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Abstract

OTUBL is a Lys48-specific deubiquitinating enzyme that forms a complex in vivo with E2
ubiquitin conjugating enzymes including UBC13 and UBCH5. OTUBL1 binds to E2~Ub thioester
intermediates and prevent ubiquitin transfer, thereby non-catalytically inhibiting accumulation of
polyubiquitin. We report here that a second role of OTUB1-E2 interactions is to stimulate OTUB1
cleavage of Lys48 polyubiquitin, and that this stimulation is regulated by the ratio of charged to
uncharged E2 and by the concentration of Lys48-linked polyubiquitin and free ubiquitin.
Structural and biochemical studies of human and worm OTUB1 and UBCH5B show that the E2
stimulates binding of the Lys48 polyubiquitin substrate by stabilizing folding of the OTUB1 N-
terminal ubiquitin-binding helix. Our results suggest that OTUB1-E2 complexes in the cell are
poised to regulate polyubiquitin chain elongation or degradation in response to changing levels of
E2 charging and available free ubiquitin.

Introduction

Ubiquitination plays a pivotal role in regulating a broad range of physiological processes
including proteasomal degradation, transcription, membrane trafficking and the DNA
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damage responsel. Substrates are modified through the E1, E2, E3 enzyme cascade with a
single ubiquitin or with different types of polyubiquitin chains distinguished by the
particular ubiquitin lysine through which one ubiquitin is joined to the nextl.
Deubiquitinating enzymes (DUBS) remove ubiquitin from substrates as well as disassemble
polyubiquitin chains?3. The balance between the opposing activities of ubiquitinating and
deubiquitinating enzymes thus plays a central role in modulating ubiquitin signaling by
determining the levels and distribution of ubiquitination in the cell.

OTUBL is a deubiquitinating enzyme that belongs to the OTU family of cysteine proteases?
and is highly specific for cleaving Lys48-linked polyubiquitin chains®. OTUB1 has been
implicated in regulating diverse processes including T cell anergy®, virus-triggered
interferon 1 induction’ and stabilization of p538, estrogen receptor o and clAP10. Although
the catalytic residues of OTUB1 are conserved across species?, this enzyme was
unexpectedly found to play a non-catalytic role in inhibiting accumulation of Lys63-linked
polyubiquitin in the DNA double strand break responsell. OTUB1 inhibits Lys63
polyubiquitin chain synthesis by the E2, UBC13 (UBE2N), in a manner that does not require
OTUBL1 DUB activity, but that depends upon ~40 residues N-terminal to the OTUB1
catalytic domain®l. Interestingly, OTUB1 also inhibits other E2 enzymes including
UBCHS5A-C (UBE2D1-3) and UBCH6 (UBE2E1)!! and has been found in complex with
these E2 enzymes in cells11:12, although the biological significance of these observations is
not yet known.

Structural studies of UBC1313 and UBCH5B14 demonstrated that OTUB1 binds directly to
the E2~Ub thioester and holds the donor ubiquitin in its proximal ubiquitin binding site,
which includes the OTUB1 N-terminal residues shown to be critical for inhibition11.
OTUBL binding to the charged E2~Ub is allosterically regulated by an additional free
ubiquitin monomer that binds to the OTUBL1 distal ubiquitin-binding site, triggering
conformational changes that favor binding of the UBC13~Ub donor ubiquitin in the OTUB1
proximal sitel3. These include a conformational change in the globular OTU domain and
folding of ~21 N-terminal residues to form a ubiquitin-binding helix!3. The allosteric
communication between proximal and distal ubiquitin binding sites® thus helps to drive
formation of a complex between OTUB1 and charged E2 enzymes. The relative
configuration of proximal and distal ubiquitins mimics Lys48 diubiquitin, indicating that
OTUBL specificity for Lys48 isopeptide linkages as well as the allosteric communication
between proximal and distal sites® has been adapted for noncatalytic inhibition of E2
enzymes. The requirement for the binding of a free ubiquitin monomer to OTUBL1 raised the
interesting possibility that changes in cellular ubiquitin concentrations might regulate the
ability of OTUBL to inhibit E2 enzymes.

The repressive complex formed by OTUB1 binding to charged E2~Ub and free ubiquitin
presumably interferes with OTUB1 DUB activity by occupying both proximal and distal
ubiquitin-binding sites of OTUB1, thus precluding binding of a Lys48 polyubiquitin
substrate. OTUB1 can also bind to uncharged E2 enzymes1:13, which should not prevent
binding of Lys48 polyubiquitin substrate. Based on this observation, we set out to
investigate whether E2 enzymes might influence OTUB1 isopeptidase activity. Here we
report a new role for OTUB1-E2 interactions in stimulating the K48 DUB activity of
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OTUBL. We find that OTUB1 DUB activity is strongly simulated by selected E2 enzymes,
and that this stimulation is dependent on whether the E2 enzymes are charged with ubiquitin
as well as on the concentration of free ubiquitin. The relative proportion of charged and
uncharged E2s and the concentration of both Lys48 chains and free ubiquitin determine the
balance between OTUB1-E2 complexes, which actively cleave Lys48 polyubiquitin chains,
and inhibited OTUB1-Ub-E2~Ub complexes, which block both OTUB1 DUB activity and
E2 ubiquitin conjugating activity. Our results show that a portion of the E2 partners of
OTUBL are not charged in cells, indicating that many of the OTUB1-E2 complexes in vivo
are active as DUBs. OTUB1-E2 complexes are thus poised to serve a dual role in regulating
levels of ubiquitin conjugation in response to fluctuations in E2 charging and available free
ubiquitin.

E2 enzymes stimulate OTUB1 Lys48 deubiquitinating activity

To test the effect that E2 enzymes might have on OTUBL activity, we measured the ability
of OTUBL to cleave Lys48-linked diubiquitin in the presence of eleven human E2 enzymes.
We unexpectedly found that five of the E2s tested, UBCH5A-C, UBE2W and UBCHS,
strongly stimulate Lys48-diubiquitin cleavage by OTUBL in a FRET-based assay (Fig. 1a).
With the exception of UBE2W, these enzymes had previously been shown to interact with
OTUB1112, Syrprisingly, UBC13, which is inhibited by OTUB1, did not stimulate OTUB1
as strongly as the other activating E2s. We assayed OTUBL stimulation as a function of
UBCHS5B concentration and found that half-maximal stimulation of OTUBL cleavage
activity occurred at 0.5 UM UBCH5B (Fig. 1b) (Supplementary Table 1). To confirm that
the observed stimulation was not assay-dependent, we used a gel-based assay to verify that
UBCH5B stimulates OTUBL1 cleavage of native Lys48-linked diubiquitin (Fig. 1c and
Supplementary Fig. 1). In the absence of UBCH5B, OTUB1 consumed all of the diubiquitin
substrate in 60 minutes, while OTUB1 processed the same amount of diubiquitin in 3
minutes when UBCH5B was present. No difference in stimulation was observed in cleavage
of di-, tri- and tetraubiquitin substrates (Supplementary Fig. 2), indicating that E2
stimulation of OTUB1 DUB activity is independent of polyubiquitin chain length.

To gain insight into how OTUBL1 isopeptidase activity is stimulated, we determined steady-
state kinetic parameters for Lys48 diubiquitin cleavage by OTUBL1 in the presence and
absence of UBCH5B (Fig. 1d and Supplementary Table 2). UBCH5B reduced the Ky, of
OTUBL for Lys48 diubiquitin to 1/35% of its value in the absence of UBCH5B (from 120
UM to 3.4 uM), but had no effect on ke (0.035 s™1 and 0.036 s~1 in the presence and
absence of UBCHS5B, respectively). Thes results indicate that UBCH5B stimulates OTUB1
by increasing its affinity for the Lys48 diubiquitin substrate.

E2 interactions mediate OTUB1 stimulation and inhibition

Since the ubiquitin monomers in inhibited OTUB1-Ub-E2~Ub complexes3:14 apparently
mimic the binding of Lys48 diubiquitin, we first asked whether the same residues in OTUB1
that are involved in inhibiting E2 enzymes are also required for the ability of OTUBLI to be
stimulated by E2s. An OTUB1T134R sybstitution in the catalytic OTU domain that disrupts
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binding to UBCH5B was previously shown to reduce OTUBL inhibition of UBCH5B
ubiquitin conjugating activityl4. We assayed the ability of OTUB1T134R to be stimulated by
UBCHS5B and found that this mutant was insensitive to UBCH5B, suggesting that the same
OTUB1-E2 interface is needed for both stimulation and inhibition (Fig. 2a). Since the N-
terminal residues of OTUBLI that precede the OTU domain form a proximal ubiquitin-
binding helix that plays an essential role in E2 inhibition, we asked whether E2 stimulation
of OTUBL1 activity similarly requires the OTUB1 N-terminus. As shown in Figure 2b,
deletion of the 15 N-terminal residues of OTUB1 did not affect its ability to be stimulated
by UBCHS5B, whereas deletion of the first 30 N-terminal residues completely disrupted
stimulation. These results are consistent with a role for the OTUB1 N-terminal helix similar
to that in the OTUB1-Ub-UBC13~Ub inhibited complex, in which the first 23 residues are
disordered while residues 24-44 form a ubiquitin-binding helix13

The importance of the OTUB1 N-terminal helix to its ability to be stimulated by UBCH5B,
together with the role of these N-terminal residues in forming the proximal ubiquitin-
binding site of OTUB1%13.14, suggested that UBCH5B may increase OTUBL1 affinity for
Lys48 diubiquitin via the proximal ubiquitin-binding site. Based on this interpretation, we
hypothesized that UBCH5B would not stimulate OTUBL cleavage of ubiquitin-AMC, a
substrate that binds to the distal ubiquitin-binding site of OTUB1 but contains an amide-
linked fluorophore (amino methyl coumarin) in place of a proximal ubiquitin. Indeed,
UBCHS5B did not stimulate ubiquitin-AMC cleavage by OTUBL (Fig. 2c), consistent with
the idea that UCH5B increases the affinity of OTUBL for the proximal ubiquitin in Lys48
diubiquitin but does not affect substrate binding to the distal ubiquitin-binding site.

Structural basis for stabilization of OTUB1 N-terminus by E2

Our results suggested that UBCH5B stimulates binding of the Lys48-linked proximal
ubiquitin to the OTUB1 N-terminal ubiquitin binding helix. These residues, which are N-
terminal to the OTU catalytic domain, are disordered in the apoenzymel3.15 put form an
alpha helix when OTUBL is bound to both distal ubiquitin and charged UBC13~Ub3 or
UBCH5B~Ub!4. In the absence of a structure of OTUB1 bound to Lys48 diubiquitin and
E2, we took advantage of the observation that the two ubiquitins bound to the proximal and
distal sites of OTUB1 mimic the binding of Lys48 diubiquitinl3-14 to examine the structural
effect of E2 binding on the N-terminal ubiquitin binding helix of OTUB1. The reported
structures, however, do not show direct contacts between the E2 and the OTUB1 N-terminal
arm, possibly due to limits in data resolution and order3:14. In addition, the structure of the
UBCHS5B repression complex contains UBCH5B fused directly to a truncated OTUBL N-
terminal helix!4, and thus does not address how an untethered OTUB1 N-terminus might
contact UBCHS5B. We therefore determined a 1.9 A resolution crystal structure of
UBCH5BC855~Ub bound to OTUB1 containing ubiquitin aldehyde (Ubal) bound to its distal
site (data collection and refinement statistics shown in Table 1). The structure contains a
hybrid OTUBL1 containing the N-terminal 45 residues of human OTUB1 and the OTU
domain of worm OTUB1, which was used in previous structural studies of the OTUB1-
Ubal-UBC13~Ub repression complex!3. The human UBCHS5B protein contained an active
site C85S mutation, which was used to generate an oxyester linkage between the E2 and the
ubiquitin C-terminus, rather than the more labile thioester. In the present structure, the N-
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terminal 22 residues of OTUBLI are disordered, while residues 23 — 44 (hOTUB1
numbering) form a well-ordered alpha helix, consistent with the effect of N-terminal
deletions on stimulation by UBCH5B (Fig. 3a and Supplementary Fig. 3). A Lys48
isopeptide linkage between the two ubiquitins can be readily modeled through minor
adjustments of the proximal Lys48 side chain and the distal ubiquitin aldehyde C-terminus,
which is covalently linked to the OTUBL active site cysteine by a thiohemiacetal bond
(Supplementary Fig. 4). This structure was therefore used as a model for OTUB1 bound to a
true Lys48-linked diubiquitin substrate and UBCH5B.

The structure of the OTUB1-Ubal-UBCH5B~Ub complex reveals a network of direct and
water-mediated contacts between UBCH5B and the N-terminal helix of OTUBL that could
stabilize folding of the OTUBL1 N-terminus. OTUBL1 residue Glu28 is sandwiched between
UBCHS5B residues Lys66 and Arg90 and OTUB1-Asp35 hydrogen bonds with UBCH5B-
Lys63, while OTUB1-Leu24 forms hydrophobic interactions with UBCH5B-Leu 119 (Fig.
3a). In addition, there are extensive contacts between the C-terminal tail of the proximal
ubiquitin and the OTUB1 N-terminal helix (Fig. 3a) that were not seen in previous
structures314, To test whether the observed contacts between the N-terminal helix of
OTUBL and UBCH5B are also important for stimulating OTUBL cleavage of a Lys48
diubiquitin substrate, we introduced mutations designed to disrupt interactions between
UBCHS5B and the OTUB1 N-terminus in the inhibited complex and then tested whether
those contacts were important to the ability of UBCHS5B to stimulate OTUBI cleavage of
Lys48 diubiquitin. The OTUBL double E28A D35A substitution, which affects OTUB1
contacts with UBCH5B, greatly decreased the ability of UBCH5B to stimulate OTUB1
DUB activity without affecting OTUBL1 activity in the absence of UBCH5B (Fig. 3b).
Similarly, UBCH5B mutations R90A or K66A, which disrupt interactions with Glu28 of
OTUBL (Fig. 3a), decreased the ability of UBCH5B to stimulate OTUB1, while the double
K66A R90A substitution in UBCH5B completely abolished its ability to stimulate OTUB1
(Fig. 3c). Taken together, our results indicate that UBCH5B stimulates OTUB1 cleavage of
Lys48 diubiquitin by buttressing the N-terminal helix of OTUB1, thereby stabilizing the
proximal ubiquitin-binding site and raising the affinity of OTUB1 for Lys48 diubiquitin.

Free ubiquitin controls effect of E2~Ub on OTUB1 activity

Our structural and biochemical studies showed how E2 enzymes stimulate the DUB activity
of OTUB1. However, in at least some cases, E2 enzymes in the cell are mostly charged with
ubiquitinl and there is also free unconjugated ubiquitinl’. Given the overlapping
mechanisms of non-catalytic E2 inhibition and OTUBL1 activation, we asked whether
OTUBL can also be stimulated by charged UBCH5B~UDb and whether the presence of free
ubiquitin affects OTUBL deubiquitinating activity. Model building based on the present
work and the structure of charged UBCH5A~Ub bound to RNF418 demonstrates that
OTUBL in complex with Lys48 diubiquitin could bind to charged UBCH5B~Ub without
clashes between the additional ubiquitin and the diubiquitin occupying the OTUB1 proximal
and distal sites (Fig. 4a). While the thioester-linked ubiquitin is likely to be mobilel, the
model does not significantly restrict alternate conformations. We assayed the ability of
UBCH5B~UDb to stimulate OTUBL (Fig. 4b) and found that both charged and uncharged
UBCHS5B stimulate OTUBL to a similar degree. However, assays of OTUBL1 stimulation by
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UBCHS5B or UBCH5B~Ub over a range of ubiquitin concentrations (Fig. 4c)
(Supplementary Table 3) showed that stimulation by UBCHS5B is relatively insensitive to
free ubiquitin, but that stimulation by UBCH5B~Ub decreases as a function of increasing
concentration of free ubiquitin, dropping to low levels below ~1 uM free ubiquitin. The
complete repression of OTUBI activity at >10 uM free ubiquitin is presumably due to
formation of the inhibited OTUB1-Ub-UBCH5B~Ub complex (Fig. 3a), in which free
ubiquitin binds to the OTUBL1 distal ubiquitin-binding site while the ubiquitin conjugated to
UBCHS5B binds to the OTUB1 proximal site, thus precluding binding of the Lys48
diubiquitin substrate. These results indicate that, while charged E2~Ub conjugates can also
stimulate OTUB1 DUB activity, this stimulation will only be significant under conditions in
which local free ubiquitin concentrations drop below about 0.6 pM. Since estimates of
cellular free ubiquitin concentrations range from 4 — 20 puM, this would suggest that E2~Ub
conjugates would repress OTUBL activity unless cellular stresses significantly reduced the
availability of free ubiquitin.

E2 partners of OTUB1 exist in both charged and uncharged states in cells

Since only uncharged E2 stimulates OTUB1 DUB activity while charged E2~Ub represses
OTUBL1 under normal cellular concentrations of free ubiquitin, the relative proportion of
charged versus uncharged E2s must be critical determinants of whether OTUB1-E2
complexes function as active DUBs in the cell. We therefore examined the ratio of charged
and uncharged E2 partners of OTUBL in the cell. Of the E2 enzymes that stimulate OTUB1
(Fig. 1a), UBCH5C (UBE2E3) and UBC13 (UBE2N) have been shown to be the most
abundant and in molar excess over OTUB120, We examined the ratio of charged to
uncharged E2 in U20S and HeLa cells, which were used to study non-catalytic inhibition by
OTUBL1 in the DNA damage response!1:14. Cell extracts were prepared under conditions
that preserve the thioester linkagel® and probed with antibodies against the three UBCH5
isoforms or UBC13. As shown in Figure 5a, we unexpectedly found different E2 charging
ratios for UBCH5 and UBC13. UBC13 was completely charged in HeLa cells and partially
charged in U20S cells (Fig. 5a), while the majority of UBCHS5 isoforms were uncharged in
both cell lines (Fig. 5a). Although the reason for the differences among different cell lines
and E2 enzymes are not yet known, they indicate that a substantial proportion of the E2
enzyme partners of OTUB1 are uncharged in cultured cells. Taken together, our results
suggest that OTUB1 should be stimulated by uncharged UBCHS in cells, and that variations
in the ratio of E2 to E2~Ub could be involved in regulating OTUBL1 isopeptidase activity.

Discussion

Together with previous studies!113.14 our results demonstrate that OTUB1-E2 complexes
can serve dual functions in regulating both ubiquitin conjugation and deconjugation. The
finding that OTUB1 non-catalytically represses E2 enzymes!! left open the question of how
binding to E2 enzymes affected OTUB1 deubiquitinating activity. We have shown here that
a subset of E2 enzymes markedly stimulate OTUB1 cleavage of Lys48-linked polyubiquitin
(Fig. 1a) and that the same set of OTUB1-E2 interactions are required for both OTUB1 non-
catalytic inhibition of E2 enzymes and E2 stimulation of OTUB11314, E2 binding increases
OTUBL affinity for Lys48 diubiquitin by stabilizing the OTUB1 N-terminus (Fig. 3a),

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 March 04.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiener et al.

Page 7

which is disordered in the absence of substratel3:15 and must fold into an a-helix to form
part of the proximal ubiquitin-binding site of OTUB113.14. OTUBL1 thus belongs to the
expanding group of deubiquitinating enzymes that depend upon interactions with effector
proteins to stimulate and regulate their activity?L. Indeed, the inhibitory complex formed by
OTUBL with charged E2~Ub thioester and free ubiquitin also inhibits OTUB1 DUB
activity, thus raising the possibility that inhibition of OTUB1 could be an equally important
function of the OTUB1-Ub-E2~Ub inhibitory complex.

OTUBL has several key features that enable it to form different complexes with E2
enzymes, Lys48 polyubiquitin, and free ubiquitin. OTUB1 contains two distinct sites, the
proximal and distal (Fig. 3a), to which ubiquitin monomers can bind cooperatively®. In
addition, the OTUB1 catalytic domain binds to a subset of E2 enzymes!1, while the N-
terminal OTUB1 ubiquitin-binding helix, which is part of the proximal site, forms additional
contacts with the E2 (Fig. 3a). Since the N-terminus is disordered in the absence of bound
ubiquitin1315, the contacts with E2 help to stabilize this helix. The cooperativity between
the two ubiquitin-binding sites in OTUBL drives preferential binding of OTUBL1 to charged
E2~Ub, since the Ub conjugated to the E2 binds in the proximal site of OTUB1 when a free
ubiquitin monomer occupies the distal site (Fig. 3a). The structural and energetic coupling
between these different binding interactions thus drives formation of the different OTUB1-
E2-ubiquitin complexes.

Our results are consistent with a model in which OTUB1-E2 complexes can exist in three
states (Fig. 5b), each with a different consequence for OTUB1 DUB activity. OTUB1 bound
to an uncharged E2 actively cleaves Lys48 polyubiquitin, with the E2 lowering the Ky, for
the Lys48 polyubiquitin substrate through interactions between the OTUB1 N-terminus and
the E2 (Fig. 3a). A charged E2~Ub conjugate, however, will bind to OTUB1 with the
conjugated donor ubiquitin bound in the OTUB1 proximal site, while free ubiquitin binds to
the OTUBL distal site and allosterically stimulates binding of OTUBL to the E2~Ub
conjugate. This configuration (Fig. 3a and3.14) precludes Lys48 diubiquitin substrate
binding, thereby shutting down E2 stimulation and inhibiting diubiquitin cleavage, as well
as inhibiting the E2. Only if free ubiquitin concentrations dropped below 1 uM would the
inhibitory complex no longer be favored (Fig. 5b), allowing the donor ubiquitin to be
released from the proximal site and Lys48 diubiquitin to bind instead (Fig. 5b). The different
OTUB1-E2 complexes are in equilibrium with free OTUBL, which has lower isopeptidase
activity, and free E2 and E2~Ub, which are able to conjugate ubiquitin in concert with E1
and E3 enzymes. In vivo, the relative balance between different OTUB1 and E2 states will
be determined by the proportion of free E2 to E2~Ub thioester and the concentrations of free
ubiquitin and Lys48 polyubiquitin substrate. While free ubiquitin can directly regulate
OTUBL by promoting binding to E2~Ub conjugates, it appears more likely that transient
reductions in free ubiquitin would impact OTUBL activity by lowering the proportion of E2
enzymes that are charged, given the very low free ubiquitin concentrations at which
repression by E2~Ub thioester is released. The availability of Lys48 polyubiquitin substrate
could play an additional role in favoring active over repressed OTUBI. Since the proximal
ubiquitin in an unanchored polyubiquitin chain could bind to OTUB1 in the same manner as
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free monoubiquitin, it is also possible that free chains of other linkage types could also
modulate OTUBL activity by driving formation of complexes with charged E2s.

Whether OTUB1-E2 complexes act as DUBs or inhibitors of polyubiquitination would thus
depend upon the relative proportion of charged versus uncharged E2 enzymes and the local
concentration of free ubiquitin and Lys48 polyubiquitin (Fig. 5b). We examined the
E2:E2~Ub ratio for two different E2 partners of OTUBL1 and found that the majority of
UBCHS isoforms are uncharged in two different cell lines, whereas UBC13 is largely in its
Ub-charged form in HeLa cells and roughly 50% charged in U20S cells (Fig. 5a). Although
the reason for the observed differences between E2s and between cell lines awaits further
study, these results demonstrate that relative charging of E2 enzymes varies to a surprising
extent between different E2s and in different cell lines. Importantly, the fact that a
substantial proportion of the E2 partners of OTUBL are uncharged is consistent with a role
for E2 stimulation of OTUBL in the cell. Since steady state levels of E2 charging were
investigated here in the absence of stress or DNA damage, these findings leave open the
interesting question of whether the cellular ratio of charged to uncharged E2 changes under
different cellular conditions and thereby regulates OTUBL1 activity.

Another important determinant of OTUBL1 activity must be the relative intracellular
concentration of OTUBL and its E2 partners which, along with the E2:E2~Ub ratio, will also
govern the relative proportion of OTUBLI that is bound to an E2. A study that quantitated the
absolute amounts of proteins in mouse embryonic fibroblasts (MEFs)20 found OTUBI to be
the most abundant DUB (out of ~90) at 1.5 x 10% copies per cell, which corresponds to a
concentration of 1.1 pM (assuming a 2000 um3 cell volume). The most abundant E2 partners
of OTUB1 were UBCH5C (1.7 uM) and UBC13 (1.3 uM). Together, these E2 enzymes are
in 2.7-fold molar excess over OTUB1 and have a combined concentration of nearly 10 times
the ECgq for UBCHS5 stimulation of OTUB1 DUB activity (Fig. 1b). Other E2 partners of
OTUBL such as UBCH6 were present in MEFs at either far lower concentrations or were
not detected?0. Taken together with our results on E2 charging (Fig. 5a), these quantities
suggest that the majority of OTUB1-E2 complexes should serve as active DUBs in U20S
cells, where a very low proportion of either UBCH5 or UBC13 is charged. A mixture of
active and repressed OTUB1-E2 complexes would be more likely in HeLa cells, where
UBC13 is fully charged while UBCHS5 isoforms are largely uncharged. Differences in
localization of either OTUB1 or E2 enzymes, or in the ratio of charged to uncharged E2
could further govern the activity of OTUBL in different subcellular compartments.

OTUB1-E2 complexes are poised to serve as molecular sensors that can toggle between
cleaving Lys48 polyubiquitin to release free ubiquitin monomers and inhibiting
ubiquitination by a subset of polyubiquitinating (UBCH5A/B/C, UBC13) and
monoubiquitinating (UBE2W, UBCH®6) E2 enzymes. The availability of adequate free
ubiquitin in the cell is critical for proper functioning of a host of processes and appears to be
tightly regulated?2. During proteotoxic stress, when the pool of free ubiquitin decreases, the
cell increases the free ubiquitin concentration and prioritizes the usage of free ubiquitin to
specific ubiquitination pathways723. Depletion of cytoplasmic free ubiquitin, for example,
leads to rapid cleavage of monoubiquitin from histone H2A and export of ubiquitin from the
nucleus?3, while heat shock in yeast leads to cleavage of free ubiquitin chains and release of
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free ubiquitin monomers24. To what degree the pool of free ubiquitin and the ratio of
charged to uncharged E2 may fluctuate following DNA damage, in which OTUB1 has been
shown to play a rolel?, is unknown. We speculate that the initial response to stresses such as
DNA damage, which involves rapid accumulation of ubiquitinated species in the nucleus as
well as in the cytoplasm, may transiently reduce the ratio of charged to uncharged E2
enzymes as well as the available pool of free ubiquitin. This would alter the balance of
OTUBL-E2 states in favor of OTUB1 bound to uncharged E2, that actively degrade Lys48
polyubiquitin (Fig. 5b). The reduction in the proportion of charged E2s would also free
some E2 enzymes to be available to ubiquitinate substrates. Recovery of cellular free
ubiquitin and E2 charging, either through the activity of OTUBL or other DUBs, would
again favor formation of the repressed complex and consequent inhibition of both OTUB1
and E2 activity. Accumulation of Lys48 polyubiquitin could further tip the balance in favor
of the active DUB complex by competing with charged E2~Ub thioester for binding to the
ubiquitin-binding sites of OTUB1 (Fig. 5b). The energetic coupling of complex formation
between OTUBL, Lys48 polyubiquitin and E2 could also account for the enhanced ability of
the OTUBL catalytic mutant to suppress ubiquitination at DNA damage sites!!. By binding
to, but not cleaving, Lys48 chains, the OTUB1 C91S mutant could sequester uncharged E2
enzymes and globally reduce ubiquitination even in the absence of DNA damage, as has
been reportedl4. Our model thus reconciles observations of both catalytic®910 and non-
catalytic811.14 roles for OTUB1 while revealing the complexities in accounting for effects
of OTUB1 mutations given the multiple intertwined activities of OTUB1-E2 complexes.

The finding that OTUB1-E2 complexes have dual activity will pave the way to discovering
other roles these enzyme complexes play in the cell. While the focus of previous studies of
OTUBL inhibition focused on UBC13%, UBCH5A/B/C and UBCH6 form complexes with
OTUBL invivo!2 and are therefore also likely to have a role in conjunction with OTUB1.
Since both E2 inhibition and OTUBL1 stimulation depend upon a common OTUB1-E2
interface, our finding can be exploited to carry out high-throughput screens for small
molecules that disrupt either function of OTUB1-E2 pairs by screening for small molecules
that disrupt E2-stimulated cleavage of Lys48 diubiquitin substrates. Our results reveal
another mechanism for regulating ubiquitination and open a new avenue for ubiquitin
research.

mutagenesis

Cloning of human OTUB1 was performed as described previously2®. The genes encoding
the E2 enzymes were PCR amplified from a human cDNA library and cloned into a pET
vector containing N-terminal Hisg-SUMO-2 tag (PETSUMO-2, Clonetech Inc., USA) by
Infusion ligase free cloning. UBCH5B®85S was cloned into the pET32a vector containing
the Trx-His tag followed by a TEV protease cleavage site. All other mutants of OTUB1 and
UBCHS5B were generated by site-directed mutagenesis using the Quick Change mutagenesis
kit (Stratagene Inc.) following the manufacturer’s protocol. The hybrid h/ceOTUB1 was
generated as described previously3, All hROTUB1 N-terminal deletions were generated
using Infusion ligase-free cloning (Clonetech Inc., USA).
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Protein expression and purification

All proteins were expressed in E. coli Rosetta2(DE3) cells grown in LB medium. Cultures
were inoculated using 1% (v/v) overnight saturated cultures and were grown at 37°C to an
ODgqg of 0.8. Proteins were induced at 16°C overnight by addition of 0.2 mM isopropyl-p-
D-thio-galactoside (IPTG). Cells were harvested by centrifugation (8000xg, 15 min) and
either lysed immediately or stored at —80°C for later use.

OTUBL1 enzymes and ubiquitin were purified as previously described325, Deletions and
mutants of human OTUBL were purified using the same protocol as the WT proteins. Cell
pellets containing expressed E2 proteins were resuspended in lysis buffer (40 mM Na
phosphate pH 8.0, 500 mM NaCl, 25 mM imidazole, 10 mM B-mercaptoethanol)
supplemented with 0.1 mM phenyl-methyl sulfonyl fluoride (PMSF), 5 mM MgCl,, and
DNasel. Cells were lysed using a Microfluidizer (Microfluidics Inc., Waltham, MA). The
lysate was centrifuged to remove cell debris and was subjected to immobilized metal affinity
chromatography (IMAC) using 5 mL HisTrap columns (GE Biosciences, USA). The protein
was eluted with a linear imidazole gradient. Fractions containing purified protein were
pooled and dialyzed overnight at 4°C against 20 mM Na phosphate pH 8.0, 300 mM NacCl, 5
mM B-mercaptoethanol. TEV or the SENP2 protease?6 was added to the protein pool to
cleave off the Trx-His or the His-SUMO-2 tag, respectively. Cleaved protein was then
subjected to a second round of IMAC and the flow-through containing the cleaved protein
was collected. Proteins were further purified by gel filtration on a preparative Superdex 75
column (GE Healthcare), dialyzed into 20 mM HEPES, pH 7.5, 150 mM NaCl, and 1mM
DTT, concentrated, and stored at —80°C. Proteins for crystallization and enzyme assays
were >98% pure as visualized on a Coomassie-stained SDS-PAGE gel.

Purification of OTUB1-Ubal-UBCH5B®85S~Ub ternary complex
The oxyester linked UBCH5BC855~Ub conjugate was prepared as previously described?’.
Hybrid h/ceOTUB1, Ubal, and UBCH5BC855~Ub were mixed at a 1:2:2 molar ratio and
incubated on ice for 45 minutes. The mixture was then loaded on an analytical Superdex 75
column (GE Healthcare) pre-equilibrated in 20 mM Tris, pH 7.6, 100 mM NaCl, and 2 mM
DTT. The OTUB1-Ubal-UBCH5BC855~Ub ternary complex eluted as a single peak and was
concentrated to 12 mg/ml and stored at —80°C.

Crystallization
Crystals of the hybrid h/ceOTUB1-Ubal-UBCH5BC855~Ub complex were grown at 20°C
from a 1:1 mix of purified complex (12 mg/ml) and well solution containing 100 mM BIS-
TRIS pH 6, 200 MM MgCl,, 22% PEG 3350. Crystals appeared in about 2 to 3 days, were
cryoprotected by well solution with added 10% ethylene glycol and then flash frozen in
liquid nitrogen.

Data Collection and Structure Determination

An initial structure of the h/ceOTUB1-Ubal-UBCH5BC855~Ub ternary complex was
determined using a 2.5 A diffraction data set collected with an in-house Rigaku FR-E
rotating anode x-ray generator (Rigaku, Japan) and a Rigaku Saturn 944+ CCD detector
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under standard cryogenic conditions followed by processing with HKL200028. The structure
of the ternary complex was determined by molecular replacement using PHASER?®. The h/
ceOTUB1-Ubal complex (PDB ID: 4DHZ), UBCH5B (PDB ID: 2ESK), and ubiquitin (PDB
ID: 1UBQ) were used as search models. The model was further refined with successive
rounds of real-space refinement in COOT30 and reciprocal-space refinement using
REFMAC in CCP43132 The 2.5 A structure was refined to an R and Rgyee 0f 25.36% and
32.43% respectively.

The initial structure was refined with REFMAC3132 against a 1.9 A data set collected at
GM/CA-CAT beamline 23-ID-D/B at the Advanced Photon Source under standard
cryogenic conditions and processed with HKL.200028. The model was further refined with
successive rounds of real-space refinement in COOT30 and reciprocal-space refinement
using REFMAC31:32 and PHENIX33. The final 1.9 A structure has an R and Ryee 0f 18.7%
and 22.4%, respectively, with 98% of residues occupying the preferred region of the
Ramachandran plot and no Ramachandran outliers. The final structure contains all 76
residues of both ubiquitins, all 148 residues of UBCH5B, and residues 19-251 and 254-275
of h/ceOTUBLI.

Protein-protein interaction surfaces were analyzed using the PISA server at EBI
(www.pdbe.org/PISA) and manually inspected using COOT and PYMOL
(www.pymol.org). Figures were generated with PYMOL.

Assays of OTUB1 isopeptidase activity

FRET-based assays of OTUB1 cleavage of Lys48 diubiquitin were performed at 30° C in
buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 0.01% BSA and 400
nM of Lys48 diubiquitin internally quenched fluorescent (IQF) substrate #5 (LifeSensors,
Malvern, PA). Reactions were initiated by addition of the specified amounts of OTUBL.
TAMRA fluorescence (ex. 544 nm, em. 590 nm) was monitored using a POLARStar Omega
plate reader (BMG LABTECH). The initial rate of Lys48 diubiquitin cleavage was
calculated using the slope of the linear part of the fluorescent curves. For Figures 1b and 4c,
nonlinear regression fitting in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA) was
used to analyze the data and fit the 50% stimulation/inhibition concentrations.

Assays of OTUBL cleavage of ubiquitin-AMC were performed at 30°C in buffer containing
20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT, 0.01% BSA, and 10 pM of ubiquitin-
AMC (Boston Biochem, Cambridge, MA). Reactions were initiated by the addition of 5 uM
OTUBL and carried out in the presence and absence of 10 uM UBCH5B. AMC fluorescence
(ex. 380 nm, em. 460 nm) was monitored using a POLARStar Omega plate reader (BMG
LABTECH).

Gel-based assays for UBCH5B stimulation of OTUBL isopeptidase activity were performed
at 37°C in reaction buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT.
500 nM hOTUB1 was mixed with 15 uM unlabeled Lys48 diubiquitin in the presence and
absence of 25 UM UBCH5B. Reactions were initiated by the addition of the OTUB1
enzyme. Aliquots were removed at the specified time points and the reactions quenched by
the addition of denaturing SDS-PAGE loading dye containing -mercaptoethanol. Samples
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were analyzed by gel electrophoresis on 4-12% polyacrylamide Bis-Tris Criterion XT gels
(Bio-Rad, USA). Gels were stained with Coomassie brilliant blue.

Steady-state kinetic assays of OTUB1 deubiquitinating activity

Steady-state enzyme kinetic assays were performed at 37°C in a reaction buffer containing
20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM DTT. Human OTUB1 (30 nM) was mixed
with specified amounts of Lys48-linked diubiquitin in the presence and absence of 10 uM
UBCHS5B. Aliquots of the reaction mixtures were removed at specified time points,
quenched by the addition of denaturing SDS-PAGE loading dye containing f-
mercaptoethanol, and analyzed by SDS-PAGE followed by staining with SYPRO Ruby
protein stain (Life Technologies, USA). The concentration of the ubiquitin product band for
each time point was quantified by densitometry using ImageJ software34. Reaction velocities
were then determined for each Lys48 diubiquitin concentration and fit to the Michaelis-
Menten equation using the GraphPad Prism software (GraphPad Software, Inc., La Jolla,
CA).

Assays of E2 charging in cultured cells

HeLa or U20S cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 10 mM HEPES. Cells were cultured at 37°C in a
humidified incubator with 5% CO,. Lysates were prepared in low pH lysis buffer (50 mM
MES pH 4.5, 150 mM NacCl, 0.2% Nonidet P40, protease inhibitors) and in the absence of
reducing agent as previously described® and immediately loaded onto an SDS-PAGE gel
with and without added B-mercaptoethanol. E2 enzymes were visualized by western blotting
with antibodies (1:1000 dilution) that react with all UBCH5 isoforms (UBCHS5 Polyclonal
Ab, Cat. No. A-615, Boston Biochem, Cambridge, MA) or against UBC13 (UBC13
Monoclonal Ab, Cat. No. 37-1100, Life Technologies, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. E2 enzymes stimulate OTUB1 DUB activity
(a) FRET-based assay for cleavage of internally quenched fluorescent K48 Ub, (400 nM) by

OTUBL1 (30 nM) in the absence and presence of 11 different E2 enzymes (5 uM). (b) The
rates of K48 Ub, (400 nM) cleavage by OTUBL (30 nM) are plotted as a function of the log
of the concentration of UBCH5B. The data were analyzed and fit using a “log(agonist) vs.
response” model to determine ECsgq. Each rate was measured in triplicate, and error bars
represent the SEM for each measurement. (¢) Coomassie stained gel showing K48 Ub, (15
uUM) cleavage by OTUBL (0.5 uM) in the presence and absence of UBCH5B (25 uM). (d)

Nat Struct Mol Biol. Author manuscript; available in PMC 2014 March 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wiener et al.

Page 16

Steady-state kinetic saturation curve for cleavage of K48 Ub, by OTUB1 (30 nM) in the
presence (red) and absence (blue) of UBCH5B (10 uM). Each rate was measured in
triplicate, and error bars represent the SEM for each measurement.
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Figure2. OTUB1-E2interactionsarerequired for stimulation of DUB activity

(a) FRET-based assay for cleavage of K48 Ub, (400 nM) by OTUB1 (30 nM) and
OTUB1T134R (30 nM) in the presence and absence of UBCHSB (5 uM). Results for OTUB1
+/- UBCHS5B are reproduced from Fig. 1a for comparison. (b) Effect of OTUB1 N-terminal
deletions on UBCHS5B stimulation. The fold-stimulation in the rate of OTUB1 cleavage of
K48 Ub, (400 nM) is shown for the indicated wild type and OTUB1 N-terminal deletions
(30 nM) in the presence of UBCH5B (2 uM). Rates of K48 Ub, cleavage in the presence
and absence of UBCH5B were measured in triplicate using the FRET-based
deubiquitination assay. Error bars represent the SEM for each measurement. (c) Cleavage of
ubiquitin-AMC (10 uM) by OTUBL (5 uM) in the presence and absence of UBCH5B (10

uUM).
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Figure 3. UBCH5B stabilizesthe OTUB1 ubiquitin-binding helix
(a) The structure of hybrid human/worm OTUB1 (green) bound to ubiquitin aldehyde

(Distal Ub, orange), and UBCH5BC85S ~Ub, in which the donor Ub (Proximal Ub, orange)
is covalently linked to the active-site serine (Ser85) of UBCH5B (blue) via an oxyester
linkage. The zoomed view highlights side chain interactions between the N-terminal helix of
OTUBL, the donor ubiquitin bound in the OTUB1 proximal site, and UBCH5B. (b) Effect
of mutations in the OTUBL1 N-terminal helix on stimulation by UBCH5B. FRET-based
assay for the cleavage of K48 Ub, (400 nM) by OTUB1 (30 nM) in the presence and
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absence of UBCHSB (5 pM). (c) Assay as in (b) showing the effect on OTUBL1 stimulation
by UBCH5B mutations that disrupt contacts with the OTUBL1 N-terminus. Results for wild
type OTUBL in panels (b) and (c) are reproduced from Fig. 1a for comparison.
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Figure 4. Effect of free ubiquitin and E2 charging on OTUB1 DUB activity
(a) Model for binding of UBCH5~Ub to OTUB1 and K48 Ub,. The position of the donor

ubiquitin was obtained by aligning the structure of UBCH5A~Ub (PDB ID: 4AP4) with
UBCHS5B in the OTUB1-Ubal-UBCH5B~Ub quaternary complex. (b) FRET-based assay
for the cleavage of K48 Ub, (400 nM) by OTUBL1 (30 nM) in the presence and absence of
UBCH5B or UBCH5B~Ub (1 uM) and free ubiquitin (10 uM). (c) Effect of free ubiquitin
on OTUBL1 activity in the presence of charged and uncharged UBCH5B. The rate of K48
Ub, (400 nM) cleavage by OTUBL (30 nM) as a function of the log of the concentration of
UBCHS5B (black circles) or UBCH5B~Ub (black squares). Each rate was measured in
triplicate, and error bars represent the SEM for each measurement. The were analyzed and
fit using a “log(inhibitor) vs. response” model to determine ICgq. Curves fit to the data are
shown for UBCH5B (red) and UBCH5B~UD (blue).
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Figure 5. E2 enzymesexist in both charged and uncharged statesin vivo
(a) Western blot of cell lysates from HeLa and U20S cells prepared at acidic pH (£ f-ME)

and probed with anti-UBC13 and anti-UBCHD5 antibodies exhibit both charged and
uncharged forms of the E2 enzymes. (b) Depiction of three possible states of OTUB1-E2
complexes. Top: OTUBL (green) bound to K48 Ub, (orange) and E2 (blue) or E2 (blue)~Ub
(purple) thioester. Bottom: OTUB1 bound to free Ub (yellow) and E2~Ub thioester. The
free ubiquitin (yellow) and the ubiquitin (purple) conjugated to the E2 bind in place of K48
Ub,.
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Table 1

Data collection and refinement statistics (molecular replacement)

Data Collected at Home

Data Collected at

Source Cu-Kg GM/CA-CAT BL 23-
ID-D (Advanced
Photon Sour ce)
Data collection
Space group P22,2, P22,2,
Cell dimensions
a, b, c(A) 46.9,105.7, 130.9 46.5,104.9, 131.6
a, B,y () 90, 90, 90 90, 90, 90
Wavelength (A) 15 1.0

Resolution (A)

Reym OF Rinerge (%)
I/al
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
RJVOI’k/ Rfree (%)
No. atoms

Protein

Mg2*

Ethylene Glycol

Water
B-factors

Protein

Mg?*

Ethylene Glycol

Water

R.m.s. deviations

Bond lengths (A)

Bond angles (°)

50.00-2.50 (2.54-2.50)2
10.7 (88.4)

17.8 (1.9)

99.4 (98.5)

7.1(7.0)

50.00-1.90 (1.93-1.90)P
13.0 (57.0)

85(17)

99.0 (95.4)

8.0(3.1)

1.90
411948
18.7/22.4 (24.9/29.6)

4552

204
474

20.6
40.4
53.6
38.7

0.008
1.20

a, . . . . .
A single crystal was used for the collection of this data set, using an in-house x-ray source.

b . . . .
A single crystal was used for the collection of this data set at the Advanced Photon Source beamline, GM/CA-CAT BL 23-ID-D.
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