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Abstract

We applied a yeast-two-hybrid (Y2H) analysis to screen for ubiquitin variant (UbV) inhibitors of a human
deubiquitinase (DUB), ubiquitin-specific protease 2 (USP2). The Y2H screen used USP2 as the bait and a
prey library consisting of UbVs randomized at four specific positions, which were known to interact with USP2
from phage display analysis. The screen yielded numerous UbVs that bound to USP2 both as a Y2H
interaction in vivo and as purified proteins in vitro. The Y2H-derived UbVs inhibited the catalytic activity of
USP2 in vitro with nanomolar-range potencies, and they bound and inhibited USP2 in human cells. Mutational
and structural analysis showed that potent and selective inhibition could be achieved by just two substitutions
in a UbV, which exhibited improved hydrophobic and hydrophilic contacts compared to the wild-type ubiquitin
interaction with USP2. Our results establish Y2H as an effective platform for the development of UbV inhibitors
of DUBs in vivo, providing an alternative strategy for the analysis of DUBs that are recalcitrant to phage display
and other in vitro methods.

Crown Copyright © 2019 Published by Elsevier Ltd. All rights reserved.
Introduction

The Ubiquitin Proteasome System (UPS) regu-
lates numerous cellular processes through effects
on protein localization and degradation [1,2]. Recent
advances have identified components of the UPS as
promising therapeutic targets [1,2]. Indeed, targeting
the UPS has been successful, with a key example
being the use of the proteasome inhibitor bortezomib
for the treatment of multiple myeloma [3,4]. However,
a consequence of global UPS inhibition by bortezomib
is extensive cytotoxicity, which limits its therapeutic
t © 2019 Published by Elsevier Ltd. All right
potential. As such, inhibitors targeting other compo-
nents of theUPSmayenhance specificity and efficacy,
and could thus improve therapeutic outcomes for
patients [3,4,5–7].
Deubiquitinating enzymes (DUBs) catalyze the

removal of ubiquitin (Ub) from target substrates and
affect a wide variety of cellular processes by influenc-
ing the localization, stability and function of their
substrates [1,2]. Inhibition ofDUBactivity has emerged
as a promising therapeutic strategy to treat several
diseases including various cancers and neurodegen-
erative diseases [7,8,9]. Despite this, there is a paucity
s reserved. Journal of Molecular Biology (2019) 431, 1160–1171
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of specific and potent inhibitors of DUBs, which has
hindered attempts to exploit them for therapeutic
benefit. To address this issue, our group developed a
strategy employing Ub as a scaffold to engineer potent
and specific DUB inhibitors, called Ub variants (UbVs)
[10–12]. We have previously reported the generation
of massively diverse combinatorial libraries containing
billions of unique UbVs, and we have used in vitro
phagedisplay selections to identify inhibitors of several
different proteins in the UPS [13].
Ubiquitin-specific protease 2 (USP2) is a human

DUB that is involved in the regulation of cell cycle
progression and cell death, and it has recently
emerged as a potential therapeutic target for several
diseases including prostate and triple-negative
breast cancer [14–16]. Phage display library screens
have yielded several UbVs capable of binding and
inhibiting the function of USP2 in vitro, and substi-
tutions at four positions in the N-terminal region of Ub
(positions 2, 6, 11 and 12) are sufficient for the
generation of potent and specific UbV inhibitors of
USP2 [11,12].
However, while these UbVs inhibited USP2

activity in vitro, they failed to interact with USP2 in
human cells, possibly suggesting poor stability,
improper folding, reduced affinity and/or specificity
for their target in vivo. This issue may be a general
concern because UbV binding affinities and speci-
ficities observed in vitro do not always hold true
in vivo. Moreover, it can be challenging to purify
DUBs, which is a prerequisite for in vitro phage
display. On the other hand, in vivo screening
systems more accurately reflect cellular conditions
and do not require purified proteins as targets. Thus,
in vivo screening systems could circumvent some
of the limitations inherent to in vitro strategies to
provide complementary methodology for the pro-
duction of DUB inhibitors.
In particular, the yeast-two-hybrid (Y2H) analysis

is a well-established and powerful approach for
identifying protein–protein interactions in vivo
[17,18]. Here, we tested Y2H as an effective platform
for the discovery of UbV inhibitors of human DUBs.
We constructed a complex Y2H prey library com-
prising UbVs and showed that USP2 baits can be
used to identify UbVs that are capable of binding
and inhibiting USP2 in human cells. These results
highlight the power of an in vivo approach for the
discovery of novel UbV reagents.
Results

Y2H is an effective intracellular platform for
detecting DUB–UbV interactions

We sought to establish a Y2H as an in vivo assay
to develop UbV inhibitors of DUBs. Using phage
display, we previously identified UbVs capable of
binding components of the UPS, including two UbVs
that targeted USP2 (UbV.2.1PH and UbV.2.11PH,
where “PH” indicates UbVs derived by phage
display) [11,12]. To determine whether interactions
between USP2 and phage-derived UbVs could
be detected via Y2H analysis, we made constructs
that expressed USP2, either as a full-length protein
(USP2FL) or as a C-terminal catalytic domain
(USP2Cat, comprising of residues 262–605) [11],
as a Gal4 DNA binding domain (DBD) bait fusion
protein or as a Gal4 activation domain (AD) prey
fusion protein. Similarly, we generated bait and prey
constructs with wild-type Ub (Ub.wt) and a series of
phage-derived UbVs that targeted USP2, including
UbV.2.3PH, UbV.2.7PH, UbV.2.9PH and UbV.2.11PH.
These Y2H constructs were transformed into a
reporter yeast strain (Y15409), such that each DUB
bait constructwas co-expressedwith its cognateUbV,
Ub.wt or a control plasmid. Protein–protein interac-
tions were inferred from the expression of two distinct
reporter genes, HIS3 and yEGFP, which can be
detected by growth on media lacking histidine or
through enhanced green fluorescent protein (EGFP)
fluorescence, respectively. In addition, the stringency
of HIS3 selection can be increased through the
addition of a competitive inhibitor of the HIS3 gene
product, 3-amino triazole (ATZ) [19].
The combination of a USP2FL bait and Ub.wt prey

resulted in weak HIS3 reporter expression, which
could be eliminated by increasing the selection
stringency with ATZ. Notably, we found that USP2FL

bait activated the HIS3 reporter strongly in the
presence of UbV.2.1PH prey, suggesting that these
two proteins bind tightly in the Y2H context. We also
detected reporter activation with USP2FL bait and
several different phage-derived UbV preys, including
UbV.2.3PH, UbV.2.7PH, UbV.2.9PH and UbV.2.11PH,
although none of these UbVs appeared to bind the
USP2FL bait as strongly as UbV.2.1PH. Interestingly,
we could not detect a Y2H interaction with other
phage-derived UbVs (Supplementary Fig. 1A). Sim-
ilarly, using the EGFP Y2H reporter and FACS
analysis, we detected strong Y2H interactions be-
tween either the USP2Cat or the USP2FL bait with a
UbV.2.1PH prey, whereas no interaction was detected
for Ub.wt prey (Supplementary Fig. 1B). Taken
together, these results show that the Y2H analysis
permits detection of interactions between USP2 and
cognate UbVs; however, many UbVs that bound and
inhibited USP2 in vitro failed to detectably bind USP2
in vivo.

Y2H library screens yield potent, specific
and stable UbV inhibitors of USP2

To facilitate the discovery of in vivo UbV binders
for USP2, we generated a UbV library that was
compatible with the Y2H screening platform. From
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phage display analysis, we showed previously that
residues at four positions [2,6,11,12] within the
N-terminal region are particularly important for the
generation of potent and specific UbV inhibitors
of USP2 [11,12]. Thus, we generated a library of
UbV prey constructs, in which these positions were
diversified using a hard randomization strategy [20]
with degenerate codons that allowed for all 20
genetically encoded amino acids in a combinatorial
manner (Fig. 1a). The resulting library, consisting of
1.6 × 105 unique UbVs, was expressed in a Y2H
reporter yeast strain (Y14568) that contained URA3,
HIS3, LacZ and yEGFP reporters (see Materials and
Methods).
We utilized the yeast mating system to generate

diploid cells carrying both a USP2 bait plasmid and a
UbV prey library plasmid. To isolate UbVs that bound
USP2, the UbV prey library was mated to isogenic
yeast strains of the opposite mating type that either
expressed an untagged Gal4 DBD bait (control
plasmid) or a USP2 bait. Resulting strains were
first subjected to selection for HIS3 expression in
solution and subsequently collected and selected for
EGFP expression by FACS. Screens with USP2Cat

and USP2FL baits showed that EGFP was expressed
in 0.41%and0.15%of cells, respectively,while no cells
expressed EGFP in screens against control plasmid
(Supplementary Fig. 2A). Similar results were obtained
with a higher-stringency HIS3 selection, in which ATZ
was included in the medium (Supplementary Fig. 2A).
We further validated our results by re-transforming
UbVs isolated from the USP2FL screens into yeast
cells that expressed either the control plasmid or
a USP2FL bait and assessed GFP reporter gene
expression. This analysis showed that 98% of the
UbVs isolated throughourY2Hscreens showed robust
activation of the EGFP reporter gene (Supplementary
Fig. 2B).
We sequenced 700 clones and identified 555

unique UbVs that were isolated as putative USP2
binders. Compared to UbVs selected through phage
display, UbVs selected by Y2H were more variable
but still retained some preference for sequences that
Fig. 1. UbVs derived by Y2H inhibit USP2 in vitro.
(a) Y2H UbV library design. The main chain of Ub is
depicted as a gray tube, and magenta spheres indicate
positions that were varied as combinations of all 20
genetically encoded amino acids using NNK (N = A/G/C/T,
K = G/T) degenerate codons. (b) Sequence logos derived
from the relative amino acid frequencies for UbVs selected
for binding to USP2 by Y2H (top, n = 700) or phage display
(bottom, n = 96) using WebLogo™. (c) Sequence align-
ment and IC50 values of UbV inhibitors of USP2. The
alignment shows only those positions that were diversified
in the Y2H library, and positions that were conserved as the
wild-type sequence are shown as dashes. IC50 valueswere
determined as the concentration of UbV required to inhibit
50% of the activity of USPCat for hydrolysis of Ub-AMC.
resembled those selected previously [12] (Fig. 1b).
However, unlike phage-derived UbVs, Y2H-derived
UbVs exhibited a strong preference for cysteine at
positions 2, 6 and 12. Similar UbV sequences were
selected, regardless of whether USP2FL or USPCat

was used as the bait, or via the use of HIS3 and
EGFP reporters or HIS3 alone (Fig. 1b). Proteins
fused to phage coat proteins for phage display are
secreted into the periplasm, where the oxidizing
environment can cause cysteine residues to form
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non-native disulfides that can interfere with protein
function. We speculate that cysteine residues in the
phage-displayed libraries may have been depleted
due to these complications, whereas Y2H in the
reducing intracellular environment does not pose
any challenges for proteins that contain cysteine
residues.
To determine whether UbVs derived by Y2H were

able to inhibit USP2 catalytic activity in vitro, we
monitored the proteolytic activity of USP2Cat using
the fluorogenic substrate Ub-AMC [11,12]. We
tested the effects of five UbVs isolated in the Y2H
screens, and as a positive control, we also analyzed
UbV.2.1PH, which was previously selected for
binding to USP2 by phage display (Fig. 1c and
Supplementary Fig. 3A). UbV.2.6, the most potent
UbV derived by Y2H, contained three cysteine
residues and inhibited USP2Cat activity with an IC50
value of 3 nM, and was thus more than an order of
magnitude more potent than UbV.2.1PH (IC50 =
48 nM). To assess selectivity, we analyzed UbV.2.6
and UbV.2.1PH with in vitro proteolytic assays against
a panel of 13 human DUBs (including USP21, the
closest USP2 homolog) and observed strong inhibi-
tion only for USP2 (Table 1). To further assess
selectivity and to explore the utility of Y2H analysis
for the identification of specific UbV-DUB interactions,
we cloned 29 USPs, 5 other DUBs and 6 E2 enzymes
into a Y2H bait system and tested them for interaction
with UbVs 2.2 and 2.6, and we found that only
USP2 showed a strong positive Y2H interaction
(Supplementary Fig. 4).
Lastly, we compared the stability of UbV.2.6 and

UbV.2.1PH to that of Ub.wt, which is very thermo-
stable, with a melting temperature greater than
100 °C at physiological pH [21]. At 37 °C, the three
proteins exhibited virtually identical circular dichro-
ism (CD) spectra consistent with a mixed α/β
secondary structure (Supplementary Fig. 5A) [22],
suggesting that they are all capable of folding in
cells. Temperature denaturation showed that all
three proteins remained folded at 90 °C (Supple-
mentary Fig. 5A, B), and chemical denaturation
experiments showed that all three proteins unfolded
at a similar concentration of guanidinium hydrochlo-
ride (Supplementary Fig. 5C). These data show
that the global fold and stability of the UbVs are
similar to those of Ub.wt, and both the phage- and
Table 1. IC50 values for inhibition of DUB activity by UbVs

UbV IC5

USP2 USP4 USP7 USP8 USP9x USP11 U

2.1PH 20 ± 3 800 ± 70 N1000 N1000 N1000 N1000 N
2.6 9.5 ± 0.5 900 ± 60 N1000 N1000 N1000 N1000 N

a The IC50 value was defined as the concentration of UbV required
Rh110 substrate. Data are presented as the mean ± SD (n = 4).
Y2H-derived UbVs should be stably folded at
physiological temperature and pH. Taken together,
our results show that Y2H is a robust in vivo platform
for the identification of stable, potent and specific
UbV inhibitors of USP2.

UbVs interact with and inhibit USP2 in human cells

Having established that UbVs 2.2 and 2.6 bind
specifically to USP2 in yeast and inhibit its activity
in vitro, we sought to determine whether the UbVs
could interact with endogenous USP2 in human
cells. We used transient transfections to express
Flag-tagged UbVs in HEK293T cells, immunopreci-
pitated the UbVs with an anti-FLAG antibody, and
assessed co-precipitation of endogenous USP2 by
Western blotting with an anti-USP2 antibody. These
experiments showed that UbVs 2.2 and 2.6 were
able to co-immunoprecipitate USP2, whereas Ub.wt
and Ubv.2.1PH failed to do so (Fig. 2a).
Having determined that UbVs 2.2 and 2.6 interact

with endogenous USP2 in human cells, we investi-
gated whether they could inhibit the intracellular
activity of USP2. USP2 deubiquitinates the E3 ligase
MDM2 and prevents its degradation [23], and thus,
we explored the effects of UbVs on MDM2 ubiqui-
tination. We transiently transfected HEK293T cells
with plasmids to express Flag-tagged UbV.2.2 or
UbV.2.6, MDM2 and HA-tagged Ub.wt in the
presence of the proteasome inhibitor MG132.Western
blotting revealed that expression of UbV.2.2 or
UbV.2.6 resulted in significantly increased ubiquitina-
tion of MDM2 (Fig. 2b). Taken together, these results
confirm that UbVs 2.2 and 2.6 function as inhibitors
of USP2 in cells.

Mutational and structural analysis reveals the
molecular basis for UbV function

To better understand the basis for the potent
inhibition of USP2 by UbV.2.6, we introduced each
of the four substitutions from UbV.2.6 individually
into the sequence of Ub.wt and assessed effects on
USP2 activity (Fig. 1c and Supplementary Fig. 3B).
This analysis confirmed that each of the four
substitutions substantially enhanced the potency of
inhibition. The substitutions at positions 6 and 11
had the greatest effects, and indeed, a UbV bearing
0 (nM)a

SP15 USP19 USP21 USP28 USP30 UCHL3 UCHL5

1000 N1000 N1000 N1000 N1000 N1000 N1000
1000 N1000 N1000 N1000 N1000 N1000 N1000

to inhibit 50% of the activity of the enzyme for hydrolysis of Ub-
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substitutions at both positions was only 6-fold less
potent than Ub.V.2.6.
To visualize the molecular basis for USP2 inhibi-

tion by UbV.2.6, we determined the crystal structure
of UbV.2.6 in complex with USP2Cat at 2.34-Å
resolution (Table 2). We found that UbV.2.6 bound
to USP2Cat in a manner very similar to that of Ub.wt
(Fig. 3a), and also, the phage-derived UbVs 2.1PH

and 2.12PH (Supplementary Fig. 6). The Cα atoms
of the USP and Ub moieties in the UbV.2.6 and
Ub.wt complex structures superposed with RMSD of
0.31 Å. The structure revealed a large intermolecu-
lar interface with 1833 and 1664 Å2 of surface area
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buried on UbV.2.6 and USP2Cat, respectively, and
the UbV.2.6 side of the interface was centered on a
triad of substituted residues (Cys6, Arg11, Cys12)
that were most important for enhanced inhibitory
activity relative to Ub.wt (Fig. 3b). Notably, the
interactions mediated by the side chains of Cys6

and Arg11, which together accounted for most of
the enhanced activity of UbV.2.6 (Fig. 1c), differ
substantially from those mediated by the corre-
sponding side chains in Ub.wt (Fig. 3c). Specifically,
the side chain of Cys6 in UbV.2.6 makes hydropho-
bic contacts with the side chains of Phe462⁎ and
Phe489⁎ (USP2 residues are indicated by asterisks),
whereas the side chain of Lys6 in Ub.wt makes a salt
bridge with Asp466⁎ and a hydrogen bond with the
main chain oxygen of Leu461⁎. Arg11 in UbV.2.6
forms a hydrogen bond with the main chain oxygen
of Val467⁎ and a salt bridge with the side chain of
Asp466⁎, whereas Lys11 in Ub.wt points away from
the interface with USP2. Taken together, the muta-
tional and structural analyses revealed that a triad of
substituted residues in UbV.2.6 forms the center of
the interface with USP2, and the side chains of Cys6

and Arg11 substantially alter hydrophobic packing
and hydrogen bonding to enhance the binding
affinity and inhibitory potency of UbV.2.6 relative to
Ub.wt.
Discussion

Targeting DUBs and other components of the UPS
holds considerable promise for the development of
therapeutics. DUBs have been implicated in many
diseases including immune disorders, neurodegen-
eration and cancer [24–26]. However, the clinical
success of UPS inhibitors lags behind efforts aimed at
targeting phosphorylation and other post-translational
modifications [7,8,10]. Hence, there is an urgent
need for approaches aimed at interrogating specific
Fig. 2. Y2H-derived UbVs bind and inhibit USP2 in
HEK293T cells. (a) Flag-tagged UbVs co-immunoprecip-
itate endogenous USP2. HEK293T cells were transfected
with vectors to express the Flag-tagged UbVs or controls
indicated across the top. Flag-tagged UbVs were immu-
noprecipitated from cell lysates with an anti-Flag antibody,
and proteins were separated by SDS-PAGE and probed
by Western blotting with antibodies to the proteins
indicated on the right. Molecular weight standards are
indicated on the left. (b) UbVs inhibit deubiquitination of
MDM2 by USP2. HEK293T cells were transfected with an
empty vector control or vector to express flag-tagged
UbV.2.2 or UbV.2.6, and vectors to express HA-tagged
Ub.wt and MDM2. MDM2 was immunoprecipitated from
cell lysates, and proteins were separated by SDS-PAGE
and probed by Western blotting with anti-HA antibody
to detected HA-tagged Ub. Input whole cell lysate was
probed with antibodies to the proteins indicated on the
right.



Table 2. Crystallographic data collection, processing and
refinement statistics

UbV.2.6-USP2

Data collection
Space group C2
Wavelength (Å) 1.5418
Cell dimensions
a, b, c (Å) 159.98, 58.09, 46.84
α, β, γ (°) 90, 98.12, 90

Resolution range (Å) 50–2.34
Rsym 0.065 (0.149)
CC (1/2) (0.961)
Total no. of observations 57,873
Total no. unique observations 18,044 (1628)
Mean [(I)/σ(I)] 31.5 (8.6)
Completeness (%) 99.0 (90.8)
Multiplicity 3.2 (2.4)

Refinement
Resolution (Å) 37.76–2.34
No. of reflections 17,912
Rwork/Rfree 17.6/22.4
No. of atoms
Protein 3172
Ligand/ion 11
Water 156

Average B-factors
Protein 30.29
Ligand/ion 52.54
Water 31.97

R.m.s.d.
Bond length (Å) 0.002
Bond angles (°) 0.46

Ramachandran statistics
Residues in favored regions (%) 95.73
Residues in allowed regions (%) 3.77
Residues in disallowed regions (%) 0.5

Statistics in brackets are for highest-resolution shell (2.42–2.34 Å).
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components of the UPS to enable target validation
that facilitates drug development. To address this
need, our group has employed UbVs as a general
means to target DUBs and other UPS enzymes
[11,12]. Phage display has enabled the targeting of
many DUBs, but the technology has been limited to
those enzymes that can be purified in a stable and
active form, and some inhibitors that function in vitro
do not work effectively in cells [11,12]. To circumvent
these limitations, we developed a Y2H platform that
enables the selection of tight and specific UbV
inhibitors in an in vivo environment without the need
for protein purification.
Our Y2H system comprises four reporters—lacZ,

HIS3, yEGFP and URA3—which allow for precise
control of selection stringency and virtually eliminate
false positives. Furthermore, the use of the yEGFP
reporter eliminates the use of labour intensive and
costly plate-based selections. The yEGFP reporter
can be combined with auxotrophic selection in liquid
media, and interactors can be isolated rapidly by
FACS. Another key feature is a new Y2H prey vector
that is compatible with the Gateway® cloning system
and is amenable to mutagenesis protocols that
require the generation of single-stranded DNA. This
allows for the facile generation of large combinatorial
libraries, using single-stranded mutagenesis strate-
gies that have been optimized for efficient construc-
tion of large phage-displayed libraries [20].
We used the Y2H platform to engineer potent

inhibitors of USP2 that function in human cells, a
result that was not achieved by phage display.
Notably, the mutations derived by Y2H differed
significantly from those found in phage-derived
UbVs. Furthermore, we found that only the Y2H-
derived UbV.2.6 was able to inhibit endogenous
USP2 in human cells. While USP2 was the focus of
this study, the Y2H screening platform can be readily
adapted to target any number of DUBs and other
UPS enzymes, and thus, our results establish Y2H
screens as a powerful approach for the development
of UbV inhibitors. However, phage display can
access much larger libraries that can be used in
pooled selections to enable high-throughput selec-
tions against hundreds of targets in parallel [27,28].
In contrast, the smaller libraries accessible with
Y2H require screening protocols that are not readily
amenable to high-throughput selections against
many targets in parallel. Thus, the phage display
and Y2H approaches possess complementary
strengths and weaknesses, and we envision that
Y2H will provide a valuable alternative for targeting
UPS components that prove recalcitrant to phage
display.
Finally, we anticipate that the UbV inhibitors

described here will serve as useful tools for further
investigating the function of USP2 in both normal
and diseased cellular states. Moreover, as described
in detail elsewhere [29], the general UbV technology
will aid drug discovery efforts in the UPS in multiple
ways. First, the ability to directly target enzyme
active sites in live cells with small-molecule mimetics
will enable target validation with much greater
precision than is possible with RNA and gene
knockout approaches. Second, structural studies of
UbVs in complex with UPS enzymes provide insights
into the molecular interactions that promote affinity
and specificity, which could be applied to drug design.
Finally, UbVs could serve as ideal binding partners
for UPS components to enable high-throughput
chemical screens to detect small-molecules that
can displace UbVs and could thus be candidates for
drug development.
Materials and Methods

Y2H reporter strain construction

The Y2H GFP reporter strains Y14648 and
Y14649 were constructed by replacing the ADE2
chromosomal region of Y8930 and Y8800 with
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Fig. 3. The crystal structure of UbV.2.6 in complex with USP2. (a) Superposition of the structures of UbV.2.6 (magenta)
bound to USP2 (yellow) and Ub.wt (blue) bound to USP2 (gray) (PDB entry: 2HD5). (b) Open book view of the complex
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interactions between USP2 and the substituted residues Cys6 and Arg11 of UbV.2.6 (left) or the corresponding residues
Lys6 and Lys11 of Ub.wt (right). Molecules are colored as in panel a.
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yEGFP—kanamycin gene resistance cassette using
PCR-based direct gene replacement. G418-resistant
transformants were identified by plating cells on
YPD + G418 (400 mg/L). Colonies were picked after
72 h and used as a reporter strain to determine EGFP
fluorescence. To confirm the functionality of the
yEGFP reporter, bait-taggedUSP2FL, and its cognate
prey tagged UbV binder UbV.2.1PH (positive control)
or empty plasmid (negative control), were transformed
into the newly generated strains, Y14648andY14649,
via lithium acetate and polyethylene glycol (Supple-
mental Table 1) [30]. Successfully transformed cells
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were identified through plating cells onSD −Leu,−Trp
selective media. After 72 h, colonies were picked and
assessed for their ability to express EGFP using
confocal microscopy. The colonies that produced the
brightestEGFPsignalwere selectedwhenexpressing
the positive control, and no EGFP with the negative
control was selected.

Y2H bait and prey expression constructs
and strains

A panel of 41 different DUBs and E2s from the
Human ORFeome Collection V8.1 were cloned
into the Y2H prey vector, pDEST32 via Gateway
Cloning™ (Supplemental Table 2). To facilitate
reciprocal testing of UbVs isolated in Y2H screens,
all DUBs were cloned into the Y2H prey vector
pDEST22 tagged with the AD of the Gal4 TF. All
constructs were confirmed through restriction digest,
using XhoI and SacI, and DNA sequencing. Strains
harboring the resulting constructs were generated
through transformation via lithium acetate and
polyethylene glycol into the indicated yeast strain
[30]. Successfully transformed cells were identified
through plating cells on SD −Leu, −Trp selective
media after 72 h.

Site-directed mutagenesis and library generation

The gateway-compatible GAL4 prey vector
pDEST314 was generated by inserting the Gateway
Cloning™ compatible GAL4-activation domain from
pDEST22 into the yeast expression vector, pRS314
using standard cloning techniques. Briefly, the
gateway-compatible Y2H cassette from pDEST22
was amplified using the primers F: CCGATCG
ATATCCTTTTGTTGTTTCCGGGTGTA and R:
CCGGGTACCCCGGTAGAGGTGTGGTCAATAA-
GAG, and sub-cloned into theClaI and KpnI restriction
cloning sites found within pRS314. Successful con-
structs were identified via DNA sequencing.
A modified form of Ub that incorporated two stop

codons and an ApaI restriction site into the region to
bemutagenizedwas then transformed into pDEST314
using Gateway Cloning™. This was used as a
template for oligonucleotide-directed mutagenesis, as
previously described [11]. Variations were introduced
at positions 2, 6, 11 and 12 of Ub. Mutagenic
oligonucleotides were designed to replace positions
to be scannedwith degenerateNNKcodons (N = A/G/
C/T, K = G/C) that collectively code for all 20 natural
amino acids (NP_USP2_R1: AAAAAAGCAGGCT
C G A T G N N K A T T T T C G T G N N K A C C C
TTACGGGGNNKNNKATCACCCTCGAGGTTGAA).
Each mutagenesis reaction was electroporated into
ElectroMax DH10B Escherichia coli and each yielded
a library of N105 unique members. Resulting Libraries
were extracted using PureLink HiPure Plasmid
Maxiprep kit. UbV libraries were transformed into
Y14648 via lithium acetate and polyethylene glycol
yielding a library N105 uniquemembers [29]. Resulting
yeast cells were plated for single colonies onto 50 ×
150-cm plates consisting of SD −Leu, −Trp media,
scraped, pooled and frozen in 20% glycerol. Pooled
library stocks were stored at −80.

Mating and Y2H selection

To mate, cells expressing bait-tagged proteins
were grown overnight in a shaking incubator to
saturation (OD600 ~12), in 10 mL of liquid SD −Leu.
Cultures were then diluted to early log phase and
grown for an additional 3 h to a final OD ~0.6 in
50 mL of liquid SD −Leu media. Next, 5 × 107 cells
expressing bait were mixed with 2.5 × 108 thawed
library cells. Mating mixtures were transferred onto
40-mm mixed cellulose filters and incubated for 5 h
at 30 °C on YEPD solid media. Cells were collected
in 10 mL SD media lacking Leu and Trp. Serial
dilutions on SD −Leu, SD −Trp and SD −Leu,
−Trp were used to assess mating efficiency, mating
efficiencies varied from 10% to 20% indicating a 30-
fold to 60-fold coverage of the library per screen.
Remaining cells were either subjected to (A) His
selection by plating on solid SD −His, −Leu and
−Trp + 100 mM ATZ or (B) EGFP selection (see
below).
Resulting diploids were collected and grown

overnight to an OD600 of ~2 in a shaking incubator,
in 500 mL SD −Leu, −Trp, −His liquid media.
3 × 108 cells were pelleted and resuspended in 750
μL PBS for flow cytometry analysis. FACS Ariaii flow
cytometer from Becton Dickson (San Jose, CA) was
used to analyze the EGFP signal. Excitation of
EGFP fluorescence was carried out at 488 nm and
subsequently collected via 530/30-nm bandpass
filter. FSC and SSC were used to gate the yeast
single-cell population. The typical sample size was
2 million cells per measurement unless specified
otherwise. Data analysis was performed using the
FlowJo software.
EGFP expressing cells were collected and grown

overnight to saturation in 10 mL SD −Leu, −Trp,
−His liquid media and plated for single colonies on
SD −Leu −Trp media.

Sequence analysis

The occurrence of each amino acid at each
scanned position was corrected for bias by dividing
the counts by the number of codons for that amino
acid contained within the NNK degenerate codon.
Normalized sequences were used to produce an
alignment in LOGOS consensus format. Bits scores
at position I were calculated according to the
formula: Ri = log220 − (Hi − en), where Hi, Shannon
entropy at position i, = − Σƒa,i × log2ƒa,I, and fa,i is
the relative frequency of amino acid, a, at position
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i. Small sample correction, en, was assigned as 0, so
that bits scores ranged from 0 to 4.32 (log220).

Protein purification

Selected UbVs were cloned into pDEST53 via
Gateway cloning, resulting in an open reading frame
encoding a fusion protein consisting of a hexa-
Histidine tag, followed by an UbV. The plasmids thus
generated was transformed into E. coli BL21(DE3),
and resulting transformants were processed via
using standard techniques. IPTG (Bioshop, Canada)
addition to a final concentration of 0.5 mM at mid-log
phase was used to induce protein expression. After
an overnight incubation at 18 °C, cell pellets were
harvested at 12,200g for 10 min and lysed. Protein
purification was done via Ni-NTA metal-affinity resin
(Qiagen, Valencia, CA, USA) as per the manufac-
turer's guidelines. Next, polyacrylamide gel electro-
phoresis was used to determine the purity of eluted
fractions. Proteins were dialyzed to the experimental
buffer, and estimation of protein concentrations was
carried out by calculating the absorption at 280 nm
(Nanodrop 1000, Thermo Scientific, Rockford, IL,
USA).

USP2 activity and inhibition assays

With Ub-amido-4-methylcoumarin (Ub-AMC) sub-
strate (Boston Biochem, Boston, MA), assays were
performed in assay buffer [50 mM Hepes (pH 7.5),
0.01% Tween 20, 10 mM dithiothreitol (DTT)] with
1 mM substrate, 7.5 nM USP2 and serial dilutions of
UbV. USP2 and UbV were mixed in assay buffer and
incubated at room temperature for 2 min prior to the
addition of Ub-AMC. Release of fluorogenic AMC
was monitored at 460 nm (excitation at 360 nm)
for 30 min in a Synergy2 plate reader (BioTek
Instruments, Winooski, VT). IC50 was defined as
the concentration of UbV that inhibits 50% of USP2
activity and was fitted using the sigmoidal 4PL
equation in GraphPad Prism software.
With Ub-rhodamine110 (Ub-Rh110) substrate

(Boston Biochem, Boston, MA), assays were per-
formed in assay buffer [PBS (pH 7.5), 0.01% Tween
20, 5 mM DTT] with 1 μM substrate, 0.5–5 nM DUB
and serial dilutions of UbV. DUB and UbV weremixed
in assay buffer and incubated at room temperature
for 20 min prior to the addition of Ub-Rh110. Release
of fluorogenic Rh110 was monitored at 535 nm
(excitation at 485 nm) for 30 min in a SpectraMax
M5e plate reader (Molecular Devices). The initial
reaction velocities (nM/s) were determined for each
UbV concentration, plotted versus UbV concentra-
tion, and fitted with XLFit (IDBS software) using a
four-parameter logistical fit to determine the IC50,
the concentration of UbV that inhibited 50% of DUB
activity.
CD spectroscopy assays

CD spectra were recorded on a Jasco J-810
spectropolarimeter using a cylindrical quartz cuvette
with a 1-mm pathlength, 0.2-nm step resolution with
1.0-nm bandwidth, and a scan speed of 50 nm/min.
Each spectrum was averaged over five measure-
ments and corrected for the appropriate buffer
baseline. Spectra for 40 μM Ub.wt or 30 μM UbV
were measured in assay buffer (50 mMNaF, pH 7.5)
at wavelengths of 197–260 nm for experiments at
37 °C or 216–260 nm for experiments at 90 °C or in
6 M GuHCl.
Thermostability of 40 μM protein was measured

using the CD signal at a wavelength of 220 nm, and
the temperature was increased from 20 to 90 °C at a
rate of 1 °C/min using a peltier system to control
temperature (JASCO PTC-423S). The ellipticity was
plotted versus temperature and fit to a coarse lowess
curve using Prism 7. Chemical stability of 30 μM
protein was measured using the CD signal at a
wavelength of 220 nm and at 20 °C, across a range
of GuHCl concentrations (0–6 M). The CD signal
was normalized to the signal at 0 M GuHCl, and
the fraction of unfolded protein was plotted against
GuHCl concentration and fit to a four-parameter
model variable slope using Prism 7.

Co-immunoprecipitation assay to assess USP2
activity in vivo

Cell culture

HEK293T cells were cultured in Dulbecco's modi-
fied Eagles medium supplemented with 10% fetal
bovine serum, 100 U/mL of penicillin and 100 μg/mL
of streptomycin. Cells were maintained at 37 °C and
5% CO2.

Transient cell transfection, immunoprecipitation
and immunoblotting

To transiently express proteins in HEK293T cells,
UbVs 2.2 and 2.6 were cloned into pDEST-
pcDNA3.1/nFLAG vector (Gateway Cloning). Wild-
type Ub was cloned into pDEST-pcDNA3.1/nHA
vector (HA-Wt-Ub), and MDM2 was obtained from
Addgene (No. 16233). All clones were sequence
verified. HEK293T cells were grown to 60%–70%
confluency on 6-well plates and transfected with 1 or
2 μg UbV or control plasmid (Empty vector), 1 μg of
MDM2 and 0.5 μg of HA-WT-Ub using the Xtreme-
GENE transfection reagent (Roche 06365809001)
according to the manufacturer's instructions.
Cells were harvested 2 days post-transfection,

washed in PBS and resuspended in lysis buffer
[150 mM NaCl, 50 mM Tris (pH 8.0), 1% NP40,
4.5 mM Na3VO4, 4.5 mM sodium pyrophosphatase,
22.5 mM NaF, Halt Protease Inhibitor Cocktail
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(Thermo scientific 78430)]. Lysates were centri-
fuged at 4 °C for 10 min at 12,000 rpm. The super-
natant was transferred to a new tube, and protein
concentration was determined by Bradford assay.
For the immunoprecipitation assay, the lysates were
incubated with anti-MDM2 antibody overnight at
4 °C followed by 2-h incubation with protein A/G
agarose beads (No. 20423, Thermo Scientific). The
agarose pellets were washed three times in lysis
buffer. LDS sample buffer (NP0007, Life Technolo-
gies) with DTT was added to whole cell lysates
and immunoprecipitated samples. Samples were
heated at 70 °C for 10 min and loaded onto gels for
standard Western blotting. Specific antibody list is
indicated below.
Antibody list:

o Anti-USP2, No. 8036, Cell Signaling.
o Anti-GAPDH, No. 2118, Cell Signaling.
o Anti-FLAG, F1804, Sigma.
o Anti-MDM2, sc-813, Santa Cruz Technology.
o Anti-HA, sc-7392, Santa Cruz Technology.
Co-immunoprecipitation assay to detect UbV
interaction with endogenous USP2 in HEK293T
human cells

Ub.wt, UbV.2.1PH, UbV.2.2 and UbV.2.6 were
cloned into pDEST-pcDNA3.1/nFlag vector (Gateway
Cloning). All the constructs generated were sequence
verified. HEK293T cells were cultures in 6-well culture
plates to ~60%–70% confluence. Next, the cells
were transfected with 1 μg of either UbV or control
plasmid (pDEST-pcDNA3.1 Empty vector), using
the XtremeGENE transfection reagent (Roche
06365809001) as per the manufacturer's instructions.
Forty-eight hours after transfection, cells were har-
vested andwashed inPBSand later resuspended in a
cell lysis buffer [150 mM NaCl, 50 mM Tris (pH 8.0),
1% NP40, 4.5 mM NaVO4, 4.5 mM sodium pyropho-
sphatase, 22.5 mM NaF, Halt Protease Inhibitor
Cocktail (Thermo scientific 78430)]. Cell lysates were
then centrifuged at 4 °C for 10 min at 12,000 rpm.
Following this, the supernatant was transferred to a
new tube and protein concentration was estimated
using the Bradford assay.
The cell lysates were then incubated with anti-

FLAG antibody (F1804, Sigma), overnight at 4 °C
followed by 2-h incubation with protein A/G agarose
beads (No. 20423, Thermo Scientific). The agarose
pellets were washed three times in lysis buffer. LDS
sample buffer (NP0007, Life Technologies) with DTT
was added to whole cell lysates and immunopreci-
pitated samples. Samples were heated at 70 °C
for 10 min and loaded onto gels and later probed
with a USP2 antibody (No. 8036, Cell Signaling),
to visualize endogenous USP2 and an anti-Actin
antibody (A2228, Sigma), as a loading control.
Protein expression and purification for
crystallography

DNA fragments encoding UbV.2.2, UbV.2.6 or
the catalytic domain of USP2 (residues 262–605)
were cloned into the pET28a-LIC vector (GenBank
EF442785) using the In-Fusion CF Dry-Down PCR
Cloning Kit (Clonetech, Mountain View, CA, USA).
Competent E. coli BL21 (DE3) cells (Invitrogen,
Carlsbad, CA, USA) were transformed and grown at
37 °C in 2YT supplemented with 100 μg/mL ampi-
cillin. At mid-log phase (OD600 = 0.6), the temper-
ature was reduced to 18 °C, and after 1 h, protein
expression was induced with 1 mM IPTG and the
culture was incubated for 16 h at 18 °C. Cell pellets
were collected by centrifugation at 12,000g for
20 min. For each liter of bacterial culture, pellets
were resuspended in 25 mL lysis buffer (PBS, 0.1%
Triton X-100, 2 mM MgCl2, 0.4 mM PMSF OR
1 tablet of complete EDTA-Free protease inhibitors,
15 mg lysozyme, 2 μL benzoase nuclease). Cells
were lysed using sonication (Branson Sonifier 450),
and the cleared lysate was loaded onto NTA-resin
(BDBiosciences) at 4 °C.Afterwashingwithwasbuffer
(10 mL PBS and 10 mL PBS, 20 mM imidazole),
proteins were eluted with elution buffer containing
150 mM imidazole and dialyzed overnight (UbVs in
PBS and USP2cat in 300 mM NaCl, 1 mM DTT).
To generate protein complexes, dialyzed UbV and

the catalytic domain of USP2 were mixed for 1 h.
Complexes were then concentrated to 3 mL at an
approximate concentration of 20 mg/mL. Samples
were further purified using size exclusion chroma-
tography (Superdex 75 16/60 size exclusion column)
eluting in 20 mM Hepes, 200 mM NaCl and 1 mM
DTT. Samples were buffer exchanged into 20 mM
Hepes, 50 mM NaCl and 1 mM DTT, concentrated
to 10–20 mg/mL and flash frozen in 100 μL aliquots
in liquid nitrogen.

Crystallography

The UbV.2.6-USP2cat was crystallized in hanging
drops using 24-well Linbro plates at 20 °C by mixing
1 μL of protein complex (13 mg/mL) with 1 μL of
mother liquor [0.1 M MES buffer (pH 6), 12% w/v
PEG 3350 and 0.2 M NaSO4]. Crystals appeared
after 7 days. Crystals were transferred to a cryopro-
tectant solution (mother liquor with 20% ethylene
glycol) and flash frozen in liquid nitrogen. A single
crystal data set was collected at −180 °C on a home-
source consisting of a Rigaku MicroMax-007 HF
rotating anode generator coupled to a Rigaku Saturn
944 HG CCD detector. Data were processed by
HKL-2000 [31]. Resolution of the collected data set
was limited by the size of the CCD detector and
detector distance to crystal. The structure was
solved by molecular replacement using Phaser [32]
and search models of Ub with the five C-terminal
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residues removed [Protein Data Bank (PDB): 1UBQ]
and USP2 (PDB: 2HD5). The structure was refined
using Refmac [33]and PHENIX [34] with TLS
parameters [35]and manual building in Coot [36].
Structural analysis was performed using The PyMOL
Molecular Graphics System, Version 1.3, Schrödinger,
LLC and Proteins, Interfaces, Structures, Assemblies
(PISA) [37]. Figures were created using The PyMOL
Molecular Graphics System, Version 1.3, Schrödinger,
LLC.

Accession numbers

Coordinates and structure factors for the UbV.2.6-
USP2 complex have been deposited in the PDB
under the accession code 6DGF.
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2019.02.007.
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