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Structural basis of ubiquitylation

Andrew P VanDemark and Christopher P Hill*

The attachment of the small protein ubiquitin to other proteins, a
process known as ubiquitylation, is a widespread form of post-
translational modification that regulates numerous cellular
functions in eukaryotes. Ubiquitylation is performed by
complexes of E2 and E3 enzymes that are assembled and select
substrates via a series of protein—protein interactions. Recent
structure determinations of the ubiquitylation machinery have
revealed some of the various protein—protein interfaces involved.
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Abbreviations

APC anaphase promoting complex
Hyp hydroxyproline

LRR leucine-rich repeat

SH Src homology

UEV ubiquitin E2 variant

Introduction

Ubiquitin is a small, 76 amino acid protein that packs a
powerful punch. Covalent attachment of the ubiquitin C
terminus to substrate lysine residues, a process known as
ubiquitylation, targets the substrate for a range of possible
fates, the best known of which is degradation by the 26S
proteasome, but which also include endocytosis, targeting
to lysosomes, and modification of protein function [1].
These responses to ubiquitylation play a critical role in
regulating fundamental cellular processes, including meta-
bolic homeostasis, protein quality control, transcription,
translation, signal transduction, response to hypoxia, cell
cycle progression, DNA repair, protein trafficking, and
viral budding. As usual, evolution has copied and modified
a successful scheme, in this case to generate ubiquitin-like
proteins that share structural and functional similarities
with ubiquitin, including parallel biochemical pathways
for post-translational attachment to lysine sidechains of
substrate proteins [2].

The biochemical process of ubiquitylation [3] starts with
activation of ubiquitin by an ATP-dependent E1 enzyme,
followed by transfer to the cysteine sidechain of an E2
enzyme (also called Ubc), with which the ubiquitin C ter-
minus forms a thiolester (Figure 1la). The ubiquitin
C terminus is then ligated through an isopeptide bond to a
substrate lysine by an E2-E3 complex. In many cases, the
ubiquitin is itself ubiquitylated; for example, most protea-
somal substrates are targeted by their attachment to
polyubiquitin chains in which Lys48 and the C terminus of
successive ubiquitin entities are covalently connected [4].

A major cellular effort is committed to the process of ubiqui-
tylation, with numerous E2 and E3 protein subunits
identified in yeast and higher eukaryotes. Two mechanisti-
cally distinct families of E3 exist. HECT domain E3s
(Figure 1b) transfer ubiquitin to the substrate via the forma-
tion of a covalent ubiquitin—E3 thiolester intermediate [5],
whereas the RING E3s promote the transfer of ubiquitin
from E2 directly to the substrate [6]. The large number of
RING E3s can be further categorized on the basis of their
overall architecture, whereby either the RING domain is
embedded within a larger polypeptide chain that also
encodes the substrate recognition domain (Figure 1c) or
distinct RING and other subunits are organized as a multi-
subunit complex on a cullin protein scaffold (Figure 1d)
[7,8]. Figure 2 shows a gallery of recently determined
structures, including large fragments of the HECT domain E3
E6-AP and the RING domain E3 c¢-Cbl, and various
subcomplexes of the RING subunit E3s SCF and VCB.

E2-E3 interface

E2 enzymes have a ~150-residue core domain that often
comprises the entire protein, but may also include N- or
C-terminal extensions. Several E2 structures have been
determined, all of which contain the same elongated core
structure of a central B sheet and flanking helices. The
structure seems to be relatively inflexible, as all E2 struc-
tures overlap closely and are unchanged in various protein
complexes [9,10°°—12°°]. The catalytic cysteine that forms
a thiolester with ubiquitin is located in a shallow depression
on one face of the E2 surface.

The known structures include E2 complexes with large
fragments of the HEC'T domain E3 E6-AP (Figure 2a) [9]
and with the RING domain E3 c¢-Cbl (Figure 2b) [10°°].
Both of these E3 structures are complexed with the same
E2, UbcH7, which, remarkably, binds the two very different
HECT and RING structures in a large part through the
same two loops at one end of the E2 structure (Figure 3).
The prominent role of UbcH7 Phe63 in binding the E3s
suggests that the identity of this residue correlates with
cognate E2-E3 pairs [9,13]. Indeed, UbcH7 Phe63 contacts
both [1e383 and Trp408 of the c-Cbl RING domain, and all
three of these residues co-vary with different cognate
E2-RING E3 complexes [10°**]. For both the HECT and
RING complexes, E2 binds in a relatively hydrophobic
groove on the E3. The presence or absence of this groove
on the numerous RING domains may correlate with RING
proteins that function as E3s versus those that perform
other biological functions [10°*].

Sequence comparisons suggest that the RING domain
family includes very distant relatives called U-box proteins
[14°]. Remarkably, these apparently similar folds are so
diverged that the coordinated zinc ions that stabilize
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Cartoons of the ubiquitin system and E3 architectures. (a) The
ubiquitin system of post-translational modification. Ubiquitin (U) is
activated by an E1 enzyme, transferred to an E2 enzyme and ligated to
substrate by an E2—E3 complex. (b) HECT domain E3 E6-AP—UbcH7
structure. (c) c-Cbl-UbcH?7 structure. RING and substrate-binding
domains are contained within a single polypeptide. (d) SCF or VCB
structures. The substrate-binding and adaptor-binding domains of the
F-box/SOCS-box subunit are shown as an oval and rectangle,

respectively. The N- and C-terminal domains of the cullin are shown as
a cylinder and oval, respectively. A consistent color scheme is used for
all figures throughout this review. Ubiquitin is in orange. E2 is shown in
green with the catalytic cysteine shown as a yellow dot. The major

E3 subunit/domain is blue. Substrate-binding subunit/domains are
purple. Substrate is yellow. RING subunit or domain is red. The
adaptor subunit is in pale cyan. Individual protein subunits have a
black outline.

RING domains are replaced by residues that form buried
salt bridges and hydrogen bonds in U-boxes. First identi-
fied as a domain within the Ufd2 protein, which is required
for efficient polyubiquitylation of a model substrate [15],
U-boxes have been shown to bind E2 enzymes and to
autoubiquitylate when tested using the standard assay
for RING E3 activity (reviewed in [16]). Like RING
domains, U-boxes are typically embedded within longer
proteins that also contain domains that probably function
as protein—protein recognition motifs.

Selection of substrate by E3s

Many different types of protein—protein recognition motif
are used by E3s to select their substrates. For example, the
HECT domain E3 Rsp5/Nedd4 binds substrates through
its N-terminal WW domains [17,18]. The RING domain E3
MDM2 binds an amphiphilic helix of its p53 substrate in a
deep hydrophobic cleft [19]. ¢c-Cbl selects its substrates,
which include activated cell surface receptors, by the bind-
ing of a phosphotyrosine residue to its variant SHZ2 domain
[10°°,20]. Substrate-binding domains of the numerous E3
F-box proteins often exhibit the well-known LRR
(leucine-rich repeat) [21] or WD-40 [22] protein—protein
interaction motifs, and typically bind substrates that have
been selected for ubiquitylation by phosphorylation on ser-
ine or threonine sidechains [23]. Another post-translational

modification that leads to ubiquitylation is the recognition
of N-glycosylation on proteins that are retrotranslocated
from the endoplasmic reticulum into the cytosol [24]. The
recent structure determination of the E3 Siahla substrate-
binding domain [25] revealed an intriguing similarity with
the TRAF domain of TNF receptor-associated factors.
This similarity seems unlikely to reflect similar modes of
ligand binding, however, because the binding site in TRAF
complexes is occluded in the Siahla structure [25,26].

The recently elucidated interaction between the pVHL
subunit of the E3 VCB and its substrate, the transcription
factor HIF-10, provides an exquisite example of molecular
recognition. HIF-1a induces expression of genes that
function in response to low oxygen tension (hypoxia).
Normal oxygen levels repress the hypoxic response by
inducing ubiquitylation and subsequent degradation of
HIF-1a via hydroxylation of a HIF-1a proline using an
oxygen-stimulated prolyl hydroxylase [27-29]. The
hydroxyproline (Hyp) residue is recognized in the context
of an extended polypeptide that positions the Hyp
sidechain deep into a pocket of the pVHL [ domain,
where the hydrogen bonding requirement of the buried
Hyp hydroxyl is satisfied by sidechains Ser111 and His115
of pVHL [30°*,31°°] (Figures 2e and 4). The pVHL struc-
ture does not change upon binding the Hyp peptide and
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the position of the Hyp hydroxyl is occupied by an ordered
water molecule in the apo structure [32]. These findings
explain how hydroxylated HIF-1a is selected by pVHL, as
the constrained hydrogen bonding capacity of the specificity
pocket excludes the unmodified proline residue.

Interactions of substrate-binding and adaptor
subunits of RING subunit E3s

The RING subunit E3s SCF and VCB each recognize
substrate-binding subunits by means of their respective
adaptor subunits, Skp1 and elonginCB. Skp1 binds to the

F-box [33] and elonginCB binds to the SOCS-box [34-36]
domains of proteins that also possess a variable substrate-
binding domain. The Skpl-F-box interaction has been
revealed in two crystal structures, one a complex of Skpl
with the F-box protein Skp2 [37°] (Figure 2f), the other is
a core SCF complex comprising Skpl, the F-box fragment
of Skp2, Cull (cullin) and Rbx1 (the RING subunit) [38°°]
(Figure 2g). The F-box is a three-helix bundle that packs
against Skp1 through two interfaces (core and variable) to
bury ~3000 A2 of mostly hydrophobic surface (Figure 5a).
T'he core interface accounts for approximately two-thirds
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HECT—E2 (a) and RING—-E2 (b) interfaces. In addition to the
RING domain, c-Cbl also contacts E2 through its ordered ‘linker
sequence’ (blue).

of the buried surface area and contains residues conserved
in all Skp1 and F-box protein family members. The oppo-
site face of the F-box packs against the C-terminal helix of
Skp1 to form the variable interface, which is composed of
residues that are conserved among Skp1 orthologs, but not
between other Skpl family members or between different
F-box proteins. This structure and the observation that the
C-terminal helix of Skpl makes a significant contribution
to binding affinity [37°] suggest that the different Skpl
orthologues probably function in partnership with different
subsets of F-box proteins.

SOCS-box proteins bind to the adaptor protein elonginC,
which exists in a stable complex with the protein elonginB.

Current Opinion in Structural Biology

pVHL mainchain (pink) with selected sidechains (green) and molecular
surface (gray). The bound HIF-1a peptide is yellow and the hydrogen
bonds are red.

Consistent with the possibility of evolutionary relationships
suggested from sequence similarity, the SOCS-box adopts a
similar three-helix structure to the F-box, and elonginC and
the N-terminal portion of Skpl share similar structures
[30°*]. This relationship is highly diverged, however, as the
organization of the SOCS-box—elonginC and F-box-Skpl
interfaces are quite different, with the contacts mediated
by nonequivalent parts of Skp1 and elonginC (Figure 5).

Scaffolding and conformational changes

A striking feature of the known E3 structures is that the
substrate-recognition site is always distant from the site of
ubiquitylation. For example, the phosphotyrosine-binding
site of c-Cbl is 60 A distant from the active site cysteine of
the bound E2 enzyme [10**]. It is not known how many
residues separate the phosphotyrosine from the ubiquiti-
nated lysine(s) of c-Cbl substrates, although the compact
structure argues against significant conformational changes
and suggests a separation of at least 20 residues.

The SCF scaffolding protein, Cull, has an elongated
415-residue N-terminal domain composed of three repeats
of a novel five-helix structure and a globular 360-residue
C-terminal domain [38°°] (Figure 2g). Skpl binds at the
N-terminal tip of Cull through an interface whose conser-
vation among cullin orthologues presumably reflects the
specific pairing of different cullins with different Skpl
family members, including elonginC. The Skpl-Cull



826 Proteins

Figure 5
() (b)
Variable
Interface pVHL
SOCS box
| Fbox o
i Core -
interface
i
e,
[ )
i - - \‘\-..\_\_
& o -
:‘__. , g '1-
Skpl ElonginC
Current Opinion in Structural Biology

Interactions between adaptor and substrate-binding subunits in RING
subunit E3s. (a) F-box—Skp1 interface. The N-terminal domain of Skp1,
which is structurally similar to elonginC, is shown in cyan. The
C-terminal domain of Skp1, which contacts the F-box and does

not have a counterpart in elonginC, is displayed in green.

(b) SOCS-box—elonginC interface. The F-box and SOCS-box are in
equivalent orientations. As shown, this does not correspond to similar
orientations of elonginC and the Skp1 N-terminal domain.

interface extends to include Skp2-Cull contacts, which
are mediated in part by conserved F-box residues. At the
opposite end of the extended cullin structure, the Cull
C-terminal domain binds the RING subunit, Rbx1, by
insertion of an Rbx1 B strand into a sheet that is otherwise
comprised of strands from Cull. Sequence conservation
suggests that the equivalent interface is formed between
other cullin—RING pairs [38°°].

The SCF core structure suggests a rigidly defined archi-
tecture that does not possess significant flexibility in the
relative orientation of the various domains or subunits.
This impression is reinforced by the lack of activity in an
SCF complex constructed with a variant Cull that was
designed to have a flexible link between the Cull N- and
C-terminal domains [38°*]. Assuming both a lack of flexi-
bility and that the E2-RING interaction of SCF is the
same as for c-Cbl, it appears that the E2 active site is ~50 A
from Skp2 [38°°]. This is consistent with the at least
22-residue separation seen between the phosphothreonine
of the p27 substrate that is known to bind Skp2 and the
probable ubiquitylation sites [39].

Although the currently available RING E3 structures do
not suggest conformational change, a requirement for sub-
stantial movement is implied by the crystal structure of the
HECT domain E3 E6-AP (Figure 2a). Despite the direct
transfer of the ubiquitin C terminus from the E2 to the
HECT domain cysteine, the E2 and HECT E3 active site
thiols are 41 A apart [9]. (Cysteine residues are shown as
yellow spheres in Figure 2a.) It is currently unclear how

this distance is bridged, but significant rearrangement
must be required.

Other subunits and interactions

The possibility that the SCF and VCB E3 complexes
might contain additional subunits is suggested by compar-
ison with APC (anaphase promoting complex; cyclosome),
another RING subunit E3 that has only been visualized at
low resolution [40]. Like SCF and VCB, APC appears to
be built upon a cullin-like scaffolding protein, although
many more subunits (11 human, 12 yeast) have been iden-
tified. Thus, it is possible that the extra APC subunits have
less tightly associated counterparts in SCF and VCB.
Direct evidence has been reported for additional SCF
subunits required to bind certain substrates [41-44] and pos-
sibly to recruit the SCF core complex to kinetochores [45]
and to the RARI signaling protein [46].

Structures have been determined of the Doc domain of the
APC10 subunit from human [47] and yeast [48] APC. The
Doc domain adopts a ‘jelly roll’ fold, which has been seen
in many other protein structures and typically functions to
bind a ligand, such as a sugar, nucleotide, phospholipid,
nucleic acid or protein. Interestingly, the conserved APC10
residues cluster at the putative ligand-binding cleft and a
temperature-sensitive mutation maps to this site [49]. The
occurrence of Doc domains in several HEC'T and RING
E3s suggest that they play an important role in the ubiquity-
lation reaction [50,51], although what that role might be
and the identity of the relevant Doc domain ligands are
currently unknown.

Some APC substrates are targeted by their interaction with
the Cdc20 protein, a processes that is inhibited by the
binding of the checkpoint protein Mad2 to Cdc20. Recent
structure determinations have revealed a dramatic confor-
mational change in Mad2 upon binding to a peptide
derived from the binding motif of Cdc20 [52,53]. This
rearrangement involves displacement of two [ strands from
one edge of a B sheet to the other edge, with wrapping of
the Mad2 polypeptide chain around the bound peptide.
The same ‘seat-belt’ structure is formed in a complex of
Mad2 with Mad1, which binds to the same site on Mad2 to
regulate the Mad2-Cdc20 interaction [54].

The E2 Ubcl13 forms a stable complex with the ubiquitin
E2 variant (UEV) protein Mms2 (Figure 2d). UEV domains
share structural and sequence similarity with authentic E2s,
but lack the cysteine residue that is essential for catalytic
activity, as well as the two C-terminal helices. Mms2 per-
forms an E3-like role because the Ubc13—-Mms2 complex
catalyses the formation of polyubiquitin chains in which the
Lys63 of one ubiquitin is linked to the C terminus of its
neighbor [55,56]. Unlike Lys48-linked polyubiquitin, this
type of chain performs biological roles that do not involve
proteolysis [4]. The Ubcl3-Mms2 crystal structure
[12°°,57°] revealed an asymmetric complex in which one
end of Mms2 binds against a side of Ubc13 to create a cleft
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Figure 6

(Speculative models of E3—E2—substrate complexes with ubiquitin and
substrate. The substrate models (yellow) were positioned by overlapping
the Ubc9—RanGAP1 structure (Figure 2c) on the E2 subunit. Although
the RanGAP1 domain is not known to be a substrate for the ligase
complexes shown here, its full structure is shown to convey a sense of
scale. The thiolester-bound ubiquitin (Ub) was positioned on the E2
structure as described [65,66]. (a) SCF. This model was constructed by
overlapping equivalent parts of the Skp1—Skp2 (Figure 2f) and core
SCF complex (Figure 2g) structures. The E2 was positioned by overlap
of the RING subunit with the c-Cbl structure (Figure 2b). In these
models, the distance to the E2 cysteine residue is ~50 A from the
nearest atom of Skp2, consistent with the known sites of substrate
phosphorylation and ubiquitylation. Figure 2e shows the VCB—substrate
complex oriented after overlap of elonginC on the equivalent part of
Skp1 shown in this model. Substitution of the VCB structure into the
SCF model would position the substrate Hyp residue ~75 A from the E2
cysteine. (b) Mms2—-Ubc13. E3 RING domain and acceptor (substrate)
and donor (thiolester-bound) ubiquitins were modeled as described in
[12*]. The close overlap seen between RanGAP1 substrate and the
ubiquitin substrate support the suggestion that ubiquitin—E2 interactions
mimic those of RanGAP1-Ubc9. (c) c-Chl. The dotted yellow arrow
indicates a groove on the c-Cbl surface proposed to bind the extended
substrate between the sites of phosphotyrosine binding and
ubiquitylation [10]. This path appears incompatible with the modeled
ubiquitin. Panels (b,c) are rotated 180° about the horizontal axis
compared to the E2 orientations in panel (a) and Figure 2.

that appears appropriate to bind ubiquitin in an orientation
to form Lys63-linked chains.

The one other UEV domain of known structure is from the
Tsg101 protein, which functions in the vacuolar sorting
pathway [58], and in budding of HIV and Ebola virus par-
ticles [59-61]. This structure was determined alone [62°]
and in complex with a peptide containing the viral Gag
protein PTAP sequence [63]. It is not yet known, however,
if the Tsg101 UEV binds an E2, like Mms2-Ubc13, or if it
participates in an E3 complex.

E2 interactions with ubiquitin and substrate

It seems likely that E2 enzymes only make minimal
Pcontacts with substrate proteins, because conserved
sequence motifs around ubiquitinated lysines have not
been identified. In contrast, a tetrapeptide (W-K—x-D/E;
Y, hydrophobic; K, SUMOated lysine) sequence motif has
been established for the E2 enzyme (Ubc9) that catalyzes
conjugation to the ubiquitin-like protein SUMO [64].
Recently, the crystal structure of Ubc9 was determined in
complex with a large fragment of the SUMOylation sub-
strate RanGAP1 [11°°] (Figure 2c). Ubc9 makes specific
interactions with the consensus motif that positions the
substrate lysine N¢ atom 3.5 A from the catalytic cysteine of
the E2. As expected, the substrate lysine approaches the
E2 cysteine from the opposite direction to the thiolester-
bound SUMO/ubiquitin, which has been mapped by
analysis of chemical shift changes upon E2—-ubiquitin com-
plex formation [65,66]. One unresolved aspect of
ubiquitylation/SUMOylation is how nucleophilic attack of
the lysine on the thiol-bound ubiquitin might be promoted
by groups on E2. The emerging view is that transfer occurs
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Skp2-Fbox . E2
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©
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because the E2—ubiquitin thiolester bond is naturally labile
and the E2-E3 complex appropriately positions substrate
lysine, without need for further activation [11°°].

The close similarity between biochemical pathways of
ubiquitylation and SUMOylation suggests that ubiquityla-
tion might involve similar interactions to those seen for
Ubc9-RanGAP1, albeit in a way that is relatively insensitive
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to the identity of amino acid residues that contact E2.
We have developed this idea by overlapping the
Ubc9-RanGAP1 structure on the E2 subunit of E2-E3
complexes. For SCE, this positions the substrate, as
expected, toward the substrate-binding domain of the
F-box protein (Figure 6a). Similarly, for Ubc13-Mms2,
overlap on the E2 subunit positions RanGAP1 in the cleft
that modeling and mutagenesis suggest binds the acceptor
(substrate) ubiquitin (Figure 6b). The equivalent model-
ing exercise for c-Cbl (Figure 6¢) suggests that the
substrate-binding groove proposed by Zheng ez a/. [10°°] is
blocked by the thiolester-bound ubiquitin. This suggests
that the substrate may traverse an alternative path
between the primary substrate-binding site and the site of
ubiquitylation, although the location of the thiolester-
bound ubiquitin has not been rigorously defined for this
complex. These models show that the Ubc9—RanGAP1
interaction may mimic that of ubiquitylation substrates
with other E2 enzymes, although confirmation of this
speculation will require experimental verification.

Conclusions

Recent years have seen several landmark structure deter-
minations that have greatly advanced understanding of how
E3 complexes are assembled. Despite the considerable
progress, however, many important structural questions
remain to be answered, including questions of substrate
recognition, conformational changes, E3 activation/regula-
tion and higher order assembly. Some alternative larger E3
architectures have already been indicated, such as the APC
E3 complex and a variant SCF-like complex that assembles
on a scaffold of the adenomatous polyposis coli protein, and
tethers Siah1 and Skp1 via the SIP protein [67,68]. Future
structural studies are needed to further illuminate the
extraordinary complexity, biochemical mechanisms and
biological significance of the ubiquitylation machinery.
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