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ABSTRACT: Post-translational modification of proteins by
ubiquitin (Ub) regulates a host of cellular processes, including
protein quality control, DNA repair, endocytosis, and cellular
signaling. In the ubiquitination cascade, a thioester-linked
conjugate between the C-terminus of Ub and the active site
cysteine of a ubiquitin-conjugating enzyme (E2) is formed.
The E2~Ub conjugate interacts with a ubiquitin ligase (E3) to
transfer Ub to a lysine residue on a target protein. The flexibly
linked E2~Ub conjugates have been shown to form a range of
structures in solution. In addition, select E2~Ub conjugates
oligomerize through a noncovalent “backside” interaction
between Ub and E2 components of different conjugates.
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Additional studies are needed to bridge the gap between the dynamic monomeric conjugates, E2~Ub oligomers, and the
mechanisms of ubiquitination. We present a new 2.35 A crystal structure of an oligomeric UbcHSc~Ub conjugate. The conjugate
forms a staggered linear oligomer that differs substantially from the “infinite spiral” helical arrangement of the only previously
reported structure of an oligomeric conjugate. Our structure also differs in intraconjugate conformation from other structurally
characterized conjugates. Despite these differences, we find that the backside interaction mode is conserved in different conjugate
oligomers and is independent of intraconjugate relative E2—UDb orientations. We delineate a common intraconjugate E2-binding
surface on Ub. In addition, we demonstrate that an E3 CHIP (carboxyl terminus of Hsp70 interacting protein) interacts directly
with UbcHSc~Ub oligomers, not only with conjugate monomers. These results provide insights into the conformational
diversity of E2~Ub conjugates and conjugate oligomers, and into their compatibility and interactions with E3s, which have

important consequences for the ubiquitination process.

biquitination is a widely utilized post-translational

modification that regulates numerous cellular pro-
cesses." ™ In the initial step of a ubiquitination cascade, the
C-terminus of ubiquitin (Ub) is activated in an ATP-dependent
manner by a ubiquitin-activating enzyme (E1). The C-terminus
of Ub is thereupon linked to the E1 active site cysteine through
a thioester bond and subsequently transferred to the active site
cysteine of a ubiquitin-conjugating (E2) enzyme." The resulting
thioester-linked E2~Ub conjugate interacts with a ubiquitin
ligase (E3), which also binds to a target protein. RING- or U-
box-type E3s promote the direct transfer of Ub from the
E2~Ub conjugate to a target protein lysine, resulting in the
formation of an isopeptide bond between the lysine e-amino
group and the C-terminus of Ub.** In contrast, HECT- or
RING-in-between-RING (RBR)-type E3s promote the transfer
of Ub to an active site cysteine of the E3 followed by
subsequent formation of an isopeptide bond between Ub and a
substrate lysine.%” In some cases, the substrate N-terminal
amine, rather than an internal lysine, is ubiquitinated.8 In
addition to target protein lysines, the e-amino group of any of
the seven lysines within Ub or the amino terminus of Ub can be
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ubiquitinated, leading to the formation of linear or branched
polyubiquitin chains.” The well-studied Lys48-linked poly-
ubiquitin chain is utilized for protein degradation by the 26S
proteasome.’ Other polyubiquitin chains participate in a variety
of cellular pathways; for example, Lys63-linked chains regulate
DNA repair and transcription.l’3

In general, the topology of an elongating polyubiquitin chain
is determined by the identity of both the E2 and the E3.>'""
The human genome encodes approximately 35 E2s and
hundreds of E3s. E3s are known to simultaneously bind the
E2~Ub conjugate and target protein, but the mechanism of Ub
transfer remains elusive. A number of studies have examined
conformational changes within E3s that may bring target lysine
residues near the active site of the E2~Ub conjugate.m_16 In
addition, E3s are known to increase the rate of release of Ub
from the E2~Ub conjugate, even in the absence of a target
protein.”'” E3 enzymes may directly influence the conforma-
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tions of key catalytic residues in the active site of the E2~Ub
conjugate to enhance the Ub release rate.

While E3s adopt multiple, divergent architectures, E2
enzymes share a conserved a/f topology.18 While structural
characterization of conjugates is substantially more challenging
than characterization of free E2 enzymes, there are now five
structures of E2~Ub conjugates in the Protein Data Bank
(PDB). Crystal structures include those of the Ubcl3~Ub
conjugate in complex with Mms2 (PDB entry 2gmi)," the
UbcHSb~Ub conju(gate in complex with NEDD4L-HECT
(PDB entry 3jw0),”’ and an isolated UbcH5b~Ub conjugate
(PDB entry 3a33).' NMR structural models of E2~Ub
conjugates, based on Monte Carlo docking using NMR
chemical shift perturbation or cross saturation data, include
those of the thioester-linked Ubcl~Ub conjugate (PDB entry
1fxt)** and a disulfide-linked UbcH8—S—S—Ub conjugate
(PDB entry 2kjh).*® The backbone structures of the E2 and
Ub moieties in the conjugates do not deviate significantly from
isolated E2 or Ub structures. However, the orientations of Ub
relative to the E2 vary distinctly between these structures. The
conformational landscape of E2~Ub conjugates in solution has
only recently been examined.** Analysis of UbcHSc~Ub and
Ubc13~Ub conjugates by NMR and small-angle X-ray
scattering (SAXS) shows that UbcHSc~Ub and Ubcl3~Ub
conjugates exhibit a range of conformations in solution.”*

Intriguingly, conju%ates of a subclass of E2 enzymes form
oligomers in solution.”>° This oligomerization is mediated by
the trans interaction of the Ub of one conjugate with a so-called
“backside” interaction surface on the E2 enzyme of another
conjugate. Mutagenic disruption of this interaction prevents
oligomerization but also greatly inhibits the ability of these E2
enzymes to generate polyubiquitin chains, suggesting that
oligomerization facilitates ubiquitin chain extension.”® Oligo-
merization may be another mechanism that allows distally
located substrate lysines or growing ubiquitin chains to access
E2~Ub conjugates. In addition, there is evidence that the
backside interaction may modulate the E2 active site and
promote catalysis and ubiquitin transfer directly.”"** Oligome-
rization and the backside interaction were initially identified
and characterized by solution NMR techniques. Subsequently, a
crystal structure of a UbcHSb~Ub conjugate (PDB entry 3a33)
exhibited this interaction in the context of the crystal lattice.”!
A resulting “infinite spiral” oligomeric arrangement of
conjugates in this lattice was proposed to accurately represent
the state of the conjugate oligomer in solution. It was unclear
whether conjugate oligomers exclusively adopt this spiral
arrangement.

Additional examinations of the relation among E2~Ub
conformations, E2 active site conformation, and conjugate
oligomerization would provide clues about the activation of
E2~Ub conjugates by E3s and about how substrates access
these conjugates. In this report, we describe a new crystal
structure of the UbcHSc~Ub conjugate in space group P12,1 at
235 A resolution. The structure shows both a new intra-
conjugate conformation and a novel staggered linear oligomeric
arrangement mediated through the canonical backside inter-
action. Our structure of the UbcHSc~Ub conjugate demon-
strates that UbcHS5~Ub oligomerization does not require a
specific relative intraconjugate Ub orientation. Our structure
also suggests that extensive conformational variability is
accommodated, and likely present, in conjugate oligomers.
Docking of oligomeric conjugates onto E3 structures shows
that neither oligomeric arrangement conflicts sterically with
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even relatively large ligases. By comparing the structure of the
UbcHSc~Ub conjugate to structures of other E2~Ub
conjugates, we identify a common Ub surface used in
intraconjugate E2—Ub interactions. Finally, we show that the
E3 CHIP (carboxyl terminus of Hsp70 interacting protein)
interacts directly with UbcHSc~Ub oligomers in solution,
showing that E3s may indeed recruit such oligomers to facilitate
polyubiquitination.

B EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Formation of the
UbcH5c~Ub Conjugate. Protein expression in Escherichia
coli (BL21 star DE3) was induced by 200 M IPTG followed
by shaking for 18 h at 16 °C. Human UbcHSc (HsUbcHSc)
was expressed from the pET28N vector (available from
Addgene.org) and purified as previously described.*’ Human
UbcHSb (HsUbcHSb) and human full-length CHIP [His,-
HsCHIP(1—303)] were expressed from pGST-parallel-2 and
pHis-parallel-2 vectors, respectively, and purified as previously
described.>> Reactions to produce the UbcHSc~Ub or
UbcHSb~Ub conjugate utilized active site Cys-to-Ser (C85S)
mutants of the respective E2 enzymes to generate oxyester-
linked E2~Ub conjugates. Ser-to-Arg (S22R) mutations were
added to the UbcHS enzymes to produce oligomerization
deficient E2~Ub conjugates.25 Conjugation reactions were
perfomed by mixing 10 #M human E1, 600 yM mammalian
Ub, 300 uM E2 enzyme [HsUbcHSc(C8SS), HsUbcHSb-
(C85S), or HsUbcHSb(C85S/S22R)], S mM MgCl,, and 2.5
mM ATP followed by incubation at 30 °C for 6 h. The
UbcHS5~Ub conjugate was purified from conjugation reactions
by gel filtration on Superdex 75 resin (GE Healthcare)
equilibrated with 25 mM HEPES (pH 7) and 50 mM NaCl
The purity of UbcH5~Ub gel filtration fractions was assessed
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE). The UbcHS~Ub conjugate was concentrated
to 0.9 mM prior to its use in crystallization trials.

Crystallization and X-ray Data Collection. Crystals of
the human UbcHSc(C85S)~Ub oxyester conjugate were
grown by sitting drop vapor diffusion at 293 K in 0.4 uL
drops. Sitting drops, consisting of a 1:1 ratio of the
UbcHSc~Ub conjugate (0.9 mM) and a reservoir solution,
were prepared using a Crystal Gryphon liquid handling robot
(Art Robbins Instruments). Initial screening was conducted
using the sparse-matrix crystallization screens JCSG Core I-IV
(Qiagen). Optimization of initial screening hits identified an
optimal reservoir solution that consisted of 200 mM
tripotassium citrate and 20% PEG 3350. Resulting single
crystals were cryoprotected in LV CryoOil (MiTeGen). X-ray
diffraction data were collected with a Cu Ka source (1.5418 A
wavelength) using a Rigaku MicroMax-007HF generator and a
Rigaku Saturn 944+ CCD detector. Data reduction was
conducted using d*TREK.>

Structure Solution and Refinement. Phases for the 2.35
A data set were calculated by molecular replacement utilizing
the PHASER* component of PHENIX*® using the following
search models: PDB entry 3tgd for UbcHSc and PDB entry
lubq for Ub. A single molecular replacement solution was
found in space group PI12;1. The molecular replacement
solution was subjected to automated rebuilding in PHENIX
with RESOLVE,*® followed by rounds of iterative refinement
(PHENIX) and model building in COOT.” The refinement
protocol used isotropic atomic displacement parameters for all
atoms and TLS motion analysis for protein chains.*® All
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molecular structure figures were prepared with PyMOL.*® The
atomic coordinates and structure factors have been deposited in
the PDB (entry 3ugb). Stereochemical and geometric analyses
of the structure of the UbcHSc~Ub conjugate were performed
using MolProbity.***!

UbcH5~Ub Conjugate Pull-Down Assays. Full-length
His¢-HsCHIP(1—303) was bound to His Mag Sepharose Ni
resin (GE Healthcare) by incubation of 40 uL of a resin
suspension with 20 uL of 20 uM Hise-HsCHIP(1—303) for 2 h
at 4 °C in 25 mM HEPES (pH 7), 150 mM NaCl, and 5 mM
imidazole. Unbound CHIP was removed by washing the His
Mag Sepharose Ni resin with four separate washes of bead wash
buffer [S00 uL of 25 mM HEPES (pH 7), 150 mM NaCl, and §
mM imidazole]. Increasing volumes of 20 yM HsUbcHSb-
(C858)~Ub or 20 uM HsUbcHSb(C85S/S22R)~Ub con-
jugate were added to tubes containing full-length CHIP bound
to His Mag Sepharose Ni resin and incubated for 3 h at 4 °C in
bead wash buffer. The unbound UbcHSb~Ub conjugate was
removed by washing the samples with 500 uL of wash buffer.
Protein was eluted from His Mag Sepharose Ni resin by
addition of 30 pL of 25 mM HEPES (pH 7), 150 mM NaCl,
and 500 mM imidazole. SDS—PAGE samples were separated
on a 12.5% polyacrylamide gel. UbcH5b~Ub conjugate input
lanes were loaded with 10 uL of a sample comprised of 20 uL
of 2X SDS—PAGE buffer (Fisher) and 20 uL of 20 uM
UbcHSb~Ub conjugate. CHIP input lanes were loaded with 10
uL of a sample comprised of 30 uL of 2X SDS—PAGE buffer
and 30 uL of CHIP eluted from His Mag Sepharose Ni resin.
All other lanes were loaded with 10 uL of 30 uL of 2X SDS—
PAGE buffer and 30 uL of a CHIP/UbcHS~Ub mixture eluted
from His Mag Sepharose Ni resin. Following electrophoresis,
gels were stained with IRDye Blue Protein Stain (LI-COR) and
imaged using an Odyssey infrared imaging system (LI-COR)
with detection at 700 nm. CHIP and UbcHSb~Ub conjugate
band intensities were quantitated using Image Studio (LI-COR).
For each sample, the UbcHSb~Ub conjugate band intensity
was compared to the intensity of full-length CHIP in the same
sample. UbcHSb~Ub conjugate and CHIP band intensities
were calibrated against inputs of known quantity. Calibration
and data plotting were perfomed with Prism (GraphPad).

Ca—Ca Molecular Contact and Sanson—Flamsteed
Orientation Plots. Ca—Ca contact distance plots for intra-
and intermolecular interactions between E2 and Ub chains
were calculated for PDB entries 3ugb (UbcHSc~Ub), 3a33
(UbcHSb~Ub), 3jw0 (UbcHSb~Ub in complex with the
NEDDA4L-HECT), 2gmi (Ubc13~Ub in complex with Mms2),
1fxt (Ubcl~Ub), 2kjh (UbcH8—S—S—Ub), and 2fuh (UbcHS-
b-Ub noncovalent complex). For the NMR structures of PDB
entries 2fuh, 2kjh, and 1fxt, the lowest-energy conformer was
selected for all analyses. Contact distance plots were calculated
using the Bio.PDB module within BioPython.*” Briefly, Ca—Ca
distance matrices were generated for select E2 and Ub pairs
within each PDB file. These distance matrices were then
plotted as a heat map using matplotlib* with a distance cutoff
of 15 A.

Sanson—Flamsteed plots were calculated using the Bio.PDB
module within BioPython and the basemap toolkit within
matplotlib. Briefly, the centers of mass (COMs) for the E2-
conjugated ubiquitin chains in PDB entries 3ugb, 3a33, 3jw0,
2gmi, 1fxt, and 2kjh were calculated using the Bio.PDB module.
A vector between each Ub COM and the Ub-conjugated serine
OG or cysteine SG atom on the respective E2 was calculated
using numerical python (numpy). The E2 OG—Ub COM
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vector was converted into spherical polar coordinates using
numpy and plotted as a Sanson—Flamsteed projection plot
using the basemap toolkit within matplotlib. Sanson—Flamsteed
plots for conformers within UbcHSc~Ub and Ubcl3~Ub
SAXS ensembles were calculated in an identical fashion.

Ub Hot Spot Analysis. Ca—Ca distance matrices
generated for each E2~Ub structure using BioPython were
utilized to identify the residues most commonly used by Ub to
bind E2 through intraconjugate interactions. A Ub hot spot
score was calculated following the procedure described by
Winget and Mayor.** For every Ub residue within each E2~Ub
structure, the minimal distance to the E2 was calculated. The
numbers of occurrences of minimal Ca—Ca distances of <10 A
were summed across all E2~Ub structures, yielding the hot
spot score (Figure S1 of the Supporting Information). Coloring
of the hot spot score was scaled on the basis of the number of
interactions for a given residue.

B RESULTS

X-ray Crystal Structure of the Oxyester-Linked
UbcH5c~Ub Conjugate. We determined the structure of
the oxyester-linked UbcHSc~UDb conjugate by X-ray crystallog-
raphy in space group P12,1 at 2.35 A resolution (Table 1 and
Figure 1A). A simulated annealing omit map confirms the
correct placement of the covalent linkage between the UbcHSc
Ser85 side chain hydroxyl oxygen and the C-terminal Ub Gly76
carbonyl carbon (Figure 1B). Electron density within a 2F, —
F. map clearly identifies the UbcHSc~Ub oxyester linkage and
surrounding active site residues and bound water molecules
(Figure S2 of the Supporting Information). Residues
surrounding the UbcHSc active site, including the conserved
Asp117 and Asn77, are poised to stabilize the C-terminus of Ub
(Figure 1C). UbcHSc Asn77 does not contact the C-terminus
of Ub directly but rather provides a key pair of hydrogen bonds
that stabilize the UbcHSc Asp117-Pro118 loop. In contrast, the
UbcHSc Aspll7 side chain interacts directly with the C-
terminus of Ub via a water-mediated hydrogen bond network.
In addition to interactions between the UbcHSc active site and
the C-terminus of Ub, intraconjugate contacts between Ub and
UbcHSc are mediated by UbcHSc helix a3 residues Prol21,
Glul22, and Argl25 and Ub al—f3 loop residues Glu34,
Gly3s, Ile36, and GIn40 (Figure 1D).

Orientation of Ubiquitin in Structures of the E2~Ub
Conjugate. The orientation of Ub within E2~Ub conjugates
was previously examined by SAXS and NMR analyses of
structures of Ubcl3~Ub and UbcHSc~Ub conjugates in
solution.** These analyses demonstrated that only a continuum
of models, varying among “closed”, “open”, and “backbent”
states, satisfies the SAXS and NMR data for these conjugates.
The closed state is defined as an orientation in which the Ub is
positioned against E2 crossover helix a2 (see Figure 1A for
secondary structure labeling of E2 enzymes and Ub). In
contrast, the open state places Ub below the E2 active site in a
position with limited E2—Ub contacts. The structure of the
UbcHSc~Ub conjugate presented here (PDB entry 3ugb) and
the two crystal structures of the UbcHSb~Ub conjugate (PDB
entries 3jw0 and 3a33) provide crystallographic evidence for
backbent (PDB entries 3233 and 3ugb) and open (PDB entry
3jw0) states (Figure 2A). The backbent state is defined as an
orientation that folds the Ub “backward” against E2 loop 2, 4, S,
or 6. Currently, the UbcHS subfamily (UbcHSa, UbcHSb, and
UbcHSc, with sequences that are 88% identical and 98%
similar) is the only E2 for which multiple E2~Ub conjugate
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Table 1. Crystallographic Data Collection and Refinement

Statistics

HsUbcHSc(1—147)(C85S)~HsUb(1-76)

Data Collection”

X-ray source
wavelength (A)
space group
cell dimensions
a, b, c (A)
a, B, v (deg)
resolution (A)
Rierge”
R,.°
(1/o1)?
Wilson B factor (A?)
completeness (%)
redundancy
no. of reflections

no. of unique reflections

resolution (A)
no. of reflections for refinement
Reyork/ Reree
no. of atoms
protein
water
glycerol
average B factor
protein
water
glycerol
root-mean-square deviation
bond lengths (A)
bond angles (deg)

Ramachandran plot statistics
(%)
favored regions
allowed regions
disallowed regions
MolProbity validation statistics
poor rotamers (%)
Cp deviations >0.25 A
clash score
clash percentile
score
score percentile
PDB entry

Rigaku MicroMax-007HF
1.5418
P12,1

420, 52.5, 53.1
90, 101.1, 90
52.51-2.35 (2.43-2.35)
0.048 (0.204)
0.053 (0.239)
192 (5.0)
413

97.1 (78.2)
49 (3.1)
45575

9319

Refinement

29.57-2.35
9298
0.211/0.253

1766
128
12

45.3
46.1
60.0

0.014
1.071

982 (214/218)
100.0 (218/218)
0.0

0.0

0

16.55

76th percentile (N = 335, 2.35 + 0.25 A)
1.72

98th percentile (N = 9377, 2.35 + 0.25 A)
3ugb

“Values in parentheses are for the highest-resolution shell “The
merging R factor is defined as Ry = YL (hkl) — I(hkI)I]/
(XS L (hkD)]. “The redundancy-indpendent merging R factor® is

defined as R, = (

thl{ [N/(N -

DX IL(hKD) — I(hKI)I)/

(X L(hkD)]. %1/cT) denotes the averaged signal-to-noise ratio.

structures are deposited in the PDB. The other structures of the
Ubc13~Ub (PDB entry 2gmi), Ubcl~Ub (PDB entry 1fxt),
and UbcH8—S—S—Ub (PDB entry 2kjh) conjugates corre-
spond to closed (PDB entry 1fxt) and backbent (PDB entries
2gmi and 2kjh) states, respectively (Figure 2B—D). In addition,
a model of the Ube2s~Ub conjugate was reported*” that places
the Ub in the closed state (Figure S3 of the Supporting
Information), similar to that of the Ubcl~Ub conjugate (PDB
entry 1fxt).
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- |

C.\. I“ UbcH5¢

UbcH5~Ub
active site

" — UbcH5c
Arg125

Figure 1. Structure of the UbcHSc~Ub conjugate. (A) Cartoon
representation of the UbcHSc~Ub conjugate. The amino and carboxy
termini of UbcHSc (yellow) and Ub (cyan) are labeled N and C,
respectively. Secondary structure elements of UbcHSc and Ub are
labeled & or 5. (B) Close-up highlighting the oxyester bond between
UbcHSc Ser85 and Ub Gly76. Water molecules are shown as red
spheres, and the electron density for a simulated annealing omit map
(dark blue) is contoured at 1o. (C) C-Terminal tail of Ub participating
in a water-mediated hydrogen bond network (black dashes) with the
UbcHSc Aspl17 side chain and UbcHSc Pro118 backbone. UbcHSc
Asn77 provides supporting hydrogen bonds (purple dashes) that
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Figure 1. continued

stabilize the UbcHSc Asp117-Pro118 loop. For the sake of clarity, the
hydrogen-bonded water molecule is labeled “HOH” and only the side
chains of UbcHSc Asn77, UbcHSc Ser8S, UbcHSc Aspll7, and

axis orientations in electron microscopy.48 We used a Sanson—
Flamsteed plot of the Ub center of mass with respect to the E2
active site to compare the relative orientations of Ub in
different conjugate structures (Figure 2E). Although no two
E2~Ub conjugate structures have identical Ub positions, some

UbcHSc Proll8 are shown. (D) Intraconjugate contacts between
UbcHSc and Ub utilize a water-mediated hydrogen bond network
involving residues UbcHSc Pro121, UbcHSc Glul22, UbcHSc Argl2S5,
Ub Glu34, Ub Gly3S, and Ub GIn40.

commonalities are present. PDB entries 3ugb and 2kjh
(backbent state) and PDB entry 1fxt and the Ube2s~Ub
conjugate (closed state) (Figure 2E and Figure S3 of the
Supporting Information) exhibit the most similar relative Ub
orientations. Furthermore, the Sanson—Flamsteed plot clearly
delineates the difference between solution phase SAXS
ensembles for UbcHSc~Ub (Figure 2F) and Ubcl3~Ub

Sanson—Flamsteed plots have been used to describe tensor
orientations for NMR residual dipolar couplings*®*” and tilt

(backbent)
PDB 3ugb (Ub)

(backbent) B C

backbent
PDB 3a33 (Ub) : B 2kjh (U)b)
- f »

PDB 1fxt (Ub)

active site (closed)

(backbent)
(backbent)
(backbent)

(closed)

/ \ . j \ cu? bent)
E2 Active Site ] 1 t s ]

4 1 ¥ gmit = YV,
\ 4 Jugb ‘7- / 2 “" 2

(backbent)
(backbent)
¢ =0to 360° \

F SAXS Ensemble - UbcH5c (¢)

s

\ . y
,E2 Active Site -

Sugh | o/
e o

Figure 2. Relative orientations of known E2~Ub conjugate structures in the PDB. (A) Three distinct Ub positions within structures of UbcH5~Ub
conjugates: PDB entry 3ugb for UbcHSc~Ub (Ub, cyan; UbcHSc, gray), PDB entry 3a33 for UbcHSb~Ub (Ub, orange; UbcHSc, gray), and PDB
entry 3jw0 for UbcHSb~Ub (Ub, yellow; UbcHSb, gray). An arrow denotes the location of the E2~Ub active site. (B) Structures of E2~Ub
conjugates exhibit a range of Ub positions: PDB entry 3ugb for UbcHSc~Ub (Ub, cyan; UbcHSc, gray), PDB entry 3a33 for UbcHSb~Ub (Ub,
orange; UbcHSc, gray), PDB entry 3jw0 for UbcHSb~Ub (Ub, yellow; UbcHSb, gray), PDB entry 2gmi for Ubc13~Ub (Ub, magenta; Ubcl3,
gray), PDB entry 1fxt for Ubcl~Ub (Ub, brown; Ubcl, gray), and PDB entry 2kjh for UbcH8—S—S—Ub (Ub, blue; UbcHS, gray). (C) Ninety
degree rotation of panel B about the x-axis. (D) Ninety degree rotation of panel C about the y-axis. (E) Sanson—Flamsteed plot corresponding to the
structural overlay in panel D indicating the orientation of the Ub center of mass with respect to the E2 active site Ser OG or Cys SG atom in PDB
entries 1fxt (brown), 2gmi (magenta), 2kjh (blue), 3233 (oran%e), 3jw0 (yellow), and 3ugb (cyan). (F) Sanson—Flamsteed plot from panel E with
the 20 members of the UbcHSc~Ub SAXS ensemble (green).2 (G) Sanson—Flamsteed plot from panel E with the 20 members of the Ubc13~Ub
SAXS ensemble (black).”*
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Figure 3. Intraconjugate Ca—Ca contact distance plots. Ca—Ca intraconjugate contact distance plots for PDB entries 3ugb (UbcHSc~Ub), 3a33
(UbcHSb~Ub), 3jw0 (UbcHSb~Ub with NEDD4L-HECT), 2gmi (Ubc13~Ub with Mms2), 2kjh (UbcH8—S—S—Ub), and 1fxt (Ubcl~Ub)
indicate E2~Ub residue pairs separated by a distance of <15 A. For each structure, Ub residues are shown on the y-axis and E2 residues are shown
on the x-axis. A color bar associated with each plot indicates the Ca—Ca contact distance.

(Figure 2G) conjugates. While members of the UbcHSc SAXS
ensemble occupy a range of Ub positions, members of the
Ubc13 ensemble form discrete clusters matching the closed and
backbent states.

Interestingly, the relative orientation of Ub does not correlate
with the solvent accessible surface area (SASA) of the E2~Ub
active site ester bond (Table S1 of the Supporting Information)
calculated with WHATIFE.* For example, of the four backbent
state structures (PDB entries 2gmi, 2kjh, 3a33, and 3ugb), three
can be classified as accessible (2gmi, 2kjh, and 3a33) while the
fourth is more occluded (3ugb). The average active site SASA
of the backbent state accessible structures is 12.86 A* compared
to 6.26 A” for the single backbent state occluded structure.
Furthermore, the active site SASA values for the two closed
structures (PDB entry 1fxt and Ube2s~Ub) are markedly
different. The active site SASA is 11.40 A’ in PDB entry 1fxt
but only 6.13 A* for Ube2s~Ub. The active site SASA for PDB
entry 3jw0, the only open state structure, is 5.37 A%, within 1 A
of that of the occluded backbent state structure of PDB entry
3ugb and the occluded closed state model Ube2s~Ub. These
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results suggest that Ub orientation does not directly dictate the
accessibility of the E2~Ub thioester bond.

Specific Interactions Potentiate Ub Orientations. An
examination of all six E2~UDb structures using Ca—Ca contact
distance plots allows for rapid identification of specific
interactions between the E2 and Ub (Figure 3). Although all
E2~Ub structures exhibit close contacts between the C-
terminus of Ub and the E2 active site, each structure also
contains additional interactions. An initial analysis of Ca—Ca
contact distance plots reveals commonalities that group the
structures into four distinct groups.

Interactions between Ub residues 8—10 and 35—40 and helix
a3 of E2 characterize the first group, comprised of PDB entries
3ugb (UbcHSc~Ub) and 2kjh (UbcH8-S—S—Ub). The
primary difference between the two structures is a slight
relative rotation that places the f1—/2 loop of Ub closer to the
E2 in PDB entry 2kjh, while the a1—/3 loop of Ub is closer in
PDB entry 3ugb. Both PDB entries 2kjh and 3ugb are examples
of the backbent state. The second group includes PDB entries
2gmi (Ubcl3~Ub with Mms2) and 3a33 (UbcHSb~Ub),
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which represent variations on the backbent state. Although the
orientations of Ub are different for PDB entries 2gmi and 3a33,
the E2 interaction surface is nearly identical, with interactions
limited to the E2 active site and the 33—f4 loop of E2.

The third group contains a single member, PDB entry 3jw0
(UbcHSb~Ub with NEDD4L-HECT). Although the
UbcHS~Ub complex prefers the open state in solution,”* the
only crystal structure in an open state is that of the
UbcHSb~Ub complex with NEDD4L-HECT (PDB entry
3jw0), in which the extended position of the Ub is stabilized by
interactions with NEDD4L-HECT. In the absence of a third
protein (the HECT domain), such an extended conjugate
structure would not form a stable crystal lattice. The Ca—Ca
contact distance plot of PDB entry 3jw0 (Figure 3) shows the
limited nature of E2—UDb contacts for this open state structure.
The Ca—Ca contact distance plot of PDB entry 3jw0 indicates
residues 39 and 40 near the beginning of Ub strand f3 that
most closely approach E2. Interestingly, these residues are also
involved in E2—Ub contacts in the UbcHSc~Ub (PDB entry
3ugb) and UbcHSb~Ub (PDB entry 3a33) backbent
structures.

The single member of the fourth group, PDB entry 1fxt
(Ubcl~Ub), is the only closed state structure in the PDB.
Intermolecular contacts in this structure and in the Ube2s~Ub
model (Figure S3 of the Supporting Information) are primarily
mediated by the hydrophobic face of Ub Ile44. Although these
contacts are unique to the closed state, other E2—Ub contacts
involving residues in the $1—/2 loop of Ub are similar to those
in the backbent state structures of PDB entries 2gmi
(Ubc13~Ub) and 2kjh (UbcH8—S—S—Ub).

The patterns of Ca—Ca contacts across different E2
enzymes and variable intraconjugate relative Ub orientations
indicate that a relatively limited subset of Ub residues mediate
interaction with the E2. To highlight the key interacting
residues, we converted the E2~Ub Ca—Ca contact distance
plots (Figure 3) into a Ub hot spot score, following the
protocol of Winget and Mayor.** A heat map produced from
the Ub hot spot score was used to color residues of Ub (Figure
4 AB and Figure S1 of the Supporting Information). Residues
8—11, 36, 39, 71, and 73—76 are the Ub epitopes most
commonly involved in intraconjugate interactions. These
residues map to a single face of Ub formed by loops 1 and 3
and the C-terminal tail. A closer examination of the E2~Ub
structures emphasizes that each E2~Ub structure uses nearly
the same face of Ub to interact with the E2.

UbcH5 and the Backside Interaction. The UbcHS-Ub
backside interaction was first reported by Brzovic et al.>* The
NMR structure of the noncovalent UbcHSc-Ub complex (PDB
entry 2fuh) identified intimate contacts between the f-sheet of
UbcHSc and the hydrophobic face of Ub Ile44 and the
p4—a3,, loop (Figure SA). E2-Ub backside interactions are
present in models of noncovalent Ube2g2-Ub and Ubc2b-Ub
complexes®' and in a crystal structure of a noncovalent
(unconjugated) UbcHSa-Ub complex (PDB entry 3ptf).>
Backside-mediated contacts have also been observed between
the E2 Ubc9 and the small ubiquitin-like modifier
(SUMO).>** The first example of the backside interaction in
the context of E2~Ub conjugates was observed in the crystal
structure of the UbcHSb~Ub conjugate in space group P6,22
(PDB entry 3a33).>" Our new structure of the UbcH5c~Ub
conjugate in space group P12,1 provides additional crystallo-
graphic evidence of the backside interaction in an E2~Ub
conjugate (Figure SA). Ca—Ca contact distance plots for the
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Gly35

Ub Hot Spot Score

Figure 4. Ubiquitin intraconjugate E2 interaction hot spot mapping.
(A) Cartoon representation of Ub residues (PDB entry lubq) colored
by the Ub hot spot score as determined according to the degree of
participation in intraconjugate interaction with the E2 for PDB entries
1fxt, 2gmi, 2kjh, 3a33, 3jw0, and 3ugb. The side chain atoms of
residues most commonly participating in intraconjugate interactions
with the E2 are shown as sticks. (B) Surface representation of panel A.
A color bar indicates coloring used to represent the hot spot score in
panels A and B.

UbcHS-Ub backside interaction within both UbcHS~Ub
structures demonstrate that each structure utilizes a nearly
identical pattern of E2-Ub contacts (Figure S4 of the
Supporting Information).

Structural Variability and Diversity in UbcH5~Ub
Conjugate Oligomerization. Extensive line broadenin.
observed in NMR spectra of UbcH5~Ub conjugates”
suggested that the UbcHS-Ub backside interaction causes
UbcHS~Ub conjugates to form higher-order oligomers. The
first crystal structure of an oligomerized conjugate (UbcHS-
b~Ub)*! revealed an infinite spiral oligomer (Figure 5B). The
structure presented here (PDB entry 3ugb) demonstrates a
second architecture for UbcHS~UDb oligomers, in which the Ub
orientation results in a staggered linear array oligomer (Figure
SC). The UbcHS~Ub structures of PDB entries 3233 and 3ugb
demonstrate that the UbcHS-Ub backside interaction is
compatible with multiple relative Ub orientations. Additionally,
the positions of UbcHS molecules within the staggered linear
array result in E2-E2 interactions (Figure SD). Such
interactions were fredicted in the original UbcHS~Ub backside
interaction study”> but are not present in the infinite spiral
oligomer (PDB entry 3a33). The E2-E2 interaction surface
within the staggered linear array comprises a surface area of 330
A? as calculated with PISA.>® The interactions at this E2-E2
interface include a water-mediated hydrogen bond network, a
salt bridge between Glul40 and Lys66, and a cation—x
interaction between Argl36 and HisSS (Figure SD). Despite
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Figure S. Canonical UbcHS-Ub backside interaction and relative intraconjugate Ub orientation determine the geometry of UbcH5~Ub oligomers.
(A) The positions of ubiquitin chains participating in a backside interaction with UbcHS (white) are nearly identical for PDB entries 3ugb (cyan),
3a33 (orange), and 2fuh (blue). (B) The relative orientations of UbcHSb and Ub in PDB entry 3a33 in combination with the UbcHS-Ub backside
interaction produce an infinite spiral of UbcHSb~Ub molecules. (C) The relative orientations of UbcHSc and Ub in PDB entry 3ugb in combination
with the UbcHS-Ub backside interaction create an infinite staggered linear array of UbcHSc~Ub molecules. (D) Residues mediating contacts
between UbcHSc molecules from neighboring conjugates in the staggered linear array are shown as sticks. Water molecules are shown as red spheres.
Hydrogen bonds and salt bridges are shown as dashed lines (black). For panels B—D, UbcHS molecules are colored red, orange, yellow, green, blue,

or purple and all Ub molecules are colored white.

the addition of the E2-E2 interface in the staggered linear
UbcHS~Ub oligomers, the two architectures result in similar
total buried surface areas, because of the different orientations
of Ub in the two oligomers. A staggered linear UbcHS5c~Ub
dimer buries a surface area of 1725 A% while an infinite spiral
UbcHSb~Ub dimer buries a surface area of 1700 A%

E3 Ubiquitin Ligase CHIP Interacts with UbcH5~Ub
Conjugate Oligomers. Existing structures of UbcHS in
complex with both HECT- and RING/U-box-type E3 enzymes
do not occlude the UbcHS residues involved in backside-
mediated oligomerization. While E3s should be able to bind
directly to directly to such oligomers, this interaction has not
been experimentally verified. We therefore performed pull-
down assays with the U-box-type ligase CHIP and
UbcHSb~Ub conjugates. We first bound Hiss-tagged CHIP
to Ni-coated magnetic beads and probed them with increasing
concentrations of the oligomerization deficient UbcHSb(C85S/
S22R)~Ub conjugate. The UbcHSb S22R mutation prevents
backside-mediated oligomerization, resulting in a monomeric
UbcHS~Ub species, but does not perturb the interaction
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between CHIP and UbcHSb. The pull-down assays (Figure
6A) indicate that CHIP interacts with the monomeric
conjugate in a saturable manner (Figure 6C). In contrast,
CHIP pulls down a larger quantity of oligomerization-
competent UbcHSb(C85S)~Ub conjugate that increases
linearly with the addition of the conjugate and does not
become saturated within the range examined (Figure 6B).
These results demonstrate that CHIP interacts directly with an
oligomerized UbcHS~UDb conjugate. In our experiment, on the
basis of a comparison of the intensities of the respective
UbcHSb(C85S)~Ub and UbcHSb(C85S/S22R)~Ub bands to
the intensities of input controls (data not shown), each CHIP-
bound conjugate oligomer is comprised of four UbcH5~Ub
conjugates on average. The trend seen in Figure 6C suggests
that UbcH5~Ub oligomers bound to CHIP may contain even
higher numbers of conjugate molecules.

B DISCUSSION

E2~Ub conjugates play a central role in the ubiquitination
cascade. The structure of the UbcHSc~Ub conjugate adds to a

dx.doi.org/10.1021/bi300058m | Biochemistry 2012, 51, 4175—4187



Biochemistry

A Input  UbcHSb(C85S/S22R)-Ub added
05x 1x 2x 3x 4x 5x 6x
HschP + — + + + + + + +

UbcH5b(C85S/S22Ry~-Ub — + + + + + + + +

His-CHIP

UbcH5b(C855/S22R)~Ub

B In put UbcH5b(C85S)~Ub added
0.5x 1x 2x 3x 4x bx 6x
Hschp + — + + + + + + +
UbcH5b(C85S)~Ub — =+ =+ + + + + + +
His-CHIP
UbcH5b(C855)~Ub e - -
5 =
—i— UbcH5(C85S)~Ub
4~ —e—UbcH5b(C855/522R)~Ub

w
1

N
1

-
1

o

T T T T T T T T T T
3 4 5 6

Molar equivalents of UbcH5~Ub added

moles UbcH5~Ub bound / moles CHIP

o
e
N

Figure 6. Interaction of UbcHS~Ub conjugate oligomers with the U-
box-type E3 CHIP. (A) Full-length Hiss-CHIP, bound to Ni-coated
magnetic beads, was used to pull down the backside-mediated
oligomerization deficient HsUbcHSb(C85S/S22R)~Ub conjugate
(A) or the backside-mediated oligomerization competent HsUbcHSb-
(C85S)~Ub conjugate (B) at the indicated molar equivalents. Eluted
CHIP and UbcHSb~Ub conjugate in panels A and B were analyzed by
SDS—PAGE. Gels were stained with IRDye Blue Protein Stain (LI-
COR) and detected by fluorescence imaging at 700 nm. (C) LI-COR-
quantified UbcH5~Ub band intensities were compared to the eluted
CHIP intensity within the same lane, calibrated against input bands
and plotted as a function of the number of molar equivalents of the
UbcHSb~Ub conjugate added. Data points represent the average of
three separate trials, with error bars indicating the standard deviation.

small but growing library of E2~Ub conjugate structures and
allows for insights into the effect of Ub orientation on active
site accessibility, organization, and intra- and interconjugate
interactions. Here we find that UbcH5~Ub conjugates are not
limited to the previously reported infinite spiral arrangement
and can also adopt a linearly staggered arrangement. The
UbcHS-Ub backside interaction is maintained in both
oligomers and is not constrained by the variable intraconjugate
Ub orientation.

Are extended oligomers that result from iteration of the
UbcHS-Ub backside interaction compatible with E3 ubiquitin
ligases? We found direct evidence of an interaction between a
U-box-type E3 and UbcHS~Ub oligomers (Figure 6). We
examined the compatibility of the two structurally characterized
UbcHS5~Ub conjugate oligomers with the UbcHS-interacting
domains of representative E3 ubiquitin ligases. We docked both
the staggered linear array and infinite spiral UbcHS5~Ub
oligomers onto U-box and HECT domains using the structure
of UbcHSa in complex with the U-box domain of CHIP** and
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the structure of the UbcHSb~Ub conjugate in complex with
the HECT domain of NEDD4L*® (Figure S5 of the Supporting
Information). The staggered linear array and infinite spiral
UbcHS~Ub oligomers are tolerated in both docked models
without any steric clashes. We extended the docking analysis by
using the full-length structures of CHIP** and the Cull-RbxI-
Skp1-Skp2 SCF ligase, a multisubunit RING-type ligase.>® Both
architectures are accommodated by full-length CHIP and SCF
ligases without any steric clashes (Figure S6 of the Supporting
Information). Both oligomers extend away from the E3s, and
no E3-conjugate interactions are evident other than the E2-E3
interaction surface between the E3 RING/U-box domains and
the “initiating” E2s of the oligomers that are present in the
original crystal structures.

Throughout the staggered linear array and infinite spiral
UbcHS~Ub oligomeric chains, the RING/U-box E3 binding
site is unobstructed. The extended oligomers thus contain
many potentially accessible RING/U-box E3 binding sites,
suggesting that more than one E3 may bind to a UbcH5~Ub
oligomeric assembly. While our pull-down experiment does not
allow us to distinguish between this possibility and the
possibility that the E3 binds only to the initiating conjugate
in the oligomer, a closer examination of modeled E3-Ub-
cHS~Ub complexes (Figures S5 and S6 of the Supporting
Information) provides insight. HECT domains bind Ub in an
orientation that does not allow for a simultaneous backside
interaction, as the noncovalently interacting E2 would clash
with the HECT domain. Most likely, HECT-type ligases
therefore bind only to the initiating conjugate. Such a steric
restriction does not apply to the CHIP or SCF ligases,
suggesting that these RING/U-box E3s are able to bind at
multiple sites along an oligomer. However, Deshaies and co-
workers showed that formation of a transient closed state is
required for E3-mediated ubiquitination by the E2 enzyme
Cdc34, and likely also by UbcHS.*° In the closed state, the
canonical Ub Ile44 binding surface is occluded by the E2 and
cannot participate in the backside interaction. However, the E2
backside binding surface of a closed state conjugate is
unobstructed and competent for binding ubiquitin. This
suggests that the closed state could be allowed for the initiating
conjugate but not for other conjugates in the oligomer. Thus, if
ubiquitination is to proceed, the mechanistic requirement of a
closed state Ub orientation may limit RING/U-box E3s to
binding only the initiating conjugate.

Solution phase studies indicate that the Ub orientation is
dynamic,”**" implying that UbcH5~Ub oligomers might also
be dynamic. Models of CHIP and SCF ligases in complex with
UbcHS~Ub oligomers (Figure S6 of the Supporting
Information) suggest that a wide range of conformationally
dynamic UbcHS5~Ub oligomers are accommodated by RING/
U-box E3 ubiquitin ligases. The range of possible UbcH5~Ub
oligomers can be represented by combining the UbcHS-Ub
backside interaction with intraconjugate Ub orientations that
are compatible with UbcH5~Ub oligomerization. Unlike the
closed state, open and backbent state Ub orientations are
compatible with the UbcHS5~Ub backside interaction and
could occur anywhere within an E2~Ub conjugate oligomer.
Combinations of UbcHS~Ub conjugates with intraconjugate
Ub orientations from the UbcHSb~Ub (PDB entry 3a33) and
UbcHSc~Ub (PDB entry 3ugb) structures could produce
many distinct oligomers (Figure S7A of the Supporting
Information). For example, a chain assembly of four
UbcHS~Ub conjugates utilizing the two Ub orientations
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Figure 7. Comparison of molecular environments surrounding the active site of the E2~Ub conjugate. (A) Comparison of E2~Ub active site
environments for PDB entries 3ugb (UbcHSc, white; Ub, cyan), 3a33 (UbcHSb, white; Ub, orange),21 and 3jw0 (UbcHSb, white; Ub, yellow).20 A
zoomed-out cartoon view highlights the location of the E2~Ub active site. (B) E2~Ub active site environment for PDB entry 3ugb (UbcHSc, white;
Ub, cyan). (C) E2~Ub active site environment for PDB entry 3jw0 (UbcHSb, white; Ub, yellow). (D) E2~Ub active site environment for PDB
entry 3a33 (UbcHSb, white; Ub, orange). (E) E2~Ub active site environment for PDB entry 1zSs (Ubc9, green; SUMO, brown; RanGAPI,

purple).”"
brown; RanGAP1, purple).

(F) Comparison of E2~Ub active site environments for PDB entries 3a33 (UbcHSb, white; Ub, orange) and 1zSs (Ubc9, green; SUMO,

from PDB entries 3a33 and 3ugb could form eight (2°)
different isomers. However, the topology of conjugate
oligomers is likely even less constrained than that suggested
by the two current oligomeric crystal structures. An ensemble
of 20 E2~Ub orientations was required to fully reproduce the
experimental SAXS curve for the UbcHSc~Ub conjugate.”* If
we limit the available UbcHS~UDb orientations to those found
in current E2~UDb structures that are compatible with backside-
mediated oligomerization (five structures, PDB entries 2gmi,
2kjh, 3a33, 3jw0, and 3ugb), an oligomer comprised of four
UbcHS~Ub conjugates could form as many as 125 (S°)
different isomers (Figure S7B—F of the Supporting Informa-
tion). The diversity of possible E2~Ub oligomer topologies, in
combination with the conformational dynamics observed by
SAXS and NMR, suggests that that UbcH5~UDb oligomers are
likely to be conformationally diverse and dynamic. While the
staggered linear array and infinite spiral architectures are
currently the only structurally characterized UbcHS~Ub
oligomers, these architectures probably represent only two of
many UbcHS~Ub conjugate oligomers.

The continuum of transiently occupied open, closed, and
backbent states identified by SAXS and NMR analyses** and by
the E2~Ub structures discussed here may have important
functional consequences apart from their effects on oligome-
rization. For one, with the exception of the closed state model
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of PDB entry 1fxt (Ubcl~Ub), it is significant that none of the
structures utilize the canonical recognition surface of Ub Ile44
for intraconjugate interactions. The 144 surface is engaged by
the majority of known ubiquitin-binding domains.>” The use of
a noncanonical Ub recognition surface could allow the exposed
surface of Ub Ile44 to participate in additional interactions in
larger ternary complexes, such as those suggested by models of
the interactions among Ub, the ZNF216 A20-like zinc finger
ubiquitin bindin ng domain, and the ubiquitin-associated (UBA)
domain of p62.”>" Additionally, exposure of the surface of Ub
Ile44 in an E2~Ub conjugate would allow for engagement with
ubiquitin binding domains on proteins that undergo self-
ubiquitination even in the absence of E3s.>

The transiently occupied states of the conjugate may also
have more direct implications for catalysis and ubiquitin
transfer. Our comparison of active site SASA suggests that the
relative orientation of Ub does not dictate the accessibility of
the active site thioester bond. However, solvent accessibility is
not the sole requirement for active site competency. Previous
studies have shown that both a conserved asparagine (UbcHS
Asn77)® and a conserved aspartate (UbcHS Asp117)”% play
critical roles in the transfer of Ub to lysines. Although the
specific roles of these two residues remain to be experimentally
confirmed, it has been proposed that that UbcHS Asn77
stabilizes the oxyanion and hydrogen bonds to the Ub Gly76
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carbonyl prior to Ub transfer, while UbcHS Asp117 is thought
to act as a general base, both deprotonating and lowering the
pK, of the incoming lysine. Interestingly, the positions and
orientations of the Ub backbone at the thioester and the key
active site residues UbcHS Asn77, UbcHS Aspl117, and UbcHS
Ser8S (Figure 7A) differ in the three available UbcHS~Ub
structures (PDB entries 3a33, 3jw0, and 3ugb).

In our UbcHSc~Ub structure [PDB entry 3ugb (Figure
7B)], the Ub backbone participates in a water-mediated
hydrogen bond to the side chain of UbcHS Asp117. UbcHS
Asn77 stabilizes the UbcHS Asp117-Pro118 loop and is not in
position to form a hydrogen bond with the carbonyl of Ub
Gly76. UbcHS Asn77-mediated stabilization of the Aspll7-
Prol18 loop is observed in both PDB entries 3ugb
(UbcHSc~Ub) and 2gmi (Ubcl3~Ub with Mms2). In
contrast, the UbcHSb~Ub structure in complex with
NEDDA4L-HECT exhibits a different active site organization.
In this structure [PDB entry 3jw0 (Figure 7C)], UbcHS
Aspl117 is disengaged from the Ub backbone, allowing rotation
of the Ub backbone toward UbcHS Asn77. The UbcH5b~Ub
structure [PDB entry 3a33 (Figure 7D)] presents a third,
distinct active site organization. In this structure, the backbone
carbonyl of Ub Gly76 is hydrogen-bonded to the side chain of
UbcHS Asn77, a position that may allow UbcHS Asn77 to
stabilize the oxyanion upon attack by a lysine. Furthermore,
UbcHS Aspl17 does not interact with the C-terminus of Ub
but may be poised for interaction with an incoming lysine.
While there are no transition state structures, or post-Ub
transfer structures for the UbcHS—Ub system, a structure of
Ubc9 in complex with SUMOylated RanGAP1°" (Figure 7E)
provides clues about the organization of the E2 active site after
Ub transfer. Intriguingly, the active site organizations for the
UbcHSb~Ub structure (PDB entry 3a33) and the Ubc9-Ran-
GAP1~SUMO complex (PDB entry 1zSs) are remarkably
similar (Figure 7F). In both structures, Ub Gly76 (SUMO
Gly96) is in position to interact with the side chain of E2
Asn77. Additionally, the position of the side chain of E2
Aspll7 is similarly disengaged from the Ub or SUMO
backbone in both structures.

The difference in active site orientations among the
UbcHS5~Ub structures thus raises an interesting question.
What is the relationship among relative Ub orientation, active
site organization, and active site activation? Although the closed
state Ub orientation has been shown to be important for
activating Ub transfer by aminolysis,*® the absence of a
UbcHS~Ub or E2~Ub closed state structure in which side
chain orientations have been explicitly determined prevents a
direct comparison to the existing UbcH5~Ub structures. The
relationship between E2~Ub active site organization and Ub
orientation may be important for E2 enzymes that interact with
different families of E3 enzymes. For example, the UbcHS
family of E2 enzymes participates in Ub transfer with RING-,
U-box-, and HECT-type E3s with widely divergent architec-
tures. It is unlikely that interactions with RING/U-box-type
versus HECT-type E3 enzymes result in identical or even
similar relative Ub orientations. The E2~Ub active site must
nevertheless be activated or made competent for activation, to
allow for E3-mediated nucleophilic attack and ubiquitin
transfer. The ability to tune the E2~Ub active site reactivity
by altering Ub orientation may allow the E2~Ub conjugate to
be competent for Ub transfer via aminolysis or transthiolation,

depending upon the identity of the E3.
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The number of E2~Ub conjugate structures deposited in the
PDB is now beginning to reach a critical mass that allows for
insights into the mechanisms underlying ubiquitination.
Nevertheless, additional structures of E2~Ub conjugates are
still needed. In particular, E2~Ub conjugate structures in
complex with a range of E3 enzymes may show whether the
mechanisms of ubiquitination are specific to each class of E3
enzymes or whether more general mechanisms exist.
Furthermore, structures of E2~Ub conjugates from additional
E2 families will shed light on the role of both intra- and
interconjugate E2—Ub interactions. For the UbcHS family of
E2~Ub conjugates, transition state or pre- and post-transition
state structures would contribute significantly to our under-
standing of the molecular mechanisms of ubiquitination.
Although a transition state structure including the oxyanion
intermediate poses a difficult challenge to structural biology,
recent advances in synthetically modified Ub moieties®>~** may
provide potential avenues for approaching the characterization
of pre- and post-transition state structures. While much work
remains to be completed on the road to characterizing the
mechanisms of E3-mediated ubiquitination, the structure of the
UbcHSc~Ub conjugate presented here provides valuable
insights into intraconjugate E2-Ub interactions, the organ-
ization of the E2~Ub active site, and the dynamic, versatile
architecture of E2~Ub conjugate oligomers.
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