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SUMMARY

USP7 is a deubiquitinating enzyme that plays a
pivotal role in multiple oncogenic pathways and
therefore is a desirable target for new anti-cancer
therapies. However, the lack of structural information
about the USP7-inhibitor interactions has been a crit-
ical gap in the development of potent inhibitors.
USP7 is unique among USPs in that its active site is
catalytically incompetent, and is postulated to rear-
range into a productive conformation only upon
binding to ubiquitin. Surprisingly, we found that
ubiquitin alone does not induce an active conforma-
tion in solution. Using a combination of nuclear mag-
netic resonance, mass spectrometry, computational
modeling, and cell-based assays, we found that DUB
inhibitors P22077 and P50429 covalently modify the
catalytic cysteine of USP7 and induce a conforma-
tional switch in the enzyme associated with active
site rearrangement. This work represents the first
experimental insights into USP7 activation and inhi-
bition and provides a structural basis for rational
development of potent anti-cancer therapeutics.

INTRODUCTION

The ubiquitin proteasome system (UPS) is required for the tightly
controlled degradation and turnover of the majority of the pro-
teins in eukaryotic cells. Ubiquitination involves the enzymatic
cascade of three classes of enzymes: E1 activating enzyme,
E2 conjugating enzyme, and E3 ligase. These enzymes work
together to ubiquitinate a protein substrate, targeting it for pro-
teasomal degradation. The fate of a ubiquitinated protein can
be reversed by deubiquitinating enzymes (DUBs), which remove
ubiquitin chains from their substrates (Glickman and Ciechan-
over, 2002). Inhibiting components of the UPS reveals a prom-
ising therapeutic strategy to control cellular levels of proteins
that lack enzymatic activity and thus cannot be inhibited (Buck-
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ley and Crews, 2014). Because E3 ligases and DUBs directly
interact with key proteins targeted for (de)ubiquitination and
determine substrate specificity of UPS, their inhibition has
emerged as a new approach to modulate stability of distinct pro-
teins, including oncogenes and tumor suppressors (D’Arcy et al.,
2015; Ndubaku and Tsui, 2015; Ronau et al., 2016).
Ubiquitin-specific protease 7 (USP7) is a cysteine protease
that belongs to the USP family of DUBs (Everett et al., 1997). It
is widely known for its central role in the DNA damage response
pathway where it regulates protein levels of the tumor suppres-
sor p53 in response to genotoxic stress (Li et al., 2002). In
unstressed cells, USP7 preferably interacts with and stabilizes
HDM2, an E3 ligase responsible for ubiquitinating p53 and tar-
geting it for proteasomal degradation. During DNA damage,
however, ATM-dependent phosphorylation of HDM2 reduces
its affinity for USP7. As a consequence, USP7 is available to
interact with p53, resulting in stabilization of p53 and initiation
of the p53-dependent DNA damage response (Brooks et al.,
2007; Hu et al., 2006; Li et al., 2004). In addition to p53, USP7
stabilizes key proteins involved in DNA replication, epigenetic
DNA alterations, apoptosis, and cell-cycle control (Alonso-de
Vega et al., 2014; Felle et al., 2011; Jagannathan et al., 2014;
Luo et al., 2015; Meng et al., 2014; Oh et al., 2007; Zaman
et al., 2013; Zhu et al., 2015; Zlatanou et al., 2015).
Microdeletions and mutations in the USP7 gene lead to neuro-
developmental disorders in humans characterized by intellectual
disability, autism spectrum disorder, epilepsy, and hypogonad-
ism (Hao et al., 2015), and dysregulation of USP7 expression
has been reported in a number of human malignancies, including
human prostate cancer (Song et al., 2008), ovarian cancer (Ma
and Yu, 2016), and non-small-cell lung cancer (Masuya et al.,
2006; Zhao et al., 2015). Furthermore, early studies in human co-
lon cancer xenograft models showed that downregulation of
USP7 suppresses cell proliferation and delays tumor growth
due to p53 stabilization in the absence of cellular stress (Becker
et al., 2008). The role of USP7 in oncogenesis and tumor sup-
pression makes it an attractive pharmaceutical target for inhibi-
tion by small-molecule compounds (Nicholson and Suresh
Kumar, 2011). High-throughput screening efforts led to the dis-
covery of the first semi-specific, uncompetitive, and reversible
inhibitor of USP7 (HBX 41,108), which was shown to stabilize
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p53 and inhibit cell growth in HCT116 colon cancer cells (Colland
et al., 2009). Later, additional USP7 compounds with increased
specificity were reported (Reverdy et al., 2012) along with a fam-
ily of dual USP7/USP47 inhibitors (compounds 1-14) (Weinstock
et al.,, 2012). Inhibition of USP7 by P5091 (compound 1) was
shown to cause apoptosis of multiple myeloma cells and pro-
longed survival in animal xenograft models (Chauhan et al.,
2012). Further optimization of P5091 led to the discovery of
P22077 (compound 4), which inhibited neuroblastoma growth
(Fan et al., 2013), and P50429 (compound 14), which inhibited
the proliferation of HCT116 cells (Weinstock et al., 2012).
Although all of the above compounds show antitumor properties
in various cancer cell lines and animal models, none are very
potent and all require further optimization.

USP?7 consists of an N-terminal substrate binding TRAF-like
domain, five C-terminal regulatory ubiquitin-like (UBLs) domains,
and a central catalytic core that binds ubiquitin and removes it
from the substrate (Faesen et al., 2011; Holowaty et al., 20083; Za-
pata et al., 2001). The catalytic domain of USP7 adopts a papain
protease-like fold that binds ubiquitin. This fold contains Thumb,
Palm, and extended Fingers regions similar to those of other
USPs (Hu et al., 2002; Molland et al., 2014). The region of the
catalytic domain that is targeted by USP7-specific inhibitors
remains unknown. Furthermore, given the structural conserva-
tion of the catalytic domains within the family of 58 USP
enzymes, it is not clear how specificity for USP7 can be achieved
(Nijman et al., 2005).

In this study we uncover the mechanism of USP7 inhibition by
two small-molecule compounds and provide new insights into
the mechanism of the enzyme activation.

RESULTS

Nuclear Magnetic Resonance Studies of 41 kDa
Catalytic Core of USP7 in Solution

Structural information about a protein target and its interaction
with small-molecule compounds is the key for successful
rational drug design and optimization. Although several crystal
structures are available for the catalytic core of USP7 and
USP7-ubiquitin complexes (PDB: 1NB8, 1NBF, and 4M5W) (Hu
et al.,, 2002; Molland et al., 2014), structures of the enzyme
with any known inhibitors have not been obtained. The relatively
large size of the catalytic domain (41 kDa) has also hindered its
investigation in solution. We have overcome this hurdle by using
full-protein deuteration in combination with TROSY-based
nuclear magnetic resonance (NMR) experiments designed for
large biological systems (Pervushin et al., 1997). A 'H-'5N
TROSY spectrum displayed good signal dispersion indicative
of well-structured domains (Figure S1). The quality of the NMR
data facilitated backbone resonance assignment, prerequisite
for mapping of inhibitor binding sites.

Sequential assignment using a standard triple-resonance
NMR approach was achieved for a total of 83% of the backbone
atoms (NH, CO, Ca, and C), with 81% of amides assigned (Fig-
ure 1A). The absence of several peaks and the presence of weak
peaks prevented a higher percentage of resonance assign-
ments. In particular, 61 of the 343 non-proline residues’ reso-
nances could not be identified in the 'H-"N TROSY spectrum.
About one-half of the missing signals correspond to residues
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located in B strands (88, p10, and B11), which are a part of an
antiparallel B sheet buried in the interior of the protein. The
absence of these signals is likely explained by the difficulty of
2H/"H exchange in the hydrophobic core of USP7. Another clus-
ter of missing resonances belongs to N-terminal residues 217-
227. This region contains C223, one of three residues of the
catalytic triad of USP7 (C223, H464, and D481). Overall, the
stability and behavior of the USP7 catalytic domain in solution
indicate that it is well suited for probing USP7-ligand interactions
by NMR.

Interaction of the USP7 Catalytic Core with Ubiquitin
The catalytic domain of USP7 binds ubiquitin, while its TRAF-like
and UBL domains specifically recognize its ubiquitinated
substrates. The USP7 catalytic core was previously crystallized
alone and with ubiquitin aldehyde, which covalently links ubiqui-
tin to the catalytic C223 of USP7. A comparison of the two struc-
tures revealed dramatic rearrangement of the USP7 active site
and surrounding loops when bound to ubiquitin (Hu et al.,
2002; Molland et al., 2014). The apoenzyme remained catalyti-
cally incompetent with its catalytic triad (C223, H464, and
D481) misaligned (PDB: 1NB8, 4M5X, and 4M5W); however,
the ubiquitin-linked enzyme adopted a catalytically competent
conformation (PDB: 1NBF), suggesting that ubiquitin binding in-
duces activation of the enzyme. A similar interaction with free
ubiquitin could not be confirmed by surface plasmon resonance
experiments, suggesting that the interaction is very weak (Fae-
sen et al., 2011). We used NMR, which is sensitive to weak
and transient interactions (O’Connell et al., 2009) to detect
USP7/ubiquitin binding in solution and follow the anticipated
structural changes. As seen in Figure 1B, the 'H-'>N TROSY
spectrum of the USP7 catalytic domain displays gradual shifts
in NMR resonance positions for a number of peaks upon titration
with ubiquitin, indicative of a direst interaction between the two
molecules with the exchange between free and bound states
fast on the NMR timescale. Per-residue chemical shift perturba-
tions, Aw, calculated as the distance between the free and
bound peaks are presented in Figure 1C and Table S1.

The gradual chemical shift changes in the 'H-'SN TROSY
spectrum facilitated quantification of USP7-ubiquitin binding
affinity and mapping of the ubiquitin binding site on the surface
of USP7. As seen in Figure 1C, addition of ubiquitin causes
prominent peak perturbations for a number of USP7 residues,
with peaks of Y331, K378, R343, D346, Q371, Q372, A381,
Q387, and V393 exhibiting shifts over 100 Hz (0.125 'H ppm).
The NMR titration curve fits a two-state binding model (Fig-
ure 1E), confirming that the USP7 catalytic domain binds ubiqui-
tin with low affinity (Kp = 105.7 + 15.9 uM). NMR chemical shift
mapping revealed that the residues most sensitive to binding
are located in B strands B1, B2, p4, B5, B6, and B7. This region
forms the ubiquitin binding fingers of the USP7 catalytic domain
(Figure 1D), consistent with the crystal structure of the domain in
complex with ubiquitin aldehyde (PDB: 1NBF) (Hu et al., 2002).
Surprisingly, the anticipated chemical shift perturbations of the
active site and its surrounding loops, such as blocking loop 1
(BL1, residues 407-429), blocking loop 2 (BL2, residues
458-465), and switching loop (SL, residues 283-295), which re-
arrange during activation to accommodate ubiquitin tail, were
not observed (Figures 1C and S2B). These results show that,
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Figure 1. Isolated USP7 Catalytic Domain Binds Ubiquitin
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(A) Sequence-specific NMR chemical shift assignment of the catalytic domain. Purple dots signify assigned residues. Secondary structure elements are labeled,

residues of the catalytic triad are shown in pink.

(B) NMR chemical shift perturbations, Aw, in "H-"®N TROSY spectra of the catalytic domain caused by addition of increasing amounts of ubiquitin (1:3 molar ratio).

C) A plot of per-residue Aw between free and ubiquitin-bound states of USP7.

(
(D) Surface representation of the ubiquitin binding region of USP7 colored according to Aw. Ubiquitin is shown in cyan.
(E) A plot of normalized global Aw as a function of catalytic domain to ubiquitin ratio used to estimate the Kp of binding. See also Figures S1 and S2.

unlike ubiquitin aldehyde, the C terminus of free ubiquitin does
not enter the catalytic cleft and ubiquitin interaction alone does
not cause the active site rearrangement necessary for catalysis
as was previously believed.

Mapping of the Small-Molecule Binding Site

The USP7/USP47 inhibitors P22077 and P50429 are analogs of
P5091, a lead compound that showed antitumor potential in
cancer cell lines and mice xenograft models (Chauhan et al.,
2012; Weinstock et al., 2012). Both inhibitors are trisubstituted
thiophenes with 5-(2,4-difluorophenyl)thio, 4-nitro, and 2-acetyl
substituents in P22077, and 5-(3,5-dichloropyridyljthio, 4-cyano,
and 2-(4-(methylsulfonyl)phenyl)-NH substituents in P50429.
P50429 exhibits 20-fold more potent inhibition of USP7
compared with P22077 (half maximal inhibitory concentra-

tion =0.42 versus 8.0 uM) (Weinstock et al., 2012). To structurally
characterize the binding of P22077 and P50429 to USP7 we
performed NMR titrations in which increasing amounts of each
compound were gradually added to the 2H/'*N/'?C-labeled cat-
alytic domain. Despite limited solubility of both inhibitors in
water, sufficient amounts of the inhibitors remained in solution
to cause significant (20-120 Hz or 0.025-0.15 'H ppm) chemical
shift perturbations in 'H-'>N TROSY spectra of USP7 (lower
panels in Figures 2A and 2B and Tables S2 and S3). As a result
of the interaction, intensity of several NMR peaks of free USP7
gradually decrease, and new peaks corresponding to the bound
state gradually appear in a new position of the spectrum. This
gradual progression, exemplified by the T280 peak in the upper
panel of Figures 2A and 2B, is characteristic for a slow on the
NMR timescale exchange between free and inhibitor-bound
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Figure 2. NMR Mapping of the Inhibitors Binding Site on the Structure of USP7

(A and B) A plot of per-residue NMR chemical shift perturbations, Aw, caused by addition of 5-molar excess of inhibitors P22077 (A) and P50429 (B) to USP7. Top
panel shows gradual changes in a select region of USP7 'H-"°N TROSY spectrum upon titration. Values of Aw > 20 Hz are considered significant, residues with
largest perturbations (Aw > 40 Hz for P22077 and Aw > 30 Hz for P50429) are labeled. Aw of residues sensitive to the inhibitors with chemical shifts assigned only

in “free” state are arbitrarily set to 140 Hz to reflect significant chemical shift perturbation (red and blue bars).

(C and D) Inhibitor binding site mapping. Surface representation of USP7 structure (PDB: 4M5W) colored according to Aw induced by either P22077 (red) or

P50429 (blue). Each representation is shown in two orientations.

(E and F) Inhibitor-induced Aw mapped on the structure of USP7 active site in complex with ubiquitin (PDB: 1NBF). USP7 is shown as a ribbon colored by
Aw (purple). Residues with largest Aw are shown as spheres. Residues with chemical shifts assigned only in “free” state are shown in red (E) and
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states of the USP7. Remarkably, the free peaks are still visible at
the last titration point, suggesting that saturation was not
reached in the titrations, likely due to limited solubility of the
compounds.

Per-residue chemical shift perturbations caused by P22077
and P50429 are shown in Figures 2A and 2B, where residues
with largest Aw are labeled. For several residues largely per-
turbed by the compounds, Aw could not be accurately estimated
because their “bound” state resonances could not be unambig-
uously assigned. Those were arbitrary set to 140 Hz to indicate
large perturbations. These residues are shown as red and blue
barsin Figures 2A and 2B, and as red and blue spheres in Figures
2E and 2F. Chemical shift perturbations of more than 20 Hz were
considered significant and were mapped onto the structure of
USP7 catalytic domain. Chemical shift mapping revealed that
residues sensitive to addition of either of the two DUB inhibitors
cluster in two regions on the surface of the protein that are sepa-
rated by a stretch of unassigned N-terminal residues, including
catalytic cysteine (Figures 2C and 2D). Both inhibitors largely
affect BL2 and SL, which form the catalytic cleft and switch
conformation upon enzyme activation (Hu et al., 2002; Molland
et al., 2014). In addition, P50429 uniquely affect residues 407
and 409-410, which constitute BL1 (Figures 2E and 2F). These
results suggest that P22077 and P50429 may target the active
site of the enzyme. Interestingly, the area perturbed by the inhib-
itors is large relative to the size of the compounds, suggesting
that the binding may also induce conformational changes around
the active site. Remarkably, the affected residues are located in
the three aforementioned major areas (BL1, BL2, and SL) that
undergo structural rearrangement during enzyme activation.

Mechanism of USP7 Inhibition by DUB Inhibitors P22077
and P50429

The presence of a doubly deactivated, highly electron-deficient
thiophene ring in both of the USP7 inhibitors used in this study
suggested that the molecules might react directly with nucleo-
philic residues, such as cysteine, thus leading to covalently
modified adducts. To investigate whether these compounds
bind USP7 reversibly, or covalently modify the protein, we per-
formed intact protein mass spectrometry (MS) analysis of free
and inhibitor-treated catalytic domain (Figure 3A), followed by
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) experiments on tryptically digested samples (Figures
3B and 3C). The LC-MS spectrum of the free catalytic domain
showed a major peak with an average mass of 52,966.15 Da,
which corresponds to the expected MW of the SUMO-tagged
USP7 catalytic domain construct used in this experiment. The
intact masses of both complexes with the inhibitors were greater
than that of the free protein, suggesting that both compounds
covalently modify USP7. These experiments were reproduced
using catalytic domain of USP7 without SUMO tag (Figure S4A).
Observed mass shifts of 169.29 and 146.004 Da for P22077 and
P50429, respectively, are smaller than the corresponding molec-

ular weights of the compounds (315.322 Da for P22077,
484.411 Da for P50429), suggesting that significant parts of the
small molecules are lost during final modification of the enzyme.

To investigate whether these compounds covalently modify
the catalytic and/or other cysteine residues within USP7, we
have treated the catalytic domain with 5-molar excess of the in-
hibitors for ~24 hr and performed LC-MS/MS experiments on
tryptically digested samples, as described in the STAR Methods.
A variable modification of cysteine was configured for each in-
hibitor based on the added net mass determined by the intact
mass study. Over 90% of the protein sequence coverage was
achieved for the free and inhibitor-treated protein samples,
including all seven cysteine residues. Virtually all identified
tryptic peptides 218-239 from samples treated with either
P22077 or P50429 exhibited mass shifts of 169 and 146 Da,
respectively, compared with the same peptide from the unmod-
ified protein (Figures 3B and 3C). Importantly, the residue
harboring the modification was almost exclusively assigned to
catalytic C2283. The data for P50429 was remarkably clear cut,
with every peptide encompassing C223 identified as containing
the inhibitor-based modification, while peptides containing other
cysteine residues were rarely identified as modified. The putative
169 Da adduct for P22077 was more promiscuous, with C223
modified in all but one instance, and other cysteines occasionally
modified as well.

To further confirm that C223 is the target of the inhibitors
in vitro we have introduced a C223A mutation. NMR spectra of
the mutant confirm that C223A remains well folded in solution.
NMR titrations of the mutant with the inhibitors show that
C223A completely abrogates binding to both inhibitors (Figures
2G and S3). Furthermore, LS-MS analysis of the C223A mutant
treated with 20-fold molar excess of either inhibitor for 4 hr re-
veals no evidence of adduct formation (Figure S4D).

Altogether, the MS results in combination with mutagenesis
and NMR-based mapping of the binding site strongly suggest
that both of the compounds occupy the active site of the USP7
catalytic domain and selectively covalently modify the catalytic
C223 residue, thus irreversibly blocking USP7’s enzymatic activ-
ity. Figure 4 shows the proposed mechanisms of modification by
the inhibitors. The observed mass shift of 169 Da for the P22077-
modified protein is consistent with an average molecular weight
of 1-(4-nitro-thiophen-2-yl)-ethanone group (3 in Figure 4). The
mass shift of 146 Da in the case of P50429 corresponds to an
average molecular weight of the 3,5-dichloropyridyl group of
the molecule (7 in Figure 4). Element composition of the
proposed modifications was supported by analysis of the MS/
MS isotope patterns (Figures S4B and S4C). Therefore, despite
the overall scaffold structural similarity of the compounds (Wein-
stock et al., 2012), each compound modified the USP7 catalytic
core in a unique manner. P22077 (1) transfers the central
thiophene onto the catalytic cysteine through a postulated
mechanism involving initial nucleophilic attack on the thiophene
to give an intermediate thio-orthoester (2) which collapses

blue (F). Al > 70%, “free” peak intensity loss over 70%; BL1, blocking loop 1; BL2, blocking loop 2; SL, switching loop. Ubiquitin is shown as beige

surface.

(G) C223A mutation of USP7 prevents P22077 and P50429 binding. A select region of wild-type (WT) and C223A NMR spectrum, as in (A), is shown in the
presence of DMSO (black), P22077 (red), and P50429 (blue). Both “free” (F) and “bound” (B) T280 peaks are visible in the spectra of WT treated with the inhibitors,
while only “free” peaks are observed in C223A. Dashed circles signify the missing peaks. The full spectra for WT and C223A USP7 are shown in Figure S3.
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through expulsion of difluorothiophenol (4) to form the re-aroma-
tized adduct (3). Although P50429 (5) is also poised for a similar
substitution reaction, the enzymatic reaction follows a different
course as a result of the substitution of the phenyl ring in (1) for
the pyridyl ring in (5), which renders the ring prone to nucleophilic
attack. A similar addition/elimination process occurs through the
intermediacy of (6) to transfer the pyridyl ring to the enzyme as in
(7), with the thiophenyl moiety (8) serving as the leaving group.
The inhibitor’s specificity toward C223 is likely enhanced by
basic H464 which deprotonates C223 making it more reactive
than typical surface thiols.

Inhibition of Endogenous Full-Length USP7 by DUB
Inhibitors P22077 and P50429 in Jurkat Cells

To determine whether USP7 inhibition by P22077 and P50429 is
also achieved against full-length USP7 in the context of live cells,
we pre-treated Jurkat cells with either DMSO or graded concen-
trations of the compounds for 4 hr, and monitored the activity of
immunoprecipitated USP7 using a Ub-CHOP2 reporter assay.
As seen in Figure 5A, both compounds showed dose-dependent
inhibition of USP7 catalytic activity, with strong inhibition at a
dose of 10 uM. Notably, total DUB activity measured in cell
lysates was not significantly affected by these inhibitors (Fig-
ure S5A), indicating their cellular selectivity, in agreement with
previously published results (Altun et al., 2011; Weinstock
etal., 2012). Furthermore, treatment of HEK293T cells with either
P22077 or P50429 prevented labeling of the USP7 catalytic
domain with Ub-vinyl methyl ester (Ub-VME) probe, a ubiquitin
variant known to covalently bind the catalytic cysteine of DUBs

1506 Cell Chemical Biology 24, 1501-1512, December 21, 2017

of its known protein targets. We used

western blotting of Jurkat cell lysates to
evaluate the effect of P22077 and P50429 on the stability of
DNA methyltransferase DNMT1 and E3 ligase UHRF1 (Felle
et al.,, 2011), both essential for maintenance of genomic DNA
methylation, as well as HDM2. Compared with cells treated
with DMSO, treatment with either compound resulted in dose-
dependent decreases for all three substrates (Figure 5D). Thus,
these compounds not only inhibit the isolated catalytic domain
in vitro but also effectively inhibit full-length USP7 in cells, as
demonstrated by the destabilization of USP7 substrates.

Inhibition of USP7 by DUB Inhibitors P22077 and P50429
Is Irreversible in Cells

To verify that the proposed inhibition mechanism is valid in
cells we have tested whether USP7 is inhibited irreversibly
when cells are treated with P22077 and P50429. For this we
pre-treated HCT116 cells with DMSO, P22077, or P50429,
blocked new protein synthesis, and measured USP7 activity
after 24 hr (Figure 5B). We found that USP7 activity does not
recover in the absence of new protein synthesis, and USP7
remains inactive 24 hr post-treatment, consistent with the irre-
versible inhibition.

To confirm the proposed adduct formation in cells, HEK293T
cells expressing the catalytic domain of USP7 were treated
with DMSO, P22077, or P50429. The catalytic domain was
then purified and analyzed using MS. As seen in Figure 5C, treat-
ment of cells with P22077 results in 169 Da adduct formation,
and treatment with P50429 adds 146 Da to the mass of the intact
USP7 catalytic domain. Notably, the adduct sizes found in cells
are identical to those found in vitro (Figures 3A and S4A), in
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Figure 4. Proposed Mechanisms of Chemical Reaction between C223 of USP7 and Inhibitors P22077 and P50429
P22077 and P50429 reactions are shown on top and bottom, respectively. C223 is the catalytic cysteine of USP7.

agreement with the proposed reaction mechanisms (Figure 4).
Furthermore, according to MS analysis, the C223A mutant of
USP7 shows no evidence of adduct formation in cells (Figure 5C),
confirming that catalytic C223 is preferably targeted by P22077
and P50429 not only in vitro but also in cells.

DISCUSSION

Dysregulation of the UPS has been reported in multiple human
pathologies. Thus, targeting the UPS is considered a promising
therapeutic strategy to treat cancer, cardiovascular, neurode-
generative, and immunological disorders. Two US Food and
Drug Administration-approved proteasome inhibitors, borteza-
mib and carfilzomib, are currently used for treatment of multiple
myeloma (Kouroukis et al., 2014; Meng et al., 1999). More
recently, other components of the UPS, such as E2-conjugating
enzymes, E3 ligases, and DUBs have been exploited as potential
targets for drug discovery. Inhibition of USP7 is of special inter-
est because of its role in turnover of multiple proteins involved in
DNA replication and repair, epigenetic regulation of gene tran-
scription, immune responses, and cell-cycle control. Here we
report the first structural and mechanistic insights into USP7
inhibition by small-molecule compounds.

By assigning NMR resonances of the catalytic domain of
USP7, we developed a powerful tool for studying this challenging
dynamic system in solution. We have shown that even transient
and short-lived interactions of USP7 can now be detected, along
with evidence of conformational dynamics. Specifically, our
NMR studies of the binding between the catalytic domain and
ubiquitin revealed that, contrary to previous reports, this interac-
tion alone is not sufficient for active site rearrangement. Accord-
ing to the crystal structures, binding of ubiquitin to USP7 causes
realignment of the catalytic triad into a catalytically competent
state that is associated with structural changes in BL1, BL2,
and SL regions of the protein (Figures 2E and 2F). These confor-
mational changes are required to accommodate the C terminus

of ubiquitin in the active site of the enzyme (Hu et al., 2002; Mol-
land et al., 2014). In contrast, our results show that residues
involved in such rearrangement are not sensitive to ubiquitin
binding in solution. Specifically, no significant chemical shift
changes were induced by ubiquitin in the active site, or residues
located in BL1, BL2, or SL (Figures 1C and S2). This indicates
that the C-terminal tail of isolated ubiquitin does not enter the
catalytic cavity in solution. We hypothesize that the active
conformation of USP7 captured in the crystal structure (Hu
et al., 2002) is induced by the covalent attachment of ubiquitin
to the catalytic cysteine of USP7, which irreversibly traps the
C-terminal tail of ubiquitin inside the catalytic cleft. Other do-
mains of this multi-domain protein likely play a role in its activa-
tion (Faesen et al., 2011; Rouge et al., 2016). Moreover, the pres-
ence of a ubiquitinated substrate may ensure proper positioning
of the isopeptide bond between ubiquitin and the substrate
inside the catalytic cleft. The importance of the ubiquitinated
substrate for the enzyme’s activation suggests that targeting
the USP7 substrate binding sites may provide an effective and
highly specific approach to inhibiting USP7 in the future.

To investigate the molecular mechanism of USP7 inhibition,
we identified a binding site for two USP7/USP47-specific DUB
inhibitors, P22077 and P50429, on the structure of USP7. Acom-
bination of NMR, MS, and mutagenesis revealed that both inhib-
itors target the active site of USP7 and covalently modify C223.
Remarkably, unlike free ubiquitin, which fails to activate the
enzyme, the inhibitors perturb residues in BL1, BL2, and SL, pre-
cisely the regions of USP7 that change conformation during
active site rearrangement (Hu et al., 2002; Molland et al.,
2014). These findings also highlight the significance of the inter-
action between the ubiquitin flexible tail and the active site for
realignment of the latter. The inhibitors appear to mimic this
interaction, causing conformational changes in the active site.

The catalytic domain of USP7 contains seven cysteines, four
of them surface exposed and, therefore, have a potential of be-
ing modified by reactive small-molecule compounds. Strikingly,
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Figure 5. P22077 and P50429 Target the Active Site of USP7 and Irreversibly Inhibit Its Activity in Cells

(A) Concentration-dependent inhibition of endogenous USP7 by P22077 and P50429 in cells. Jurkat cells were treated with DMSO or compounds at indicated
concentrations for 4 hr; USP7 was isolated by immunoprecipitation (IP) and its activity measured in the Ub-CHOP2-based activity assay. Activity of USP7 from
either DMSO- (control) or inhibitor-treated cells plotted as percent of the control activity (mean + SD). “p < 0.05 and **p < 0.01 versus DMSO-treated cells.
(B) USP7 inhibition by P22077 and P50429 is irreversible in mammalian cells. HCT116 cells were pre-treated with DMSO, P22077, or P50429 for 4 hr, washed with
1x PBS to remove the excess compounds, followed by CHX treatment to block new protein synthesis (top). Recovery of USP7 activity was measured 24 hr later in

the presence and absence of new protein production.

(C) LC-MS spectrum of WT and C223A USP7 catalytic domain isolated from HEK293T cells that were treated with 50 uM of P22077 (red), P50429 (blue), or DMSO

(black) for 4 hr. Average intact masses of the significant peaks are shown.

(D) Dose-dependent downregulation of USP7 substrates. Endogenous levels of USP7 substrates DNMT1, UHRF1, and HDM2 monitored in Jurkat cells pre-
treated with either DMSO or the compounds at indicated concentrations for 24 hr. Actin serves as a loading control. See also Figure S5.

we found that both compounds modify only the catalytic C223.
This result is further confirmed by C223A mutation, which abro-
gates interaction with and modification of USP7 both in vitro and
in cells. The molecular scaffold of the compounds allows for
specific binding, and the presence of doubly deactivated thio-
phene leads to modification of C223 situated at the bottom of
the catalytic cleft. The reaction is possible due to the realignment
of the active site upon inhibitor binding, which results in deproto-
nation of the cysteine thiol group by catalytic H464. Notably,
although both compounds are chemically similar and possess
the basic structure of a trisubstituted thiophene, MS experi-
ments revealed that unique substructures of each inhibitor had
been transferred to the protein and indicated an intriguing diver-
gence in the reactivity profile of the two inhibitors (Figure 4). The
preference for attack on the pyridine in P50429 may relate to
either reduced electrophilicity of its thiophene relative to the
thiophene in P22077 (nitro/acetyl versus cyano/carboxamido)
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or amore optimal trajectory for attack in the bound state. Figures
6A and 6B depict C223 modified by compounds P22077 and
P50429. In general, the docked poses of thiophene and pyridy!
rings are similar. The rings have hydrophobic interactions with
surrounding residues Y224, M292, and F409, and an electro-
static interaction with H456. The only hydrogen bond is between
the oxygen atom within the acetyl group and the alpha-hydrogen
atom of G462 (Figure 6A). Notably, as both reactions proceed
through a nucleophilic aromatic substitution reaction to deliver
an S-arylated cysteine, the adducts are likely much more stable
than those formed from more reversible Michael-type reactions
on deactivated alkenes and, therefore, are expected to produce
a longer duration of inhibition.

MS data in combination with cell biology assays confirmed
that the proposed chemical mechanism of USP7 inhibition by
P22077 and P50429 (Figure 4) is valid both in vitro and in
mammalian cells (Figure 5). Full-length USP7 is a large (1,102



Figure 6. Specificity Determinants of Dual USP7/USP47 Inhibitors

(A and B) Covalent docking models of the USP7 active site modified by P22077 (A) and P50429 (B). Catalytic C223 is marked with an asterisk.
(C) Surface representation of the USP7 catalytic domain with conserved among USPs residues shown in maroon. Residues unique to USP7 and USP47 are

shown in blue.

amino acid residues) protein consisting of seven domains
proposed to adopt a compact conformation during the enzyme
activation (Faesen et al., 2011), which may interfere with the
inhibitor binding. Here, we showed that both compounds inhibit
the catalytic activity of endogenous full-length USP7. Further-
more, treatment of cells with P22077 and P50429 results in
formation of C223 adducts identical to those observed in vitro.
Overall, P50429 proved to have more potency against USP7,
in agreement with previous studies (Weinstock et al., 2012).

Stabilization of p53, along with growth arrest of tumor cells,
are well-known effects of USP7 inhibition (Chauhan et al.,
2012; Colland et al., 2009; Reverdy et al., 2012). However, it
was suggested that p53-independent pathways might also be
involved in the cytotoxic effects of the USP7 inhibitors (Chauhan
etal., 2012). UHRF1 and DNMT1, recently discovered substrates
of USP7, are critical for maintenance of genomic DNA methyl-
ation during replication (Felle et al., 2011). Therefore, we
explored the effect of P22077 and P50429 on the stability of
UHRF1, DNMT1, and HDM2 in Jurkat cells. The dose-dependent
decreases in the levels of all three substrates suggests that their
stability is compromised by deubiquitination. While degradation
of HDM2 leads to stabilization of p53, the degradation of UHRF1
and DNMT1 might cause methylation defects in newly synthe-
tized DNA. These downstream effects may contribute to the
overall cytotoxic activity of these compounds.

USP7 belongs to a superfamily of USP cysteine proteases
consisting of 58 proteins with structurally conserved catalytic
cores, which makes development of USP7-specific inhibitors
challenging. Indeed, the two compounds tested in this work
are the most specific among the currently available USP7 inhib-
itors; however, they both can inhibit USP7 and its close homolog
USP47 (Love et al., 2007). The fact that inhibitors P22077 and
P50429 bind to the conserved catalytic cleft of USP7 is intriguing
and raises the question of how the specificity is achieved. In an
effort to address this question, we performed protein sequence
alignment using PROMALS3D (Pei et al., 2008), followed by
calculation of conservation score (ConSurf) (Ashkenazy et al.,
2010) for a set of USP enzymes that are selectively inhibited by
P22077 (USP7 and USP47), as well as enzymes USP2, 4, 5, 8,
9X, 15, 20, and 28, not susceptible to inhibition by P22077 (Altun

et al., 2011). As expected, the majority of the residues in the cat-
alytic cavity are highly conserved (Figure 6C). However, a few
residues are uniquely conserved in USP7 and USP47 and varied
in other USPs. Specifically, Q219 of USP7 is present only in
USP47, while other USPs contain a hydrophobic amino acid
residue at the equivalent position. Acidic amino acid residues
equivalent to D289 in USP7 are also found in USP47 (E246),
but replaced by neutral residues in USP2, 4, 5, 8, 9X, 15, and
28, and by basic R in USP20. In addition, the positively charged
H294 in USP7 is conserved in USP47 and USP9X, in contrast to
Q at the equivalent position in all other analyzed USPs. The
hydrophobic side chain of USP7 A221, which is near the catalytic
C223, is preserved in USP47 (M175) and USP9X (A1564) but
changed to polar N in others. Finally, Q405 in USP7 is conserved
among USP47, USP9X, and USP5. Other proteins have H at the
equivalent positions, with the exception of USP28, which has
D. Overall, although some of these residues are not unique for
USP7 and USP47, only these two enzymes contain all five.
This distinct residue combination creates a network of hydro-
phobic and electrostatic interactions unique to the active sites
of USP7 and USP47, which may provide the basis for the
observed specificity of inhibitors.

Alternatively, it is possible that USP7-specific inhibitors prefer-
entially target its unique, misaligned active site for initial binding.
Indeed, catalytic triads in all other known USP structures are
found in the catalytically competent conformation, even in the
absence of ubiquitin (Avvakumov et al., 2006; Clerici et al.,
2014; Hu et al., 2005; Komander et al., 2008). In this light, the
structure of the catalytic core of USP47 also inhibited by
P22077 and P50429 is a subject of great interest.

Altogether, our results reveal the molecular mechanisms of
USP?7 inhibition by P22077 and P50429. We showed that inhibi-
tors specifically bind to the catalytic cleft of the enzyme and
subsequently modify the catalytic C223. The modification of
the cysteine thiol group irreversibly inhibits the enzymatic activity
of USP7 by preventing formation of anionic sulfur and its subse-
quent nucleophilic attack on the C-terminal carbonyl carbon of
ubiquitin. Previously, only X-ray crystallography was used to
structurally characterize the catalytic domains of USP proteins.
We have shown that these large enzymes can be successfully
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studied in solution. Such studies may provide a unique insight
into dynamic conformational changes and transient interactions
within the molecule. More importantly, these studies will facilitate
compound optimization and the discovery of more potent and
specific inhibitors of USP7 and other pharmacologically impor-
tant USPs.

SIGNIFICANCE

Inactivation of USP7 has recently emerged as a new
approach to treatment of multiple human malignancies.
However, the lack of structural information about the
USP7-inhibitor interactions has been a critical gap in the
development of specific and potent USP7 inhibitors. Here,
we report the first structural analysis of USP7 inhibition
with two small-molecule compounds. We demonstrate that
both inhibitors specifically target the catalytic cleft of the
enzyme and covalently modify C223 of the active site via
distinct chemical mechanisms. Detailed knowledge of the
mechanism of USP7 inhibition will allow rational design of
improved inhibitors as the basis of a new class of anti-can-
cer therapeutics.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
USP7 Progenra N/A
DNMT1 Cell Signaling Cat# 5032S; RRID: AB_10548197
HDM2 Santa Cruz Cat# sc-965; RRID: AB_627920
UHRF1 Santa Cruz Cati# sc-166898; RRID: AB_10610641
Actin Sigma Cat# A2228; RRID: AB_476697
Bacterial and Virus Strains
Escherichia coli BL21(DE3) EMD Millipore Cat# 70235
Escherichia coli Rosetta 2(DE3)pLysS EMD Millipore Cat# 71401
Chemicals, Peptides, and Recombinant Proteins
P22077 Calbiochem Cat# 662142
P50429 Millipore Cat# 662143
Progenra N/A
PR-619 LifeSensors Cat# SI19619
Cycloheximide Sigma Cati# C7698
Ub-VME LifeSensors Cat# SI240
USP7 (208-560) This paper N/A
His-SUMO-USP7 (208-560) This paper N/A
His-FLAG -USP7 (208-560) This paper N/A
Critical Commercial Assays
Ub-CHOP2 reporter assays LifeSensors Cat# PR1001
ECL Millipore Cat# WBKLS0500
ECL Pierce Cat# 34080
Deposited Data
Backbone "H, °C and '°N chemical shift BMRB 26951
assignments for USP7 catalytic domain
Experimental Models: Cell Lines
Human: T lymphocyte cell line Jurkat (p53"YT) ATCC Cati# TIB-152™
Human: HEK293T ATCC Cat# CRL-1573™
Human: colorectal cancer HCT116 (p53"T) ATCC Cat# CCL-247™

Oligonucleotides

USP7-208BsmBI-F: gatccgtctctaggtaagaag
cacacaggctacgt

USP7-560BsmBIXhoR: gatccgtctcctcgagt
cattcctgecgctectteceget
USP7-208BsmBIXbaF: gatccgtctctctagaaa
gaagcacacaggctacgt

USP7-560BsmBINotR: gatccgtctccggecgcet
cattcctgecgctecttceget

Xhol-His10insertF: tcgagatgggtcaccatcacc
accatcaccatcatcatcacgggce
Xhol-His10insertR: tcgagcccgtgatgatgatggtg
atggtggtgatggtgacccatc

USP7-C223A-QC-F: gaatcagggagcgactgcttac
atgaacagcctgc

USP7-C223A-QC-R: gcaggctgttcatgtaagcagtc
gctccctgatte

Eurofins Genomics

Eurofins Genomics

Eurofins Genomics

Eurofins Genomics

Eurofins Genomics

Eurofins Genomics

IDT Technologies

IDT Technologies

Custom synthesis

Custom synthesis

Custom synthesis

Custom synthesis

Custom synthesis

Custom synthesis

Custom synthesis

Custom synthesis

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

Plasmid: pET28a-LIC-USP7 (208-560) SGC Toronto N/A

Plasmid: pET24-6xHis-Smt3-USP7 (208-560) This paper N/A

Plasmid: pEF-10xHis-3xFLAG-USP7 (208-560) This paper N/A

Software and Algorithms

NMRPipe Delaglio et al., 1995 https://spin.niddk.nih.gov/bax/
software/NMRPipe/

CcpNmr Analysis Vranken et al., 2005 http://www.ccpn.ac.uk/v2-software/
software/analysis

SciDAVis N/A http://scidavis.sourceforge.net/

Thermo Scientific Protein Deconvolution 4.0 Thermo Scientific N/A

MASCOT Distiller Matrix Science http://www.matrixscience.com/
distiller.html

ICM-Pro Molsoft http://www.molsoft.com/
icm_pro.html

Chimera UCSF Resource for http://www.rbvi.ucsf.edu/chimera

Biocomputing, Visualization,
and Informatics at the UCSF

PROMALS3D Pei et al., 2008 http://prodata.swmed.edu/
promals3d/promals3d.php

ConSurf Ashkenazy et al., 2010 http://consurf.tau.ac.il/2016/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Irina Bez-
sonova (bezsonova@uchc.edu).

EXPERIMANTAL MODEL AND SUBJECT DETAILS

Bacterial Strains
E. coli strain BL21-(DE3) was used to express USP7 (208-560) for NMR studies. USP7 catalytic domain used for in vitro experiments
was purified from E. coli strain Rosetta 2(DE3)pLysS.

Cell Lines

Human T lymphocyte cell line Jurkat (p5 was maintained in Roswell Park Memorial Institute (RPMI) 1640 Medium, supple-
mented with 10% FBS (Biowest) and 2 mM L-glutamine (Gibco), and 50 units/mL penicillin/streptomycin (Gibco). Human colorectal
cancer HCT116 (p53") cell line and HEK293T cell line were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% FBS 2 mM L-glutamine, and 50 units/mL penicillin/streptomycin.

SMUT)

METHOD DETAILS

USP?7 Inhibitors
P22077 was purchased from Calbiochem. P50429 (Weinstock et al., 2012) was purchased from Millipore and synthesized at
Progenra.

Protein Expression and Purification

USP7 sample used for NMR experiments: cDNA encoding the catalytic domain of the human USP7 (residues 208-560) was sub-
cloned into pET28a-LIC Vector (Structural Genomics Consortium) downstream from an N-terminal 6xHis tag and a thrombin cleav-
age site. C223A mutation was introduced using site-directed mutagenesis. A 2H/'3C/'®N —labeled catalytic domain was expressed in
Escherichia coli BL21 (DE3) strain grown at 37°C in 100% D,O-based M9 minimal medium supplemented with '®NH,CI and
3G/2H -glucose as the sole source for nitrogen and carbon respectively. Protein expression was induced at an ODggg ~ 0.8 by adding
1 mM IPTG. Cells were harvested after 16 hours of incubation at 20°C and lysed by sonication in extraction buffer containing 20 mM
NaH,PO,4, 250 mM NaCl, 10 mM imidazole, pH 7.4. Cell lysates were clarified by centrifugation at 15000 rpm for 45 min and applied to
a Ni-NTA resin (Thermo Scientific). Recombinant protein was eluted with extraction buffer containing 250 mM imidazole. Following
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thrombin digestion to remove the 6xHis-tag, catalytic domain was additionally purified by size exclusion chromatography using
HiLoad Superdex 200 column (GE Healthcare) in sample buffer containing 20 mM Tris-HCI, 100 mM NaCl, 2 mM DTT, pH 7.5. For
NMR experiments the protein sample additionally contained 10% D,O.

Catalytic domain of human USP7 (208-560) used for in vitro compound adduct formation study was sub-cloned into Bsal/Xhol-
digested pET24-6xHis-Smt3 vector (Malakhov et al., 2004). This bacterial-expression construct encoded a fusion protein with N-ter-
minal 6xHis and SUMO tags, protein expression was performed in Escherichia coli strain Rosetta 2(DE3)pLysS by induction with
0.2 mM IPTG at 18°C overnight, and purification was achieved using Ni-NTA chromatography.

Catalytic domain of human USP7 (208-560) used for in cells (HEK293T) compound adduct formation study was sub-cloned into
Xbal/Notl-digested pEF-3xFLAG-10xHis vector. This mammalian-expression construct of USP7 core encoded an N-terminally
3xFLAG-10xHis-tagged protein, expressed constitutively by the EF1 alpha promoter, and protein was purified through FLAG and
His tags double affinity purification.

NMR Spectroscopy

AllNMR data including spectra for backbone resonance assignment and chemical shift perturbation experiments were collected on
800 MHz ("H) Agilent VNMRS spectrometer equipped with cryoprobe at 30°C. The data were processed with NMRPipe (Delaglio
et al., 1995) and analyzed with CcpNmr Analysis (Vranken et al., 2005). NMR experiments collected for backbone resonance assign-
ment of the USP7 catalytic core included standard 2D "H-'°N TROSY-HSQC, TROSY-based 3D HNCA, HNCOCA, HNCO, HNCACO,
HNCACB and "*N-edited NOESY-HSQC (Pervushin et al., 1997; Sattler et al., 1999). To assess ubiquitin binding, unlabeled ubiquitin
was gradually added to 0.3 mM 2H/'3C/'®N - labeled catalytic domain of USP7 at ratios of up to 1:3 (protein to substrate). To monitor
interactions of USP7 with its inhibitors, compounds P22077 or P50429 were dissolved in 100% DMSO and gradually added to
0.42 mM 2H/'3C/"®N - labeled catalytic domain up to 1:5 protein-to-inhibitor ratio and final DMSO concentration of 5%. In all exper-
iments changes in chemical shifts were monitored by acquiring 2D 'H-N TROSY spectra. During inhibitor binding experiments a
spectrum of the free catalytic domain in sample buffer additionally containing 5% DMSO was used as a reference spectrum.

For USP7 catalytic core — ubiquitin complex observed frequency perturbations for each amino acid residue were calculated using
combined shift change of the amide nitrogen and proton Awgps=(AwnZ+Awy? )2, where Awy and Awy are N and H frequency
differences between free and bound states in Hz. The dissociation constant for the complex of the catalytic domain with ubiquitin
Kp=[P][L)/[PL] (where [P], [L] and [PL] are concentrations of the free protein, free substrate and the complex respectively) was extracted
by nonlinear least-square fitting of global chemical shift change plotted versus ligand concentration using the following equation:

(Ko + [+ P}) — / (1Pl + [+ Ko)” — 4[P],[L,
2P,

Awobs = AWmax

where [P]; and [L]; are the total protein and ligand concentrations and Awnmax is chemical shift difference at saturation. A total of 199
assigned, well resolved non-overlapped peaks were used for the analysis. The titration data analysis was performed using SciDAVis.
Figures depicting mapping of NMR data onto protein structures were prepared using Chimera UCSF (Pettersen et al., 2004) and ICM-
Pro (Molsoft).

Mass Spectrometry

Samples used for intact mass determination (Figure S4A) and LC-MS/MS (Figures 3B and 3C) were prepared by incubating 300 g of
the purified catalytic domain with either 5-fold molar excess of P22077 or P50429 in the sample buffer containing 5% DMSO, or with
vehicle (5% DMSO) for ~24 hours at room temperature. Following incubation, the protein samples were dialyzed in water to wash out
salts and small molecules excess. To determine the intact mass of the USP7 catalytic core and its complexes with inhibitors, samples
(~100 pg, 30 pl) were mixed with 200 pl of 50% methanol containing 0.1% formic acid and analyzed by direct infusion on a Thermo
Scientific Orbitrap Fusion Tribrid mass spectrometer. The instrument was operated in Intact Protein mode with an ion routing multi-
pole pressure of TmTorr. Spectra were acquired at 120K and 240K resolution. The isotopically resolved data were processed using
Thermo Scientific Protein Deconvolution 4.0 software. Samples used for LC-MS experiments shown in Figures 3A and S4D were
prepared by incubating 300 pg of the purified WT and C223A catalytic domain with 20-fold molar excess of either P22077 or
P50429 with 2% DMSO for 4 hours at room temperature and analyzed at Progenra using Agilent 6230 TOF LC/MS system. For
MS analysis of in cells compound adduct formation (Figure 5C), HEK293T cells expressing WT or C223A 3xFLAG-10xHis-USP7
catalytic domain were treated with DMSO, 30 uM P22077, or 30 uM P50429 for 4 hours. Followed purification, 600 ng of the protein
was analyzed using Agilent 6230 TOF LC/MS system.

For LC-MS/MS, the intact protein samples (~10 ng) were dried using SpeedVac prior to dissolving and denaturing in 8 M urea,
0.4 M ammonium bicarbonate. The urea concentration was adjusted to 2 M by the addition of water, and the proteins were digested
with trypsin (Promega) at 37°C for 16 hours. Samples were desalted using a C18 Ultra microspin column (The Nest Group) and pep-
tides were eluted with 80% acetonitrile containing 0.1% trifluoroacetic acid (TFA), then dried and reconstituted in 7% formic acid/
0.1% TFA, then diluted with additional 0.1% TFA to a final protein concentration of 0.01 pg/pl. LC-MS/MS analysis was performed
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on a Thermo Scientific Q Exactive Plus equipped with a Waters nanoAcquity UPLC system using a Waters Symmetry®
C18 180pum x 20mm trap column and a ACQUITY UPLC PST (BEH) C18 nanoACQUITY Column (1.7 pm, 75 um x 250 mm) for peptide
separation. Trapping was done at flow rate of 5 pl/min in 97 % Buffer A (100% water, 0.1% formic acid) for 3 min. Peptide separation
was performed at 330 nl/min with the following gradient of Buffer B (100% acetonitrile, 0.1% formic acid) in Buffer A for 90 minutes:
3% B at initial conditions; 5% B at 1 minute; 35% B at 50 minutes; 50% B at 60 minutes; 90% B at 65-70; and back to initial conditions
at 71 minutes. MS was acquired in profile mode over the 300-1,700 m/z range using 1 microscan; 70,000 resolution; AGC target of
3E6; and a full max ion time of 45 ms. MS/MS was acquired in centroid mode using 1 microscan; 17,500 resolution; AGC target of
1E5; full max ion time of 100 ms; 1.7 m/z isolation window; normalized collision energy of 28; and 200-2,000 m/z scan range. Up to
20 MS/MS were collected per MS scan on species with an intensity threshold of 2E4, charge states 2-6, peptide match preferred, and
dynamic exclusion set to 20 seconds. MASCOT Distiller software was used to generate peak lists which were searched against the
UBP7_HUMAN sequence as well as the Swiss-Protein database with taxonomy restricted to E. coli using the MASCOT algorithm
(Matrix Science). Search parameters used were peptide mass tolerance of 10 ppm; MS/MS fragment tolerance of +0.25 Da; allow
up to two missed cleavages; variable modification of methionine oxidation and custom modifications configured for the moieties
added by the compounds.

Protein - Ligand Docking

Covalent docking of the complexes of USP7 catalytic domain with DUB inhibitors P22077 and P50429 was performed using ICM-Pro
(Molsoft). ICM method uses Monte-Carlo simulations based global optimization of flexible ligand position in the space of grid poten-
tial energy maps calculated for a protein receptor (Neves et al., 2012). Chemical reactions for both of the compounds were sketched
manually. Covalent adducts were identified based on MS results and represented products of the chemical reactions. C223 was cho-
sen as the modified residue. The highest resolution X-Ray structure of USP7 catalytic core was used (PDB: 4M5W) (Molland et al.,
2014). Structures with the lowest predicted ICM scoring function accounting for ligand size, protein — ligand van der Waals
interactions, conformational changes, changes in solvation electrostatic energy and hydrophobic free energy gain are shown in Fig-
ures 6A and 6B.

Immunoprecipitation and DUB Activity Measurements

Immunoprecipitation and measurement of USP7 activity were performed as reported previously (Chauhan et al., 2012) with slight
modifications. Briefly, Jurkat cells treated with DMSO or USP7 inhibitors were washed with ice cold PBS and lysed using NP40 lysis
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% (v/v) NP40, 10% (v/v) Glycerol, 1 mM PMSF) and pre-cleared using 30 pl of protein
G-sepharose (Invitrogen) for 1 hour at 4°C. 500 pg of pre-cleared cell lysates were incubated with Protein G sepharose beads
pre-loaded with 0.5 pg of anti-USP7 antibody (Progenra) for 1 hour. Beads were washed twice with lysis buffer containing 2 mM
B-mercaptoethanol and USP7 activity was determined using Ub-CHOP2 reporter assays (LifeSensors). DMSO treated cell lysates
were incubated with beads alone for control. 5 pl of beads from immunoprecipitation was analyzed by Western blotting with anti-
USP7 antibody to determine relative levels of USP7.

Irreversible Inhibition of Endogenous USP7 in HCT116 Cells

HCT116 cells were pre-treated with either DMSO, P22077 or P50429 for 4 hours, and then the free inhibitors were washed out with 1X
PBS. Cells were cultured with fresh medium for 24 hours in the presence or absence of Cycloheximide (CHX), to block new protein
synthesis. Endogenous USP7 was then isolated by immunoprecipitation for quantification of catalytic activity using Ub-CHOP2
reporter assay (LifeSensors).

Western Blotting

Jurkat cells were treated with USP7 inhibitors for 24 hours with indicated doses, harvested and washed once with ice-cold PBS. Cell
pellets were lysed using modified RIPA lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP40, 1% Sodium deoxycholate,
2 mM EDTA, 10% Glycerol, Protease inhibitor cocktail (Sigma, 1:500), 50 tM PR-619 (Pan DUB inhibitor, LifeSensors). Protein esti-
mation was carried out using the Bradford method (Bio-Rad). 25 ng of cell lysates were separated on 10% SDS-PAGE gel, transferred
to PVDF membrane and probed with primary antibodies against DNMT1 (Cell Signaling) HDM2 (Santa Cruz), UHRF1 (Santa Cruz) and
Actin (Sigma). Blots were developed using Millipore ECL or Pierce ECL depending on the sensitivity requirements and images were
captured and quantified using LI-COR Odyssey Fc imaging system. For repeated analysis of Western blots, membranes were strip-
ped using Restore Western Blot Stripping buffer (ThermoFisher).

Ub-VME based USP7 Activity Assay

HEK293T cells expressing WT or C223A USP7 core were pre-treated with either 30 uM of the inhibitors or DMSO for 4 hours. Cells
were washed once with PBS, harvested and lysed in 1% NP40 lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP40, 10%
Glycerol, 1 mM PMSF, 2 mM B-ME). 20 ng of lysate per sample was used for the Ub-VME assay by incubating with Ub-VME at a final

e4 Cell Chemical Biology 24, 1501-1512.e1-e5, December 21, 2017



concentration of 400 nM. Total reaction volume was 10 pl. The reaction was performed at 37°C for 30 min and stopped by addition of
2 pl of 6X SDS sample buffer and boiling for 5 min. To determine the formation of USP7-Ub-VME complex the samples were
subjected to SDS-PAGE electrophoresis, transfered to PVDF membrane, and blotted with USP7-specific antibody.

DATA AND SOFTWARE AVAILABILITY

The backbone "H, '3C and "®N chemical shift assignments of USP7 catalytic domain have been deposited to BMRB under the acces-
sion number BMRB: 26951.
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