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SUMMARY

Ubiquitin-specific proteases (USPs) are papain-like
isopeptidases with variable inter- and intramolecular
regulatory domains. To understand the effect of
these domains on USP activity, we have analyzed
the enzyme kinetics of 12 USPs in the presence and
absence of modulators using synthetic reagents.
This revealed variations of several orders of magni-
tude in both the catalytic turnover (k.,;) and ubiquitin
(Ub) binding (Ky) between USPs. Further activity
modulation by intramolecular domains affects both
the k., and Ky, whereas the intermolecular activa-
tors UAF1 and GMPS mainly increase the kg
Also, we provide the first comprehensive analysis
comparing Ub chain preference. USPs can hydrolyze
all linkages and show modest Ub-chain preferences,
although some show a lack of activity toward linear
di-Ub. This comprehensive kinetic analysis high-
lights the variability within the USP family.

INTRODUCTION

Since the 1980s, posttranslational modification of proteins by Ub
has been the focus of many studies due to the important role of
Ub in cellular processes (Hochstrasser, 2009; Pickart, 2004).
Ubiquitination can mediate a multitude of signals due to its ability
to form chains. It does so by using one of the seven lysine resi-
dues (K6, K11, K27, K29, K33, K48, and K63) or the N-terminal
amine (“linear”), with potentially a different signal for each
linkage. To counteract the effects of ubiquitination, the differen-
tial removal of Ub (chains) is carried out by deubiquitinating
enzymes (DUBs).

The human genome encodes nearly 100 putative DUBs
belonging to at least five subfamilies of isopeptidases (Nijman
et al., 2005). The ubiquitin-specific protease (USP) family is the
largest class of DUBs, with more than 60 members (Komander
et al., 2009a; Nijman et al., 2005). USPs are cysteine proteases
that use a papain-like mechanism to hydrolyze the isopeptide
bond between the carboxy terminus of Ub and the e-amine of
the target lysine.

USPs are variable in both size and modular domain architec-
ture, and these domains can include substrate-binding domains,
ubiquitin-like (UBL) domains, and other protein-protein interac-
tion domains (Nijman et al., 2005; Zhu et al., 2007) (Figure 1A).
They share a common papain-like fold, but the catalytic domains
can have large insertions (Ye et al.,, 2009), possibly directly
affecting activity, Ub binding, or localization as seen in USP4
(Luna-Vargas et al., 2011b), USP5 (Reyes-Turcu et al., 2008),
USP14 (Borodovsky et al., 2001), and CYLD (Komander et al.,
2008). In addition, some USPs need structural rearrangements
to bind their substrate and catalyze hydrolysis (Avvakumov
et al., 2006; Hu et al., 2002; Hu et al., 2005; K&hler et al., 2010;
Samara et al., 2010).

USPs are often found in large protein complexes, and many
interaction partners of USPs have been identified (Sowa et al.,
2009). Although the function of most interaction partners is still
unclear, some play a role in the modulation of USP activity. For
example, GMP synthetase (GMPS) interacts and activates
USP7 (Faesen et al., 2011; Sarkari et al., 2009; van der Knaap
et al., 2005), whereas the WD40 repeat containing UAF1
(WDR48) activates USP1, USP12, and USP46 (Cohn et al.,
2007, 2009).

With its diversity of domain architectures, internal insertions
within the catalytic domain, and external modulators, the USP
family apparently requires different levels of regulation. This
poses a number of unanswered questions. For instance, what is
the variability of the activity between the catalytic domains and
the full-length proteins? Are there preferences for Ub-chain types,
and does this change in the presence of external modulators?

To address these questions, we have developed and
produced (El Oualid et al., 2010) chemical tools and used them
to characterize a set of 12 USPs. This revealed variations of
several orders of magnitude in catalytic turnover and Ub binding
and allowed characterization of intra- and intermolecular activity
modulation. We determined the chain preferences of all USPs
against all eight topoisomers. This showed modest chain spec-
ificity among the di-ubiquitin linkages that was variable between
USPs. We observe activity toward all topoisomers, except for
some USPs that are inactive toward linear di-ubiquitin. These
preferences did not change in the presence of the modulators.
Kinetic analysis of the hydrolysis showed that there is no addi-
tional Ub binding site, suggesting that the chain preferences
are achieved by steric hindrance or reduced catalytic turnover.
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Protein Cloning, Expression, and Purification

Based on protein expression trials (Luna-Vargas et al., 2011a),
we identified constructs suitable for large-scale protein expres-
sion of 12 different USPs in either E. coli or Sf9 insect cells (Fig-
ure 1A). In this study, we could therefore include 16 constructs
containing either the (almost) full-length constructs (USP1AN,
USP7FL, USP11FL, USP12FL, USP16FL, USP25FL, and
USP46AN, with AN and AC denoting N- and C-terminal
truncations, respectively), or the catalytic domain (USP4CD,

inhibition by divalent cations (Fernandez-Montalvan et al.,
2007). Since this might affect the structural integrity of the
zinc-containing USPs (Figure 1), we also determined the relative
activity without EDTA (Figure S1B). The activity of all USPs
except USP30CD is unaffected. Here, the catalytic turnover is
decreased 2.5-fold upon addition of EDTA (Figure S1C). The
activity of USP30CD without EDTA is shown in Figure 2.
Overall, we observed variations of several orders of magnitude
in both Ky, and k.,; between the USP constructs (Figure 2).
Previously published kinetic parameters of USPs are listed in
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Figure 2. Kinetic Parameters Using UbAMC

(A and B) Michaelis-Menten curves for the different USPs, obtained by determining the initial rates (Vo) at different UbAMC concentrations, and for USPs with

intramolecular modulation (B). The assay was performed in duplicate.

(C) Overview of the kinetic parameters (kcat, Kis, and kea/Ky) for the different USPs. Values for USP4 and USP7 are from Luna-Vargas et al. (2011b) and Faesen

et al. (2011), respectively.

(D) Activity classification of USPs, based on kinetic parameters, where group 1 represents the USPs with the lowest activity; group 2 contains USPs with
intermediate activity, and group 3 contains the USPs with the highest activity. Dashed lines link the catalytic domains with the corresponding full-length USPs.

Solid lines show the effect of intramolecular activating and inhibiting domains.

Related to Figure S1.

Table S1. This substrate allows direct comparison of relative
activity among the USP family members. This resulted in a rough
classification in three groups based on the kinetic parameters
(Figure 2D). Group 1 represents the USPs whose activity is
very limited due to a low k., (USP1AN, USP4CD, USP7CD,
USP12FL, USP39CD, and USP46AN). The “intermediate”
group, group 2, contains the USPs that show moderate activity

(USP4-D1D2, USP11FL, USP16CD, USP16FL, USP21CD,
USP25FL, and USP30CD), and group 3 contains very active
USPs (USP7FL, USP7CD-HUBL, and USP8CD).

As expected, group 1 contains USP39CD. It shows no activity,
since it lacks the catalytic cysteine and histidine residues (Nijman
et al., 2005). Group 1 also contains USP1AN, USP12FL, and
USP46AN, all three known to have low activity, which is
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enhanced by the external modulator UAF1 (Cohn et al., 2009;
Cohn et al., 2007).

In contrast, group 3 represents the most active USPs, and
contains both USP8CD and the USP7 constructs with activating
C-terminal Hausp UBL (HUBL) domain (Faesen et al., 2011).
Interestingly, USP8CD has an unusually weak Kj,, possibly due
to an inserted a-helix in the catalytic domain, which is suggested
to stabilize the observed closed conformation (Avvakumov et al.,
2006). However, this is compensated by a very high catalytic
turnover, rendering it a very active USP overall.

Intramolecular Modulation of USP Activity

Not only do we observe differences in enzymatic behavior
between the USPs, but we also observe differential effects of in-
tramolecular domains on the activity of the (minimal) catalytic
domains in USP4, USP7, and USP16 (Figure 2B).

We recently showed that USP4 contains a UBL domain in-
serted in its catalytic domain (USP4CD; Figure 1A), which inhibits
the activity of USP4CD (group 1; Figures 2B and 2D) (Luna-Var-
gas et al., 2011b; Zhu et al., 2007). The presence of this UBL
domain in USP4CD increases the K, and is therefore less active
than the minimal catalytic domain USP4-D1D2 (group 2; Fig-
ure 2D) (Luna-Vargas et al., 2011b). In contrast, both k;,; and
Ky are affected in USP7, where the minimal catalytic domain
(group 1) shows far less activity than the full-length enzyme
(group 3). Here, the activity of USP7 is modulated by its HUBL

Figure 3. Di-Ub Topoisomer Preference for
the Different USPs
c (A) Ub (1UBQ) Showing all Lysines.
(B) Overview of a time-course using all eight
different di-Ub topoisomers (5 uM) (Linear, K6,
K11, K27, K29, K33, K48, and K63) for the active
USPs (75 nM). Samples from each time point (0, 5,
10, 30, 60, and 180 min) were analyzed on
Coomassie-stained SDS-PAGE gels. The assay
was performed twice, and representative gels are
shown here.
Related to Figure S2.

t [min]

USP1AN

USP4CD

USP4-D1D2 domain, which is essential for both activity
and Ub binding in vitro and in vivo (Faesen

USP7FL et al., 2011; Fernandez-Montalvan et al.,
2007; Ma et al., 2010). The activity of

USP7CD-HUBL USP16CD is modulated by the zinc-finger
Ub specific protease (ZnF-UBP) domain.
Surprisingly, the activity is enhanced by
increasing catalytic turnover, rather than
by the K}, (Figures 2B and 2D). Since it is
a Ub-binding domain, the effect of the
zinc-finger could be more prominent in
poly-Ub processing (Pai et al., 2007),
which might add up to a bigger difference
than observed here. USP39CD also
contains a Znf-UBP domain, but it is
unlikely that this will lead to enzymatic
activation since USP39CD does not
have the catalytic residues.

Overall, this shows that several intramolecular domains are
able to modulate USPs. The modulation can affect Ky, (USP4),
keat (USP16), or both (USP7), and both inhibitory and activating
domains are found in USPs. Together, this creates an additional
layer of regulation of the catalytic activity of USPs.

UsSP8CD

Di-Ub Preferences of USPs

Most studies of DUB specificity have focused on processing K48-
and K63-linked poly-Ub. K48-linked ubiquitination targets
a protein for active degradation by the proteasome (Chau et al.,
1989), whereas ubiquitin chains using K63 have mostly nondegra-
dative outcomes (Chen and Sun, 2009). Our knowledge of func-
tions of the other linkages is growing. For example, linear ubiquitin
chains play a role in the NFkB activation pathway and immune
response and are structurally similar to K63-linked poly-Ub (Ger-
lach et al., 2011; Komander et al., 2009b; Tokunaga et al., 2009).
K11 is also a strong degradation signal and is involved in the cell
cycle (Williamson et al., 2009). The roles of the other linkages
remain elusive, but they have been implicated in DNA damage
response (K6 by BRCA1/BARD1 (Wu-Baer et al., 2003)) or lyso-
somal degradation (K29 (Chastagner et al., 2006, 2008)).

Since the additional linkages serve important cellular func-
tions, we synthesized all seven lysine-linked di-Ub topoisomers
(El Oualid et al., 2010). Together with linear di-ubiquitin we used
them in a qualitative assay to assess all linkage preferences of
the panel of USPs (Figure 3 and Figure S2). Previously published
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Figure 4. Isopeptide-Linked Ubiquitin FP-
Reagents

(A) Schematic view of N-terminal TAMRA-labeled
Ub peptide (K6) conjugated with Ub. Table shows
the peptide sequences used with the corre-
sponding residue numbers for the different types
of Ub linkage. The conjugated lysine is highlighted.
(B) Michaelis-Menten curves for USP4-D1D2 (top)
and USP7FL (bottom) were obtained using the
TAMRA-labeled Ub peptides in an FP hydrolysis
assay. The curves for USP7 could not be fitted.
The assay was performed in triplicate.

Related to Figure S3.
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seen between catalytic domain and
longer constructs, showing that the
modulation effects are substrate-inde-
pendent mechanisms.
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preferences are corroborated (Song et al., 2010; Ye et al., 2011).
Overall, the relative activities from the UbAMC assay are re-
tained, with a few exceptions. For example, USP21CD shows
only intermediate activity in the UbAMC assay, but it displays
activities in the di-Ub assay almost matching the most active
USP, USP8CD.

The USP family seems to be rather promiscuous compared to
other DUB families. For example, the OTU family displays strong
linkage preferences for specific di-Ub topoisomers (Bremm
et al., 2010; Edelmann et al., 2009; Virdee et al., 2010; Wang
et al., 2009). Figure 3 shows that the differential activity of the
USPs is smaller. Most of the active USPs from this study hydro-
lyze all di-Ub topoisomers. Nevertheless, there are clear differ-
ences in efficiency. For instance, although USP1AN, USP7,
USP8CD, USP11FL, and USP25FL showed robust activity
toward the lysine-linked di-Ub topoisomers, we observe no
activity toward linear di-Ub. On the other hand, USP4, USP16FL,
and USP21CD are active against linear di-Ub. Of these three,
USP21CD is the only one that is less active against the linear
di-Ub compared to the other topoisomers. The hydrolysis of
linear di-Ub is unique for the USP family, since this feature is
not observed in other DUB families (Komander, 2010).

Also in the hydrolysis of the lysine-linked topoisomers we
observe differential activity. For instance, most USPs have diffi-
culties hydrolyzing K27- and, to a lesser extent, K29-linked di-
Ub. USP7 has limited activity toward hydrolyzing K27- and
K29-linked di-Ub. In contrast, the K6, K11, K48, and K63 Ub top-
oisomers are hydrolyzed relatively efficiently. Another clear
example is USP4, for which K63-linked di-Ub is a better
substrate than K48-linked di-Ub (Luna-Vargas et al., 2011b;
Song et al., 2010).

We wondered whether the intramolecular modulating domains
in USP4, USP7, and USP16 change the linkage preferences. The
different USPs respond differently to modulation by internal
domains, analogous to what was observed with UbAMC (Figures
3, S2B, and S2C). However, no change in linkage preference was

0
TAMRA-isopeptide linked ubiquitin (nM)

1000 1500 other DUB families, USPs can hydrolyze
all di-Ub topoisomers, albeit with differ-
ences in catalytic efficiency. Also, some
USPs show perturbed activity toward linear-linked ubiquitin.
The differences in catalytic efficiency are preserved in the pres-

ence of the intramolecular activity modulators.

In the Case of USPs, Isopeptide-Linked Ub Is Not
Representative for di-Ub

To explain the Ub linkage preference, we might not need full-
length di-Ub (Shanmugham et al., 2010). To test this in an activity
assay, we designed and synthesized a panel of fluorescence
polarization-based (FP) reagents that mimic the lysine-linked
di-Ubs. In these reagents, TAMRA-labeled Ub peptides were
linked via an isopeptide linkage to the carboxy terminus of
wild-type full-length mono-Ub (Tirat et al., 2005) (Figures 4A
and S3)). Therefore, in contrast to the peptide linkage in UbAMC,
these FP reagents use the natural isopeptide linkage. The prox-
imal Ub is represented by 14-mer peptides, each representing
one of the seven lysines of Ub (Figures 3A and 4A). In addition,
a di-peptide (KG) was prepared to serve as a minimal substrate.
Mass spectrometry and SDS-PAGE analysis of these new Ub
substrates showed that the synthesis was successful for all eight
different TAMRA-labeled isopeptide-linked Ub FP reagents
(Figures S3C and S3F).

As a proof of principle, we used the minimal “KG” FP reagent
to determine the kinetic parameters of USP4-D1D2 (Figures 4B
and S4H). With this reagent we determined K, (293 nM) and
kear (0.07 ™) values similar to the kinetic parameters obtained
using UbAMC. Only the k.4 is higher, possibly due to the differ-
ence in the chemical nature of the linkage, since the FP reagents
contain a natural isopeptide linkage in contrast to the UbAMC
reagent. However, since the K), values are similar, both repre-
sent comparable Ub reagents.

In the di-Ub time course assay, we observed linkage prefer-
ences of USP4-D1D2 and USP7; e.g., USP7 prefers the hydro-
lysis of K6- over K27-linked di-Ub, and USP4-D1D2 prefers
K63- over K48-linked di-Ub (Figure 3). Although difficult to fit
for USP7, with our FP reagents we observed no difference in
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activity for either USP4-D1D2 or USP7 and therefore could not
recapitulate the preferences observed in the di-Ub assay
(Figures 4B, S3G, and S3H). This shows that these FP reagents
do not contain the information required to mimic di-Ub for USPs.

The Proximal Ub Hinders Binding to USP7 and USP21

in Specific Linkages

Since the FP reagents were not sufficient to reproduce the
observed linkage preference, we used full-length di-Ubs to
determine the kinetic parameters directly. We determined K},
and k.4 of the hydrolysis of all di-Ubs by USP7 and USP21, using
gel-based initial rate experiments that monitored the appear-
ance of mono-Ub (Figure 5). These assays reproduced the differ-
ences observed in the time course assay (Figure 3). For USP7,
the kinetic parameters were similar to the UbAMC assay
(2.9 uM and 1.37 s~ in the UbAMC assay), but for USP21CD,
the ket is 7- to 8-fold higher in the di-Ub assay (0.1 s~ with
UbAMC). The K}, is not tighter in the di-Ub assay compared to
the UbAMC (roughly 3 uM compared to 2.56 uM with UbAMC),
suggesting that there is no induced binding or catalysis effect
by the proximal Ub moiety.

These experiments showed that the linkages that are most
efficiently hydrolyzed by USP7 and USP21 (K6, K11, K33, K48,
and K63) have similar kinetic behavior (Figures 5B and 5C). In
the initial di-Ub assay, the K27, K29, and linear linkages showed
a clear delayed hydrolysis by USP7 and USP21 (Figure 3). This
was nicely reproduced in this kinetic di-Ub assay (Figures 5
and S4). Interestingly, for K27 and K29 for both USPs, there
was hardly any change in k.;; rather, the K, increased far above
the concentrations used in our assays. This suggests that the
preference for the di-Ub topoisomers arises from steric
hindrance rather than an additional binding site for the proximal
Ub moiety. Apparently, the binding of some linkages to the cata-
lytic domain is impaired, resulting in lower activity.

The linear di-Ub is a particularly bad substrate for USP7. Also,
in the kinetic analysis, no hydrolysis is observed, even when
using up to 15 puM of substrate (Figure 5A). On the other hand,
USP21CD is active toward linear di-Ub. The kinetic analysis
showed that both the k.,; and the K, are reduced compared
to those of the other di-Ub topoisomers. This suggests
a decreased capacity to hydrolyze peptide bonds compared to
isopeptide bonds, with possibly a reduced binding as well.

Intermolecular Activation of USPs by UAF1 and GMPS
Only Affects kc.;

Besides their intrinsic activity, some USPs are activated by inter-
molecular modulation. For example, USP1, USP12, and USP46
are activated by the WD40-repeat containing UAF1, and USP7
is activated by GMPS (Cohn et al., 2007, 2009; Faesen et al.,
2011; van der Knaap et al., 2005). Here, we used the UbAMC
assay to quantify this activation (Figures 6A, 6B, and S4). In
agreement with previous data, we observe mainly a k.,; increase
(7-fold) of USP1AN activity in the presence of UAF1. The USP1
used in this work has a mutation in the self-cleavage site
(Gly671,672Ala) (Cohn et al., 2007). UAF1 also activates
USP12FL and USP46AN, where the kg, is increased by 66-
and 70-fold, respectively. Also, in the case of USP7, we
observed a k., increase (5.5-fold) in the presence of its modu-
lator GMPS. Interestingly, in contrast to variable modulation

invoked by internal domains (Figure 2D), intermolecular modula-
tion is achieved mainly by an increase in the catalytic turnover
rather than in substrate binding (Figure 6B).

To investigate whether this activation also induces new
linkage preferences of these USPs, we repeated the di-Ub assay
in the presence of UAF1 or GMPS (Figure 6C). As expected from
the UbAMC kinetics, USP1AN shows limited activity in the
absence of UAF1, and USP12FL and USP46CD show no activity.
However, in the presence of UAF1, the activity of all three USPs
is increased, albeit not to the same level. In complex with their
activators, USP1AN and USP7CD-HUBL show the most activity,
but no change in chain-type preference by UAF1 or GMPS. This
agrees well with an activation mechanism that only increases
keat, but does not induce binding, which should translate to
changing Ky, values.

DISCUSSION

In this study, we used novel reagents to determine the kinetic
parameters of substrate-independent activity of 12 USPs, their
di-Ub linkage preferences, and characteristics of both intra-
and intermolecular activity modulation. We observe large varia-
tions in both the catalytic turnover (k) and Ub binding (Ky,)
between USPs. This variability in activity can be explained in
several ways. First, the activity can be affected by structural re-
arrangements in both Ub binding sites and active sites, as shown
by structural studies (Avvakumov et al., 2006; Hu et al., 2002).
Second, intramolecular domains of USPs can modulate the
DUB activity, as seen here for USP4, USP7, and USP16. External
modulator proteins can further regulate the activity of the USP by
enhancing its activity, as seen for USP1, USP7, USP12, and
USP46 (Figure 6).

Here, we characterize a few cases where intramolecular
modulators regulate the USP catalytic efficiency: either inser-
tions within or additional domains outside the catalytic domain.
For both USP7 and USP16 the enzymatic behavior is regulated
by intramolecular domains (the HUBL and ZnF-UBP domains,
respectively) outside the catalytic domain, resulting in the
increase of the activity. In addition, variations in kinetics can be
induced by (large) insertions in the catalytic domains them-
selves, as demonstrated for USP4, where a UBL-containing
insert inhibits the catalytic efficiency (Luna-Vargas et al.,
2011b). These variations and intramolecular modulations result
in the unique activity of each USP.

For the last decade, the main focus on DUB specificity for Ub
chains has been on K48- and K63-linked poly-Ub chains.
However, different Ub linkage topoisomers can result in different
cellular fates, some of which are very specific (Jin et al., 2008;
Matsumoto et al., 2010; Wu et al., 2010) and require a minimal
chain length to invoke its function (Cook et al., 1994; Thrower
et al., 2000). Our study presents the first complete and compre-
hensive study on di-Ub preference of all eight linkages for USP
family members. Also, with our (mainly) synthetic di-Ub
substrate, we confirm earlier reports on preferences (Song
et al., 2010; Ye et al., 2011). Although none of the DUBs so far
has been tested for all Ub linkages, some DUBs show remark-
able specificity (Cooper et al., 2009; Edelmann et al., 2009; Kaya-
gaki et al., 2007; McCullough et al., 2004; Wang et al., 2009).
Next to CYLD (Komander et al., 2008), the USPs do not have

Chemistry & Biology 18, 1550-1561, December 23, 2011 ©2011 Elsevier Ltd All rights reserved 1555



Chemistry & Biology

Biochemical Characterization of 12 USPs

K6 K11 K27 K29

B
0.08+ -
A K8 USP7FL
* K11
0.06- 5 g
- 3 Eig Koat [s7] Ku M] KK M5
3 s K6 0.81 +0.08 63 15 1.29 *10°
£ 0.04 - K11 | 1.04 £033 161 %83 0.65 *10°
= _ Ko7 119 £019  »>25
S K29 1.28 £0.39  >>25
0.02- o K27 K33 1.12 £0.21 123 £4.1 0.91 *10°
K29 K4g | 1.26 +0.3 104 +4.7 1.21*10°
K63 1.07 £0.31  18.4 +8.3 0.58 *10°
0.00- ¥ % Linear Linear 0.00 0.00
0 5 10 15
1M di-Ub
Cc
K6 K11 K27 K29
— — e - —ss——— - ——
-l - U0 -q - Ub, —~ oo - b, - - Ub,
s | = Ub —N V] ] -Ub =Ub
— ———
~ =o® -u, -Ub, [ - Ub, ——- -ub,
| -Ub 7l -Ub -Ub -Ub
D K83
K& USP21CD
K11
K33 . -
—_ K48 Ko [s] Ku M] kgae/Kyy M7 s
' K6 071 +0.08  2.06 £0.8 3.44 *10°
g K11 067 +0.04 162 +0.31 4.11 *10°
& K27 K27 0.67 +0.15 >15
S K29 K29 0.76 +0.13 >15
i K33 079 +0.14 874 £3.0 0.90 *10°
K48 076 £0.09 558 %15 1.36 *10°
K63 0.80 +0.06  3.38 £0.7 2.37 *10°
Linear | 0.6 +0.02  8.37 £0.4 0.19 *10°

1M di-Ub

Figure 5. Michaelis-Menten Kinetics of di-Ub Hydrolysis by USP7FL and USP21CD

(A and C) Representative western blots of the Michaelis-Menten analysis of di-Ub hydrolysis by USP7FL (A) and USP21CD (C). Assay was performed using 2-fold
dilutions of the di-Ub starting at 15 pM for 5 min at 37°C.

(B and D) Michaelis-Menten analysis for USP7FL (B) and USP21CD (D) for di-ubiquitin hydrolysis. Initial rate (Vo) of di-Ub conversion into mono-Ub was
determined at different substrate concentration from western blots shown in (A). The conversion to mono-Ub was quantified using the unsaturated di-Ub signal
corrected for conversion. The assay was perfomed in duplicate.
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Figure 6. Intermolecular USP Activity Modulation Is Achieved by Increasing k.t
(A) Kinetic parameters (kcat, K, and Kea/Kng) using UbAMC as the substrate for USP1AN, USP12FL, and USP46AN in the presence of UAF1 and USP7CD-HUBL

in the presence of GMPS. The assay was performed in duplicate.

(B) Graphical comparison of the kinetic parameters comparing the USP activity between the USPs and in the presence of their modulator.
(C) Activity modulation by UAF1 and GMPS toward all eight di-Ub topoisomers. The USP concentration used was 75 nM. Samples from each time point (0, 5, 10,

30, 60, and 180 min) were analyzed on Coomassie-stained SDS-PAGE gels.
Related to Figure S4.

strict chain-type specificity, but rather have preferences. Kinetic
analysis of the hydrolysis by USP7 and USP21 showed us that
there is no proximal S1’ Ub binding site to induce Ub topoisomer
preference; rather, the proximal Ub moiety induces steric
constraints for binding to the USP in the case of K27 or K29 link-
ages. These linkage preferences might be increased when using
longer Ub chains, since some might be ordered in higher-order
structures (Bremm et al., 2010; Tenno et al., 2004; Varadan
et al., 2002).

Overall, the hydrolysis efficiency of the USPs toward K6-,
K11-, K48-, and K63-linked Ub was higher than for K27- and,
to a lesser extent, K29- and K33-linked di-Ub. These residues
localize in distinct regions on Ub (Figure 3A). The lysine residues
involved in the most easily hydrolyzed linkages (K6, K11, K48,
and K63) are in the B-sheet or loops. In contrast, the lysine resi-
dues of the more difficult linkages (K27, K29, and K33) are posi-
tioned on the other side of the Ub molecule, and are all in the
a1-helix. In addition, K27 is barely accessible, which possibly
induces a steric constraint, resulting in the lower activity. This
interesting property needs future investigation.

Compared to the other DUB families, the USPs display a more
promiscuous behavior and some are able to hydrolyze all Ub
topoisomers with modest differences. For some USPs, the
activity toward linear di-Ub is slower or even completely lost
(Figures 3B and 5A). There are several possible explanations.
First, there is a difference in chemistry due to the lower pKa of
the N-terminal amine (9.2) compared to the g-amine of lysine

(10.5). Second, the peptide bond in linear di-Ub is conformation-
ally more restrained compared to the more flexible isopeptide
lysine linkage. Finally, the large side chain of the N-terminal
methionine introduces steric hindrance in the (“linear”) peptide
bond. Any of these aspects could influence binding and/or cata-
lytic efficiency of the hydrolysis of the peptide bond. Still, DUBs
from the other families are not able to hydrolyze linear-linked Ub
chains, and therefore the USP family is the only known family
with members that can process this linkage type.

A previous study suggested that Ub-peptide reagents might
be sufficient to discriminate between topoisomers in binding
(Shanmugham et al., 2010). However, in our activity assays
with the FP Ub-peptide reagents, we observed no difference
between Ub linkages. This suggests that the peptides do not
contain enough information to mimic the proximal Ub for the
USPs. Nevertheless, they may be sufficient for DUBs from fami-
lies with more pronounced Ub specificity and be useful tools in
those cases.

In our di-Ub assays, some USPs seemed more active
compared to the UbAMC assay. For example, USP7 was one
of the most active substrates in the UbAMC assay, whereas in
the di-Ub assay, this activity was matched by USP11 and
USP16. In our kinetic analysis of the di-Ub hydrolysis, we
observe no changes in catalytic parameters for USP7, which
shows that this enzyme does not differentiate between the two
substrates. This subsequently shows that several other USPs
are more active against di-Ub, which is an endogenous
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substrate, compared to UbAMC. Therefore, our KG FP reagent
could prove a good alternative for UbAMC, since it contains
the natural isopeptide linkage, which is not present in UbAMC.
Using the KG FP reagent with USP4-D1D2 and USP21CD shows
a slightly higher k,; compared to UbAMC (Figures 4B and S3I).
Therefore, this suggests that for some USPs the KG FP reagent
may be a better substrate, and provide more relevant kinetic
parameters.

This study confirmed that the modulator UAF1 activates
USP1, USP12, and USP46, and GMPS activates USP7. This
activation occurs mainly by increasing the k.,;. However, the bio-
logical roles of the UAF1 and GMPS activation are distinct. UAF1
activation is almost essential for USP activity of USP1, USP12,
and USP46. This resembles the Ubp8 activation by Sgf11 (Kohler
etal., 2010; Samara et al., 2010). Surprisingly, USP12 in complex
with UAF1 is still not very active, possibly requiring additional
partners, like WDR20 (Kee et al., 2010). In a different manner,
GMPS hyperactivates USP7, by allosterically stabilizing the
active state of the enzyme induced by the HUBL domain (Faesen
et al., 2011). Besides this general activation, the GMPS activity
modulation most likely has additional substrate-specific roles,
as it induces histone H2B deubiquitination (van der Knaap
et al., 2005).

Although the functions of an increasing number of USPs have
been elucidated, they still represent a relatively uncharacterized
enzyme family. To aid in the biochemical understanding of these
enzymes, we here report large variations in kinetics and intramo-
lecular modulation (k.;; and Kj,) and a characterization of the
activation by intermolecular interactions (kcar). Although some
USPs show a lack of activity toward linear di-Ub, it is the only
DUB family with members that can hydrolyze all topoisomers
with a modest but surprising differential activity. The combined
data provide insights in the variation in the biochemical behavior
of the USP enzyme family.

SIGNIFICANCE

Ubiquitination is a dynamic process that is involved in
numerous key cellular processes. The removal of the Ub
molecules is an integral part of this process and is carried
out by deubiquitinating enzymes (DUBSs). These are increas-
ingly recognized as interesting drug targets. However, to
date, we lack the markers to predict the biochemical
behavior based on sequence alignments, and therefore,
a need exists for comprehensive kinetic studies. This is
where chemical tools that allow fast and accurate read-
outs will contribute to answering these biological questions.
In this study, we designed and produced several such chem-
ical reagents to determine the kinetics and di-Ub linkage
preferences of 12 USPs. Despite the homologous catalytic
domain, the kinetic data underline the large variability within
the USP family, and the intra- and intermolecular activity
modulators create an additional layer of regulation.

In addition, this study for the first time reports the linkage
preference of 12 USPs against all possible di-Ubs. This
family represents the first DUB family that can hydrolyze
all di-Ub topoisomers, albeit with small differential activity.
Kinetic analysis of the hydrolysis of the di-Ub topoisomers
suggests that within the USP family some of the preferences
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are induced by steric hindrance rather than induced binding,
as seen in other DUB families.

Together, these data provide insight into the biochemical
behavior in the USP family and validate the chemical tools
that now also can be applied in characterizing other DUB
families.

EXPERIMENTAL PROCEDURES

General

General reagents were obtained from Sigma Aldrich, Fluka, and Acros
and used as received. Solvents were purchased from Biosolve or Aldrich.
Peptide synthesis reagents were purchased from Novabiochem. cDNA of
USP1, USP12, USP46, and UAF1 were obtained from Martin A. Cohn and
Alan D’Andrea, USP4 and USP8 from Annette Dirac and Rene Bernards,
USP21 and USP39 from Elisabetta Citterio, USP30 from Carlos Lopex-Otin,
and USP25 from Erik Meulmeester and Frauke Melchior. Linear di-Ub was
purchased from Boston Biochem.

General Plasmids and Proteins

Di-Ub moieties were produced as previously described (El Oualid et al., 2010).
USP4CD (aa 296-954), USP4-D1D2 (aa 296-490/766-932), USP8CD (aa 776-
1110), USP11FL (aa 1-920), USP16FL (aa 1-823), USP16CD (aa 193-823),
USP21CD (aa 211-565), USP30CD (aa 65-500), USP39CD (aa 222-565),
and USP46AN (aa 8-366) are cloned into the pETNKI-LIC vector for expression
in bacteria as described (Luna-Vargas et al., 2011a). USP1AN (aa 21-785 self-
cleavage site glycine 671 and 672 are mutated to alanine), USP7FL (aa 1-
1102), USP12FL (aa 1-355) and STREP-TEV-UAF1 (aa 6-677) are cloned
into the pFastBac-HTb vector for expression in insect cells. Both USP7CD-
HUBL (aa 208-1102) and USP7CD (aa 208-560) are cloned into the pGEX
vector (Faesen et al., 2011), and USP25FL is cloned in the pET11a vector
(Meulmeester et al., 2008). Codon-optimized full-length USP7 and GMPS
cDNA was obtained from DomainEx (Cambridge, UK). Genes USP7 and
GMPS were both PCR-amplified and subcloned (Spel/Notl) into a pFastBac
vector (Invitrogen) containing an N-terminal GST tag (BamHI|/Spel) and Presci-
ssion Protease cleavage site. cDNA for USP11 and USP16 was obtained from
ImaGenes (Berlin, Germany).

Protein Expression and Purification

As specified in Figure 1, the USPs were expressed in both E. coli and insect
cells and purified as described (Faesen et al., 2011; Luna-Vargas et al,,
2011a). GMPS was expressed and purified as before (Faesen et al., 2011). De-
pending on the type of vector, the tag was removed with either TEV or the HRV
3C protease. Bacmids were prepared following the manufacturer’s guidelines.
USP1, USP12, and UAF1 were produced using Sf9 and Sf27 insect cell
expression. Infection was done using a low-MOlI infection protocol (Fitzgerald
etal., 2006). The cells were harvested 72 hr after a baculovirus-induced growth
arrest was observed. USP46 was produced in E. coli. USP1, USP12, USP46,
and UAF1 were purified using Ni?* sepharose (GE Healthcare, Waukesha, WI)
in 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1 mM PMSF, and 0.1 mM DTT fol-
lowed by elution using imidazole. His-tag was removed by overnight cleavage
with TEV protease while dialyzing to remove imidazole. Uncleaved product
was removed with Ni?* sepharose. Size exclusion chromatography was per-
formed using a Superdex 200 or 75 column (GE Healthcare), equilibrated
against buffer containing 10 mM HEPES (pH 7.5) 100 mM NaCl, and 1 mM
DTT. All proteins were concentrated to ~10 mg/ml and stored at —80°C.

UbAMC Assay

Kinetics was determined as described before (Luna-Vargas et al., 2011b). The
activity was assayed at 25°C in 50 mM HEPES buffer (pH 7.5), 100mM NaCl,
1 mM EDTA, 5 mM DTT, and 0.05% (w/v) Tween-20. Assays were performed
in nonbinding surface, flat-bottom, low-flange black 384-well plates (Corning)
in a 30 pl reaction volume. Fluorescence was measured at 5-min intervals
using a Fluostar Optima plate reader (BMG Labtechnologies, de Meern, The
Netherlands) at excitation and emission wavelengths of 355 nm and 460 nm,
respectively. All replicate assays were performed simultaneously in duplicates.
USP concentration varied between 1 and 100 nM, depending on relative
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activity. The hydrolysis rate was linear for at least 1 hr, and corrected for back-
ground signal (no enzyme). UAF1 and GMPS were added in a 1:1 stoichiom-
etry. USPs were added immediately before the first measurement. In order
to calculate the kinetic parameters for the hydrolysis of UbAMC, curves
were obtained by plotting the measured enzyme initial rates (v) versus the cor-
responding substrate concentrations ([S]). These were subjected to nonlinear
regression fit using the Michaelis-Menten equation V = (Vmax x [S]))/([S] + Ku))
(Equation 1), where Vmax is the maximal velocity at saturating substrate
concentrations and Ky, the Michaelis constant. The k., value was derived
from the equation k.,; = Vmax/[Eo] (Equation 2), where [EQ] is the total enzyme
concentration. Experimental data were processed using Prism 5.01 (Graph-
Pad Software).

Di-Ub Assay

Di-Ub hydrolysis reactions were performed at 37°C in 50 mM HEPES buffer at
pH 7.5, with 100 mM NaCl, 1 mM EDTA, 5 mM dithiothreitol, and 0.05% (w/v)
Tween-20 with constant enzyme concentration (75 nM). When indicated, UAF1
was added in a 2-fold excess (150 nM) and GMPS in a 1:1 stoichiometry.
Experiments were performed using several preps of the di-Ub topoisomers,
some containing small amounts (<5%) of mono-Ub. The kinetics assays
were performed using the cleanest samples. Reactions were stopped by addi-
tion of SDS loading buffer and followed by SDS-PAGE analysis. The time
course assay (Figure 3) has been repeated at least two times. For the kinetic
analysis, the reaction mixture was preheated to 37°C degrees before adding
USP7. Samples were run on a 12% Bis-Tris NuPage gel (duplicates on one
gel), and western blots were performed with anti-Ub antibody (Santa Cruz,
CA; P4D1). The ChemiDoc system (Biorad) was used to read the chemilumi-
nence signal. Quantification of mono-Ub was done using the quantification
tools of ImagelLab (Biorad) using a marker of known amount of mono-Ub
and the non-saturated di-Ub signal (including a correction for the amount of
di-Ub converted to mono-Ub). Experimental data were processed using Prism
5.01 (GraphPad Software).

Solid-Phase Peptide Synthesis of the TAMRA Thiolysine Peptides
Solid-phase peptide synthesis (SPPS) of the TAMRA thiolysine peptides was
performed on a Syro |l MultiSyntech Automated Peptide synthesizer using
standard 9-fluorenylmethoxycarbonyl (Fmoc)-based solid-phase peptide
chemistry at 25 pmol scale, using fourfold excess of amino acids relative to pre-
loaded Fmoc amino acid Wang type resin (0.2 mmol/g, Applied Biosystems).
The following protected amino acids were used during Ub peptide synthesis:
Fmoc-L-Ala-OH, Fmoc-L-Arg- (Pbf)-OH, Fmoc-L-Asn (Trt)-OH, Fmoc-L-Asp
(OtBu)-OH, Fmoc-L-GIn (Trt)-OH, Fmoc-L-Glu (OtBu)-OH, Fmoc-Gly-OH,
Fmoc-L-His (Trt)-OH, Fmoc-L-lle-OH, Fmoc-L-Leu-OH, Fmoc-L-Lys (Boc)-
OH, Fmoc-L-Met-OH; Fmoc-L-Phe-OH; Fmoc-L-Pro-OH; Fmoc-L-Ser (tBu)-
OH; Fmoc-L-Thr (tBu)-OH, Fmoc-L-Tyr (tBu)-OH, and Fmoc-L-Val-OH.
Fmoc-5S-(methyldisulfanyl)-(L)-Lys (Boc)-OH was synthesized as described
previously (El Oualid et al., 2010).

The coupling procedure starts off with single couplings in N-methylpyrroli-
don (NMP) for 45 min using PyBOP (4 equiv) and DiPEA (12 equiv) in a total
volume of 750 pl. This is followed by removal of Fmoc with 20% piperidine
in NMP for 2 x 2 and 1 x 5 min. The procedure ends with NMP wash steps
after each coupling (3 times) and deprotection (5 times).

The resin was washed with diethylether and dried under high vacuum. Next,
the polypeptide sequence was detached from the resin and deprotected by
treatment with TFA/H,O/Phenol/iPr3SiH 90.5:5:2.5:2 v/v/v/v for 2.5 hr. After
washing the resin with 3 x 1 ml TFA, the crude protein was precipitated with
cold Et,O/n-pentane 3:1 v/v. The precipitated protein was washed 3 times
with diethylether; the pellet was dissolved in a mixture of HoO/CH3;CN/HOAc
(65:25:10 v/v/v) and finally lyophilized. All peptides were analyzed by LC-MS
and purified by RP-HPLC when necessary.

LC-MS

LC-MS measurements on the FP reagents or components thereof were per-
formed on a Waters (Milford, MA) 2795 Separation Module (Alliance HT),
equipped with a Waters 2996 Photodiode Array Detector (190-750nm), Phe-
nomenex Kinetex C18 column (2.1 x 50, 2.6 um), and LCT orthogonal accel-
eration time-of-flight mass spectrometer. Samples were run using two mobile
phases: A, 0.1% formic acid in water; and B, 0.1% formic acid in acetonitrile.

Flow rate, 0.8 ml/min; runtime, 6 min; column T, 40°C. Gradient: 0-0.5 min, 5%
B; 0.5-4 min: 5%-95% B; 4-5.5 min, 95% B. Data processing was performed
using Waters MassLynx Mass Spectrometry Software 4.1 (deconvolution with
Maxent1 function).

Ligation of Ub to the Peptides Followed by Desulphurization
Schematic overview of reaction scheme to create final FP reagents and the
corresponding final yields can be found in Figure S3. A mixture of 4-mercap-
tophenylacetic acid (MPAA, 100 mM) and TCEP (50 mM) in 6 M guanidi-
nium-HCI (1 ml, pH 7) was added to Ub-MesNa thioester (5 mg, prepared ac-
cording to the procedure described previously (El Oualid et al., 2010). To this
the TAMRA thiolysine peptide (100 pl of a 20 mM stock solution in DMSO) was
added and the whole mixture was incubated at 37°C. After overnight incuba-
tion, all low-molecular-weight material was removed using a 3-kDa cutoff spin-
column (Amicon Ultra) in four centrifuge cycles. The crude material was taken
up in 6 M guanidinium-HCI and 0.1 M sodium phosphate (4 ml, pH 6.5), and to
this was added TCEP (187 mg) and glutathione (30 mg), after which the pH of
the mixture was adjusted to pH 6.5 by addition of 1 M NaOH. Next, the mixture
was degassed with argon, after which radical initiator VA-044 was added. The
mixture was incubated at 37°C overnight. All constructs were purified by RP-
HPLC and analyzed by LC-MS and gel electrophoresis and were obtained as
purple solids.

C18 RP-HPLC

Purification of the FP reagents by RP-HPLC was performed on a Shimadzu
system equipped with an LC-20AT liquid chromatography pump, CTO-20A
column oven (T = 40°C), SPD-20A UV/VIS detector (detection simultaneously
at 230 nm and 254 nm), RF-10AXL fluorescence detector (ex/em = 540/
600 nm), and Atlantis Prep T3 column (10 x 150 mm, 5 um). Samples were
run using two mobile phases: A, 0.05% trifluoroacetic acid in water; and B,
0.05% trifluoroacetic acid in acetonitrile. Flow rate, 7.5 ml/min; runtime,
30 min. Gradient: 0-6 min: 5%-10% B; 6.5-26 min: 25%-47% B; 26.5-
29.5 min: 95% B. Pure fractions were pooled and lyophilized.

Isopeptide-Linked Ub FP Hydrolysis Assay

FP assays were performed on a PerkinElmer Wallac EnVision 2010 Multilabel
Reader with a 531 nm excitation filter and two 579 nm emission filters. The
confocal optics were adjusted with TAMRA-KG (synthesized by SPPS as
described above) and the G factor was determined using a polarization value
for TAMRA-KG (25 nM) of 50 mP. The assays were performed in nonbinding-
surface, flat-bottom, low-flange black 384-well plates (Corning) at room
temperature in a buffer containing 20 mM Tris-HCI, pH 7.5, 5 mM DTT,
100 mM NaCl, 1 mg/ml 3-[(3-cholamidopropyl) dimethylammonio] propane-
sulfonic acid (CHAPS), and 0.5 mg/ml bovine gamma globulin (BGG). Each
well had a volume of 20 ul. Buffer and enzyme were predispensed and the
reaction was started by the addition of substrate. Kinetic data were collected
at intervals of 2.5 or 3 min. First measurement was taken a few minutes after
the start of the reaction. From the obtained polarization values (P) the amount
of processed substrate (Py) was calculated according to the following equation
(Levine et al., 1997): S = Sg - S * (Pt — Pmin)/(Pmax — Pmin)), Where P; is the
polarization measured (in mP); Pp,ay is the polarization of 100% unprocessed
substrate (determined for every reagent at all used substrate concentrations);
Ppmin is the polarization of 100% processed substrate (determined for every
linkage at all used substrate concentrations by measuring the mP value for
the corresponding deubiquitinated TAMRA-peptide, which were synthesized
by SPPS according to the procedure described above); and Sy is the amount
of substrate added to the reaction. From the obtained P; values the values for
initial velocities were calculated, and these values were used to determine the
Michaelis-Menten constants. These were linear for at least 30 min and cor-
rected for background signal (no enzyme). All experimental data was pro-
cessed using MS Excel and Prism 4.03 (GraphPad Software).
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