at the C-terminus of their UbL substrate for tight
binding. The SUMO binding pocket of ULP1 recognizes SUMO through a number
of polar and charged-residue interactions, including multiple salt bridges that are
not present in the USP7 ubiquitin-binding site, and does not utilize water mole-
cules or a “blocking loop”.

8.2.4
OTU DUBs

A class of DUBs only identified since 2002 is the OTU (ovarian tumor protein)
DUB class. The OTU domain was originally identified in an ovarian tumor protein
from Drosophila melanogaster, and over 100 proteins from organisms ranging from
bacteria to humans are annotated as having an OTU domain. The members of this
protein superfamily were annotated as cysteine proteases, but no specific function
had been demonstrated for any of these proteins. The first hint of a role for OTU
proteins in the ubiquitin pathway was afforded by the observation that an OTU-
domain-containing protein, HSPC263, reacted with ubiquitin vinyl sulfone (an
active-site-directed irreversible inhibitor of DUBs) [41].

Then two groups almost simultaneously discovered that several OTU-containing
proteins have DUB activity. Two human OTU DUBs were identified by purification
with Ub-aldehyde (a reversible DUB inhibitor) affinity resin [42]. These proteins,
named otubainl and 2 (OTU-domain Ub-aldehyde binding protein) have a mass
of approximately 35 kDa and are able to cleave polyubiquitin chains in vitro. How-
ever, the cleavage mechanism and their true substrates in vivo have yet to be deter-
mined. The other OTU DUB found was Cezanne, a 100-kDa protein that is similar
to the A20 negative regulator of NF-xB [43]. Like A20, Cezanne plays a role in reg-
ulating NF-«B signaling pathways and has general DUB activity [44]. These OTU
DUBs have highly conserved catalytic cysteine and histidine residues, implying
that they utilize a catalytic triad to catalyze cleavage of polyubiquitin. It is unclear
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if most proteins containing OTU domains are DUBs, as analysis of the OTU fam-
ily for DUB activity is only just beginning.

825
JAMM Isopeptidases

JAMM isopeptidases also constitute a recently identified class of DUBs. The mem-
bers of this interesting class of DUBs were the first non-cysteine protease DUBs
identified. Two JAMM isopeptidases have been confirmed as DUBs: Rpn11, which
acts on ubiquitin conjugates, and Csn5, which acts on Nedd8 conjugates [45—47].
A number of other eukaryotic proteins have been annotated as containing the
JAMM motif, but whether they have DUB activity has yet to be determined. In-
stead of cysteine proteases, they are metalloproteases belonging to a family of pro-
teins that contain the Jab1/Csn5 and MPN domains [48]. Their activity depends on
the JAMM motif (EX,HS/THX;SXXD) in the JAMM domain. The two histidines
and an aspartic acid act as ligands to bind a metal ion, presumably zinc although
this has not been proven, to achieve catalysis through polarization of a bound
water molecule. A glutamic acid serves as a general acid—base catalyst. The crystal
structure of a JAMM metalloprotease from Archaeoglobolus fulgidus bacteria has
been recently been solved, but no structures of a JAMM isopeptidase with DUB
activity are yet available [49, 50].

83
DUB Specificity

Why are there so many DUBs and how do they achieve specificity? The numerous
DUBs identified to date suggest that DUBs have specifically evolved to act on dis-
tinct cellular substrates rather than to have general deubiquitinating activity (see
Figure 8.1). We can ask what common features of these enzymes define them as
DUBs and what differences allow specific DUBs to act on mono- vs. polyubiquitin?
How have they evolved to cleave only ISG15 or SUMO-modified substrates, for in-
stance? A body of data has been accumulated that at least partially answers these
questions.

8.3.1
Recognition of the Ub-like Domain

All DUBs appear to recognize the body of the ubiquitin fold. UCH-L3, for example,
makes contact with three regions of ubiquitin; residues 6-12, 41-48, and 69-74
[29]. These surfaces are highly conserved in Nedd8, but divergent in ISG15 and
SUMO. Correspondingly, UCH-L3 can cleave ubiquitin and Nedd8 adducts but
not those of the other ubiquitin-like proteins [26].

The same regions appear to be important for interactions of ubiquitin with many
other DUBs (see Figure 8.2) and Ub-binding proteins. Importantly, all ubiquitin-
binding domains examined utilize these same surfaces in binding ubiquitin.
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Recognition of a ubiquitin domain can be accomplished by ubiquitin-associated
domains (UBA), which are present in many proteins, including some DUBs, and
interact with polyubiquitin up to 1000-fold better than mono-ubiquitin [51]. How-
ever, other binding domains such as UIM (ubiquitin-interacting motif ) and CUE
(coupling of ubiquitin conjugation to ER degradation) domains utilized in endo-
cytic pathways prefer binding mono-ubiquitin [52-54].

Polyubiquitin-binding proteins recognize a subset of this binding surface of
ubiquitin, often described as the hydrophobic patch. It is a group of three amino
acids, Leu8, Ile44, and Val70, which are oriented in the ubiquitin molecule to
form a small hydrophobic patch [55]. Polyubiquitin chains incorporating ubiqui-
tins with mutations at residues 8 and 44 were unable to be disassembled by
DUBs present in the 19S subunit of the proteasome [56]. In addition to providing
a recognition site for DUBs, the patch is also important in determining the quater-
nary structure of polyubiquitin, another feature utilized by DUBs in substrate rec-
ognition. One UbL protein, ISG15, consists of a fusion of two ubiquitin domains.
The crude mimicking of an Ub-dimer could potentially contribute to its specific
recognition by delSGylating enzymes.

Polyubiquitin chains linked through all seven lysines in ubiquitin have been de-
tected in vivo, and these poorly characterized forms of non-K48-linked polyubiqui-
tin are also likely to have significant roles in the cell [57]. Polyubiquitin chains that
are linked through different lysines are expected to be different enough in struc-
ture that individual DUBs could distinguish between them. K63-linked polyubiqui-
tin is a well characterized alternative linkage and unlike K48-linked polyubiquitin,
is not involved in proteolytic degradation [58, 59]. Structural data confirms the idea
that these two types of polyubiquitin can have different structures [60, 61]. The
structures of these dimers were solved by NMR analysis and they were found to
have quite different conformations. Indicative of this, non-hydrolyzable ubiquitin-
dimer analogs containing different linkages have markedly different effectiveness
when used to inhibit the enzymatic activity of Isopeptidase T [62]. Isopeptidase T
binds and cleaves polyubiquitin linked through at least four of the seven possible
chain linkages found in vivo, although the catalytic efficiency of these activities is
not known [10]. It is interesting to speculate that Isopeptidase T utilizes its two
UBA domains to regulate binding of different polyubiquitin substrates. Mutational
analysis of the UBA domains and structural data are needed to determine if this is
the case and whether it is applicable to other DUBs as well.

83.2
Recognition of the Gly—Gly Linkage

The central feature that defines all DUBs is that they recognize and act at the
C-terminus of the ubiquitin or ubiquitin-like domain. All mature ubiquitin and
ubiquitin-like proteins have a C-terminal gly—gly motif and DUB cleavage releases
leaving groups attached to the carboxyl group of the C-terminal glycine. With the
exception of the JAMM metalloproteases, DUB catalysis starts with the nucleo-
philic attack of the catalytic cysteine on the carbonyl carbon of the scissile bond to
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form the tetrahedral intermediate. This is converted to an acyl-enzyme intermedi-
ate by expelling the C-terminal leaving group. Attack by a water molecule allows
regeneration of the free thiol on the catalytic cysteine and releases free ubiquitin.
The JAMM isopeptidases appear to use a classical metalloprotease mechanism
[50].

DUB structures have evolved to recognize this C-terminal glycylglycine with ex-
quisite specificity. Analysis of ubiquitin-fusion proteins lacking the gly—gly motif
has clearly shown that they are not cleaved efficiently by DUBs [63]. All DUBs ex-
clude larger amino acids at the C-terminus of the ubiquitin domain by having a
deep cleft in their respective structures that is only large enough to hold two gly-
cines. The narrowest region of USP7’s catalytic cleft sterically excludes amino acids
with any type of side chain, enforcing specificity for ubiquitin conjugates [35].
However, the end of the cleft is open, which allows USP7 to act on large ubiquitin
conjugates like its substrate, ubiquitinated p53. ULP1 uses a similar type of cleft to
recognize the gly—gly motif except that it uses a tryptophan residue to restrict ac-
cess to the catalytic site when a substrate is bound to the enzyme [40]. UCHs have
a similarly constrained cleft and also use the previously described “blocking loop”
to assist in specifically recognizing the C-terminus of ubiquitin.

833
Recognition of the Leaving Group

In principle, DUBs might also recognize the leaving group to which ubiquitin
is attached. In fact, such a mechanism seems likely as several DUBs have little
affinity for ubiquitin and several have been shown to bind the un-ubiquitinated
target protein (see Table 8.2). Interactions between DUBs and putative substrates
have been shown for the mammalian DUBs VDU1, USP11, and UBPy, as well
as UBP3 from yeast and fat facets from Drosophila [64—68]. In other cases, DUB-
binding proteins may serve as scaffolds or adaptors that localize DUBs (discussed
below).

83.4
Substrate-induced Conformational Changes

DUBs are not general hydrolases for cleaving after a gly—gly sequence even though
they recognize the gly—gly motif at the C-terminus of ubiquitin and ubiquitin-like
proteins. What is so special about these particular gly—gly sequences that DUBs
will only recognize and act on them and not others? The answer comes from the
fact that DUBs interact with the rest of the ubiquitin or ubiquitin-like substrate,
and this interaction causes conformational changes in the DUB that are necessary
to achieve catalysis. These changes result in rapid and efficient cleavage of only the
particular substrate that the DUB is equipped to bind. It also explains why peptides
with a gly—gly in them are not susceptible to cleavage by DUBs as they are lacking
the substrate-binding domains that cause the DUB conformational change re-
quired for cleavage. The different DUB classes utilize a number of conformational
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Tab. 8.2. Identification of DUBs and DUB-binding partners through physical and genetic
interaction screens.

DUB Affinity  Characterized by Interaction partner(s)

MS  Yeast two-hybrid  Synthetic lethal

UCHs

UCH37 X S14, UIP1 [21]

UCH-L3 X Nedds [126]

UCH-L1 X JAB1, p27 [127]

UBPs

DOA4 X SLA1, SLA2 [128]

UBP3 X X X SIR4, Bre5, Stul
[66, 118, 129

UBP6 X 19S proteasome [130]

UBPS8 X SAGA, SLIK acetyl
transferases [88]

USP5 X ubiquitin [131]

USP7 X ataxin [132]

USP11 X RanBPM [67]

CYLD X NEMO [7]

fat facets Vasa [75]

UBPy X CDC25(Mm) [133]

OTU DUBs

cezanne X ubiquitin [43]

otubainl and 2 X ubiquitin aldehyde [42]

VCIP 135 X VCP/P47 [72]

JAMM Isopeptidases

Rpn1l X UBP6 [92]

Others

ataxin 3 X RAD23, HHR23A,
HHR23B [134]

changes that are induced upon substrate binding to assist in promoting efficient
cleavage.

UCH DUBs have been the most thoroughly analyzed. Comparison of the
ubiquitin—-UCH complex with unliganded UCH shows two significant conforma-
tional differences that contribute to keeping the unliganded enzyme in an inactive
state. First, the previously described “blocking loop” becomes ordered as it inter-
acts with ubiquitin. Invariant residues form hydrogen bonds with the ubiquitin
substrate and other UCH residues, indicating that the loop has functional impor-
tance during substrate binding [27]. Second, the side chain of L9 in UCH-L3 in-
trudes into the substrate-binding cleft, occluding the catalytic cysteine and prevent-
ing binding of peptide substrates [29]. When ubiquitin binds to the UCH-L3,
an interaction between ubiquitin and UCH-L3 repositions L9, allowing access to
the active site cleft. Thus, the energy of ubiquitin binding is required to activate
UCH-L3, allowing its cleavage. This type of selectivity (where ubiquitin binding is
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required for activity) may be necessary to prevent deleterious cleavage of other pro-
tein substrates by UCHs.

A similar situation was observed when the crystal structure of USP7 was solved
in the absence of substrate [35]. The catalytic cysteine of the unliganded protein is
not in an orientation that would allow catalysis to take place. The histidine residue
needed to interact with the active-site cysteine is too distant for a catalytic-triad
mechanism to function. Binding of ubiquitin aldehyde induces a significant con-
formational change that realigns the catalytic triad residues so the hydrogen bond-
ing required for catalysis can take place. Thus, like UCH DUBs, the unliganded
protease is inactive and only becomes catalytically active when it is binding
substrates.

ULP1 also uses conformational changes to “clamp down” on the gly—gly motif
when a SUMO substrate is bound. Trp448 lies directly above the active site and in-
teracts with the SUMO C-terminus by Van der Waals interactions, sandwiching the
gly—gly motif between Trp448 and the active-site cysteine when SUMO binds [40].
Despite the various methods utilized, all DUBs require a conformational change
triggered by binding of a specific substrate to catalyze cleavage. These required
conformational changes are driven by the energy of interaction between the DUB
and the body of the ubiquitin domain.

8.4
Localization of DUBs

While many DUBs are cytoplasmic, localization of DUBs is also known to be im-
portant in regulating DUB specificity. The localization of ULP1, for example, is im-
portant in determining its substrates. The N-terminal domain of ULP1 is known to
localize the enzyme to the nuclear envelope, and truncation mutations lacking this
domain remain in the cytoplasm [69]. When the truncated protein is expressed in
AULP1 yeast strains, the cells grow at wild-type levels, and the truncated protein is
able to cleave SUMO substrates in vitro. However, analysis of AULP1 cells express-
ing this truncation shows an accumulation of SUMO conjugates. Apparently, the
localization of ULP1 to the nuclear envelope is necessary in order for it to act
on specific nuclear-envelope-localized substrates. The localization helps constrain
ULP1 isopeptidase activity so ULP1 does not inappropriately act on cytoplasmic
substrates. Other examples of DUB activity regulated by localization include
UBP6, which is fully active only when bound to the proteasome (see below) and
UBP16 residence on the outer membrane of the mitochondria, although its func-
tion there is undetermined [70].

Other DUBs have been found to associate with membranes and regulate
membrane-associated cellular processes, although they appear not to be membrane
anchored like UBP16. The ability of DOA4 to remove ubiquitin from membrane-
bound endocytic substrates promotes their degradation in the vacuole or lysosome
[71]. DUBs are also important for membrane fusion events as shown by the fact
that an OTU domain DUB, VCIP135 (VCP/p47 complex-interacting protein of
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135 kd), is necessary for p97—-p47-mediated Golgi cisternae reassembly after mito-
sis [72]. Also, a neuronal DUB, synUSP, was found to localize to post-synaptic
lipid rafts (membrane microdomains involved in membrane trafficking and sig-
nal transduction) [73]. However, its function at that location has yet to be char-
acterized.

A well-studied example of a tissue-specific DUB activity is fat facets, a UBP orig-
inally found in Drosophila [74]. It is important in eye development and germ-cell
specification and is active only in specific cell types during certain stages of devel-
opment [65, 75]. The lack of fat facets results in defective posterior patterning,
germ-cell specification, and eye formation. Fat facets activity is required to prevent
the inappropriate degradation of vasa and liquid facets. In this case, the role of the
DUB appears to be defined by the restricted expression of its known substrates.

Temporal regulation of DUB expression also appears important. D’Andrea and
colleagues first described a small family of DUBs that are induced as immediate
early gene products of cytokine stimulation [76]. Different cytokines were shown
to induce different DUBs and the expression of these enzymes was short-lived
[77]. It appears that these DUBs may be involved in down-regulating cytokine
receptors, perhaps by removing the ubiquitin involved in sorting of the receptor
at the early endosome. Likewise, UBP43, the short-lived processing protein for
ISG15, is present at very low levels in normal cells and highly expressed upon in-
terferon induction [78].

8.5
Probable Physiological Roles for DUBs

8.5.1
Proprotein Processing

One important function of DUBs is the processing of ubiquitin or ubiquitin-like
proteins to their mature forms. Ubiquitin is expressed in cells as either linear poly-
ubiquitin or N-terminally fused to certain ribosomal proteins [79, 80]. These gene
products are processed by DUBs to separate the ubiquitin into monomers and ex-
pose the gly—gly motif at the C-terminus. Many DUBs process linear polyubiquitin
or Ub-fusion proteins in vitro, but this processing appears to take place cotransla-
tionally in vivo and is extremely rapid. This makes analysis difficult and leaves
unanswered the question of which DUBs actually perform this function in vivo.
Multiple DUBs may be able to perform this processing at a physiologically relevant
level since DUB deletions rarely shows processing defects [81].

Ubiquitin-like proteins are also expressed as proproteins with a short C-terminal
extension of a few amino acids that must be removed to make the UbL available
for conjugation to target proteins. All ULPs have been shown to metabolize their
respective proprotein to an active form in vitro although again it is unclear which
ULPs are responsible for this activity in vivo. An exception to the confusion is the
finding that RUBI1 (the yeast homolog of Nedd8) is processed by YUH1 in Saccha-
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romyces cerevisiage. Conjugation of RUB1 to Cdc53 is required for efficient assembly
of certain SCF (skpl, cullin, F-box) E3 ubiquitin ligases [82]. Yuh1 deletion strains
do not process Rubl or modify Cdc53 with Rubl [83]. Modification of Cdc53 by
Rub1 could be reconstituted in a AYuhl strain by expressing a mature Rubl con-
struct lacking the C-terminal asparagine normally removed by processing. This
demonstrated that Yuhl processes RUB1 proprotein into the mature form in vivo.
It is not known which DUB performs the processing of proNedd8.

852
Salvage Pathways: Recovering Mono-ubiquitin Adducts and Recycling Polyubiquitin

It has been speculated that without UCH function, all ubiquitin in the cell would
be conjugated with glutathione or other cellular amines and therefore unavail-
able for conjugation. This would quickly result in the cessation of the ubiquitin—
proteasome system function and cell death due to lack of active ubiquitin to conju-
gate to substrates. The effectiveness of UCH DUBs in liberating ubiquitin from
other small adducts makes them likely candidates to act on these particular ad-
ducts. In addition, the cell must regenerate mono-ubiquitin from polyubiquitin
and various mono-ubiquitinated proteins to maintain levels of mono-ubiquitin for
conjugation. Doa4 appears to remove small peptides attached to mono- and di-
ubiquitin intermediates resulting from proteasomal degradation as well as remov-
ing ubiquitin from proteins targeted for endocytosis [84, 85]. Loss of Doa4 function
in yeast results in depleted levels of mono-ubiquitin and increased cell death dur-
ing stationary phase.

Another function for DUBs is regenerating free ubiquitin from unanchored
polyubiquitin chains removed from proteasome substrates or proteins targeted for
other pathways. Polyubiquitin inhibits the proteasome and lowers the amount of
free ubiquitin available for conjugation to proteins. Thus, these chains need to be
processed to mono-ubiquitin to prevent polyubiquitin accumulation and inhibition
of the proteasome. This type of DUB activity has been well characterized in vivo
and in vitro and Isopeptidase T appears to be the DUB that is responsible for the
majority of this activity. Deletion of UBP14 in yeast is not lethal, although large
amounts of polyubiquitin build up in the cell and proteasome function is im-
paired [86]. Isopeptidase T seems to serve as a general DUB for regenerating
mono-ubiquitin as it cleaves polyubiquitin containing various linkages [59].

853
Regulation of Mono-ubiquitination

DUBs have increasingly been found to be important in regulating the ubiquitina-
tion level of proteins not targeted to the proteasome for degradation. Some DUBs
are active participants in the regulation of mono-ubiquitin (or mono-UbL) conjuga-
tion and others can regulate the conjugation of multiple types of ubiquitin or UbLs
to a single substrate. For instance, deneddylating enzymes may regulate the neddy-
lation of cullin proteins both by processing proNedd8 and by removing Nedd8
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from neddylated cullins [26, 38]. As a component of the SCF E3 ligase complexes,
cullins require neddylation in order for their cognate E3 ligase to be efficiently as-
sembled [82]. Regulation of this modification indirectly regulates the ubiquitina-
tion of a subset of proteins. Defects in deneddylation could lead to inappropriate
ubiquitination of substrates owing to inappropriate recruitment of E2s to the SCF
E3s [87].

Regulating mono-ubiquitination of proteins by DUBs is important in histone
modification where ubiquitination is thought to modulate chromatin structure
and transcriptional activity. Normally, about 10% of the histone core octomers con-
tain ubiquitinated histones and the ubiquitin is removed at mitosis by DUB activ-
ity. UBP8 has been demonstrated to regulate the ubiquitination of histone H2B,
which is important in transcriptional activation of many genes [88].

Many cell-surface receptors are ubiquitinated upon internalization and the ubiq-
uitin is removed by DUBs at the early endosome. Properly sorted receptors are
then shuttled to the lysosome for degradation. In the absence of Doa4, the ubiqui-
tin is not removed upon sorting and instead is co-degraded in the vacuole, result-
ing in ubiquitin depletion [84]. Another DUB, UBP3 assists Golgi-ER retrograde
transport by deubiquitinating B’-COP, thus preventing its degradation [66].
Mono-ubiquitinated B’-COP cannot be assembled into the COP1 complex without
UBP3/Bre5 complex DUB activity. Disruption of the complex in ABre5 strains re-
duces the efficiency of Golgi-ER transport and facilitates the polyubiquitination
and degradation of B’-COP by the proteasome.

One fascinating observation is that PCNA (proliferating cell nuclear antigen) can
be modified by multiple forms of ubiquitin, demonstrating that DUBs with differ-
ent specificities can act at the same location on a specific substrate. PCNA can be
modified by mono-ubiquitin, 63-linked polyubiquitin, or SUMO at K164 [89]. Mod-
ification of PCNA by mono- or polyubiquitin determines whether it is utilized in
translesion synthesis or error-free DNA repair, respectively. SUMO modification
prevents PCNA function in DNA repair and instead promotes DNA replication. It
is probable that multiple DUBS, as yet unidentified, are required to regulate PCNA
modification.

8.5.4
Processing of Proteasome-bound Polyubiquitin

DUBs play a crucial role in regulating the function of the proteasome. For a long
time it was unclear what happens to polyubiquitin conjugated to a proteasome sub-
strate when that substrate is at the proteasome ready for degradation. Was the con-
jugated polyubiquitin processed by the proteasome and degraded or was it re-
moved by a DUB and released from the proteasome? The small 13-A diameter
entrance to the 20S catalytic core of the proteasome requires all substrates to
be fed through as unfolded polypeptides [90]. A branched polypeptide such as
a ubiquitin—protein conjugate apparently has difficulty fitting through the pore,
greatly reducing proteasome efficiency [47]. Thus, it seemed likely that DUBs
must remove polyubiquitin from proteasome substrates before they enter the 20S
catalytic core of the proteasome.
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To date, three DUBs are known to perform this function and all are components
of the 19S lid of the mammalian proteasome. The first described was UCH37, al-
though its exact function is still unclear [91]. UCH37 is thought to be an editing
DUB that assists in clearing the proteasome of ubiquitinated proteins. UCH37
slowly cleaves one ubiquitin at a time from the distal end of the polyubiquitin
chain. If chain trimming is faster than the degradation process, loss of the poly-
ubiquitin signal could result in partial degradation or release of proteins from the
proteasome. UCH37 activity could also be necessary to recover proteasomes that
are having difficulty degrading ubiquitinated proteins.

UCH37 is only found in higher eukaryotes, but the other two proteasome-bound
DUBs, RPN11 and UBP6 (USP14), are found in all eukaryotes. RPN11 and UBP6
remove polyubiquitin from substrates that are committed to degradation by the
proteasome [92]. The mechanisms for this, and exactly what role each DUB plays
in removing ubiquitin, are not fully understood. Interestingly, the Rpn11 DUB
activity was first detected over 10 years ago when 26S proteasome DUB activity
was inhibited by o-phenanthroline, a metal chelator [93]. The metalloprotease
DUB activity was not identified until recently [46]. Rpnll is thought to remove
polyubiquitin chains from proteasome substrates before they are degraded, allow-
ing the unfolded substrate to enter the pore of the 20S subunit of the proteasome.
It has been proposed that Rpn11 removes most of the polyubiquitin chain attached
to a proteasome substrate and then UBP6 acts to remove the remaining one or two
ubiquitin residues.

Despite the lack of mechanistic understanding, the DUBs are clearly required
for efficient proteasomal degradation to take place. The Rpnll deletion is lethal
in yeast and temperature-sensitive mutants show massive accumulation of poly-
ubiquitin conjugates [46, 47]. UBP6 is approximately 300 times more active when
it is associated with the proteasome than in its purified form [94]. The UBP6
deletion is not lethal in yeast, but a large decrease in the cellular pool of mono-
ubiquitin occurs, indicating that ubiquitin is fed into the proteasome and degraded
rather than being released from the proteasome and recycled [95].

8.6
Finding Substrates and Roles for DUBs

Surprisingly, little is known about the in vivo substrate specificity of DUBs. Diffi-
culty in defining the substrate specificity of individual DUBs often arises from a
lack of observable phenotypes in deletion strains. Deletion studies in yeast where
up to 4 of the 17 DUBs have been deleted in a single strain have not produced sig-
nificant phenotypes [96]. It is unclear if this is due to the subtle nature of the phe-
notypes or if the remaining DUBs compensate for the missing ones. However,
several tactics have been fruitful in defining the physiological roles of DUBs. First,
definition of in vitro specificities can be useful in focusing genetic screens. For ex-
ample, the first UBPs were cloned and analyzed after it was discovered that they
could cleave ubiquitin-fusion proteins [96, 97]. Second, directed screening of dele-
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tions or knockdown studies to identify roles for DUBs have also been successful
(see Table 8.1 for DUB-deletion phenotypes). Study of DUB deletions, including
UCH-L1, UCH-L3, and USP14 (see below), in the mouse have demonstrated their
importance in neuronal function. Third, potential roles for DUBs have also been
identified by physical and genetic interaction screens. Table 8.2 shows in more
detail the interaction screens that have been used in discovering DUBs and char-
acterizing their in vivo roles by identifying novel binding partners. For example,
Cezanne was suggested to be a DUB after two-hybrid studies demonstrated its in-
teraction with ubiquitin and UBP6 was identified as a component of the 19S sub-
unit of the proteasome by mass spectrometry.

8.7
Roles of DUBs Revealed in Disease

8.7.1
NF-«xB Pathway

NF-«B is a transcription factor that can be activated by a number of cellular signals,
including stress, inflammation (via tumor necrosis factor) and antigen receptors
among others [98, 99]. After receptor stimulation, a cascade ensues that results in
the release of NF-xB from its inhibitor IxB. Released NF-xB translocates to the nu-
cleus and activates transcription of a number of genes. Ubiquitin metabolism plays
a significant regulatory role in the NF-xB pathway. For NF-xB release from IxB and
nuclear translocation to take place, IxB is phosphorylated by IxB kinases, result-
ing in K48-linked polyubiquitination and proteasomal degradation of IxB [100].
A number of other proteins involved in this pathway such as NEMO, IKKy, and
TRAFG6 have K63-linked polyubiquitin chains conjugated to them [101, 102]. It is
not clear what purpose the K63-linked chains serve, but they appear to be a regula-
tory component of the NF-xB pathway.

Most of the DUB activity characterized in the NF-xB pathway appears to act on
K63-linked polyubiquitin, suggesting that modulation of K63-linked polyubiquiti-
nation by DUBs is important for control of the NF-xB pathway. CYLD, a tumor
suppressor gene, has been confirmed as a DUB [7, 103, 104]. Loss of CYLD func-
tion leads to cylindromatosis, a syndrome characterized by large benign tumors on
the face and neck. This is one of the few examples where a defective DUB has been
defined as the direct cause of a specific disease. Preferred in vivo substrates of
CYLD are believed to be 63-linked polyubiquitin—protein conjugates of NEMO,
TRAFG6, and TRAF2 components of the NF-xB pathway, but the exact in vivo regu-
latory role of CYLD is still unknown.

OTU family DUBs such as Cezanne and A20 also play significant roles as nega-
tive regulators of the NF-xB pathway [43, 44]. A20 can cleave K48- and K63-linked
polyubiquitin chains in vitro while Cezanne has only been tested on K48-linked
chains. Although these DUBs are known to be part of the NF-xB pathway, their
in vivo substrates are unknown. It is also unclear as to how these DUBs negatively
regulate the NF-xB pathway.
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8.7.2
Neural Function

DUBEs, specifically UCHs, appear to play significant roles in neurodegenerative dis-
eases such as Parkinson’s, Alzheimer’s, Huntington’s, and others [105]. A mutant
form of UCH-L1 with reduced enzymatic activity has been found in a small family
of Parkinson’s patients and the S18Y allele of UCH-L1 has been associated with
a reduced risk of sporadic Parkinson’s disease [106, 107]. Many of the inclusion
bodies found in patients with Parkinson’s are known to contain high amounts of
UCH-L1, ubiquitin, and ubiquitinated proteins, as determined by immunostaining
[108]. This suggests that defects in some DUBs or their regulation can cause sig-
nificant harm to the neuronal system, resulting in disease.

DUBs have also been implicated in the formation of other neural inclusion
bodies. In addition to the case for their involvement in Parkinson’s disease it has
been shown that the mutation of USP14 (the mammalian homolog of yeast UBP6)
results in Ataxia in the mouse [109]. Many neurological diseases, including Ataxia,
result in damaged or mutated proteins aggregating as polyubiquitinated forms at
the microtubule organizing center (MTOC) to form inclusions called aggresomes
[110]. An adapter, the tubulin deacetylase HDACG (histone deacetylase 6), has re-
cently been shown to bind these polyubiquitinated proteins and tether them to the
microtubules where they are then transported to the MTOC [111]. The classic Lewy
Body of Parkinson’s disease has all the hallmarks of such an aggresome. The for-
mation of an aggresome is thought to be protective and in its absence the aggre-
gated proteins can trigger apoptosis. Thus, the dynamics of ubiquitination and ag-
gregate formation are important responses to this type of cellular stress and several
DUBs can modulate this process.

Deletion of UCH-L1 and/or UCH-L3 in mice has demonstrated that they are
both involved in neuronal regulation, but have separate functions. The GAD (gra-
cile axonal dystrophy) mouse has been shown to lack UCH-L1, the predominant
neuronal UCH [112]. These mice show a unique neuronal “dying back” phenotype
that results in paralysis of the limbs due to death of nerves originating in the gra-
cile nucleus. Mice lacking UCH-L3 have no obvious abnormalities or defects [113].
However, the double deletion mouse shows more severe defects including reduced
weight, a more severe gracile axonal dystrophy than the L1 deletion, and earlier le-
thality caused by a loss of the ability to swallow resulting in starvation [114]. This
demonstrates that the two DUBs are not redundant and have separate neuronal
functions.

8.8
New Tools for DUB Analysis

Despite all the DUB structures and substrates previously described, in most cases
the in vivo substrate for a particular DUB is unknown. Structural and localization
data can provide clues to determine in vivo DUB specificity, especially if one knows
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what ubiquitin or ubiquitin-like protein it acts upon. Genomic databases have
helped, but many annotated DUBs have never been tested for DUB activity and
some DUBs thought to act on one type of substrate (based on their homology) are
found to act on another when tested. The characterization of hundreds of potential
DUBs is a daunting task and in vivo characterization is even more difficult. To
make headway, novel tools are needed to conclusively identify potential DUBs and
their substrates to help direct appropriate in vivo studies.

8.8.1
Active-site-directed Irreversible Inhibitors and Substrates

The most promising tools developed for this sort of analysis are active-site-directed
irreversible inhibitors of DUBs. These inhibitors are ubiquitin or ubiquitin-like
proteins chemically modified at the C-terminus by an electrophilic moiety such
as a Michael acceptor or alkyl halide. The modified ubiquitin can be incubated
with a purified DUB or a cell lysate containing DUB activity. Ubiquitin vinyl sul-
fone (UbVS) is one such irreversible inhibitor because the vinyl sulfone moiety
reacts with the active-site cysteine of the DUB, forming a thioether linkage. The
covalent adduct is stable and can be detected in a variety of ways. Labeling of
DUBs is specific, as only a DUB active-site cysteine will efficiently react with the
vinyl sulfone moiety.

To create these inhibitors, an N-terminally tagged ubiquitin or ubiquitin-like pro-
tein (lacking the C-terminal glycine) is expressed using the intein expression sys-
tem (New England Biolabs). Briefly, in this system a fusion protein consisting of
a ubiquitin or a ubiquitin-like protein lacking the C-terminal glycine, an intein
linker, and a chitin-binding domain (CBD) is expressed in E. coli. Clarified cell
lysate is incubated with chitin beads to bind the ubiquitin-fusion protein. The ubig-
uitin is then cleaved from the CBD and intein linker by adding mercaptoethanesul-
fonic acid (MESNA). After MESNA elution, the resulting truncated ubiquitin C-
terminal thioester is reacted with glycine vinyl methyl sulfone to create the Ub or
UDbL vinyl sulfone derivative. The N-terminal tag on the ubiquitin molecule allows
analysis of DUB labeling by immunoprecipitation and Western blotting.

This labeling has been used with success in yeast where 6 of the 17 known
DUBs were labeled with UbVS [115]. Incomplete labeling likely results from
DUBs that do not act on mono-ubiquitin or where the UbVS could not access the
active site. The labeling has also been used with great success in mammalian cell
lysates to identify novel ubiquitin DUBs [41]. A novel deneddylating enzyme and a
novel DUB that acts on autophagy-related UbL proteins have also been identified
using vinyl sulfone labeled probes [26, 37, 116].

This ubiquitin intein system can also be utilized to make a DUB substrate
rather than inhibitors by attaching a C-terminal fluorescent tag such as 7-
amidomethylcoumarin (AMC) instead of vinyl sulfone. DUBs cleave the ubiquitin
derivative and release the fluorescent tag, a process that can be followed fluoromet-
rically. Fluorometric assays can then be used to determine a particular DUB’s pre-
ferred substrate or to quantitate DUB activity in crude lysates. AMC substrates

209



210

8 The Deubiquitinating Enzymes

have turned out to be excellent tools for identifying the substrates of individual
DUBs. Denl, for example, was shown to cleave Nedd8—AMC 60 000-fold faster
than it cleaves ubiquitin—~AMC, and the ratio was even higher when compared to
SUMO-AMC [26]. Clearly, these reagents are powerful tools for identifying novel
DUBs and identifying potential DUB substrates.

8.8.2
Non-hydrolyzable Polyubiquitin Analogs

Other modified ubiquitin reagents that are useful in analyzing DUBs are non-
hydrolyzable polyubiquitin analogs. These analogs are polyubiquitin chains where
the ubiquitins are linked by cross-linking reagents. To synthesize them, one ubig-
uitin is mutated to cysteine at the C-terminal glycine and another has cysteine
introduced at a particular lysine residue. These ubiquitins can then be linked
through their cysteine residues with a bifunctional thiol reagent such as dichloroa-
cetone (DCA). As the native ubiquitin sequence contains no cysteines, the ubiqui-
tins will only be linked through the introduced cysteine residues. The result is a
ubiquitin dimer analog that mimics physiological dimers. The isopeptide bond is
replaced by a DCA linkage, but the ubiquitin subunits retain the appropriate spa-
tial orientation. Thus, DUBs should bind these dimers, but will be unable to cleave
them because they cannot hydrolyze the DCA linkage. To make longer polyubiq-
uitin chains, cysteine residues or sulfhydryl groups must be introduced at the de-
sired lysine and the C-terminal glycine on the same ubiquitin molecule.

These chain analogs have been used to characterize DUBs in two fashions. First,
they can be used as inhibitors of DUBs [62]. Cleavage of Ub—AMC by Isopeptidase
T, a polyubiquitin-binding DUB, was inhibited by the addition of differently linked
dimer analogs and kinetic inhibition constants were determined. The K; values of
dimer analogs were all much lower than the K; for mono-ubiquitin. Further, there
was considerable selectivity, as inhibition constants varied depending on the link-
age present in the dimer [62]. This demonstrated that the analogs act as faithful
mimics of native polyubiquitin. The other way these chain analogs are used is to
synthesize them on affinity supports and analyze cell lysates for DUBs that bind a
specific type of polyubiquitin chain. These affinity resins have proven useful in
identifying a number of binding proteins, including DUBs, from yeast cell lysates
[117]. Analogs with different linkages bind a different subset of proteins, perhaps
suggesting a way to identify DUBs acting upon polyubiquitin with linkage spe-
cificity. Thus, these analogs are excellent tools for characterizing the substrate pref-
erences of known DUBs and discovering novel ones.

8.9
Conclusion

DUBs are clearly an essential cellular component needed for a variety of pathways
including protein degradation, DNA repair, apoptosis, membrane trafficking, stress
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response, and transcriptional regulation. Not only do they act on various ubiquitin
substrates, but they are also needed to process ubiquitin-like substrates. Over 100
DUBs from five major families have been identified and the number is likely to
increase. Factors that enhance DUB specificity are the presence of a binding pocket
that only accommodates the physiological substrate, the requirement for a sub-
strate-induced conformational change that prevents undesired catalysis, and the
recognition of the ubiquitous C-terminal gly—gly motif of all DUB substrates. Sub-
cellular localization to a specific organelle or protein complex and tissue-specific as
well as temporal expression are also important components of DUB specificity and
function.

In spite of all that has been learned about DUBs and their function, much re-
mains to be discovered. Future studies are likely to focus on identifying in vivo
DUB substrates, novel DUBs, DUB-binding partners, and phenotypes of DUB de-
letions. Further development of new reagents, such as the non-hydrolyzable poly-
ubiquitin analogs and active-site-directed inhibitors or substrates will help greatly.
Directed proteomics studies should assist in identifying DUBs, loss-of-function
phenotypes, and potential binding partners. Despite the major gaps that remain
in our understanding of DUBs, our knowledge of their roles and importance has
progressed amazingly rapidly. Novel DUB gene families have been identified, new
ubiquitin-like DUB substrates have been uncovered, and structural data has been
analyzed to elucidate how DUBs perform catalysis and specifically recognize their
substrates. In vivo substrates of DUBs are beginning to be identified and the tools
and techniques needed to search for novel DUBs and analyze known ones for their
specificity are rapidly being created. With so much discovered, and yet so much
remaining to be found, deubiquitinating enzymes are a vibrant field of study.
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9
The 26S Proteasome

Martin Rechsteiner
Abstract

The 26S proteasome is a large ATP-dependent protease composed of more than 30
different polypeptide chains. Like the ribosome, the 26S proteasome is assembled
from two “subunits”, the 19S regulatory complex and the 20S proteasome. The
19S regulatory complex confers the ability to recognize and unfold protein sub-
strates, and the 20S proteasome provides the proteolytic activities needed to de-
grade the substrates. The 26S proteasome is the only enzyme known to degrade
ubiquitylated proteins, and it also degrades intracellular proteins that have not
been marked by ubiquitin. The 26S proteasome is located in the nucleus and cyto-
sol of eukaryotic cells, where the enzyme is responsible for the selective degrada-
tion of a vast number of important cellular proteins. Because rapid proteolysis is a
pervasive regulatory mechanism, the 26S proteasome is essential for the proper
functioning of many physiological processes.

9.1
Introduction

It has become apparent since the mid-1990s that the ubiquitin—proteasome system
(UPS) plays a major regulatory role in eukaryotic cells. The UPS helps to control
such important physiological processes as the cell cycle [1, 2], circadian rhythms
[3], axon guidance [4], synapse formation [5] and transcription [6—8], to name just
a few. In view of the growing family of ubiquitin-like proteins [9, 10], it is possible
that covalent attachment of ubiquitin and its relatives will even surpass phos-
phorylation as a regulatory mechanism. Although ubiquitin serves non-proteolytic
roles, such as histone modification [11, 12] the activation of cell signaling compo-
nents [13], endocytosis [14], or viral budding [15], the protein’s principal function
appears to be targeting proteins for destruction [16]. To do this, the C-terminus of
ubiquitin is activated by an ATP-consuming enzyme (E1) and transferred to one of
several dozen or more small carrier proteins (E2s) in the form of a reactive thiol
ester. The E2s collaborate with members of several large families of ubiquitin li-



9.1 Introduction

Fig. 9.1. Schematic representation of the (NH3) on a substrate protein (lysozyme shown
ubiquitin—proteasome pathway. Ubiquitin in purple) by an E3 or ubiquitin ligase, (the
molecules are activated by an E1 enzyme multicolored SCF complex). Note that chains
(shown green at 1/3 scale) in an ATP- of Ub are generated on the substrate, and

dependent reaction, transferred to a cysteine  these are recognized by the 26S proteasome
residue (yellow) on an E2 or Ub carrier protein  depicted in the upper right at 1/20 scale.
and subsequently attached to amino groups

gases or E3s, and ubiquitin is transferred once again to lysine amino groups on the
proteolytic substrates (S) and to itself, thereby generating chains of ubiquitin. The
substrate bearing the ubiquitin chains is subsequently recognized and degraded by
the 26S proteasome, a large, complex ATP-dependent protease (see Figure 9.1).
Eukaryotic genomes contain information for more than 20 E2s and hundreds of
E3s. In contrast to the wealth of components devoted to marking protein substrates
for destruction, only one enzyme, the 26S proteasome, has been found to degrade
ubiquitylated proteins. However, there is complexity here as well, since the 26S
proteasome is an assemblage of at least 30 different subunits. Moreover, there is
a growing list of proteins that act as proteasome activators, adapters, or accessory
factors. In this chapter I focus on basic biochemical and physiological properties

221



222

9 The 26S Proteasome

of the 26S proteasome, drawing occasionally from findings on structurally similar
prokaryotic, ATP-dependent proteases [17]. Other chapters will provide greater
depth to several aspects of the 26S proteasome.

9.2
The 20S Proteasome

9.2.1
Structure

We know the molecular anatomy of archaebacterial, yeast and bovine proteasomes
in great detail since high-resolution crystal structures have been determined for all
three enzymes [18-20]. The archaebacterial proteasome is composed of two kinds
of subunits, called « and . Each subunit forms heptameric rings that assemble
into the 20S proteasome by stacking four deep on top of one another to form a
“hollow” cylinder. Catalytically inactive « rings form the ends of the cylinder while
proteolytic # subunits occupy the two central rings. The quaternary structure of the
20S proteasome can therefore be described as o7$78707. The active sites of the f-
subunits face a large central chamber about the size of serum albumin. The «-rings
seal off the central proteolytic chamber and two smaller antechambers from the ex-
ternal solvent. Archaebacterial proteasomes, with their fourteen identical f sub-
units, preferentially hydrolyze peptide bonds fo