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Abstract

Deubiquitylases (DUBs) are key regulators of the ubiquitin system which cleave ubiquitin
moieties from proteins and polyubiquitin chains. Several DUBs have been implicated in various
diseases and are attractive drug targets. We have developed a sensitive and fast assay to quantify
invitro DUB enzyme activity using matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. Unlike other current assays, this method uses unmodified
substrates, such as diubiquitin topoisomers. By analyzing 42 human DUBs against all diubiquitin
topoisomers we provide an extensive characterization of DUB activity and specificity. Our results
confirm the high specificity of many members of the OTU and JAMM DUB families and
highlight that all USPs tested display low linkage selectivity. We also demonstrate that this assay
can be deployed to assess the potency and specificity of DUB inhibitors by profiling 11
compounds against a panel of 32 DUBs.
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Post-translational modifications with ubiquitin control almost every process in cells.
Ubiquitylation is facilitated by ubiquitin-activating (E1s), ubiquitin-conjugating (E2s), and
ubiquitin ligase enzymes (E3s). Ubiquitin can be attached to substrate proteins as a single
moiety or in the form of polymeric chains in which successive ubiquitin molecules are
connected through specific isopeptide bonds. These bonds can be formed on any of the eight
primary amines of the ubiquitin molecule (linear/N-terminus/M1, K6, K11, K27, K29, K33,
K48 and K63) and thus can achieve a remarkable complexity, termed the ubiquitin code! in
which the different chain topologies serve distinct signaling functions?.

Ubiquitylation is reversible by specific cleavage through deubiquitylases (DUBs), of which
about 90 have been identified in the human genome?. DUBs have been divided into five
subclasses: Ubiquitin C-Terminal Hydrolases (UCHs), Ubiquitin-Specific Proteases (USPs),
Machado-Joseph Disease Protein Domain Proteases (MJDs), Ovarian Tumor Proteases
(OTUs), and JAB/MPN/Mov34 Metalloenzyme (JAMM) domain Proteases3~>. UCHs,
USPs, OTUs and MJDs function as papain-like cysteine proteases, whereas JAMMs are
zinc-dependent metalloproteases®. A sixth family of DUBs, Monocyte Chemotactic Protein
Induced Proteases (MCPIP) has recently been proposed, but little is known about this family
so far* 6.

DUBs have an essential role in ubiquitin homeostasis by catalyzing the editing and
disassembly of polyubiquitin chains*. Furthermore, DUBs also perform signaling functions
by the regulatory deubiquitylation of target proteins? controlling proteasome-dependent
protein degradation’, endocytosis®, DNA repair® and kinase activation!%- 11, Not

surprisingly, DUBs have been implicated in a number of diseases such as cancer!2-17,

19-21

inflammation ! 18 neurodegeneration/Parkinson’s disease and, due to their potentially

drugable active sites, are considered attractive drug targets?Z,

Several chemical probes, such as Ub-vinyl methylester (VME), Ub-vinyl sulfone (VS)23,
branched and ubiquitin isopeptide activity-based probes?* or diubiquitin activity probes®
have been developed to explore the catalytic properties of DUBs. To screen for DUB
inhibitors, current methods make use of non-physiological substrates including linear fusion
of ubiquitin to a reporter protein such as phospholipase 2 or YFP in a Fluorescent Resonance
Energy Transfer assay format2% 27, Moreover, fusions of fluorogenic reporters such as
Rhodamine?® or 7-amino-4-methylcoumarin®® to the C-terminal glycine of ubiquitin are also
widely deployed. However, these substrates are not suitable for assessing the linkage
specificity of DUBs. Furthermore, as these are artificial substrates that do not contain
physiological isopeptide bonds, screening assays using these substrates could potentially
identify compounds that might not inhibit the deubiquitylation of physiological substrates.
To circumvent these issues it is possible to undertake DUB assays with more physiologically
related diubiquitin molecules3?. However these assays are currently performed using low-
throughput SDS-PAGE methodology and require relatively large amounts of enzymes
(0.01-1 pg per assay) and substrates (typically up to 4 ug of substrate per assay)3!.
Matrix-Assisted Laser Desorption/Ionization (MALDI) Time-of-Flight (TOF) mass
spectrometry (MS)32 33 has in the past been successfully applied to quantify low molecular
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weight products of enzymes34 or amyloid-beta peptides produced by gamma-secretase3>.
Here, we present a novel screening method to assay DUB activity and specificity using
unmodified diubiquitin isomer substrates. We employ quantitative MALDI-TOF MS
using 1 N-labeled ubiquitin and achieve high sensitivity, reproducibility and robustness. We
analyze the specificity of 42 human DUBs and characterize the potency and selectivity of 11
DUB inhibitors against a panel of 32 DUBs. Our data represent an important resource for
the scientific community and establish the applicability of the MALDI-TOF DUB assay in

DUB inhibitor screening and selectivity assessment.

MALDI-TOF DUB assay to assess DUB activity and specificity

We have developed a fast and sensitive assay to analyze in vitro activity and specificity of
DUBs by MALDI-TOF mass spectrometry, termed the MALDI-TOF DUB assay. In this
assay, we quantitate the amount of monoubiquitin generated by the in vitro cleavage of
specific diubiquitin topoisomers by DUBs (Figure 1a). The DUB reaction consists of
recombinant DUB (0.1-1,000 ng), diubiquitin (typically 125 ng/7,300 fmol) in 40 mM Tris-
HCI pH 7.5, 5 mM dithiothreitol (DTT) and bovine serum albumin (BSA) carrier (0.25 pg)
in a total volume of 5 pl. Reactions are undertaken for 1 hour at 30°C and terminated by
addition of 1 pl of 10% (v/v) trifluoroacetic acid. Aliquots (2 pl) of each sample are spiked
with 2 pl (1,000 fmol) of I5N-labeled ubiquitin (average mass 8666.55 Da), whose
concentration was established by amino acid analysis, to serve as an internal standard for
ubiquitin quantitation. A further 2 pl of 15.2 mg ml~! 2,5-dihydroxyacetophenone (DHAP)
matrix and a 2 pl of 2% (v/v) trifluoroacetic acid are added and 0.5 pl of the resultant
mixture are then spotted onto a 1,536 microtiter plate MALDI anchor target. The samples
are analyzed by high mass accuracy MALDI-TOF MS in reflector positive ion mode on an
UltrafleXtreme (Bruker Daltonics) mass spectrometer. The high resolution and mass
accuracy of this MALDI-TOF mass spectrometer enabled baseline-resolution of isotopic
patterns of ubiquitin and thus reliable quantitation of the area of the ubiquitin peak.
Moreover, it permitted clear separation of the doubly-charged diubiquitin molecule (m/z
8556.64) and the singly-charged monoubiquitin (m/z 8565.76) (Figure 1b; Supplementary
Figure 1). Next, we tested the linearity of our assay by analyzing standard curves over the
ubiquitin concentration range of 10-10,000 nM (2-2,000 fmol on target) in the presence of
250 nM !SN-Ubiquitin (42 fmol on the target) and 874 nM diubiquitin (15 ng pl~!; 146 fmol
on the target) in three separately performed experiments on different days. Addition of ’N-
ubiquitin and/or diubiquitin isomers, did not affect sensitivity with which ubiquitin could be
detected and quantified (Supplementary Figure 2). Average correlation coefficient (12) for
the three curves was not less than 0.99 (Figure 1c¢) showing high linearity over a range of
more than 500 (Supplementary Table 1). The mean intraday precision and interday accuracy
for ubiquitin/!>N-ubiquitin were 8% and 10% respectively, demonstrating the suitability of
the assay as a screening tool. The lower limit of quantitation, defined as the lowest
concentration that could be measured with a precision and accuracy better than 20%, was 10
nM (2 fmol on target) (Figure 1b) allowing for significantly reduced enzyme and substrate
amounts compared to previously used low throughput methods that typically employed up to
4 ug of diubiquitin (234,000 fmol) per assay.

Nat Commun. Author manuscript; available in PMC 2015 February 27.
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Determining DUB specificity
Utilizing the MALDI-TOF DUB assay, we systematically assessed the specificities of 42
recombinant human DUBs (Table 1) against all possible ubiquitin chain linkages. This
represents almost 50% of the DUBs encoded in the human genome. For this, we determined
the DUB activity at five different enzyme concentrations (from 0.02 to 200 ng uL~!) against
M1/linear, K6, K11, K27, K29, K33, K48 and K63-linked diubiquitin isomers, all at a final
concentration of 1.46 uM in the assay. Altogether we performed more than 5,520 enzymatic
reactions, providing the largest published resource for DUB specificity and activity (Figure
2). The results of this analysis highlighted a striking linkage specificity for five human
DUBs (OTULIN — M1/linear, OTUB1 — K48, AMSH, AMSH-LP and BRCC3 - K63),
which cleaved only one diubiquitin substrate even at very high concentrations of enzymes
(Figure 2, Group 1), which is consistent with previous data analyzing these enzymes36-38
(Supplementary Table 2). Group 2 consisted of three DUBs that were highly specific to one
linkage at only low concentrations (Cezanne-K11, OTUD1-K63 and A20-K48) and four
DUBs (TRABID-K29/K33, VCPIPcat-K11/K48, OTUB2- and phosphorylated OTUDS-
K48/K63) that displayed moderate selectivity hydrolyzing two ubiquitin linkages at low
concentrations but were less selective at high concentrations (Figure 2, Group 2). Twenty
DUBs, including all the active USP family members tested displayed little selectivity
(Figure 2, Group 3), agreeing with previously reported findings®. Four DUBs showed only
very low activity (OTUDG6A, OTU1, JOSD2 and ATXN3L) and six DUBs including
OTUG6B, JOSD1, and all the ubiquitin C-terminal hydrolases (UCH) were inactive in our
assay (Figure 2, Group 4) (Supplementary Figure 3). In parallel, we also performed DUB
fluorogenic Ubiquitin-110-Rhodamine-Glycine activity assays (Table 1) which are
frequently used in the field28- 40-41 We calculated the specific activity of each DUB in this
assay and grouped these into four categories (very low, low, moderate and high activity).
Interestingly, when we compared the MALDI-TOF DUB assay data with fluorescent assay
data (Table 1) we found 10 enzymes (USP9x, USP27x, USP36, CYLD, Otulin, OTUBI,
OTUB2, AMSH, AMSH-LP and BRCC3) that were active only in the MALDI-TOF DUB
assay. Four enzymes (USP10, USP28, A20 and VCPIP) displaying low activity in the
fluorescence assay were significantly more active in the MALDI-TOF DUB assay. The
majority (18 out of 42) of DUBs tested was active in the MALDI-TOF DUB assay and
displayed moderate or high activity in the fluorescence assay. In contrast, seven DUBs
including all members of the UCH family as well as OTUD6A, JOSD1 and JOSD2 were
active in the Rhodamine assay but not in the MALDI-TOF DUB assay. We found that three
DUBs tested (OTUD6B, OTU1, and ATXN3L) displayed very low or no activity, but
nevertheless reacted with an active site directed probe (C-terminal propargylated
ubiquitin)*? (Supplementary Figure 4).

Assessing potency and selectivity of DUB inhibitors

We next evaluated whether the MALDI-TOF DUB assay had potential to be deployed to
assess potency and selectivity of DUB inhibitors. To undertake this, we set up a panel of 32
DUBs each assayed with the preferred diubiquitin isomers displaying the highest specific
activity at the lowest concentration (Supplementary Figure 3). As proof-of-concept, we
screened nine previously reported DUB inhibitors and inhibitor candidates (Compound 16%3,
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1434078, WP1130*, P220774, Febuxostat*6, SJB3-019A*7, PR-619%, HBX 41,108,
Pimozide*!) as well as two E2/E3 ligases ligase inhibitors that have potential to alkylate Cys
residues (NSC 69792349 and BAY 11-7082°Y) at two concentrations against a group of 32
highly active DUBs from our assay. (Figure 3; Supplementary Figure 5; Supplementary
Table 3). In addition, we performed IC5q measurements for the DUBs that were most
potently inhibited (Figure 4). For these studies, conditions were carefully optimized to
ensure that assays were linear with respect to time (Supplementary Figure 6), and the
diubiquitin substrate that displayed highest activity at the lowest DUB concentration was
selected (Supplementary Figure 3).

Overall, none of the compounds tested displayed strong selectivity towards a single DUB
and many were unselectively inhibiting most DUBs on the panel (Figure 3). For example,
PR-619% (Supplementary Figure 5Q to R), is an ubiquitin/UbL isopeptidase inhibitor which
has previously been reported to inhibit a range of cysteine protease DUBs*>. Consistent with
this, we found that PR-619 inhibited 27 of the 32 tested DUBs with only members of the
OTU and JAMM family being unaffected, likely because the latter are zinc-metalloproteases
and do not possess a reactive catalytic Cys residue. Furthermore, our data indicates that
SIB3-019A (Supplementary Figure 50 to P), which has previously been shown to inhibit
USP1 in leukemic cells*’, inhibits USP8 more strongly (ICso 0.21 uM) than USP1 (ICs
1.69 uM) but in addition also significantly inhibited several other DUBs tested. Another
reported USP1 inhibitor, Pimozide*!, was also found to be non-selective, inhibiting many
other DUBs with similar affinity to USP1 (Supplementary Figure SE to F).

USP7 is one of the most targeted DUBs as phenotypes associated with USP7 silencing
strongly suggest that small-molecule inhibitors of USP7 may have the potential for antiviral
and anticancer therapies!3-31. HBX 41,108, a cyano-indenopyrazine inhibitor of USP7 that
has been shown to stabilize polyubiquitylated p53 at high concentrations in HEK293 cells*®,
inhibited 25 of the 32 DUBs tested more than 70% at 5 uM (Figure 3). This is consistent
with another report suggesting that HBX 41,108 reacted with additional DUBs>2. Only
members of the JAMM family are not affected by HBX 41,108, again likely because they
are zinc-metalloproteases and not cysteine proteases (Supplementary Fig. 5S to T).

Out of the 11 compounds profiled, BAY 11-7082 and NSC 697923 that both contain vinyl
sulfone reactive groups (Supplementary Table 3) were found to inhibit USP7 with moderate
higher potency than other DUBs tested. For example, BAY 11-7082 and NSC 697923
inhibited USP7 with an ICsq of 0.19 uM and 0.08 puM, respectively. The next most potently
inhibited DUB, i.e. USP21, was inhibited by BAY 11-7082 and NSC 697923 with an ICs
of 0.96 uM and 0.63 uM, respectively. The potency of NSC 697923 for USP7 (0.08 uM)
was 70-fold higher than that of HBX 41,108 (5.97 uM).

Discussion

We have developed a sensitive, reproducible and robust assay for the analysis of DUB in
vitro activity and specificity. For this, we have made use of highly sensitive and fast
MALDI-TOF mass spectrometry which is due to the use of 1,536-sample targets, suitable
for robotic automation and thus high-throughput screening™3. We circumvented spot-to-spot

Nat Commun. Author manuscript; available in PMC 2015 February 27.
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and shot-to-shot irreproducibility in MALDI ionization by using isotopically labeled
ubiquitin as an internal standard as it guarantees identical extraction, crystallization and gas-
phase behavior. Overall, this set-up allowed us to achieve very high precision, accuracy and
linearity of measurements over concentrations of almost three orders of magnitude. The
advantages compared to the commonly used assays with fluorogenic ubiquitin substrates are
the use of substrates which are more physiological and the ability to analyze chain linkage
specificity. Moreover, compared to current techniques using SDS-PAGE, our assay is
considerably faster (2-4 hours for the acquisition of 1,536 data points) and more sensitive,
thus requiring vastly reduced amounts of diubiquitin substrate. It should be noted that the
assay is currently pipetted manually and due to addition of matrix and TFA, only 3.3% of
the initial reaction mixture is utilized for the mass spectrometry analysis. Thus, after
optimization, it should be feasible to scale down reaction amounts at least another 20-fold
using nanoliter dispensing robotics representing a nearly 600-fold reduction in amounts of
diubiquitin needed in current low throughput assays.

Our data has established that the MALDI-TOF DUB assay is a powerful approach to define

the substrate specificity of DUBs. Using only 120 data points we have devised a strategy to

characterize the activity of each DUB in triplicate (i.e. three different experiments) over five
concentrations spanning 10,000-fold range against all eight diubiquitin chain linkages.

Only a few of the 42 expressed DUBs, and here particularly the members of the UCH
family, were inactive in the MALDI-TOF DUB assay but showed high activity in the
fluorogenic Ubiquitin-110-Rhodamine-Glycine assay (Table 1). This is consistent with
previous work which has shown that UCH DUBs cleave ubiquitin moieties from protein
substrates but do not hydrolyze diubiquitin®>: 4. Interestingly, we found that members of the
JAMM family (AMSH, AMSH-LP, and BRCC3) displayed high activity in the MALDI-
TOF DUB assay, exhibiting exquisite preference for K63 linkages, but were completely
inactive in the fluorescence Ubiquitin-110-Rhodamine assay (Table 1). Therefore the
MALDI-TOF DUB assay is the preferred technology to undertake future screening for
specific inhibitors that target these metalloproteases. Among the other inactive DUBs are
ATXN3L (MJD+ family DUB) that has been shown to preferentially cleave ubiquitin chains
with more than four units3? which is likely to explain why no activity was observed in the
MALDI-TOF DUB and Ubiquitin-110-Rhodamine assays. Furthermore, OTUD6B was also
previously shown to be inactive against ubiquitin dimers using a low-throughput assay>’. In
our hands, full length OTU1 expressed in E. coli only displayed trace activity towards K11,
K48 and K63 at the highest concentration tested (200 ng ul~!; 3.1 uM). In another study full
length OTU1 assayed at 4 uM was shown to display low activity against K11, K27, K29,
K33 and K4837. A different group has suggested that OTU1 preferentially hydrolyzes longer
polyubiquitin chains>® which might explain the weak activity observed>?. Further work is
also required to assess whether the other enzymes might require co-factors or post-
translational modifications such as phosphorylation for optimal activity as reported for
OTUD5%. In the future, we intend to increase the coverage of the DUB family by including
more enzymes. These proteins will be also expressed in either bacterial or insect cultures
and if the full-length protein cannot be purified, a shorter construct encompassing the
catalytic domain will be expressed.

Nat Commun. Author manuscript; available in PMC 2015 February 27.
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Our data compares well to very recently published data of DUBs of the OTU family>’,
confirming high specificity for many members of this family. Also other DUB families, such
as the unspecific USPs as well as the specific JAMMs are in agreement with published
data3®: 39 (Supplementary Table 2). Yet, our data also suggests that the specificity of several
DUBs depends on the concentration of the enzymes and the enzyme/substrate ratio. In
general, highest selectivity is observed at low concentrations of DUBs. Cezanne for
example, is very active and specific for K11 at the lowest concentration tested (i.e. 0.02 ng
ul=1; ~0.2 nM). Similarly, OTUDI is very selective for K63 at 0.2 ng pl=! (~5 nM).
However, at higher concentrations both Cezanne and OTUD]1 lose their specificity. These
observations highlight that these enzymes are not completely selective and possess the
ability to weakly act on other topoisomers at higher substrate concentrations. Even several
USPs, which are mostly unspecific in our assay, present some specificity at the lowest
concentrations analyzed. This emphasizes the importance that specificity of DUBs should be
tested over a wide range of enzyme concentrations, which has not generally been undertaken
in previous analyses. The consistency of our data compared with previous work on DUB
activity and selectivity highlights the reliability of the MALDI-TOF DUB assay technology.

None of the DUBs tested initially displayed significant activity against K27-linked
diubiquitin isomers that were purchased commercially. We confirmed by mass spectrometry
that the commercial K27 diubiquitin molecule was indeed correctly linked and was present
in equimolar amounts compared to the other diubiquitin isomers. We determined by parallel
reaction monitoring against the linkage peptides that this diubiquitin contained small
amounts (~7%) of K11 and (~8%) K63 diubiquitin chains which were not affecting overall
results though (Supplementary Figures 10 and 11A). Additionally, we performed circular
dichroism (CD) to rule out misfolding of the isomer (Supplementary Figure 11B). However,
to ensure that the inactivity of all DUBs against this linkage was not due to quality issues of
the commercially produced K27 diubiquitin, we compared three differently sourced versions
of K27 diubiquitin (Boston Biochem, UbiQ and in-house chemically engineered K27
diubiquitin®’> 38) against four DUBs that had shown activity against K27 in previous
publications2>: 3%, While USP7, USP8 and USP25 could not hydrolyze any of the three
differently sourced K27 diubiquitins in our hands, we observed that USP16 displayed strong
activity against this linkage for in-house K27 diubiquitin but not for the commercially
sourced K27-chains (Supplementary Figure 11C). It should be noted that previous work>’
also concluded that USP16 displayed highest activity towards K27-linked diubiquitin
isomers compared to the other DUBs tested, suggesting that this enzyme might indeed
cleave this chain type in vitro. It is not clear why there is this discrepancy in activity of
USP16 towards in-house chemically engineered (GOPAL methology) and commercially
available K27 diubiquitin. We therefore re-tested the whole DUB panel against the in-house
K27 diubiquitin and except for USP16, no other DUB showed any significant activity,
agreeing with the data obtained with commercially sourced K27 diubiquitin. This suggests
that extra caution is required when K27 diubiquitin is used for DUB assays.

There is huge interest in developing chemical probes that target specific components of the
ubiquitylation system>®. We have shown that the MALDI-TOF DUB assay can be readily
used to determine inhibition rates and the ICs( of small molecule inhibitors of DUBs. The

Nat Commun. Author manuscript; available in PMC 2015 February 27.
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MALDI-TOF DUB assay also enables the facile profiling of inhibitors against numerous
DUBs acting on a more physiological substrate than fluorescent ubiquitin conjugates that
have been previously employed for this purpose3. Moreover, one will be able to employ
this assay using other physiological substrates, such as ubiquitylated proteins. As proof-of-
concept, we have deployed a panel of 32 active DUBs to profile 11 available DUB inhibitors
and inhibitor candidates. Our work confirms previous work that PR-619 is a general DUB
inhibitor that potently suppresses the activity of almost all cysteine protease DUBs*.
Similarly HBX 41,108, proposed as an USP7 inhibitor?8, inhibited almost all DUBs in our
assay better than USP7. Out of the compounds analyzed, BAY 11-7082 and NSC 697923
displayed the highest selectivity, inhibiting USP7 with 5-8 fold higher potency than the
second most sensitive DUB on our panel (i.e. USP21). BAY 11-7082 inhibits NFkB
signaling® and was recently shown to inhibit the majority of E2 and E3 ligases tested by
reacting covalently with the catalytic cysteine residues>”. Moreover, BAY 11-7082 also
inhibits several tyrosine phosphatases by reacting with catalytic Cys residue of these
enzymes®!. NSC 697923 was originally shown to inhibit the E2 ligase Ubc13-Uev1A%°.
These data suggest that BAY 11-7082 and NSC 697923 are likely to inhibit a broad range of
enzymes possessing catalytic Cys residues. Nevertheless, the moderate specificity of these
compounds for USP7 indicates that it might be possible to further engineer these compounds
towards more selective probes. Furthermore, we could show that SJB3-019A and Pimozide,
two proposed USP1 inhibitors*!- 47 inhibit USPS at a ten-fold lower concentration or
showed poorly selectivity, respectively. Overall this data reveals the importance of
undertaking extensive profiling of specificity of DUB inhibitors as it is essential to ensure
the selectivity of these compounds for in vivo applications.

In order to screen larger numbers of small molecule inhibitors, we propose a future
screening strategy (Supplementary Figure 7) that can be summarized in three steps: Screen
1, screening a large number of small molecules against a single DUB to identify lead
candidates; Screen 2, inhibitor specificity determination of these lead candidates at a single
concentration against a panel of a large number of DUBs; Screen 3, determination of I1Cs
for best DUB/inhibitor pairs. We believe that such strategies will be useful for discovery of
specific inhibitors of DUBs which have the potential to become important future drug
targets22.

In conclusion, we present here a novel screening method to assay DUB activity and
specificity with high sensitivity, reproducibility and reliability, which is able to carry out
precise quantitative measurements at a rate of ~6-9 s per sample spot. Using physiological
substrates of DUBs allowed us to determine specificity of 42 human DUBs among which
several showed high specificity for one single chain type. This data allowed us to generate a
simple array of preferred chain types and lowest concentrations of activity for each DUB
which will serve as a sensitive and fast tool for screening for DUB inhibitors.

Ubiquitin monomer, Bovine Serum Albumin (BSA), Tris and DTT were purchased from
Sigma Aldrich. Diubiquitin topoisomers (M1, K6, K11, K27, K29, K33, K48 and K63-
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linked) were purchased from Boston Biochem (Boston, MA), additional K27 diubiquitin
was produced in-house>”> 38, whereas all MALDI-TOF MS materials (targets, matrix and
protein calibration mixture) were purchased from Bruker Daltonics (Bremen, Germany).
PR-619 and P22077 (Calbiochem/Merck, Darmstadt, Germany) as well as HBX 41,108,
Pimozide and Degrasyn/WP1130 (Tocris Bioscience, Bristol, UK) and L434078 (Sigma-
Aldrich, St. Louis, MO, USA) were purchased commercially. Febuxostat, SJB3-019A,
Compound 16, NSC 697923 and BAY 11-7082 were synthesized (Supplementary Table 3).

Expression of DUB enzymes

For bacterial expression, full length or catalytic core domains for various DUB enzymes
were cloned into either pET-24, pET-28 (Novagen) or pGEX6P (GE-Healthcare) vectors to
express either N-terminally tagged 6xHis or GST tagged proteins. Recombinant proteins
were expressed in E. coli BI121 (DE3) cells which were lysed by sonication lysis buffer (50
mM Tris-HCI pH 7.5, 250 mM NaCl, 0.5 mM EGTA, 0.5 mM EDTA, 0.5% Triton-X100, 1
mM DTT, ImM Pefabloc, 10 ug ml~! Leupeptin), then centrifuged to remove insoluble
material. For protein purification, supernatants were subjected to affinity chromatography
using either Ni2+—NTA—Sepharose (GE Healthcare) or Glutathione-Sepharose (Expedeon)
resin. For insect cell protein expression, appropriate cDNAs were cloned into the pFastBac
vector, baculoviruses were generated to encode various Dac-tagged®? DUB enzymes. Sf21
cells were typically infected with P1 virus stocks and harvested 48 hours later. Cells were
lysed in Dac lysis buffer (40 mM Tris pH 7.5, 0.2% Triton-X 100, 0.5 mM EGTA, 0.1 mM
EDTA, ImM DTT) supplemented with 1 mM Pefabloc and Leupeptin at 20 ug ml~! then
centrifuged to remove insoluble material. For protein purification, supernatants were
subjected to affinity chromatography using ampicillin-Sepharose resin for 45 min at ambient
temperature. The DUB enzymes were either eluted from the ampicillin-Sepharose by
incubating 4 x for 15min with 1 resin volume of 50 mM Tris-HCI1 pH 7.5, 5% v/v glycerol,
100 mM NaCl, 10 mM ampicillin, 1 mM DTT, 0.03% (w/v) Brij-35 or recovered by
digesting the DUB off the Dac-tag using TEV-protease in 50 mM Tris-HCI1 pH 7.5, 100 mM
NaCl, 0.03% (w/v) Brij 35 (Supplementary Figure 8).

15N-ubiquitin expression and purification

Untagged full length human ubiquitin was cloned into the pET24 vector and expressed in E.
coli BI21 (DE3) cells. Cells expressing ’N-ubiquitin were grown in M9 minimal media
supplemented with 1N ISOGRO (Sigma) and Ammonium-!N chloride (Sigma) according
to manufacturer’s instructions. Cells were sedimented, resuspended in H,O and lysed by
freeze-thawing, then centrifuged to remove insoluble material. Bacterial proteins were
precipitated by dropping the pH to 4.5 with diluted HC1Oy, then sedimented by
centrifugation. The supernatant containing the ubiquitin was adjusted to 20 mM ammonium-
acetate pH 4.5 and applied to a Source 15 S HR10/10 column (GE Healthcare), which was
developed with a gradient of 0-1 M NaCl. The 1’N-ubiquitin eluting at a conductivity of 18

mS cm™!

was concentrated and subjected to chromatography on a Superdex75 XK16/60
column (Amersham). Final 1’N-ubiquitin fractions were pooled and concentrated to 35 mg
ml~!. MALDI-TOF MS analysis revealed a 97% incorporation of >N (Supplementary

Figure 9).
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Preparation of K27-linked diubiquitin

K27-linked diubiquitin was prepared as described”’ with the following exceptions. Acceptor
ubiquitin was expressed from a new plasmid (pCDF-pylT-UbTAG27-His6) carrying an
amber stop codon at residue position 27 of ubiquitin. Crude Cbz-deprotected ubiquitin
species were then dissolved in denaturing buffer (200 mM Na,HPO, pH 7.5, 6 M
guanidinum chloride) at a final concentration of ~2mg ml~!. Deprotected diubiquitin was
then purified from residual mono ubiquitin by semi-preparative reversed-phase HPLC using
a Dionex Ultimate 3000 system. A flow rate of 10 ml min~! and a gradient of 20 % solvent
A to 50 % solvent B over 40 minutes were used with a Thermo Biobasic C4 (250 mm x 21.2
mm) column (solvent A = 0.1 % trifluoroacetic acid in HyO; solvent B = 0.1 %
trifluoroacetic acid in acetonitrile). Fractions corresponding to K27-linked diubiquitin were
determined by LC-MS and were then pooled and freeze dried. Freeze dryed K27-linked
diubiquitin was dissolved in denaturing buffer to a final concentration of 2 mg ml~! and
folded by overnight dialysis against PBS.

In vitro DUB assays and inhibitor screening

To monitor DUB activity in vitro, we tested a panel of 42 human DUBs at different
concentrations (0.02-0.2-2-20-200 ng pl‘]) against all diubiquitin topoisomers (M1, K6,
K11, K27, K29, K33, K48 and K63-linked chains) as substrates at a fixed concentration (25
ng ul~!, 1.46 uM). Both enzymes and substrates were freshly prepared in the reaction buffer
(40 mM Tris-HCI, pH 7.6, 5 mM DTT, 0.005% BSA) for each run. The enzymes were pre-
incubated in the reaction buffer for 10 min at 30°C; afterwards, the diubiquitin isomers were
added and the reaction mixture incubated for 60 min at 30°C. The reaction was stopped by
adding TFA to a final concentration of 2% (v/v). Possible background due to contamination
of the diubiquitin with ubiquitin monomers was measured in a reaction buffer in which the
enzyme was excluded and ubiquitin intensities normalized accordingly (Supplementary
Figure 10B-2). Dimer purity was controlled by SDS-PAGE, PRM and MALDI-TOF
MS/MS (Supplementary Figures 10-11).

For the small molecule inhibitor studies, we tested the MALDI-TOF DUB methodology by
screening 11 DUB inhibitors or inhibitor candidates. To assess linearity for inhibitor
experiments, time-dependent inhibition experiments were performed by adding increasing
concentrations of the compound, from 0 to 90 uM, to the reaction buffer containing USP7 (1
ng ul~!) and incubated for 30 min at 30°C. We demonstrated the linearity of response of
USP7 (1 ng ul~!) versus K11-linked diubiquitin (1.46 uM) to increasing concentrations of
PR-619 (0-40 uM) over time (0-20 min) (Supplementary Figure 6). Some of these inhibitors
could potentially react with reducing agents present in the assay such as dithiothreitol (DTT)
or tris(2-carboxyethyl)phosphine (TCEP). We therefore verified using MALDI-TOF mass
spectrometry whether the inhibitor compounds reacted with either 1 mM DTT or 0.5 mM
TCEP when incubated at 30°C for 1 hour under the DUB assay conditions employed. This
revealed that only WP1130 significantly reacted with both DTT and TCEP under these
conditions (data not shown). For all inhibitor experiments, except PR-619 and HBX 41,108,
no DTT but the remaining trace levels from the protein expression was added to the reaction
buffer.
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Following the scheme in Supplementary Figure 7, we determined the activity of the
inhibitors in two steps. First of all, we screened the inhibitors in duplicates against 32 DUBs.
The enzymes were pre-incubated with either 1 or 3/5/10 uM of inhibitor for 35 min at 30°C.
Next, substrates were incubated with the enzyme plus inhibitor mixture for 60 min at 30°C.
Secondly, we determined the inhibitors’ ICsq on a subset of selected DUBs. For calculation
of ICs(, data were fitted in SigmaPlot (v. 12.5 Build 12.5.0.38) using the four parameter
logistic equation: y=min + (max-min)/(x/ICsq) Hillslope. Values of IC5 for all compounds
are summarized in Supplementary Table 4.

Analysis by MALDI-TOF MS

Sample preparation—Acidified samples of the DUB assays were mixed with 0.5

uM SN-ubiquitin and then with one part of 2 % (v/v) TFA and one part of DHAP matrix
solution (7.6 mg of DHAP in 375 ul ethanol and 125 ul of an aqueous 12 mg ml~!
diammonium hydrogen citrate). 0.5 pl of these solutions were spotted in replicates onto an
MTP AnchorChip 1,536 TF (600 um anchor, Bruker Daltonics).

Data acquisition—A high resolution MALDI-TOF MS instrument (UltrafleXtreme,
Bruker Daltonics) with Compass 1.3 control and processing software was used. Samples
were run in automatic mode (AutoXecute, Bruker Daltonics) allowing 6-9 seconds per spot,
using the 1,536 spots AnchorChip. Ionization was achieved by a 1 kHz smartbeam-II solid
state laser with a fixed initial laser power of 60% (laser attenuator offset 68%, range 30%)
and detected by the FlashDetector at detector gain of 10x. Reflector mode was used with
optimized voltages for reflector-1 (26.61 kV) and reflector-2 (13.39 kV), ion sources
(IonSource-1: 24.86 kV, IonSource-2: 22.71 kV) and pulsed ion extraction (320ns).
Sampling rate was 0.25 ns equivalent to a 4 GS/s digitization rate. An amount of 2100
(3x700) shots were summed up in “random walk” and with “large” smartbeam laser focus.
Spectra were accumulated by FlexControl software (v. 3.3 Build 108), processed using
FlexAnalysis software (v. 3.3, Build 80) and the Sophisticated Numerical Annotation
Procedure (“SNAP”) peak detection algorithm, setting the signal to noise threshold at 250.
Prior to calibration, the spectra were processed using smoothing (Savitzky-Golay algorithm)
and baseline subtraction (“TopHat”) for reproducible peak annotation on non-resolved
isotope distributions: 1 cycle, 0.2 m/z for the width. For external interactive calibration in
quadratic mode, the “Protein Calibration Standard 1 (Bruker) was used with ubiquitin ([M
+H]*avg = 8565.76), myoglobin ([M+2H]**avg = 8476.66) and cytochrome ¢ ([M
+2H]2+avg= 6181.05, [M+H]* =12360.97) ions as average m/z values. Internal calibration
was performed using the ubiquitin peak ((M+H]*avg = 8565.76). An example of a full scan
MALDI spectrum is depicted in Supplementary Figure 12.

Data analysis—A modified method for data acquisition was developed for Flex Analysis
Software, using the SNAP algorithm. This algorithm is calculating an isotopic distribution
which best fits the pattern of an isotopically resolved protein signal. For area calculation, the
complete isotopic distribution was taken into account. Data output was exported as a .CSV
file using FlexAnalysis Batch Process (Compass 1.3) and further processed in Microsoft
Excel, where plotting of graphs, calculation of standard deviation (SD), and coefficient of
variation CV (%) were performed. The measurement of DUB activity (% of diubiquitin
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isomer consumed, X) from relative isotopic distribution summed area ratios was performed

according to equation (1).

Area Ubi a1\ I ‘
o ((m dl ‘N”’“D ;2) / [ DiUbi] % 100 equation (1)

Quality control of diubiquitin isomers by MALDI-TOF and PRM

Two pg of each diubiquitin chain was resolved by SDS-PAGE (4-20%, Tris-Glycine,
Novex, Life Technologies), stained by InstantBlue coomassie stain (Expedeon). Bands were
excised and digested with trypsin (Supplementary Figure 10A). Gel pieces were washed
subsequently with water, 50% methanol/water, 0.1M NH4HCO3, then shrinked in
acetonitrile and digested with trypsin (Pierce). The digestion was performed overnight at
37°C and peptides were extracted further in 50% acetonitrile/2.5% TFA. Digests were dried
and reconstituted in 0.1% TFA/water to 15 ug ml~!. A total of 30 ng of each digest was
injected onto a 15 cm x 75 um (I.D.) EasySpray column (Thermo Fisher Scientific) and
analyzed on a LTQ-Velos Pro ion trap (Thermo Fisher Scientific) using a parallel reaction
monitoring program (PRM)%3 specific for each diubiquitin chain linkage (Gly-Gly) peptide
(Supplementary Figures 10C and 11A). Lists of precursor masses and fragment transitions
are reported in Supplementary Table 5. Data was acquired in a data-independent mode with
one full scan followed by 10 MS? scans with the masses of the different linkages. MS?
occurred even if precursor mass was not detected in MS! scan. Extracted ion chromatograms
of the MS? spectra for each diubiquitin chain peptide was performed by summing the ion
current of the three or four most dominant daughter ions.

The linkage peptide of K29-diubiquitin does not bind to the trap column (Acclaim
PepMap100 C18, 5 um, Thermo Fisher Scientific) of the LC-MS system under normal
conditions. We therefore analyzed the purity of this diubiquitin by MALDI-TOF MS
(Supplementary Figure 10D). Fifteen ng ul~! of digested diubiquitin was mixed with 10 mg
ml~! alpha-cyano-4-hydroxycinnamic acid (1:1) and spotted onto a 384 AnchorChip target
(Bruker Daltonics). For MS2, LIFT technology was performed and the data were processed
by Mascot server through BioTools (Bruker Daltonics).

Ubiquitin-Rhodamine assay

Ubiquitin-Rhodamine-110-Glycine was prepared in-house28. 0.5 uM Ubiquitin-
Rhodamine-110-Glycine in 40 mM Tris-HCI buffer, pH 7.6, 5 mM DTT and 0.05 mg m]~!
BSA were incubated with 0.05-5 ng ul~! of each DUB for 60 min at 30°C. Samples were
prepared in triplicates and analyzed in 96-well plates using a Perkin Elmer Envision 2104
multi label reader at Excitation/Emission 485/535 nm?8,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DTT dithiothreitol
JAMM JAB/MPN/Mov34 Metalloenzyme
MALDI matrix-assisted laser desorption/ionization
MCPIP Monocyte Chemotactic Protein Induced Proteases
MJD Machado-Joseph Disease Protein Domain Protease
MS mass spectrometry
MTP microtiter plate
OTU Ovarian Tumor Protease
TOF time-of-flight
UCH Ubiquitin C-Terminal Hydrolase
USP Ubiquitin Specific Protease
References

1.

Komander D, Rape M. The ubiquitin code. Annu. Rev. Biochem. 2012; 81:203-229. [PubMed:
22524316]

. Ikeda F, Dikic I. Atypical ubiquitin chains: new molecular signals. ‘Protein Modifications: Beyond

the Usual Suspects’ review series. EMBO Rep. 2008; 9:536-542. [PubMed: 18516089]

. Nijman SM, et al. A genomic and functional inventory of deubiquitinating enzymes. Cell. 2005;

123:773-786. [PubMed: 16325574]

. Komander D, Clague MJ, Urbe S. Breaking the chains: structure and function of the

deubiquitinases. Nat. Rev. Mol. Cell Biol. 2009; 10:550-563. [PubMed: 19626045]

. Liang J, et al. MCP-induced protein 1 deubiquitinates TRAF proteins and negatively regulates JNK

and NF-kappaB signaling. J. Exp. Med. 2010; 207:2959-2973. [PubMed: 21115689]

. Reyes-Turcu FE, Ventii KH, Wilkinson KD. Regulation and cellular roles of ubiquitin-specific

deubiquitinating enzymes. Annu. Rev. Biochem. 2009; 78:363—-397. [PubMed: 19489724]

Nat Commun. Author manuscript; available in PMC 2015 February 27.



syduosnueA Joyiny siopung DN 2doing ¢

syduosnuey Joyiny s1opung DA 2doinyg ¢

Ritorto et al.

Page 14

7. Lee MJ, Lee BH, Hanna J, King RW, Finley D. Trimming of ubiquitin chains by proteasome-
associated deubiquitinating enzymes. Mol. Cell. Proteomics. 2011; 10:R110 003871. [PubMed:
20823120]

8. Clague MJ, Urbe S. Endocytosis: the DUB version. Trends Cell Biol. 2006; 16:551-559. [PubMed:
16996268]

9. Nijman SM, et al. The deubiquitinating enzyme USP1 regulates the Fanconi anemia pathway. Mol.
Cell. 2005; 17:331-339. [PubMed: 15694335]

10. Kovalenko A, et al. The tumour suppressor CYLD negatively regulates NF-kappaB signalling by
deubiquitination. Nature. 2003; 424:801-805. [PubMed: 12917691]

11. Al-Hakim AK, et al. Control of AMPK-related kinases by USP9X and atypical Lys(29)/Lys(33)-
linked polyubiquitin chains. Biochem. J. 2008; 411:249-260. [PubMed: 18254724]

12. Zhang Y, et al. USP44 regulates centrosome positioning to prevent aneuploidy and suppress
tumorigenesis. J. Clin. Invest. 2012; 122:4362-4374. [PubMed: 23187126]

13. Li M, et al. Deubiquitination of p53 by HAUSP is an important pathway for p53 stabilization.
Nature. 2002; 416:648-653. [PubMed: 11923872]

14. Graner E, et al. The isopeptidase USP2a regulates the stability of fatty acid synthase in prostate
cancer. Cancer Cell. 2004; 5:253-261. [PubMed: 15050917]

15. Oliveira AM, et al. USP6 (Tre2) fusion oncogenes in aneurysmal bone cyst. Cancer Res. 2004;
64:1920-1923. [PubMed: 15026324]

16. Shah SP, et al. Mutational evolution in a lobular breast tumour profiled at single nucleotide
resolution. Nature. 2009; 461:809-813. [PubMed: 19812674]

17. van der Horst A, et al. FOXO4 transcriptional activity is regulated by monoubiquitination and
USP7/HAUSP. Nat. Cell Biol. 2006; 8:1064-1073. [PubMed: 16964248]

18. Harhaj EW, Dixit VM. Deubiquitinases in the regulation of NF-kappaB signaling. Cell Res. 2011;
21:22-39. [PubMed: 21119682]

19. Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury PT Jr. The UCH-L1 gene encodes two opposing
enzymatic activities that affect alpha-synuclein degradation and Parkinson’s disease susceptibility.
Cell. 2002; 111:209-218. [PubMed: 12408865]

20. Saigoh K, et al. Intragenic deletion in the gene encoding ubiquitin carboxy-terminal hydrolase in
gad mice. Nat. Genet. 1999; 23:47-51. [PubMed: 10471497]

21. Kondapalli C, et al. PINK1 is activated by mitochondrial membrane potential depolarization and
stimulates Parkin E3 ligase activity by phosphorylating Serine 65. Open Biol. 2012; 2:120080.
[PubMed: 22724072]

22. Cohen P, Tcherpakov M. Will the ubiquitin system furnish as many drug targets as protein
kinases? Cell. 2010; 143:686-693. [PubMed: 21111230]

23. Hemelaar J, et al. Specific and covalent targeting of conjugating and deconjugating enzymes of
ubiquitin-like proteins. Mol. Cell. Biol. 2004; 24:84-95. [PubMed: 14673145]

24. Iphofer A, et al. Profiling ubiquitin linkage specificities of deubiquitinating enzymes with branched
ubiquitin isopeptide probes. Chembiochem. 2012; 13:1416-1420. [PubMed: 22689415]

25. McGouran JF, Gaertner SR, Altun M, Kramer HB, Kessler BM. Deubiquitinating enzyme
specificity for ubiquitin chain topology profiled by di-ubiquitin activity probes. Chem. Biol. 2013
20:1447-1455. [PubMed: 24290882]

26. Nicholson B, et al. Characterization of ubiquitin and ubiquitin-like-protein isopeptidase activities.
Protein Sci. 2008; 17:1035-1043. [PubMed: 18424514]

27. Horton RA, Strachan EA, Vogel KW, Riddle SM. A substrate for deubiquitinating enzymes based
on time-resolved fluorescence resonance energy transfer between terbium and yellow fluorescent
protein. Anal. Biochem. 2007; 360:138-143. [PubMed: 17118327]

28. Hassiepen U, et al. A sensitive fluorescence intensity assay for deubiquitinating proteases using
ubiquitin-rhodamine110-glycine as substrate. Anal. Biochem. 2007; 371:201-207. [PubMed:
17869210]

29. Dang LC, Melandri FD, Stein RL. Kinetic and mechanistic studies on the hydrolysis of ubiquitin

C-terminal 7-amido-4-methylcoumarin by deubiquitinating enzymes. Biochemistry. 1998;
37:1868-1879. [PubMed: 9485312]

Nat Commun. Author manuscript; available in PMC 2015 February 27.



syduosnueA Joyiny siopung DN 2doing ¢

syduosnuey Joyiny s1opung DA 2doinyg ¢

Ritorto et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Page 15

Nicastro G, et al. Understanding the role of the Josephin domain in the PolyUb binding and
cleavage properties of ataxin-3. PLoS ONE. 2010; 5:e12430. [PubMed: 20865150]

Hospenthal MK, Freund SM, Komander D. Assembly, analysis and architecture of atypical
ubiquitin chains. Nat. Struct. Mol. Biol. 2013

Karas M, Hillenkamp F. Laser desorption ionization of proteins with molecular masses exceeding
10,000 daltons. Anal. Chem. 1988; 60:2299-2301. [PubMed: 3239801]

Szajli E, Feher T, Medzihradszky KF. Investigating the quantitative nature of MALDI-TOF MS.
Molecular and cellular proteomics. 2008; 7:2410-2418. [PubMed: 18653768]

Bungert D, Heinzle E, Tholey A. Quantitative matrix-assisted laser desorption/ionization mass
spectrometry for the determination of enzyme activities. Anal. Biochem. 2004; 326:167-175.
[PubMed: 15003557]

Rufenacht P, Guntert A, Bohrmann B, Ducret A, Dobeli H. Quantification of the A beta peptide in
Alzheimer’s plaques by laser dissection microscopy combined with mass spectrometry. Journal of
mass spectrometry: JMS. 2005; 40:193-201. [PubMed: 15706631]

Keusekotten K, et al. OTULIN antagonizes LUBAC signaling by specifically hydrolyzing Met1-
linked polyubiquitin. Cell. 2013; 153:1312-1326. [PubMed: 23746843]

Mevissen TE, et al. OTU deubiquitinases reveal mechanisms of linkage specificity and enable
ubiquitin chain restriction analysis. Cell. 2013; 154:169-184. [PubMed: 23827681]

McCullough J, Clague MJ, Urbe S. AMSH is an endosome-associated ubiquitin isopeptidase. The
Journal of cell biology. 2004; 166:487-492. [PubMed: 15314065]

Faesen AC, et al. The differential modulation of USP activity by internal regulatory domains,
interactors and eight ubiquitin chain types. Chem. Biol. 2011; 18:1550-1561. [PubMed:
22195557]

Orcutt SJ, Wu J, Eddins MJ, Leach CA, Strickler JE. Bioluminescence assay platform for selective
and sensitive detection of Ub/Ubl proteases. Biochim. Biophys. Acta. 2012; 1823:2079-2086.
[PubMed: 22705352]

Chen J, et al. Selective and cell-active inhibitors of the USP1/ UAF1 deubiquitinase complex
reverse cisplatin resistance in non-small cell lung cancer cells. Chem. Biol. 2011; 18:1390-1400.
[PubMed: 22118673]

Ekkebus R, et al. On terminal alkynes that can react with active-site cysteine nucleophiles in
proteases. J. Am. Chem. Soc. 2013; 135:2867-2870. [PubMed: 23387960]

Colombo M, et al. Synthesis and biological evaluation of 9-oxo-9H-indeno[1,2-b]pyrazine-2,3-
dicarbonitrile analogues as potential inhibitors of deubiquitinating enzymes. Chemmedchem.
2010; 5:552-558. [PubMed: 20186914]

Pham LV, et al. Degrasyn potentiates the antitumor effects of bortezomib in mantle cell lymphoma
cells in vitro and in vivo: therapeutic implications. Mol. Cancer Ther. 2010; 9:2026-2036.
[PubMed: 20606045]

Altun M, et al. Activity-based chemical proteomics accelerates inhibitor development for
deubiquitylating enzymes. Chem. Biol. 2011; 18:1401-1412. [PubMed: 22118674]

Takano Y, et al. Selectivity of febuxostat, a novel non-purine inhibitor of xanthine oxidase/
xanthine dehydrogenase. Life Sci. 2005; 76:1835-1847. [PubMed: 15698861]

Mistry H, et al. Small-molecule inhibitors of USP1 target ID1 degradation in leukemic cells. Mol.
Cancer Ther. 2013; 12:2651-2662. [PubMed: 24130053]

Colland F, et al. Small-molecule inhibitor of USP7/HAUSP ubiquitin protease stabilizes and
activates p53 in cells. Mol. Cancer Ther. 2009; 8:2286-2295. [PubMed: 19671755]

Pulvino M, et al. Inhibition of proliferation and survival of diffuse large B-cell lymphoma cells by
a small-molecule inhibitor of the ubiquitin-conjugating enzyme Ubc13-Uev1A. Blood. 2012;
120:1668-1677. [PubMed: 22791293]

Strickson S, et al. The anti-inflammatory drug BAY 11-7082 suppresses the MyD88-dependent
signalling network by targeting the ubiquitin system. The Biochemical journal. 2013; 451:427—
437. [PubMed: 23441730]

Daviet L, Colland F. Targeting ubiquitin specific proteases for drug discovery. Biochimie. 2008;
90:270-283. [PubMed: 17961905]

Nat Commun. Author manuscript; available in PMC 2015 February 27.



syduosnueA Joyiny siopung DN 2doing ¢

syduosnuey Joyiny s1opung DA 2doinyg ¢

Ritorto et al.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 16

Reverdy C, et al. Discovery of specific inhibitors of human USP7/HAUSP deubiquitinating
enzyme. Chem. Biol. 2012; 19:467-477. [PubMed: 22520753]

Anderson NL, et al. Precision of heavy-light peptide ratios measured by maldi-tof mass
spectrometry. J. Proteome Res. 2012; 11:1868-1878. [PubMed: 22257466]

Komander D. Mechanism, specificity and structure of the deubiquitinases. Subcell. Biochem.
2010; 54:69-87. [PubMed: 21222274]

Messick TE, et al. Structural basis for ubiquitin recognition by the Otul ovarian tumor domain
protein. The Journal of biological chemistry. 2008; 283:11038-11049. [PubMed: 18270205]

Huang OW, et al. Phosphorylation-dependent activity of the deubiquitinase DUBA. Nat. Struct.
Mol. Biol. 2012; 19:171-175. [PubMed: 22245969]

Virdee S, Ye Y, Nguyen DP, Komander D, Chin JW. Engineered diubiquitin synthesis reveals
Lys29-isopeptide specificity of an OTU deubiquitinase. Nat. Chem. Biol. 2010; 6:750-757.
[PubMed: 20802491]

El Oualid F, et al. Chemical synthesis of ubiquitin, ubiquitin-based probes, and diubiquitin.
Angew. Chem. Int. Ed. Engl. 2010; 49:10149-10153. [PubMed: 21117055]

Kramer HB, Nicholson B, Kessler BM, Altun M. Detection of ubiquitin-proteasome enzymatic
activities in cells: application of activity-based probes to inhibitor development. Biochim.
Biophys. Acta. 2012; 1823:2029-2037. [PubMed: 22613766]

Pierce JW, et al. Novel inhibitors of cytokine-induced IkappaBalpha phosphorylation and
endothelial cell adhesion molecule expression show anti-inflammatory effects in vivo. The Journal
of biological chemistry. 1997; 272:21096-21103. [PubMed: 9261113]

Krishnan N, Bencze G, Cohen P, Tonks NK. The anti-inflammatory compound BAY-11-7082 is a
potent inhibitor of protein tyrosine phosphatases. The FEBS journal. 2013; 280:2830-2841.
[PubMed: 23578302]

Lee DW, et al. The Dac-tag, an affinity tag based on penicillin-binding protein 5. Anal. Biochem.
2012; 428:64-72. [PubMed: 22705378]

Sherrod SD, et al. Label-free quantitation of protein modifications by pseudo selected reaction
monitoring with internal reference peptides. J Proteome Res. 2012; 11:3467-3479. [PubMed:
22559222]

Nat Commun. Author manuscript; available in PMC 2015 February 27.



siduosnuey Joyiny siepung DN 2domy g

siduosnuey foyiny s1opung DN 2domy g

Ritorto et al. Page 17

a. MALDI-TOF DUB Assay workflow
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Figure 1. The MALDI-TOF DUB assay
(a) Workflow of the MALDI-TOF DUB assay. Each of the 42 DUBs was incubated with all

eight diubiquitin isomers individually (M1, K6, K11, K27, K29, K33, K48 and K63) for 60
min at 30°C. The reaction was stopped with 2% TFA and mixed 1:1 with 0.5 uM 15N-
ubiquitin which serves as an internal standard. Subsequently, the analyte is mixed with 2,5
DHAP matrix and spotted onto a 1,536 AnchorChip MALDI target (Bruker Daltonics). Data
analysis is performed using FlexAnalysis (Bruker Daltonics). (b) The MALDI-TOF DUB
assay shows high sensitivity. Zoomed area (8520-8720 m/z) of MALDI-TOF MS spectra for
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ubiquitin and 1°N-ubiquitin, in the presence of K11-linked diubiquitin are depicted. The
limit of detection was determined as 2 fmol of Ubiquitin on the target (in the presence of 42
fmol of "N-ubiquitin and 146 fmol of K11-linked diubiquitin). Presence of the doubly-
charged diubiquitin (Diubiquitin [M+2H]?*) does not compromise identification of the
singly-charged ubiquitin (see also Supplementary Figure 2). (¢) Linearity and
reproducibility of the MALDI-TOF DUB assay. Scatter plot of different concentrations of
ubiquitin (10-10000 nM) shows high linearity over about three orders of magnitude.
Interday reproducibility was very high (Supplementary Table 1). Error bars represent
standard deviation (SD) of measurements.

Nat Commun. Author manuscript; available in PMC 2015 February 27.



siduosnuey Joyiny siepung DN 2domy g

siduosnuey Joyiny siepung DN 2domy g

Ritorto et al.

Page 19

GI’DI..Ip 1 - H.fgh hnkage Spec:ﬁley DUB concentration (ng ui ')

002 02 2 20 200 002 02 2 20 200 002 02 2 20 200 002 02 2 20 200 002 02 2 20 200

Otulin oTuB1 AMSH* . AMSH-LP* BRCC3
Group 2 - Moderate linkage specificity

M1 -J
K6
K11 [

K27
K28
K33
K48
p =1
A20* Cezanne oTuB2 oTUD1* OTUDS psi77

Mm
K&
:;; ous acllvll= i%]
:g: 0 = 100
e —

VCPIP* TRABID*
Group 3 - Low linkage specificity

USP1/UAF1 USP2b USP4 USP5 USP6
M1
K6 | |
K11 i
K27
K28
K33
K48
KB3
USP7 USPox USP10 USP15

wm = | | \
HE
K11 ]
K27
K28
K33
K4g
K63 | (I i

USP16 USP21 USP25 USP27x
m 1:
Ke i
K11
K27
K29
K33
o3 .
K83

USP28 USP36 CYLD OTUD3 vOTU

Group 4 - No or low activity
UCHL-1, UCHL-3, UCHL-5, BAP-1, OTUDSA, OTUDEB, OTU1, JOSD1, JOSD2, ATXN3L

Figure 2. Characterizing the linkage specificity of DUBs
Increasing concentrations (0.02-200 ng ul~!) of DUBs were incubated in triplicate with 1.46

uM of diubiquitin of each linkage type (M1, K6, K11, K29, K33, K48, K63 from Boston
Biochem, K27 in-house produced) for 60 min at 30°C and analyzed by the MALDI-TOF
DUB assay. The amount of monoubiquitin formed by this reaction was determined by
MALDI-TOF MS and used to establish the DUB activity for individual diubiquitin isomers
which is shown in a gradient of white (0%) to dark red (100%). The data shows that DUBs
can be grouped into enzymes cleaving specifically one linkage type (group 1), few linkage
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types (group 2), unspecific (group 3) or inactive enzymes (group 4). For DUB
characterization, see Supplementary Figures 3 & 8.
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Figure 3. Inhibition profiles of 11 DUB inhibitors and inhibitor candidates
Eleven different DUB inhibitors and inhibitor candidates were pre-incubated for 35 min at

two different concentrations in duplicate (i.e. two different experiments) with a panel of 32
DUBs and subsequently the specific substrate was added and incubated for 60 min (30°C).
Inhibition rates are color-coded with strongest inhibition in dark red, the diubiquitin
topoisomers used for each DUB are in brackets. BAY 11-7082, NSC 697923 and
SJB3-019A show some selectivity at 1 uM against USP7 and USP8, respectively, while
PR-619 and HBX 41,108 inhibit strongly a wide range of DUBs even at low concentration.
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Other proposed inhibitors such as compound 16, 434078, WP1130 and P22077 show low
activity andselectivity in this panel.
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Figure 4. IC5 analyses of four inhibitors for selected DUBs
A subset of four inhibitors was chosen to characterize in more detail by determining their

IC5( for three DUBs. BAY 11-7082, NSC 697923 and SJB3-019A were chosen as they have
some selectivity for one DUB, HBX 41,108 was chosen as it has been proposed as a USP7
inhibitor which is an attractive drug target>!. Small inhibitor compounds were pre-incubated
for 35 min at different concentrations (0-30 uM or 0-100 uM) in triplicates (i.e. three
different experiments) and subsequently the specific substrate was added and incubated for
60 min (30°C). Diubiquitin topoisomers used for each DUB are named on the y-axis. Data
shows that NSC 697923 and BAY 11-7082 inhibit strongly USP7 with IC5¢<0.2 uM, while
HBX 41,108 inhibits it at ~6 uM. SIB3-019A inhibits USP8 and USP2 about ten-fold better
than USP1. See also Supplementary Table 4 for p-values. Error bars represent standard
deviation (SD) of measurements. For statistical analysis, four parameter logistic curve (Best
- Fit Solution, Nonlinear Regression-Dynamic Fitting) and normality tests (Kolmogorov-
Smirnov) are used (SigmaPlot, v. 12.5).
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Table 1
DUB enzymes analyzed in this study
UniProt
DUB family DUB Accession  Tag Domain Host MALDI-TOF DUB Rhodamine-110-Gly
Number
DUB
concentration for  Specific activity 1
hydrolysis (counts/min/ng)  Activity
rate 20%

1 USP1/UAF1 094782 His Full length S frugiperda 2 ng ul-! 92 Hk
2 USP2b 075604  GST  Full length E. coli 2 ng pl™! 133 ok
3 USP4 Q13107 His Full length E. coli 20 ng pl~! 367 ek
4 USP5 P45974 His Full length E. coli 0.2 ng pl™! 59 oK
5 USP6 P35125  GST  [529-1406] S frugiperda 0.02 ng ! 638 o
6 USP7 Q93009 His Full length E. coli 0.2 ng ul-! 15 Hk
7 USP8 P40818 His Full length S frugiperda 20 ng pl~! 16 i

8 USP9x Q93008 GST  [1553-1995] E. coli 20 ng pl~! 6 -

9 ”l’;g;‘llgg USP10 Q14694  His  Fulllength S frugiperda 20 ng wl-! 10 *
10 P(r[‘}‘ggssf;S USP15 Q9Y4E8  GST  Full length E. coli 2 ng pl~! 107 ok
11 USP16 Q9YS5T5 His Full length E. coli 2 ng pl-! 323 ek
12 USP20 Q9Y2K6 GST  Fulllength S frugiperda 2 ng ! 405 o
13 USP21 QIUKS80 His [196-565] E. coli 2 ng ul-! 416 HkE
14 USP25 QO9UHP3 GST Full length E. coli 2 ng pl-! 17 Hk

15 USP27x A6NNY8 DAC  Fulllength S frugiperda 2 ng pl-! 8 -

16 USP28 QI96RU2 GST Full length E. coli 2 ng pl™! 10 *

17 USP36 QI9P275 GST [81-461] E. coli 200 ng ul™! 6 -

18 CYLD Q9NQC7  His Full length S frugiperda 2 ng pl-! 4 -
19 UCHL1 P09936 His Full length E. coli - 218 HkE
20 UCHL3 P15374 GST Full length E. coli - 623 Hkk
21 vt UCHLS5 Q9YS5KS GST Full length E. coli 256 Hokk
22 BAPI1 Q92560 GST Full length E. coli 46 Hk

23 OTULIN QI96BN8 GST Full length E. coli 0.02 ng pl~! 4 -

24 OTUBI1 QI96FW1 GST Full length E. coli 20 ng pl~! 3 -

25 OTUB2 Q96DC9 GST Full length E. coli 2 ng ul™! 5 -
26 OTUDI Q5VV17 His [270-481] E. coli 0.2 ng pl™! 73 wE
27 ovarian OTUD3 Q5T2D3  His  Fulllength E. coli 20 ng pl-! 255 o
28 pr‘(‘)‘tr:;’sres OTUD5 pS177  Q96G74  GST  Full length E. coli 200 ng ! 18 ok
29 (OTUs) OTUD6A Q7L8S5  His  Full length E. coli . 539 ok

30 OTUD6B Q8N6MO  GST Full length E. coli - 9 -

31 OTU1 Q5VvVQ6  GST Full length E. coli - 8 -

32 A20 P21580 GST [1-366] E. coli 20 ng pl~! 9 *
33 Cezanne Q6GQQY  GST Full length E. coli 0.02 ng pl~! 466 ok
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UniProt
DUB family DUB Accession  Tag Domain Host MALDI-TOF DUB Rhodamine-110-Gly
Number
DUB
concentration for  Specific activity o1
hydrolysis (counts/min/ng) Activity
rate 20%
34 TRABID QI9UGIO His [245-697] E. coli 20 ng pul~! 16 i
35 vOTU Q6TQR6  His [1-183] E. coli 0.02 ng pl™! 670 ke
36 VCPIP1 Q96JH7 His Full length E. coli 2 ng pl™! 13 *
36 VCPIP1 Q96JH7  GST [25-561] E. coli 20 ng pl-! 12 *
37 JOSD1 Q15040 His Full length E. coli - 20 ok
38 MID+ JOSD2 Q8TAC2  His Full length E. coli - 175 ek
39 ATXN3L QY9H3M9  His Full length E. coli - 8 -
40 AMSH 095630 GST [256-424] E. coli 20 ng pl~! 5 -
41 JAMM/MPN+ AMSH-LP QI96FJ0 GST [265-436] E. coli 0.2 ng pl-! 6 -
42 BRCC3 P46736 His Full length E. coli 2 ng pl™! 8 -

1(—) very low (0-8.9 counts min~! ng_l) (*) low (9-14 counts min~1 ng_l) (**) moderate (15-99 counts min~! ng_l) (***) high (100-700

counts min~—

1

ng_l) activity by Rhodamine-110-Glycine assay.
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