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The transfer of ubiquitin (Ub) to a substrate protein requires a
cascade of El activating, E2 conjugating, and E3 ligating
enzymes. E3 Ub ligases containing U-box and RING domains
bind both E2~Ub conjugates and substrates to facilitate transfer
of the Ub molecule. Although the overall mode of action of E3
ligases is well established, many of the mechanistic details that
determine the outcome of ubiquitination are poorly under-
stood. CHIP (carboxyl terminus of Hsc70-interacting protein) is
a U-box E3 ligase that serves as a co-chaperone to heat shock
proteins and is critical for the regulation of unfolded proteins in
the cytosol. We have performed a systematic analysis of the
interactions of CHIP with E2 conjugating enzymes and found
that only a subset bind and function. Moreover, some E2
enzymes function in pairs to create products that neither create
individually. Characterization of the products of these reactions
showed that different E2 enzymes produce different ubiquitina-
tion products, i.e. that E2 determines the outcome of Ub trans-
fer. Site-directed mutagenesis on the E2 enzymes Ube2D1 and
Ube2L3 (UbcH5a and UbcH7?) established that an SPA motif in
loop 7 of E2 is required for binding to CHIP but is not sufficient
for activation of the E2~Ub conjugate and consequent ubiquiti-
nation activity. These data support the proposal that the E2 SPA
motif provides specificity for binding to CHIP, whereas activa-
tion of the E2~Ub conjugate is derived from other molecular
determinants.

Ubiquitination is a key post-translational modification most
commonly associated with protein turnover via degradation in
the 26 S proteasome but is also involved in the regulation of
gene expression, protein activation, and localization (1, 2). To
modify a substrate, ubiquitin (Ub)? is covalently attached to a
lysine through its C-terminal glycine by the sequential action of
a cascade of three enzymes. The E1 ubiquitin-activating
enzyme uses ATP to generate a thioester bond to Ub and then
hands off the Ub to an E2 ubiquitin-conjugating enzyme via
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thioester bond transfer, a process known as charging the E2
enzyme. In the final step, the E3 ubiquitin ligase catalyzes liga-
tion of Ub to the substrate. U-box- and RING-type E3 ligases
act as scaffolds to bring together the E2~Ub conjugate and the
substrate. These E3 enzymes also play a critically important role
in activating the E2~Ub conjugate, which is otherwise unable
to efficiently transfer Ub to a substrate. Creation of polyubiqui-
tin chains is thought to occur by multiple cycles of E2 charging
and cycling through the E3-substrate complex. Recent evidence
has shown that polyubiquitination may result from the action
of combinations of E2 and E3 enzymes with separate initiation
and elongation functions (3—8). The location, length, and link-
age of ubiquitination are all important parts of the signal result-
ing from ubiquitin attachment.

Consistent with the diversity of functional roles, there are
numerous potential products that result from protein ubiquiti-
nation. Although the basic mechanisms of ubiquitination have
been established, many questions remain about the factors that
determine ubiquitination products. Part of the answer derives
from the diversity of E2 and E3 enzymes; humans have 38 E2
enzymes and >650 U-box/RING E3 ligases (1). Two important
issues yet to be fully resolved are the molecular determinants
for E2 enzyme function with a given E3 ligase and the structural
basis for activation of an E2~Ub conjugate by interaction with
the E3 ligase. These questions are particularly intriguing
because there is a great deal of structural similarity among E2
enzymes and among the U-box and RING E2-binding domains
of E3 ligases. E2 enzymes all contain a conserved catalytic core
domain that interacts with both E1 and E3 (9), and all U-box
and RING domains are structurally conserved (10, 11). Further-
more, the accumulated structures of RING and U-box domains
and their complexes with E2 enzymes reveal a conserved
E2-binding interface, and there appears to be little structural
change induced upon binding for either the U-box/RING
domain or the E2 catalytic core (12).

Although the E2 enzymes are essential, little is known about
how they affect ubiquitination outcomes. Most studies of ubiq-
uitination activity have used a single E2, typically Ube2D1
(UbcH5a), or a mixture of E2 enzymes extracted from cells. A
few recent investigations have tested differences in ubiquitina-
tion outcome for several specific E2 enzymes, but large-scale
screening is rare. The identity of the E2 enzyme in a complex
appears to determine the type of ubiquitination produced by
U-box and RING domain-containing E3 ligases (4, 5, 13-15).
The existence of trends for classes of E3 ligases is only begin-
ning to emerge. A recent yeast two-hybrid screen of RING
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domain E3 enzymes found that most bind a small number of E2
enzymes and that there are a few E2 enzymes that bind almost
every E3 enzyme (16). Thus, although some data are currently
available, more systematic screening of E2 interactions for a
range of E3 ligases is needed to detect common traits of the E2
enzymes and what role the E3 enzyme plays in the specificity of
the interaction.

CHIP (carboxyl terminus of Hsc70-interacting protein) is the
best studied of the U-box E3 ligases due to its high abundance
and critical position as a co-chaperone of Hsc70, Hsp70, and
Hsp90 (17). CHIP has been shown to be involved in regulating
the concentration, oligomerization, and toxicity of several heat
shock protein substrates, including Tau, cystic fibrosis trans-
membrane conductance regulator (CFTR), a-synuclein, and
ataxin-3 (18-21). The structure of homodimeric CHIP is
known (22). It has been established that the isolated U-box
domain binds the E2 enzyme, and two structures of CHIPU
bound to an E2 enzyme have been reported (22, 23). Here, we
report investigations into the binding and ubiquitination activ-
ity of CHIP with a set of human E2 conjugating enzymes. These
data, combined with an analysis of the type of ubiquitination
product generated by CHIP and specific E2 enzymes, were eval-
uated in the light of results reported previously for other E3
ligases and provide insights into the molecular basis for the E2
selectivity and function of CHIP.

EXPERIMENTAL PROCEDURES

DNA Constructs—A plasmid expressing Hsp70 obtained
from Jeff Brodsky (University of Pittsburgh) (24) was subcloned
into an in-house pBG102 vector containing an N-terminal His,
tag. The CHIP U-box domain (CHIPU; amino acids 218 -303)
was selected from a series of C-terminal fragments screened for
stability (see below). E2 mutants were produced following the
Stratagene QuikChange protocol.

Protein Purification—Wheat E1 (Ubal) was expressed in
Escherichia coli BL21(DE3) cells induced with 1 mm isopropyl
B-D-thiogalactopyranoside at 37 °C for 3 h. Cells were lysed in
buffer containing 50 mm Tris-HCI (pH 8), 1 mm EDTA, 5 mm
DTT, and 1 mm PMSF. After the addition of 5 mm MgCl, and
ATP, the E1 protein was purified on an Affi-Gel 10 resin loaded
with purified ubiquitin and dialyzed into 50 mm HEPES (pH
7.5)and 1 mm DTT.

All other recombinant proteins were overexpressed in E. coli
BL21(DE3) cells grown in LB or M9 minimal medium contain-
ing '>NH,Cl and [**C]glucose as needed and then induced with
0.25 mm isopropyl B-p-thiogalactopyranoside at 16 °C for
16 -20 h. Cells were lysed in 20 mm Tris (pH 7.5), 300 mm NaCl,
and 1 mm PMSF and purified by nickel resin eluting with 200
mM imidazole in the above buffer. E2 enzymes were further
purified by cation exchange using 20 mm MES (pH 6.0) and a
50-500 mMm NaCl gradient. His-tagged Hsp70 and CHIP were
cleaved with H3C protease and purified again by nickel affinity
chromatography and then size exclusion chromatography
(S75) in 100 mm NaCl and 20 mm HEPES (pH 7.5). His-Ub was
cleaved with thrombin and purified by nickel affinity chroma-
tography, followed by benzamidine-Sepharose.

NMR Spectroscopy—All data were recorded at 600 MHz (*H)
and 20 °C in buffer containing 20 mm HEPES (pH 7.5), 50 mm
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NaCl, and 1 mm DTT. All NMR data were processed with
NMRPipe (25) and analyzed with SPARKY (26). Backbone res-
onances of "’N-labeled CHIPU were assigned using a combina-
tion of standard three-dimensional experiments, including
HNCACB, HN(CO)CACB, HNCA, and HN(CO)CA. Reso-
nance assignments have been deposited at the Biological Mag-
netic Resonance Bank with accession number 17411.

Titrations used 300 uM '°N-labeled CHIPU and began with a
2:1 complex of E2-CHIPU. Intermediate ratios of 0.125, 0.25,
0.5, and 1 were produced by adding the 2:1 complex to a solu-
tion of CHIPU alone. The normalized change in chemical shift
was calculated as ((AH)* + (AN/5)%)"/2. A significant difference
was defined as >1 S.D. past the mean. Residues perturbed by
binding were defined as those with significant changes in chem-
ical shift and/or loss of intensity and line broadening through-
out the observable portion of the titration for that resonance.
Only residues that were consistently observed as perturbed
throughout a titration series were included in the final analysis
in supplemental Fig. 2.

In Vitro Ubiquitination Assays—The protocol was based on a
previously published procedure (27). CHIP autoubiquitination
proceeded with 75 nm E1, 0.6 um E2, 0.5 um CHIP, and 10 um
Ub incubated in 100 mm NaCl, 40 mMm Tris (pH 7.5), 5 mm
MgCl,, 1 mm DTT, and 5 mm ATP at 30 °C for 1 h unless indi-
cated otherwise. E2 charging was probed by incubating 150 nm
E1,2 um E2, and 10 um Ub in the above buffer without reducing
agent for 30 min. Each sample was split, and reducing or nonre-
ducing sample buffer was added. Ubiquitination of Hsp70 by
CHIP was similar to autoubiquitination reactions with 50 nm
CHIP and 40 puM Ub and the addition of 1.5 uMm Hsp70. All
reactions were separated by SDS-PAGE and either stained with
Coomassie Blue or transferred to PVDF membrane for immu-
noblotting with either mouse anti-Ub (Abcam) or rabbit anti-
CHIP (Calbiochem) antibody. Human E1 ubiquitin-activating
enzyme was purchased from Enzo Life Sciences and used for all
assays with Ube2K.

RESULTS

Any E3 ubiquitin ligase has the potential to function with
multiple E2 conjugating enzymes. CHIP in vitro ubiquitination
activity has previously been assayed for eight E2 conjugating
enzymes, with only five having activity (23, 28 —30). (To avoid
confusion, the standard Ube2x nomenclature is used in this
study (supplemental Table 1).) Of these E2 enzymes, only
Ube2D1 (UbcH5a) and Ube2N (Ubc13) have been specifically
shown to interact with CHIPU (22, 23). We initially attempted
to screen E2 binding to CHIPU using a yeast-two hybrid
approach, but the U-box bait constructs all gave false positives
during initial testing. We then turned to a combination of bind-
ing studies by NMR and in vitro ubiquitination assays to exam-
ine the molecular determinants of the CHIP E2 selectivity.

Structures of CHIPU in complex with Ube2D1 and Ube2N
have been reported, and the role of CHIP interactions with the
SPA motif in loop 7 of the E2 catalytic core domain was noted
(23). Our experiments were therefore directed toward investi-
gating the importance of the E2 SPA motif for binding and
function with CHIP. The subset of human E2 enzymes tested in
this work included all those with the loop 7 SPA motif, others
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FIGURE 1. Interaction of Ube2D1 with CHIPU. A, 800-MHz '°N-"H transverse relaxation-optimized spectroscopy-HSQC spectra for 2H,"°N-labeled CHIPU
collected in the absence (black) and presence (gray) of a 2-fold excess of Ube2D1. E2 binding to CHIPU resulted in resonance perturbations on the fast-to-
intermediate time scale. B, analysis of resonance perturbations for the spectra in A. The change in chemical shift is plotted for each observed residue, with the
dashed line showing the cutoff used for determining a significant change in chemical shift. The open bars represent resonances that were significantly
broadened but still observable following the addition of Ube2D1. Residues that were broadened beyond detection are indicated by arrows.

with conservative mutations in this motif, and a few additional
E2 enzymes selected for comparison with previously reported
studies of E2 selectivity and function.

CHIPU Binds a Subset of E2 Conjugating Enzymes—To accu-
rately characterize the binding of an E2 conjugating enzyme to
CHIPU, we turned to the well established heteronuclear NMR
approach (5, 31, 32). Four constructs of C-terminal CHIPU
were produced: 212-303, 218 -303, 223-303, and 226 -303. A
'5N-'H heteronuclear single-quantum coherence (HSQC)
NMR spectrum was collected for each protein at pH 7.0 and 293
K. The two shortest constructs (223-303 and 226-303)
appeared to be aggregated or unfolded under these conditions.
CHIP-(212-303) and CHIP-(218-303) had nearly identical
spectra; therefore, conditions were optimized for the shorter
construct, CHIP-(218 -303) (CHIPU), which was used for all
further experiments for this domain.

The *N-'H HSQC NMR spectrum of CHIPU shows dis-
persed signals indicative of a well folded globular domain (Fig. 1
and Fig. 2, black). CHIPU is a homodimer, and only one set of
NMR signals was observed, indicating that the two subunits are
identical. To perform a detailed analysis of the E2-binding site
on CHIP, backbone "H, **C, and '°N resonance assignments
were made using standard multidimensional triple-resonance
experiments (see “Experimental Procedures”). The physical
interactions of CHIPU with E2 conjugating enzymes were then
monitored by following the titration of '°N-labeled CHIPU
with unlabeled E2 by '*N-'H HSQC NMR spectra. Over the
course of the titrations, only one set of signals for the CHIPU
dimer was observed, indicating fast exchange on the NMR time
scale between free and E2-bound CHIPU.

The NMR titrations revealed two categories of E2 enzyme
binding to CHIPU, one involving specific and the other involv-
ing nonspecific interactions. Titration of a nonspecific E2
enzyme resulted in only very small perturbations of CHIPU
signals, even under conditions of 2-fold excess E2 (Fig. 2D),
indicating very weak binding. In contrast, for an E2 enzyme that
bound specifically, perturbations of the signals were observed
at substoichiometric ratios (Fig. 2, A-C), and most signals were
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lost at a 1:1 molar ratio of E2 to CHIPU. This general loss of
signals is attributed to the formation of a 2:2 E2-CHIPU com-
plex with a total molecular mass near 60 kDa, which results in a
substantial increase in the rate of spin relaxation.

To test our hypothesis about the loss of signals upon forma-
tion of the complex, a transverse relaxation-optimized spec-
troscopy-HSQC spectrum was acquired for uniformly deuter-
ated CHIPU with a 2-fold molar excess of Ube2D1 (Fig. 1A).
The transverse relaxation-optimized spectroscopy experiment
is much less sensitive to relaxation effects than the standard
HSQC experiment, so this spectrum should contain nearly all
signals. Indeed, when comparing the spectra acquired for the
free protein and the complex (Fig. 14), we observed the major-
ity of the signals and could determine chemical shift perturba-
tions due to the binding of Ube2D1. Perturbations of signals
ranged from differences in chemical shifts to increased line
width/decreased intensity to complete loss of signals, as sum-
marized in Fig. 1B. The observation of perturbations of only a
subset of resonances of CHIPU confirms the formation of a
specific complex. The observation of only one set of signals for
the CHIP dimer supports the 2:2 stoichiometry and that the
homodimer remains symmetric in the complex with E2.
Together, these results confirm that the general loss of signal
intensity in the HSQC of non-deuterated CHIPU is due to the
large size of the complex.

The results observed for all E2 enzymes tested for binding to
CHIPU were analyzed in the manner described for Ube2D1 and
are provided in supplemental Fig. 1. Of the E2 enzymes tested in
this series, eight (Ube2D1, Ube2D2, Ube2D3, Ube2E1, Ube2E2,
Ube2E3, Ube2N, and Ube2W) were found to specifically bind
CHIPU, and three (Ube2G2, Ube2K, and Ube2L3) did not. As
noted above, binding to CHIP has been shown previously for
Ube2D1 and Ube2N (22, 23). Fig. 2 (A—C) shows spectral over-
lays for NMR titrations with three different specific E2 enzymes
(Ube2D1, Ube2E3, and Ube2W), which reveal similar patterns
of chemical shift and line width perturbations of CHIPU at low
ratios of E2 (0.25:1). In contrast, the spectrum of CHIPU with
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FIGURE 2. E2-CHIPU binding is specific. Shown here is a region of '>N-"H HSQC NMR spectra for '°N-labeled CHIPU complexes with Ube2D1 (UbcH5a) (A),
Ube2E3 (UbcM2) (B), Ube2W (C), and Ube2G2 (D). Free CHIPU is shown in black, with spectra for 0.25 molar eq of E2 added in A-C and 2.0 molar eq in D in gray.
Key residues involved in binding are labeled to demonstrate that resonances that are specifically perturbed in A-C are not perturbed in D despite the higher
concentration of E2 added. The peak labeled with an asterisk visible in A, C, and D is from an impurity.

an excess of the nonspecific E2 Ube2G2 is nearly identical to the
spectrum of CHIPU alone (Fig. 2D).

Our detailed analysis of the NMR signal perturbations aris-
ing upon titration with each E2 enzyme (supplemental Fig. 1)
revealed that the specific E2 enzymes have largely similar
effects on CHIPU. The slight differences between them are pre-
sumably due to variability in the sequence. The perturbed res-
idues common to all specific E2 enzymes include Gly-233, Phe-
237, Glu-238, Arg-241, Asp-253, Asp-256, Glu-259, Asp-268,
and Arg-272, all mapping to the E2 interaction surface observed
in the crystal structure of the complex of CHIPU and Ube2N
(22). Based on the available structural models, Lys-234 —Ser-
236 should also be involved in binding to E2 enzymes; however,
we were unable to observe signals corresponding to these resi-
dues in either the free or E2-bound state of CHIPU.

We observed small chemical shift perturbations for nine res-
idues of CHIPU during titration with nonspecific E2 enzymes
(including Phe-237, Glu-238, Arg-241, Asp-253, and Arg-272)
that were also perturbed by specific E2 binding. Notably, Asp-
256, Glu-259, or Asp-268, which were strongly perturbed dur-
ing specific binding, were not perturbed by the nonspecific E2
enzymes. Our analysis suggests that nonspecific E2 enzymes
have weak contacts on one side of the E2-binding surface and
involve E2 residues in loop 7. Overall, E2 enzymes that interact
nonspecifically with CHIPU bind much more weakly and in a
different manner compared with the E2 enzymes that bind spe-
cifically to CHIPU.

Autoubiquitination of CHIP Is E2-dependent—To further
characterize E2-CHIPU interactions, we analyzed patterns in
CHIP in vitro autoubiquitination assays for a set of 14 human
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E2 conjugating enzymes selected as described above (Fig. 3).
The results of the assays were classified into four different out-
comes: 1) no products or only E2 autoubiquitination, 2)
monoubiquitination of CHIP with no Ub chains, 3) polyubig-
uitination of CHIP, and 4) formation of free polyubiquitin
chains.

The E2 enzymes that showed no ubiquitination function
with CHIP included Ube2G2, Ube2K, Ube2l.3, Ube2Q2, and
Ube2R1. To ensure that these E2 enzymes were active under the
in vitro assay conditions, the ability of the E1 activating enzyme
to charge E2 with Ub was assayed by monitoring the formation
of the DT T-sensitive E2~Ub conjugate. Although these five E2
enzymes did not function with CHIP, they all formed the
E2~Ub conjugate (supplemental Fig. 3, left panel). Of these five
E2 enzymes, Ube2G2, Ube2K, and Ube2L3 were shown not to
bind CHIPU in our NMR titrations. Although they were not
tested, we presume that Ube2Q2 and Ube2R1 also do not bind
CHIP.

Eight E2 enzymes (Ube2D1-3, Ube2E1-3, Ube2N/V1a, and
Ube2W) functioned with CHIP, and all of them have been
shown to bind specifically to the U-box domain. The hetero-
complex E2 Ube2N/Uevla (Ubc13/Uevla) is a special case and
created only free polyubiquitin chains (Fig. 3, lanes 21 and
22). This phenomenon has been attributed to the binding of
Ub by the Uev subunit, resulting in a unique orientation of
the donor and acceptor Ub molecules, which specifically
directs formation of Lys-63-linked Ub chains (33). Notably,
four of the E2 enzymes (Ube2W and Ube2E1-3) each
attached only one to three ubiquitin molecules to CHIP (Fig.
3, lanes 9—14, 27, and 28). The lack of Ub chain formation by
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FIGURE 3. CHIP functions in vitro with multiple E2 enzymes. /n vitro autoubiquitination reactions of CHIP for a panel of human E2 enzymes were incubated
at 30 °C for 1 h with and without ATP. Samples were analyzed by SDS-PAGE and immunoblotted with anti-CHIP and anti-Ub antibodies as indicated. Only the
reaction with Ube2N/Uev1a is shown for the Ub blot to demonstrate its unique production of free polyubiquitin chains.

these E2 enzymes is consistent with reports of monoubiq-
uitination at multiple sites on CHIP (4, 34). Previous specific
studies of CHIP ubiquitination with the Ube2E1-3 enzymes
are inconsistent (see supplemental Table 1): an earlier study
reported no function with Ube2E1 (UbcH6) (28), but a more
recent study observed some catalytic function with Ube2E2
(23). Here, we have clearly shown that CHIP autoubiquitina-
tion by this family of E2 enzymes results in monoubiquitina-
tion of CHIP.

The well studied and promiscuous Ube2D1-3 (UbcH5a-c)
family of E2 enzymes was observed to polyubiquitinate CHIP
(Fig. 3, lanes 3— 8). Their ability to add ubiquitin both to a sub-
strate (monoubiquitination) and to ubiquitinated proteins
(chain extension) has been attributed to the presence of a back-
side noncovalent ubiquitin-binding site (35, 36). Other possible
properties of these enzymes, such as oligomerization (e.g. Ref.
33), have been proposed as the basis for their efficient poly-
ubiquitination activity but have not been tested extensively.

Polyubiquitination via the Coupled Action of Two E2
Enzymes—Recent reports have revealed that certain E2 conju-
gating enzymes function with an E3 ligase only after the sub-
strate is already at least monoubiquitinated. For example,
Ube2K was active in autoubiquitination of BRCA1-BARD1
only in the presence of another E2 that first produces mono-
ubiquitinated protein (5). To determine whether CHIP func-
tions similarly, in vitro autoubiquitination assays were per-
formed using mixtures of E2 enzymes in a single reaction. In
one set of experiments, all tested E2 enzymes that did not func-
tion with CHIP on their own (Ube2C1, Ube2G2, Ube2K,
Ube2L3, Ube2Q2, and Ube2R1) were tested in combination
with the most efficient monoubiquitinating E2 found, Ube2W.
No polyubiquitination of CHIP was observed for any of these E2
enzymes, confirming that they do not function even with
monoubiquitinated CHIP.

To determine whether monoubiquitination can be extended
by CHIP functioning with a different E2 enzyme, in vitro ubiq-
uitination assays were performed using combinations of the
monoubiquitinating E2 enzyme Ube2E1 (UbcH6) or Ube2W
with Ube2N/Uevla, which only produces free Ub chains on its
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own. We observed that when Ube2E1 or Ube2W was comple-
mented with Ube2N/Uevla, CHIP was polyubiquitinated (Fig.
4). The addition of Ube2N/Uev1a to the reaction (lanes 5 and 6)
caused a steep reduction in the amount of monoubiquitinated
CHIP compared with the products of Ube2E1 or Ube2W alone
(lanes 3 and 4), which we attribute to the monoubiquitinated
product serving as substrate for chain extension by Ube2N/
Uevla. Compared with Ube2N/Uevla alone (lanes 7 and 8),
there was a dramatic increase in polyubiquitination and forma-
tion of high molecular mass species (lanes 5 and 6). We also
found that Ube2N/Uevla had a greater efficiency for building
Ub chains on a previously monoubiquitinated substrate relative
to building chains on free Ub. Thus, both Ube2E1 and Ube2W
are able to function together with Ube2N/Uevla to create new
products (polyubiquitinated CHIP) that neither E2 could pro-
duce alone.

Our experiments also revealed interesting differences in E2
activity rates. Figs. 3 and 4 clearly show that Ube2W was much
more efficient than Ube2E1-3 at producing monoubiquiti-
nated CHIP (Fig. 3, lanes 9—14 and 28). The same relative rates
were observed with E2 mixtures, where Ube2W together with
Ube2N/Uevla produced more of the high molecular mass
ubiquitin species than Ube2E1 did with Ube2N/Uevla. This
observation is attributed to monoubiquitination of CHIP being
the rate-limiting step for polyubiquitination under these con-
ditions. We also note that the polyubiquitinated species pro-
duced by combining E2 enzymes were smaller than those pro-
duced by Ube2D1 alone and rarely included products so large
that they were retained at the top of the gel (Fig. 4, lanes 2 and
6). This may indicate a difference in the mechanism of ubiquitin
chain extension and regulation of chain building for the Ube2D
family versus Ube2N/Uevla.

CHIP Ubiquitination of the Substrate Hsp70—W e next asked
if CHIP autoubiquitination is representative of ubiquitination
of CHIP substrates. The cellular functions of CHIP include the
ubiquitination of heat shock protein-bound substrates (30). A
role in the regulation of heat shock proteins as well has been
proposed, and it has been established that polyubiquitination of
Hsp70 by CHIP leads to its degradation by the 26 S proteasome
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FIGURE 4. In vitro polyubiquitination of CHIP by Ube2N/Uev1a acting in concert with Ube2E1 (upper panels) and Ube2W (lower panels). CHIP in vitro
autoubiquitination reactions were incubated at 30 °C for the times indicated. The products were visualized by Coomassie Blue staining or immunoblotting

using anti-CHIP and anti-Ub antibodies as indicated.

(37). Using in vitro assays, we examined the E2 dependence of
Hsp70 ubiquitination by CHIP (Fig. 5). These data show that
Hsp70 was efficiently ubiquitinated by CHIP and additionally
that the pattern of E2 dependence of Hsp70 ubiquitination by
CHIP was the same as that of CHIP autoubiquitination. In par-
ticular, we found that 1) Ube2N/Uevla did not directly ubiq-
uitinate Hsp70, 2) Ube2D1-3 polyubiquitinated CHIP, and 3)
Ube2E1-3 and Ube2W monoubiquitinated CHIP. We also
found that the combination of Ube2W and Ube2N/Uevlaled to
greater ubiquitination of Hsp70 than either E2 alone. Amongall
these similarities, we did observe one difference: the combina-
tion of Ube2E1 and Ube2N/Uevla resulted in no or very weak
Hsp70 polyubiquitination. We note that the activity of Ube2E1
alone in CHIP substrate ubiquitination appeared to be weaker
than that in CHIP autoubiquitination; however, the origin of
weaker activity in these assays remains unknown. Overall, the
ensemble of these data confirms that CHIP substrate ubiquiti-
nation is similar to autoubiquitination. Moreover, both sub-
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FIGURE 5. Ubiquitination of the CHIP substrate Hsp70 is E2-dependent. /n
vitro ubiquitination reactions of Hsp70 using CHIP as the E3 ligase and differ-
ent E2 enzymes were incubated for 1 h at 30 °C. Reaction products were sep-
arated by SDS-PAGE and visualized by Coomassie Blue staining.

strate and autoubiquitination assays indicated that the out-
come of the ubiquitination reaction depends on the identity of
the E2 conjugating enzyme.
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The E2 SPA Motif Is Required but Not Sufficient for CHIP
Binding and Function—Eight human E2 conjugating enzymes
were found to bind and function in vitro with CHIP. Thus, in
comparison with other E3 enzymes that have been studied,
CHIP appears to have a limited number of functional E2 part-
ners. In an effort to understand the structural basis for this E2
selectivity, the results from the surveys of E2 binding and ubiq-
uitination activity were used to direct sequence and structural
analyses of the factors that differentiate E2 enzymes that are
active versus inactive with CHIP.

The catalytic core is structurally conserved in all E2 enzymes,
and all utilize the same general interaction surface to bind to E3
ligases. Despite these similarities, E2 enzymes have only limited
sequence homology, and many residues at the E3-binding
interface vary. A previous study proposed that the E2 SPA motif
inloop 7 is required for CHIP recognition and binding (23), and
indeed, all eight E2 enzymes for CHIP contain this motif.
Although residues outside of E2 loop 7 are also involved in
binding, those in helix 1 are conserved across nearly all E2
enzymes, and those in loop 4 are either completely conserved or
vary widely among the E2 enzymes that bind CHIPU. There-
fore, these other residues are unlikely to be involved in the
selectivity for binding to CHIPU and distinguishing the subset
of E2 enzymes that function with CHIP.

The E2 SPA motif has a central location at the CHIP-binding
interface. We first tested the requirements of CHIP for these
exact residues by designing a series of three mutants of Ube2D1
(UbcHb5a) based on sequences found in E2 enzymes that do not
function with CHIP: Ube2D1 S94K (KPA), S94A/P95A (AAA),
and S94A (APA). We note that the KPA and AAA mutants
correspond to the naturally occurring sequences in Ube2L3 and
Ube2K, respectively.

To assess the effect of these Ube2D1 mutations, each was
tested for in vitro ubiquitination activity with CHIP. First, a
ubiquitin charging assay was performed, and all of the mutants
were shown to be charged with Ub by E1 (supplemental Fig. 3,
right panel). These observations demonstrated that the E2~Ub
intermediate could be readily formed and that the mutations
did not interfere with E1-E2 activity. However, the CHIP auto-
ubiquitination assay revealed that none of the mutants exhib-
ited activity (Fig. 6E).

All three mutants were then tested for binding to CHIPU
using NMR as described above for WT E2 enzymes (Fig. 6,
A-C). We found that none of the Ube2D1 mutants interacted
as strongly with "*N-labeled CHIPU as the WT, with no observ-
able chemical shift perturbations at a 0.25 molar ratio of E2 to
CHIPU. However, a weak interaction was observed between
Ube2D1 KPA and CHIPU for a 2-fold excess of E2, stronger
than the nonspecific binding seen for Ube2L3, which naturally
contains KPA. Nevertheless, this weak interaction is apparently
insufficient to enable activation of E2~UDb because this mutant
showed no appreciable activity in the in vitro CHIP ubiquitina-
tion assay.

To further test the importance of the SPA motif, we asked if
the SPA motif alone is sufficient for E2 binding and function
with CHIP. Our approach involved selecting an E2 enzyme that
is somewhat similar to the functional E2 enzymes but lacks the
SPA motif and engineering an SPA motif into this E2. Ube2L3
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(UbcH7) was selected for this experiment, as it showed no ubiq-
uitination activity or specific binding with CHIP. The Ube2L3
SPA mutant was prepared by mutating Lys-96 of the natural
KPA motif to serine. As opposed to the Ube2D1 mutants,
Ube2L3 SPA did show chemical shift perturbations consistent
with binding to CHIPU and nearly identical to the pattern of
binding seen for WT Ube2D1 (compare Figs. 24 and 6D). Thus,
the SPA motif on an E2 enzyme is required and appears to be
sufficient for binding to CHIPU. As Ube2L3 SPA was able to
bind CHIPU with a similar affinity to active E2 enzymes for
CHIP, we expected that this E2 might also show ubiquitination
activity. However, no activity was seen in the in vitro CHIP
autoubiquitination assay (Fig. 6E), consistent with a previous
report (23). Thus, although the SPA motif may be critical, the
presence of the motif alone and the resultant binding to CHIP
are not sufficient to support activation of the E2~Ub conjugate
and function in CHIP ubiquitination.

DISCUSSION

There is a growing recognition that ubiquitination of a sub-
strate is not strictly the product of the action of a single E2
conjugating enzyme functioning with a specific E3 ligating
enzyme. Most E3 ligases are found to function with several E2
enzymes and produce multiple types of ubiquitination signals.
The basis for selectivity of E2-E3 interactions and the mecha-
nism for producing different ubiquitin signals are currently not
well understood. Through systematic analysis of binding and in
vitro ubiquitination by the E3 ligase CHIP, we have discovered
that CHIP functions with only a few E2 enzymes and that the
product formed in ubiquitination reactions with CHIP depends
on which E2 is involved.

NMR chemical shift perturbations showed that the subset of
active E2 enzymes bound CHIP with similar affinity and at the
same CHIP-binding surface. The data are also consistent with
the previously determined K, of 1-6 um for Ubc13 (Ube2N)
binding to CHIP (22). Most of the residues in CHIPU identified
as affected by E2 binding lie on a single surface of the protein.
One additional residue consistently perturbed by E2 binding,
Val-289, lies distant from the E2-binding site. This resonance
consistently showed broadening and loss of signal intensity
upon titration with E2 enzymes, even with low amounts of E2 in
solution. Val-289 is on the opposite side of CHIP relative to the
E2 interaction surface and on a surface involved in dimerization
of the U-box (see supplemental Fig. 2). One explanation of the
observed perturbation is that binding of E2 enzymes could sta-
bilize the dimeric state of CHIPU. The chemical shift perturba-
tions observed for Val-289 may reflect an effect on exchange
between asymmetric states upon binding an E2, which could
arise from partial E2 loading of the CHIP dimer or from con-
formational exchange paralleling that observed in the intact
protein (22, 36).

E3 U-box and RING domains are structurally conserved and,
based on the available structures, generally have a conserved
E2-binding interface. Therefore, variations in the E3 sequence
for residues at the interface are likely to be key to specificity in
E2 recognition. A large screen of E2-binding partners for many
RING domain E3 ligases revealed that most E3 enzymes bind to
only a subset of E2 enzymes and that many E3 enzymes bind to
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FIGURE 6. The E2 SPA motif is required for binding and function with CHIP. Shown is a region of ">N-"HHSQC NMR spectra for >N-labeled CHIPU complexes
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Dand 2.0 molareqin Band Cin gray. Residues are labeled in D for comparison with Fig. 2. E, CHIP in vitro autoubiquitination assays with all four E2 mutants and
their respective WT proteins. The reactions were incubated for 1 h at 30 °C, separated by SDS-PAGE, and visualized by anti-CHIP antibody Western blotting.

a specific group of eight E2 enzymes (16). In addition, Klevit and
co-workers (5) surveyed all human E2 enzymes for binding to
BRCA1-BARD1 (BCBD) and found 10 E2 enzymes that bind
the BRCA1 RING domain. Here, we have shown that CHIP
binds a smaller subset of E2 enzymes than BCBD and only those
in the common group identified by Markson et al. (16) in the
large screen. Although most of the interacting E2 enzymes are
the same for BCBD and CHIP, neither Ube2K nor Ube2L3
binds to CHIP, yet both bind to BCBD. Further investigations
into the origin of these differences should provide insights in
the basis for the differential E2 selectivity of E3 ligases.

The series of wild-type and mutant E2 enzymes we have
tested confirms that CHIP requires the E2 SPA motif in loop 7
for recognition and binding. This explains why Ube2L3 and
Ube2K did not bind because they contain KPA and AAA,
respectively, at this site. However, this does not explain why
BCBD is not as selective as CHIP. We compared the sequences
and structures of CHIPU with those of the BRCA1 and c-Cbl
RING domains using the available structures (22, 23, 38 —40).
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Our comparative analysis showed several differences at the
E2-E3 interface, notably that the second loop (CHIP Val-264 —
Pro-274) is longer in BRCA1 (Lys-56 —Asp-67) (Fig. 7, A and B).
This loop in CHIP contains a bulky phenylalanine residue (Phe-
267) that results in a smaller pocket at the bottom of the E2
interface of CHIP and therefore is not expected to accommo-
date larger residues in E2 loop 7. This difference likely contrib-
utes to why CHIP binds and functions with fewer E2 enzymes
compared with BRCA1. The differences observed between the
structures of CHIPU and BRCA1 RING domains suggest that
the two E3 ligases should bind E2 conjugating enzymes differ-
ently, leading to greater differences than what we have
observed. However, the static snapshots of the E2-E3 com-
plexes do not reflect the intrinsic malleability of protein inter-
faces that may make the E3 ligases more similar than antici-
pated on this basis.

Based on the structure of an E2-CHIPU complex, it has been
previously stated that a large side chain at position 94 of E2,
such as lysine, could not be accommodated by CHIP (22). Sur-

VOLUME 286+NUMBER 24+JUNE 17, 2011



264 274
CHIP VG-HFDPVTRSP
c-Cbl EG-QGCPFCRCE
BRCA1l KGPSQCPLCKND

E2 Selectivity of the E3 Ubiquitin Ligase CHIP

D.

FIGURE 7. Comparison of the E2 interface for U-box and RING domains. A, overlay of CHIPU (blue; Protein Data Bank code 20XQ) with the c-Cbl RING domain
(red; code 1FBV) and the BRCA1 RING domain (green; code 1JM7). The coordinates were superimposed on each other by minimizing the root mean square
deviation of the backbone C-a atoms. B, U-box and RING loop 2 sequences. C, structure of the E2-E3 complex showing that c-Cbl (red; code 1FBV) can
accommodate the large residue Lys-94 in Ube2L3 (orange; code 1FBV) by rotation of Arg-420. D, model of Ube2L3-CHIP based on the alignment with c-Cbl
shownin A. The equivalent residue in CHIP, Arg-272 (light blue, code 2C2L; dark blue, code 20XQ), has a range of positions and may be able to rotate in the same

manner as c-Cbl to accommodate Lys-94.

prisingly, we found that the Ube2D1 S94K mutant does bind
and indeed binds more strongly than Ube2L3 (UbcH?7), which
naturally has KPA atloop 7. Although neither of these enzymes
was functionally active with CHIP, the structure of the c-Cbl-
Ube2L3 complex shows how the bulky Lys-94 residue could be
accommodated by rotation of CHIP Arg-272 (c-Cbl Arg-420)
down and away from E2 (Fig. 7, C and D). This position of CHIP
Arg-272 is nearly identical to what was seen in the structure of
the complex with Ube2D1 (23), but as the Ube2D1 S94K
mutant has only very weak binding, we must assume there are
other differences affecting the interaction.

Most current theories regarding the ubiquitin transfer mech-
anism require binding of E2 to E3 for both localization of Ub to
the substrate and activation of the E2~Ub conjugate for Ub
release. Although the E2~Ub conjugate is not highly stable, E3
binding significantly increases the rate of Ub release. Our stud-
ies demonstrate that CHIP stimulates ubiquitination with
most, but not all, E2 enzymes that bind to the U-box. In partic-
ular, although Ube2L3 SPA binds to CHIPU, it is not function-
ally active in ubiquitination. This observation implies that bind-
ing and activation have separable molecular determinants that
involve different residues of the E2 enzyme. We note that
BRCA1 binds WT Ube2L3 (UbcH?7) but also exhibits no ubig-
uitination activity. Huang et al. (41) studied the reaction of
Ube2L3 with c¢-Cbl and found that the E2~Ub conjugate is
more stable and binds more tightly to E3 compared with
Ube2D1. It is conceivable that the Ube2L3 protein is generally
less active or not activated by binding to U-box and RING E3
ligases, but more in-depth knowledge of the mechanism for
E2~Ub activation is required before any specific conclusions
can be drawn.

There are several reports of E2 enzymes that function in tan-
dem to polyubiquitinate a substrate. Two examples involve a
single E3 ligase that utilizes two different E2 enzymes for sub-
strate polyubiquitination (8, 14). For both the anaphase-pro-
moting complex and SCFPTRCP2 initiation of ubiquitination
can be catalyzed by the Ube2D family (Ubc4/UbcH5). The
resulting monoubiquitinated species then becomes a substrate
for polyubiquitination by Cdc34 or Ubcl, respectively. Our
observation of monoubiquitination (initiation) of CHIP and
CHIP substrate Hsp70 by either Ube2E1 or Ube2W and ubig-
uitin chain elongation by Ube2N/Uevla further supports
recent proposals that initiation and elongation of ubiquitin
chains can occur through the action of different E2 enzymes
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(3-7). Our data specifically show high molecular mass ubiquiti-
nated species formed by the coordinated action of Ube2E1 or
Ube2W with Ube2N/Uevla in CHIP autoubiquitination and in
ubiquitination of the CHIP substrate Hsp70.

With the need for rapid cycling of different E2-E3 complexes
and selectivity in forming active complexes, the ubiquitination
system requires a careful balance of specificity and plasticity.
Although there are 38 proposed E2 enzymes in humans and
despite their high structural conservation, most E3 ligases func-
tion only with a few E2 enzymes. In this work, we have shown
that CHIP functions with only a subset of E2 conjugating
enzymes. We note that this group of eight functional E2
enzymes matches a set of E2 enzymes found to share selectivity
for E3 enzymes in a screen of RING domain E3 ligases (16). All
of these E2 enzymes share the SPA motif in loop 7, which
implies that this may be a common recognition motif for other
E3 ligases that bind this subset of E2 enzymes.

Each E2 conjugating enzyme that functions with CHIP
results in ubiquitination products consistent with those seen
for the E3 ligases BRCA1-BARD1, TRAF6, and SCFP-TRCP2)
i.e. Ube2D1 always results in polyubiquitination, etc. (4, 5, 8).
This supports the idea that the outcome or type of ubiquiti-
nation (monoubiquitination, polyubiquitination, chain type)
is specified by the identity of the E2 enzyme, once activated
by binding to an E3 U-box or RING domain. We have shown
that the set of eight E2 enzymes that bind to and function
with CHIP produces a range of ubiquitination events (Fig. 3)
and also that some produce unique outcomes when com-
bined in vitro (Fig. 4). This set of E2 enzymes appears to be
able to produce all possible types of the ubiquitin post-trans-
lational modification, and a recent broad screen showed that
this same set interacts with a large number of E3 ligases (16).
Thus, it is conceivable that these E2 enzymes are a core
group for most types of ubiquitination activity, whereas
other E2 enzymes have evolved specialized and localized
functions.
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