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High-throughput matrix-assisted laser
desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry-based
deubiquitylating enzyme assay for drug
discovery

Virginia De Cesare ®"*™, Jennifer Moran®#, Ryan Traynor®*, Axel Knebel', Maria Stella Ritorto’,
Matthias Trost"3, Hilary McLauchlan?, C. James Hastie®? and Paul Davies

Deubiquitylating enzymes (DUBs) play a vital role in the ubiquitin pathway by editing or removing ubiquitin from their
substrate. As breakthroughs within the ubiquitin field continue to highlight the potential of deubiquitylating enzymes as
drug targets, there is increasing demand for versatile high-throughput (HT) tools for the identification of potent and
selective DUB modulators. Here we present the HT adaptation of the previously published MALDI-TOF-based DUB assay
method. In a MALDI-TOF DUB assay, we quantitate the amount of mono-ubiquitin generated by the in vitro cleavage of
ubiquitin chains by DUBs. The method has been specifically developed for use with nanoliter-dispensing robotics to meet
drug discovery requirements for the screening of large and diverse compound libraries. Contrary to the most common
DUB screening technologies currently available, the MALDI-TOF DUB assay combines the use of physiological substrates
with the sensitivity and reliability of the mass spectrometry-based readout.

Introduction

Ubiquitylation (or ubiquitination) is the reversible conjugation of a 76-amino acid polypeptide
(ubiquitin) to a target protein. The attachment of one or more ubiquitin molecules to a substrate
requires the sequential activity of an El activating enzyme, an E2 conjugating enzyme and an E3
ubiquitin ligase' ™ (Fig. 1a). The human genome encodes ~40 E2 conjugating enzymes” and >600 E3
ligases™. Substrate specificity is achieved by the combination of an E2 conjugating enzyme and an E3
ligase. Unlike phosphorylation, which is a defined binary event, ubiquitylation is more complex. Such
complexity has been referred to as a ‘code™ that can translate into a plethora of different cellular
functions’, including proteasomal degradation'’, protein localization and signaling complex forma-
tion''™"’. Ubiquitylation is achieved through isopeptide bond formation between the ubiquitin
carboxyl terminal (Gly76) and the e-amino group of a lysine residue present in the target protein
(Fig. 1b,d). Proteins can be ubiquitylated at one or multiple sites (mono or multi-mono ubiquity-
lation). Importantly, ubiquitin can itself be ubiquitylated on one of seven lysines (Lys6, Lys11, Lys27,
Lys29, Lys33, Lys48 and Lys63) or through peptide bond formation with the N-terminal methionine
(Metl), thus forming dimers, oligomers or polymers (Fig. 1d). Ubiquitin chains can be homogenous
if the same residue is modified during elongation or mixed or branched if different linkage types are
combined (Fig. 1d). Ubiquitin can also be attached to threonine/serine and cysteine residues present
in the substrate, by formation of ester and thioester bonds, respectively (Fig. 1e). This alternative type
of ubiquitylation has been generally referred to as ‘non-lysine ubiquitylation’, and recent literature has
demonstrated its relevance in eukaryotic cells'*'” (Fig. le). A further layer of complexity in the
ubiquitin code is provided by further post-translational modification of ubiquitin itself by lysine
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Fig. 1 | Overview of the ubiquitin system. a, Diagram of ubiquitylation cascade pathway. The E1 enzyme activates ubiquitin and transfers it to its
catalytic cysteine (SH), forming the activated ubiquitin-E1 complex. During this process, ATP is hydrolyzed into adenosine monophosphate (AMP) and
inorganic pyrophosphate (PPi). The E2 conjugating enzyme and the E3 ligase promote the covalent attachment of ubiquitin (Ub) to the substrate.
Ubiquitin is removed and recycled by deubiquitylating enzymes (DUBs). b, Ubiquitin structure (PDB code: 1UBQ). Lysine residues and N- and
C-termini are indicated in blue. ¢, Structure of K48 (laar), K11 (2XEW) and K63 (2JF5) ubiquitin dimers. d, Different types of ubiquitylation and
polyubiquitin chains. e, Schematic representation of lysine (canonical) and serine/threonine/cysteine (non-canonical) ubiquitylation.

acetylation'® and serine/threonine/tyrosine phosphorylation'*~*'". This provides additional levels of

regulation within the ubiquitin system. Given the pervasive role of ubiquitylation, it is not surprising
that alterations in this pathway have been linked to the onset of several diseases, including cancer”,
neurodegenerative diseases”’, autoimmunity”* and infectious diseases”’.

Deubiquitylating enzymes

Removal of ubiquitin from its substrate is the prerogative of specific ubiquitin proteases, called DUBs.
To counterbalance and deal with the complex ubiquitin topology, DUBs display several layers of
specificity and regulation. The human genome encodes ~100 DUBs, which are divided into seven
families** (Fig. 2). The most represented DUB family is the ubiquitin-specific proteases (USPs),
with 56 members. There are also 17 ovarian tumor proteases (OTUs), 12 JAB1/MPN/MOV34 Zn-
dependent metalloprotease (JAMMs), 4 Machado-Josephin domain proteases (MJDs), 4 ubiquitin
c-terminal hydrolases (UCHs), 5 motif interacting with ubiquitin-containing novel DUB family
(MINDYs) and 1 zinc finger-containing ubiquitin peptidase 1 (ZUP1). When referring to DUB
activity, the ubiquitin molecule that presents its carboxy-terminal glycine to the DUB active site is
referred to as ‘distal’, and the ubiquitin molecule that follows next is referred to as the ‘proximal’ one.
DUBs bind distal ubiquitin on their S1 site and the proximal ubiquitin on a second site (S1’).
Additional sites (S2/S2" S2 or even S3/S3’ sites) may accommodate ubiquitin modules to enhance
substrate specificity (Supplementary Fig. 1). Despite sharing the same catalytic activity, DUBs vary in
molecular size, structure and domain architecture, which can also confer specificity toward ubiquitin
chain architecture and linkage type”. In fact, ubiquitin chains linked via different residues, despite
being chemically identical, are considerably different from a structural point of view. For example,
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Fig. 2 | Phylogenetic tree of human DUBs. Deubiquitylating enzyme catalytic domains were clustered by sequence similarity in CLC Genomics
Workbench (version 7.5) by using ClustalW, and a neighbor-joining phylogenetic tree was generated with 500 bootstrapping replicates. The most-
reliable nodes (bootstrap >50%) are indicated by gray dots. Tree images were generated by using the iTOL online tool®’. Protein name/alternative
name: YOD1/0TU1, ZRANB1/Trabid, OTUD7B/Cezanne, STAMBPL1/ Amsh-Ip, STAMBP/Amsh. Linkage specificity is color-coded as indicated in the
legend. Solid lines indicate that the relative linkage type has been tested, whereas dashed lines indicate that the activity has not been tested. For
example, JOSD2 activity has been tested against the K11, K48 and K63 ubiquitin dimers, and activity has been detected by using the K11 dimer.
Alternative substrates (i.e., modified substrate that encodes an extra tryptophan at the ubiquitin C terminus (Ub-W) or chemoenzymatically
synthesized ubiquitylated threonine model substrate (Ub-T)) in use for the indicated DUB are indicated.

K63 and M1 linked ubiquitin chains adopt an extended conformation with no contacts between
individual molecules, while K48 and K11 linked ubiquitin dimers and ubiquitin tetramers adopt a
compact conformation with extensive hydrophobic interactions at the interfaces (Fig. 1c). Although
most USP family members are promiscuous and able to cleave several ubiquitin chain types’*’’,
many member of OTU, JAMM, MJD, MINDY and ZUP1 classes are linkage specific with respect to
either ubiquitin chain type or architecture’**™*". In addition, the length of ubiquitin chains is
relevant. Some DUBs cleave poly-ubiquitin chains at accelerated rates compared to ubiquitin dimers,
suggestive of an avidity effect or the presence of additional ubiquitin-binding pockets’**>~*’. Like-
wise, the majority of DUBs have in vitro isopeptidase or peptidase activity; thus, they can cleave the
isopeptide and/or the peptide bond between ubiquitin and substrate or within poly-ubiquitin chains.
The only currently known exception is JOSD1, a member of the MJD family recently reported as the
only known DUB with in vitro specific esterase activity"'.

DUBs as therapeutic targets

DUB-mediated ubiquitin cleavage antagonizes or edits the activity of the E2 conjugating enzymes and
E3 ligases (Fig. 1a). This can result in different outcomes, from preventing proteasomal degradation
of a specific substrate to switching off signaling events triggered by ubiquitin conjugation. Given the
relevance of ubiquitylation in several human diseases, the interest in manipulating specific disease-
related DUBs constitutes an expanding research area in the drug discovery field*>*’. Of particular
interest are those DUBs that stabilize proto-oncogene proteins whose abundance cannot be otherwise
regulated by using currently available drugs. For example, the USP2a deubiquitylating enzyme sta-
bilizes cyclin D1, an important regulator of cell-cycle progression that is overexpressed in numerous
cancer types'’. Inhibition of USP2a leads to increased degradation of cyclin D1, cell arrest and
possible tumor regression®’. Another example is represented by USP7, a highly expressed DUB
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implicated in the regulation of p53 tumor suppressor and its associated E3 ligase MDM2*.
Also relevant is the role of DUBs in infectious diseases. Ubiquitylation is a regulatory mechanism
involved in virtually every eukaryotic cellular process, including innate and adaptive immune
responses’’*’. In the ongoing evolutionary fight between host and pathogen, certain viral and
bacterial species have developed sophisticated mechanisms to interfere with the cellular ubiquityla-
tion pathway to promote their own survival’>”'. One of these hijacking mechanisms is the expression
of proteases with deubiquitylating activity’”. Proteases with deubiquitylating activity have been
identified in DNA viruses, such as adeno- and herpesviruses, and RNA viruses, including cor-
onaviruses. For example, one of the two essential proteases encoded in both of the severe acute
respiratory syndrome coronavirus (SARS-CoV and SARS-CoV-2) genomes, the papain-like protease,
is a member of the USP family of DUBs and has deubiquitylating activity’>>*. A similar protease has
been identified in the Middle-East respiratory syndrome coronavirus’>*® and in the Crimean-Congo
haemorrhagic fever virus (vOTU)*”*®. The bacterial kingdom also has pathogenic deubiquitylating
enzymes that are expressed during the infection process, i.e., SseL encoded by Salmonella enterica,
ChlaDubl and ChlaDub2 encoded by Chlamydia trachomatis and Yop], a Yersinia species ubiquitin-
like protein protease.

MALDI-TOF mass spectrometry (MS) for drug discovery

Screening for inhibitors (or activators) of relevant enzymes is often the first and most challenging step
in a drug-discovery project. Until recently, fluorescence- or chemiluminescence-based techniques
have played a major role in HT screening (HTS) campaigns. While being robust, sensitive and fast,
fluorescent, chemiluminescent and antibody-based tools also have several drawbacks. Because of their
compound auto-fluorescence or signal-quenching properties, they are particularly prone to false
positives and negatives through pan-assay interference®’, and can also require the development of
specific antibodies or artificial labeled substrates. In the past two decades, MALDI-TOF MS has
emerged as a compelling tool to perform early-stage, HT drug-discovery screening. A pioneering
study in 1998 marked the beginning of the use of MALDI-TOF MS for automated, compound
screening”'. Those early efforts have been sustained by the increasing availability of both fast and
robust high-end commercial MALDI-TOF MS instruments and tailored automated nanoliter liquid-
handling systems. This allowed the miniaturization and scalability of MALDI-TOF MS-based assays
to 384 and 1,536 well formats. To date, MALDI-TOF MS-based assays have been established for a
large variety of enzymes—including E3 ligases®’, kinases®”*’, phosphatases®>®°, B-secretases
(BACE1)", histone demethylases and acetylcholinesterases”® and cyclic GMP-AMP synthases®”—and
have been applied to the analysis of N-glycans’’~">. The success of MALDI-TOF MS within HTS
campaigns relies on several factors. First, MALDI-TOF MS circumvents the possibility of artefacts
associated with substrate labeling (e.g., spurious fluorescence signals) while retaining high sensitivity,
speed, signal robustness and high throughput. Moreover, MALDI-TOF MS detection is highly ver-
satile, as it can directly quantify an extensive range of assay components, substrates and products of
enzymatic reactions, therefore eliminating the time-consuming and costly development of specific
antibodies or fluorescent labels. It also requires minimal sample preparation compared to
standard liquid chromatography-MS techniques and has relatively high tolerance to contaminants.
All these characteristics contribute to making MALDI-TOF MS a versatile addition to the
drug-discovery toolbox.

Development of the protocol

In 2014, Ritorto et al. employed MALDI-TOF MS to characterize the in vitro activity of a panel of 32
DUBs and the selectivity of 11 DUB inhibitors’'. This method, which we have termed the MALDI-
TOF DUB assay, is based on the detection of the free ubiquitin signal that results from DUB activity
toward ubiquitin dimers. The use of heavy labeled N ubiquitin as an internal standard circumvents
MALDI-TOF MS spot-to-spot variability and allows one to quantify and normalize each data point.
The method was initially performed in standard 0.5-ml tubes and was therefore low throughput in
nature. Here we report a HT version of the original MALDI-TOF DUB assay, which we adapted to
employ a nanoliter-pipetting system, fast automatic detection and semi-automatic data
analysis*"”*""” (Fig. 3). Since the original publication®’, the panel of active DUBs has been expanded
to include 50 active DUBs, representing 2/3 of those predicted to be active and six out of the seven
DUB families that are currently known (USP, OTU, JAMM, UCHs, MJD and MINDY) (Fig. 2 and
Table 1). A range of physiological substrates (and pseudo-substrates) has also been used to meet the
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Fig. 3 | HTS MALDI-TOF DUB assay workflow. Incubation time and workflow possible pause points are indicated as clock and hourglass symbols,
respectively. The compound library is delivered by using an acoustic liquid-handling system (Stage 1) and pre-incubated with the enzyme of interest
for 5-30 min at room temperature (Stage 2). The substrate is added to initiate the reaction (Stage 3), and the reaction is incubated for 30-60 min. The
reaction is stopped by adding trifluoroacetic acid (TFA) (Stage 4). The procedure can be paused here for <48 h. Assay plates are spotted onto the
1536 AnchorChip MALDI target (Stage 5) and analyzed by MALDI-TOF MS (Stage 6). Data are exported and analyzed for positive hit identification
(Stage 7). Intens., intensity.

specific requirements of those DUBs that are not able to cleave ubiquitin dimers. For example, the
UCH DUB family, found to cleave ubiquitin from small N-terminal-linked leaving groups’®, is now
included in the DUB panel following the use of a modified substrate that encodes an extra tryptophan
at the ubiquitin C terminus (Ub-W). The UCH-mediated cleavage of the C-terminal-linked tryp-
tophan is detected by MALDI-TOF MS, and therefore the activity of this class of enzymes can now be
established. Longer ubiquitin chains have also been introduced to accommodate DUBs shown to
preferably cleave long poly-ubiquitin chains. For example, the human SARS-CoV papain-like pro-
tease DUB has negligible activity toward K48-linked ubiquitin dimers but efficiently processes tetra-
and tri-ubiquitin chains”’. MINDY-1, a member of the recently discovered MINDY family, also
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Table 1| In vitro active deubiquitylases currently available for selectivity profiling in the MRC-PPU DUB Profiling service

Enzyme Length Accession Tag DU no. Expression system Substrate®
USP1 G670A G671A/WDR48 1-785/1-732 094782.1/Q8TAF3-1 His6/None DU23056 Insect cells K63
USP2 1-396 075604-4 GST DU13025 Escherichia coli K63
USP4 1-963 Q13107-1 His6 DU14350 E. coli K48
USP5 1-858 P45974-1 His6 DU15641 E. coli K63
USP6 529-1,406 P35125-1 GST DU37745 Insect cells K63
USP7 1-1,102 Q93009-1 His6 DU15644 E. coli K63
USP8 1-1,118 P40818-1 His6 DU15645 Insect cells K48
USP9x 1,553-1,995 Q93008-3 GST DU20628 E. coli K1
USP9y 1,550-2,000 000507-1 GST DU21846 E. coli K1
USP10 1-798 Q14694-1 His6 DU15647 Insect cells K63
USPT1 1-963 P51784-1 GST DU20016 E. coli K48
USP12/WDR48 1-370/1-732 075317-1/Q8TAF3-1 His6/none DU24373 Insect cells K48
USP15 1-952 QOYA4E8-2 GST DU37753 Insect cells K48
USP16 1-823 Q9Y5T5-1 His6 DU25349 E. coli K63
USP19 1-1,318 094966-1 GST DU37789 Insect cells K63
USP20 1-914 Q9Y2K6-1 GST DU15664 E. coli K63
USP21 196-565 Q9UK80-1 GST DU22385 E. coli K48
USP25 1-1,055 QOUHP3-2 GST DU21610 E. coli K48
USP27x 1-438 A6NNY8-1 GST DU21193 E. coli K11
USP28 1-1,077 Q96RU2-1 GST DU20233 E. coli K48
USP30 57-517 Q70CQ3-1 GST Clvd DU36294 E. coli K48
USP35 390-978 Q9P2H5-1 GST DU67487 E. coli K63
USP36 81-461 Q9P275-1 GST DU4944 E. coli K11
USP38 1-1,042 Q8NB14-1 GST DU35473 E. coli K11
USP45 1-814 Q70EL2-1 GST DU15681 E. coli K48
USP46/WDR48 1-366/1-732 P62068-1/Q8TAF3-1 His6/none DU24347 Insect cells K48
usP47 1-1,355 Q96K76-4 His6 DU15682 Insect cells K48
uspP48 1-1,053 Q86UV5-1 GST DU27626 Insect cells K11
CYLD 2-956 QONQC7-1 His6 DU1834 E. coli K63
OTULIN 1-352 Q96BN8-1 GST Clvd DU43487 E. coli M1
OTU1 1-348 Q5VVQe6-1 GST DU36559 E. coli K11
OTUD1 270-481 Q5VV17-1 His6 DU25080 E. coli K63
OTUD3 1-398 Q5T2D3-1 GST DU21323 E. coli K11
OTUDS5 phospho Ser 177 1-571 Q96G74-1 GST Clvd DU21450 E. coli K63
OTUB1 1-271 Q96FW1-1 GST DU19741 E. coli K48
OTUB2 1-234 Q96DC9-1 GST DU32795 E. coli K63
VCPIP1 25-561 Q96JH7-1 GST DU44386 E. coli K48
vOTU 1-183 3ZNH_A GST DU45351 E. coli K63
TRABID 245-697 Q9UGIO-1 His DU22468 E. coli K63
A20 1-366 P21580-1 GST DU32912 E. coli K48
CezAnne 1-843 Q6GQQ9S-1 GST DU20899 E. coli K11
UCHL1 1-223 P09936-1 His DU15693 E. coli Ub-W
UCHL3 1-230 P15374-1 GST DU21015 E. coli Ub-W
UCHL5 1-329 Q9Y5K5-1 GST DU12810 E. coli Ub-W
BAP1 1-240 Q92560-1 GST DU63658 E. coli Ub-W
JOS2 1-188 Q8TAC2-1 His DU20941 E. coli K11
AMSH 256-424 095630-1 GST DU15719 E. coli K63
AMSH-LP 1-436 Q96FJO-1 GST DU15780 E. coli K63
MINDVY1 1-469 Q8N5J2-1 MBP DU59325 E. coli K48 (4mer)
MINDY2 1-621 Q8NBR6-1 GST DU63404 E. coli K48
MINDY3 1-445 Q9H8M7-1 GST DU47870 E. coli K48

4mer, tetramer; Clvd, cleaved; vOTU, viral homologue of the ovarian tumor protease superfamily from the Crimean-Congo hemorrhagic fever virus; Ub-W, modified substrate that encodes an extra
tryptophan at the ubiquitin C terminus. ?Ubiquitin dimer of the indicated linkage or alternative ubiquitin substrate.
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Fig. 4 | Drug discovery workflow for identification and characterization of selective DUB inhibitors.

cleaves longer K48 ubiquitin chains more efficiently than it does shorter substrates’’. The combi-
nation of HT scalability and the support of prominent research groups in the ubiquitin field paved the
way for the evolution of the MALDI-TOF DUB assay. In 2017, the first MALDI-TOF MS-based
‘DUB Profiling Service’, within the MRC Protein Phosphorylation and Ubiquitylation Unit at the
University of Dundee, was launched to allow academic and pharmaceutical scientists to screen for
and assess the selectivity and potency of DUB inhibitors.

Overview of the procedure

The number and range of enzymes and substrates available within the DUB Profiling Service allow
the identification of both highly specific and promiscuous DUB inhibitors and activators. High
specificity is usually a desirable requirement for compounds intended as therapeutic molecules.
However, alternative applications, including the identification of chemical scaffolds to be used as
research tools (i.e., activity-based probes), might require the identification of family-specific or
promiscuous compounds. Depending on the nature of the research project, the strategy can be
adapted to meet the intended goals. Here we describe a standard drug-discovery project that starts
with the identification of a specific DUB as a potential drug target (Fig. 4). First, the activity of the
target is carefully evaluated to identify the ideal enzyme and substrate concentrations and incubation
times that will produce a free ubiquitin signal in a linear fashion so that inhibition levels can be
accurately extrapolated during data analysis (Steps 1-7 of the procedure). A reaction progress curve
should be obtained by incubating increasing quantities of the selected DUB and the substrate to
measure product formation over a period of time. Once the enzymatic reaction has been stopped by
trifluoroacetic acid (TFA), the nanoliter-pipetting system (Mosquito TTP Labtech or available
alternative) is used to mix sample, 2,5-dihydroxyacetophenone (DHAP) matrix and >N ubiquitin
and to spot the mixture on the MALDI target (Steps 8-20 of the procedure). Data are acquired by
using an automatic MALDI-TOF MS procedure (Steps 21-33 of the procedure). The drug-discovery
step is initiated by HT acoustic delivery of the compounds from a suitable compounds library (Stage 1
of Fig. 3). Compounds are incubated with the enzyme of interest (Steps 34-36 of the procedure and
Stage 2 of Fig. 3). The reaction is started by the addition of a ubiquitin dimer (or trimers, tetramers,
etc.) of suitable linkage (Steps 38 and 39 of the procedure and Stage 3 of Fig. 3; see Table 1 for
substrate indications). Finally, the reaction is stopped by adding TFA (Steps 40 and 41 of the
procedure and Stages 4 and 5 of Fig. 3), and data are analyzed for the identification of positive hits
(Steps 42-49 of the procedure and Stages 6 and 7 of Fig. 3). The 384-well plate format is typically used
for large-compound screening, and up to 3,072 data points can be acquired daily (Fig. 3). These
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output values could potentially be increased by applying emerging 1,536-well plate liquid-handling
technology, but this technology is not discussed further here. Positive hits are confirmed by technical
replicates, and compound potencies are assessed by dose-response analysis, allowing calculation of
half-maximal inhibitory concentration (ICs,) values (see also Anticipated results). Cherry-picked
positive hits are then tested against the entire DUB panel to assess their specificity and can be
evaluated within the same phylogenetic family and across six out of the seven DUB families (pre-
viously optimized following Steps 1-7 of the procedure). This approach allows researchers to identify
compounds that are distributed along the entire specificity spectrum and use compounds with
distinct characteristics for different purposes.

Advantages and limitations

The MALDI-TOF DUB assay has several advantages compared to other, mainly fluorescence-based,
approaches. The first advantage is the use of physiological substrates. The applicability of the
MALDI-TOF DUB assay relies on the recent advancement in biochemical strategies to prepare large
quantities of specific ubiquitin chain types and lengths’®*°. High-purity M1, K11-, K48- and K63-
linked ubiquitin dimers, trimers and tetramers can now be easily produced and purified on a large
enough scale to enable material-intensive experiments (HTS might require up to hundreds of
micrograms of substrate per 384-well plate). This also provides extensive flexibility for investigating
the activity of DUBs belonging to different families, as certain DUBs have characteristic ubiquitin
chain linkage preferences. The use of a substrate that is likely to be physiological is particularly
relevant for some linkage-specific DUBs. For example, AMSH, a member of the JAMM family,
requires the presence of a K63-linked proximal ubiquitin to efficiently cleave K63 chains. The use of
K63 dimers is therefore necessary to investigate this particular enzyme. Several members of the OTU
family (OTULIN, OTUDI1, OTUB1, OTUB2, A20 and VCPIP1) are also linkage specific, and their
activity is better assessed with the use of the specific ubiquitin linkages. Moreover, the two recently
discovered DUB families, MINDYs and ZUSFP, are also highly linkage specific and require the use of
K48 and K63 chains, respectively.

The second advantage of the MALDI-TOF DUB assay is its scalability to HT formats. Physio-
logical substrates (ubiquitin dimers/trimers, etc.) are routinely used in SDS-PAGE and antibody-
based methods (western blot) to qualitatively profile DUB linkage preferences in vitro®'. However, gel
and western blot-based assays are time consuming and difficult to scale up to achieve thousands of
data points per day. The easy sample preparation in conjunction with the use of 384/1,536-well plate
formats make the MALDI-TOF DUB assay the easiest method for achieving medium- and HT
assessment of compounds while usinging physiological substrates.

The MALDI-TOF DUB assay also has limitations, mostly related to the compatibility of assay
buffers with the MS readout. When considering the method, it is important to bear in mind that the
presence of salts, detergents and cryoprotectants in the reaction buffer might interfere with the MS
signal®’. In particular, the formation of sodium chloride adducts reduces the overall signal intensity
and could potentially affect the accuracy of the quantification. Such problems can be encountered
when dealing with enzymes that have particularly low activity, cannot be stored at high concentra-
tions or are unstable in MS-compatible buffers. To circumvent this limitation, a high-throughput ‘on-
target’ washing procedure proved to diminish ion suppression and adduct formation® could be
applied in the MALDI-TOF DUB assay. Other limitations include the equipment cost and level of
skill required to operate the machinery. Although for fluorescence-based approaches, the availability
of an adequate plate reader and a well-instructed technician might be the basic requirements, the
MALDI-TOF-based assay demands more expensive instrumentation (i.e., a nanoliter-liquid-handling
system and MALDI-TOF mass spectrometer) and the support of qualified operators and facilities.

Applications

The wide detection range of the MS-based read-out makes the MALDI-TOF DUB assay intrinsically
versatile. In fact, it can be readily used for both drug-discovery and basic research purposes. Soon
after the publication of the original method®', the MALDI-TOF DUB assay was used to characterize
the activity of the UCH family of DUBs. These enzymes display no activity against ubiquitin dimers
of any of the eight linkage types but are able to cleave ubiquitin from substrates with small
unstructured leaving groups*****, In 2015, the Hay group used biochemical tools and the MALDI-
TOF DUB assay and discovered that UCH DUBs are capable of cleaving peptide-linked N-terminal
mono-ubiquitin from several protein substrates’®. The current HTS platform has also been
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extensively used to characterize compound selectivity in vitro”*">%>%, In 2017, Kategaya et al. used
both NMR and HT-activity-based screening to identify USP7 catalytic domain-binding fragments.
Within this drug-discovery effort, the DUB MALDI-TOF MS-based assay was used to characterize
the selectivity of the more potent hits, GNE-6640 and GNE-6776"". The MALDI-TOF DUB assay has
been applied to study the impact of ubiquitin phosphorylation on DUBs-mediated cleavage’” and to
characterize a new and distinct deubiquitylating enzyme, ZUP1°®. In June 2019, the successful col-
laboration between the DUB Profiling Service, the University of Dundee Drug Discovery Unit and
Corbin Therapeutics resulted in the licensing of novel small molecule inhibitors of USP15 to develop
possible new treatments for neuroinflammation-based disorders, including multiple sclerosis. More
recently, the MALDI-TOF DUB assay has been used to shed light on the emerging field of non-
canonical deubiquitylation. The DUB panel has been tested against two model substrates, consisting
of ubiquitin linked through either isopeptide or ester bonds to a lysine or a threonine, respectively*’
(see also Fig. 3). This led to the discovery of the peculiar and highly specific esterase activity of JOSD1,
a member of the MJD DUB family"'.

Alternative methods

Several fluorescence-based substrates are available to determine in vitro DUB activity. Ubiquitin-7-
amido-4-methylcoumarin (Ub-AMC), ubiquitin-rhodamine-110-glycine (Ub-Rho) and the fluor-
escent polarization-based substrate Ub-KG(TAMRA). Other alternatives are represented by fluor-
escence resonance energy transfer substrates’’ and ubiquitin fusion with the reporter enzyme
phospholipase A2%°. Most of these fluorescent substrates are commercially available, user friendly and
amenable for HTS. However, they are prone to fluorescent artefacts and compound interference®””’
and do not resemble physiological ubiquitin linkages and topology. In particular, Ub-AMC and Ub-
Rho are not true mimetics of ubiquitin modifications, as they do not contain an isopeptide linkage.
The linkage between ubiquitin and the TAMRA moiety in the Ub-KG(TAMRA) substrate is an
isopeptide bond”’, but Ub-KG(TAMRA) lacks the presence of a proximal ubiquitin or substrate and
is therefore no closer to a genuine DUB substrate than Ub-AMC or Ub-Rho. Ub-AMC and Ub-Rho
have been successfully used with many of the USP family members in HTS campaigns** and to
determine cleavage kinetics. However, many DUBs, belonging to the JAMM, OTU, MINDY, MJD
and ZUP1 families, are incompatible with these substrates. In addition, the use of a mono-ubiquitin
substrate in HTS campaigns could preclude the detection of active compounds that interfere with
binding domains other than the S1 site. More advanced di-ubiquitin fluorescence resonance energy
transfer probes, comprising all seven isopeptide linkages, have been reported””. These new probes
have been used for quantifying the activity and specificity of DUBs by means of Michaelis-Menten
kinetics. Such substrates represent more physiological ubiquitin substrates; however, the economic
and technical feasibility of a large-scale synthesis, the impact of fluorescent artefacts and consequently
the applicability to HTS have not yet been assessed.

Another alternative approach is the use of RapidFire MS. This technology comprises a fast, robotic
sample preparation followed by ESI MS detection. Similarly to MALDI-TOF MS, Rapid Fire systems
have the advantage of using unlabeled substrates. However, the high sensitivity of the ESI detection to
contaminants demands a prior sample cleaning and concentration step that pushes the sample rate in
the 7-13 s range’”, much higher than the ~1.5 s currently required for the detection of ubiquitin by
the Rapiflex MALDI-TOF mass spectrometer. Recently reported RapidFire BLAZE methodology
limits the time of small molecule detection down to 2.5 s per sample’, even higher than the
MALDI-TOF MS-based detection, but the applicability of such methods to larger molecules has not
been assessed.

Experimental design

When designing and planning your experiment, it is important to note that the preliminary eva-
luation of experimental parameters (such as enzyme concentration, incubation time and temperature)
and the reproducibility, accuracy and precision of the liquid-handling system are particularly relevant
to a successful outcome. The initial optimization of enzymatic concentration and incubation time
(Steps 1-7 of the procedure) is fundamental to establishing an accurate experimental routine that will
minimize plate-to-plate and day-to-day variability. It is also important to note that different protein
preparations (of both substrate and enzyme) might have different activities, concentration and
purities. Ideally, an HTS assay should be performed by using the same batch of both enzyme and
substrate, to be partitioned before use into single-use aliquots. If this is not possible, new protein
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Materials

batches should be tested side by side, and, when necessary, experimental conditions should be
adjusted accordingly.

Besides the drug-discovery application described in this article, the MALDI-TOF DUB assay can
be adapted to study the activity and specificity of DUBs toward alternative substrates such as
phosphorylated ubiquitin dimers or the UCHs’ specific substrate, Ub-W (Fig. 3). The use of alter-
native substrates might require different internal standards or alternative quantification methods. For
example, to quantify the DUB-mediated cleavage of phosphorylated ubiquitin dimers, phosphory-
lated °N ubiquitin has been used””. The internal standard might also be substituted when alternative
quantification and normalization methods are required. The DUB-mediated cleavage of the alter-
native substrate Ub-W (Fig. 3) will result in the appearance of a substrate peak (Ub-W) and a product
peak (Ub). To quantify the percent cleavage, a standard curve with a known amount of product and
substrate can be performed before the assay. This will allow the translation of the ratio of observed
ubiquitin substrate to ubiquitin into percent cleavage for accurate enzymatic activity quantification.

Reagents

A CRITICAL It is essential to use MS-quality solvents for all stages.

e DHAP (Tokyo Chemical Industry, cat. no. D1955)

e Acetonitrile (Merck, cat. no. 1.00030.2500) ! CAUTION Acetonitrile is highly flammable and toxic.

° Ammonium citrate dibasic (Fluka, cat. no. 09833) ! CAUTION Ammonium citrate causes serious eye
irritation.

* Orange G (Sigma-Aldrich, cat. no. 07252-100G)

e Ethanol (Fisher Scientific, cat. no. E/0650DF/C17) ! CAUTION Ethanol is highly flammable.

e [sopropanol (Merck, cat. no. 1.09634.2500) ! CAUTION Isopropanol is highly flammable and an
irritant to eyes.

¢ Dimethyl sulfoxide (DMSO; Sigma-Aldrich, cat. no. D8418)

¢ DTT (Formedium, cat. no. DTT010) ! CAUTION DTT is a skin/eye irritant.

e Assay plate—384-well microplate, polystyrene (PS), small volume, hibase, white (Greiner Bio-One,
cat. no. 784904)

e Mixing plate—384-well designed for low-volume serial dilution (LSVD) plate, non-sterile
polypropylene (TTP Labtech, cat. no. 4150-05828)

* Reservoir plate—microplate 384 V-bottom polypropylene (V-PP), Protein LoBind (Eppendorf, order
no. 0030 624.300)

e Protein calibration standard I (Bruker Daltonics, cat. no. 8206355)

o Silverseal sealer aluminium foil (cat. no. 676090)

¢ TFA (Thermo Scientific, cat. no. 85183) ! CAUTION TFA is highly corrosive and should be handled in
a hood by using protective eyewear and gloves.

® Recombinant deubiquitylase enzyme (in vitro active; see Table 1)

* Ubiquitin dimer (or trimer/tetramer), produced and purified as previously described”>”®

* N Ubiquitin, expression and purification method provided in Supplementary Methods

e MTP AnchorChip 1536 BC (Bruker Daltonik GmbH, part no. 8280787)

Equipment

A CRITICAL Low-protein-binding tubes are recommended for the handling and storage of ubiquitin
substrates.

e Rapiflex MALDI-TOF mass spectrometer (Bruker; equipped with Compass software for FlexSeries 2.0)
e FlexControl software (Bruker)

e FlexAnalysis software (Bruker)

e Perkin Elmer Envision 2104 microplate reader

e UW Ultrawave QS18 ultrasonic cleaning bath

*20 cm x 13 cm x 4 cm stainless steel box (for sonicating the MALDI target)

e FluidX, XRD-384 reagent dispenser

o TTP Labtech Mosquito HTS equipped with five-position plate deck

e 16-channel electronic VIAFLO pipette, 2- to 50-pl volume range and appropriate tips
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Reagent setup

DHAP matrix

Weigh 7.6 mg of DHAP matrix in a 1.5-ml tube. Resuspend the DHAP matrix in 375 ul of
100% (vol/vol) ethanol (liquid chromatography-MS grade). Weigh 25 mg of diammonium hydrogen
citrate in a 1.5-ml tube. Resuspend diammonium hydrogen citrate in 1 ml of Milli-Q water. Add
125 pl of the aqueous diammonium hydrogen citrate to the ethanol/DHAP matrix solution. Shake the
mixture for 21 h. The matrix solution can be stored for <1 week at room temperature (20-25 °C). Do
not store at +4 or —20 °C.

Reaction buffers

Enzyme buffer (40 mM Tris pH 7.5, 0.01% (wt/vol) BSA, 1 mM DTT or TCEP)

To prepare 50 ml of enzyme buffer, mix 2 ml of 1 M Tris-HCI stock solution and 50 ul of 10%
(wt/vol) BSA. Bring to volume with Milli-Q water. Keep on ice. If required, add 100 ul of 0.5 M TCEP
or DTT before use and agitate gently by inversion. The buffer should be made up fresh before use.
A CRITICAL DTT and TCEP are strong nucleophiles and may therefore compete for the compound
with the active cysteine of the DUBs. Carefully evaluate DTT or TCEP presence in the reaction buffer
depending on the DUB and compound library in use. Enzymatic activity should be evaluated in the
presence or absence of a reducing agent in a side-by-side comparison (Steps 1-7 of the procedure). The
use of reducing agents in HTS might produce false-positive and -negative hits. For example, compounds
like BAY11-7082 or NSC112200 might be inactivated in the presence of reducing agents, resulting in
false negatives. Other chemical scaffolds, with redox potential, could generate hydrogen peroxide that
will oxidize the DUB active cysteine, thus producing a false-positive result.

Substrate buffer (40 mM Tris pH 7.5, 0.01% (wt/vol) BSA)
The substrate buffer is t be prepared as for the enzyme buffer (without the DTT or TCEP) and kept
on ice until use. The substrate buffer should be made up fresh before use.

Stopping solution (6% (vol/vol) TFA solution)
To prepare 100 ml of stopping solution, add 6 ml of 100% (vol/vol) TFA to 94 of Milli-Q water. Agitate
gently and keep on ice until use. The stopping solution can be stored at 4 °C for up to several weeks.

Heavy labeled ubiquitin ("’N ubiquitin)
A detailed method for >N ubiquitin expression and purification is reported in Supplementary
Methods. Heavy labeled ubiquitin can be diluted in Milli-Q water.

Substrate solution

The substrate solution consists of a ubiquitin dimer (or trimer/tetramer) of a suitable linkage for the enzyme of
interest (e.g, K48 ubiquitin dimer for OTUB1) or alternative substrate (e.g, Ub-W or chemoenzymatically
synthesized ubiquitylated threonine model substrate (Ub-T)). In the reported protocol, all ubiquitin dimers
have been prepared to achieve a final concentration of 0.1 mg/ml; see Fig. 2 and Table 1 for substrate
compatibility and recommendations. To prepare the substrate solution, dilute the substrate by using substrate
buffer solution. Substrate solution can be stored at 4 °C for several days.

Equipment setup

Clean MALDI target (AnchorChip or ground steel)

* Place the MALDI target (384 or 1536 AnchorChip) in a stainless steel box of adequate size. Pour enough 100%
(vol/vol) isopropanol to cover the target surface. Place the box in the ultrasonic bath and sonicate for 2 min.

* Remove the isopropanol and pour a 30% acetonitrile, 0.1% (vol/vol) TFA solution onto the target to
completely cover it.

e Sonicate for 2 min and then dry the MALDI target plate by using a stream of high-purity nitrogen.

FluidX, XRD-384 reagent dispenser quality control

Before starting the main procedure, the liquid-handling heads of the XRD-384 should be tested for
accuracy by using the absorbance of Orange G. The XRD-384 reagent dispenser quality control
procedure should be repeated over four assay plates, as this represents the basal HTS unit (up to four
assay plates can be spotted on a 1536 AnchorChip MALDI target). A coefficient of variation (CV)
<5% is considered acceptable. If the CV is >5%, a new cassette should be used.
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Procedure

®Load FluidX XRD with a 16-channel tubing cartridge. Prime with Milli-Q water for 10 s and
then empty.

e Prepare 10 ml of 1 mM Orange G solution.

* Prime the 16-channel tubing cartridge with 1 mM Orange G for 5 s and ensure that no drips have
formed on the cartridge tips.

e Set XRD-384 to dispense 3 pl across all 24 columns of the assay plate.

e Position the assay plate on the stage of the XRD-384 and dispense 3 ul of Orange G. Remove the plate
from the stage.

* Repeat Step 5 for three further assay plates.

e Empty the tubing of Orange G.

e Prime with Milli-Q water for 10 s and then empty the tubing. Prime with 100% ethanol for 10 s and
then empty the tubing. Prime with Milli-Q water again for 10 s and then empty the tubing.

e Prime the tubing with Milli-Q water for 5 s and ensure that no drips have formed on the tips of the
cartridge.

¢ Set XRD-384 to dispense 47 ul of Milli-Q water across all 24 columns of the 384-well plate.

e Dispense 47 pl of Milli-Q water across all 384-well plates.

e Spin down (50g, 30 s) 384-well plates to recover any drips on the well sides.

¢ Read absorbance at 405 nM on an Envision plate reader (or similar).

e Calculate the column, row and whole plate CV (%), as well as percent swing from the plate mean.

Measuring the reaction progress curve (enzyme linearization) @ Timing 1-2 h

1 Prepare serial dilutions of the enzyme of interest (e.g., 1250\625\312\156\80\40 nM final) in
enzyme buffer (see ‘Reagent setup’).

2 Aliquot 3 pl of the enzyme dilutions in an assay plate. As the reaction is to be evaluated over a
period of time, consider assessing at least five to six time points, including time zero (e.g., 0, 15, 30,
45 and 60 min).

3 Prepare the zero-time-point sample by adding TFA to a final concentration of 2% (vol/vol). This

time point sample will represent the ‘background level’.

Cover the assay plate by using an aluminium sealing foil to prevent evaporation.

Incubate the assay plate at room temperature (20-25 °C) for 5 min.

Add 3 pl of the substrate to the assay plate by using a multi-channel pipette.

At the selected time points, stop each reaction by adding 3 pl of TFA to a final concentration of

2% (vol/vol).

? TROUBLESHOOTING

NN o

Spotting on the MALDI target by using a TTP Labtech Mosquito @ Timing ~0.5 h/384-well

plate

8  Calibrate the TTP Labtech Mosquito by running the calibration wizard program and following the
onscreen prompts.
A CRITICAL STEP Accurate calibration of the nanolitrer-pipetting system is fundamental to ensure
optimal mixing and spotting on the MALDI target.

9  Aliquot a sufficient amount of DHAP and N ubiquitin into a reservoir plate (Fig. 5) and cover the
plate with aluminium sealing foil to prevent evaporation.
A CRITICAL STEP DHAP matrix preparation is saturated and will have some residual insolubilized
material. Do not transfer insoluble DHAP matrix from the 1.5-ml tube to the reservoir plate, as this
will block TTP Labtech Mosquito tips. Ensure that there is ample dead volume (~7 pl) for each
stock well on the reservoir plate.

10 Position the reservoir plate on deck position 1.

11 Position the assay plate on deck position 2.

12 Position the mixing plate on deck position 3.

13 Position the MTP AnchorChip 1536 BC MALDI target on deck position 4.

14 Aliquot 1,050 nl of assay plate column 1 into mixing plate column 1.

15 Add 500 nl of "N ubiquitin to mixing plate column 1.

16 Add 1.2 ul of DHAP matrix to mixing plate column 1.

17 Mix thoroughly by using 2 x 10 mixing cycles of 1,000 nl.
A CRITICAL STEP Although time consuming, extensive mixing cycles are required to activate the
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1) Reservoir plate  2) Assay plate  3) Mixing plate  4) MALDI target

1536 AnchorChip MALDI target spotted

Fig. 5 | TTP Labtech Mosquito setup for MALDI target spotting.

4046

18
19

20

formation of sample/DHAP matrix crystals and ensure an optimal MALDI-TOF MS signal. The number
of mixing cycles and the volume can be adjusted depending on sample concentration and complexity.
Spot 260 nl on the MTP AnchorChip 1536 MALDI target.

Repeat Steps 7-9 for all subsequent assay plate columns.

A CRITICAL STEP As the DHAP matrix is prepared with 75% (vol/vol) ethanol, the evaporation of
mixed samples is time sensitive. The mixture of sample and matrix must be immediately spotted
onto the MALDI target before the next steps can take place.

Let the spots dry completely at room temperature.

A CRITICAL STEP Once spotted, the reaction mixture should be analyzed as soon as possible to
avoid degradation of the sample.

? TROUBLESHOOTING

Automatic MALDI-TOF MS analysis @ Timing ~0.5-1 h/1,536-well plate

21

22

23

24
25

26

27

28

29
30
31
32

33

Launch FlexControl and select a fingerprint (.par file) Reflectron Positive acquisition method
focused on a window between 8 and 9 kDa.

Insert the freshly spotted MALDI target onto the MALDI target plate carrier and push it into the
load port until it reaches the end position.

A CRITICAL STEP Make sure that the target is inserted correctly with the cutoff corner facing the load door.
Press the loading button and start plate docking.

Select the appropriate MALDI target geometry (e.g., MTP AnchorChip 1536 BC or 384 BC).
Wait for system status to appear as ‘Ready’ and for the high vacuum pressure to reach values in the
5.5 x 10”7 mbar range.

A CRITICAL STEP  When vacuum pumps are performing optimally in a Rapiflex MALDI-TOF MS
system (absence of sealing leaks or of poor pump performance), the high pump should take no
longer than 10 min to reach ideal vacuum pressure for MALDI-TOF MS analysis. High percentage
air humidity will affect the time required for reaching adequate high vacuum pressure.

Teach the sample carrier by using the anchor points in position X, Y, Z. Accurate sample carrier
teaching is important to ensure that all spots are detected and acquired properly.

? TROUBLESHOOTING

Select a time zero point on the MALDI-plate to check instrument performances and adjust laser
intensities. Time zero spots should not have any detectable mono-ubiquitin signal, as no dimer
cleavage should have occurred.

? TROUBLESHOOTING

Create a new mass control list and add '°N ubiquitin observed mass/charge (m/z) (typically
8,669.47 Da, although it may deviate slightly depending on the source of '°N ubiquitin).
Calibrate the instrument by using the '°N ubiquitin signal (8,669.47 m/z).

Edit the FlexControl method (Table 2).

Save the method and calibration.

Open FlexAnalysis and create an internal calibration FlexAnalysis method (.FAMS). Edit the
method as indicated in Table 3.

In the automation run, select ‘New’ and start a new run by using the automatic run wizard. Edit the
AutoXecute method as indicated in Table 4. Both FlexAnalysis and FlexControl methods will be
required in the setup of the automatic run.

? TROUBLESHOOTING
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Table 2 | FlexControl method parameters

Graphical user interface item Segment Value or setting
Acquisition control

Frequency 5,000

Geometry MTP AnchorChip 1536 BC

System configuration
Sample carrier

Laser

Detection

Spectrometer

Processing

Calibration

Movement on sample spot
Shots at raster spot

Limit diameter to
Application

Power boost

Smartbeam parameter
Beam scan

Scan range

Mass range

Resolution

Baseline offset adjustment
Pulsed ion extraction
Matrix suppression

Peak detection
Signal-to-noise threshold
Relative intensity threshold
Absolute intensity threshold
Peak width

Height

Smoothing

Width

Cycles

Baseline subtraction

Mass control list

Random—complete sample
250

800 pM

Custom

0

Single

On

100 pM

Low—8-9 kDa

5.0 GS/s

Medium (175 MHz)
0.6%

500 ns

Deflection up to 6,560
Centroid

5.0

0%

0

50 m/z

80%

SavitzkyGolay

0.50 m/z

10

TopHat

N ubiquitin observed

GS, Giga samples.

MALDI-TOF DUB assay for HTS @ Timing 1-1.5 h
A CRITICAL Use FluidX XRD with 16-channel tubing cartridges to divide enzyme, substrate and TFA
solutions into aliquots. Perform FluidX XRD quality control as indicated in the ‘FluidX, XRD-384
reagent dispenser quality control’ section in ‘Equipment setup’. A workflow overview is illustrated

in Fig. 3.

34 Distribute aliquots of the compound library into assay plates by using non-contact acoustic delivery

35

36
37

38
39

40

(Fig. 3, Stage 1). Reserve two assay plate columns for both positive (DMSO only) and negative
(no enzyme) controls.

B PAUSE POINT The sealed assay plate containing the compound library can be stored at 4 °C for
<1 week.

Distribute 3-ul aliquots of enzyme (at the optimized concentration) into each assay plate column
except for the negative control column.

Distribute 3-ul aliquots of enzyme buffer into the negative control column.

Cover the plate with aluminium sealing foil to prevent evaporation and incubate at room
temperature for 5-30 min.

Add 3 pl of substrate to each column of the entire assay plate.

Cover the assay plate with aluminium sealing foil to prevent evaporation and incubate at room
temperature for the time suggested by the reaction progression curve (generally 30-60 min).
Stop the reaction by adding 3 pl of TFA at a final concentration of 2% (vol/vol) to each column.
B PAUSE POINT Plates can be covered with aluminium sealing foil and stored at room temperature
for <48 h.
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Table 3 | FlexAnalysis method parameters

4048

Parameter Segment Value or setting

Mass list Peak detection algorithm Snap
SNAP average composition Averagine
Baseline subtraction TopHat
Dynamic termination Off

Processing Smoothing SavitzkyGolay
Width 0.2
Cycles 1

Calibration >N ubiquitin observed 8,669.47 Da

SNAP, Sophisticated Numerical Annotation Procedure.

Table 4 | AutoXecute method parameters

Parameter Segment Value or setting
Laser Fuzzy control Off
Initial laser power From laser attenuator
Evaluation Use background list None
Dynamic termination Off
Accumulation Sum up 4,000 satisfactory shots
Movement Walk on spot
Shots at raster spot 250
41 Spot the assay plates on a 1536 AnchorChip MALDI target as indicated in Stage 5 of Fig. 3.

42

A CRITICAL STEP If the plates are left for >12 h before spotting, a new foil seal should be applied.
M PAUSE POINT The spotted MALDI target can be stored inside the target box, covered and left at
room temperatur for <48 h. A longer time gap may result in reduced MS signal intensity and peak
resolution (Supplementary Fig. 2).

Analyze by MALDI-TOF MS by using the automated run mode (Steps 21-33 of the procedure);
see Box 1 and Fig. 6 for more detailed information.

Statistical analysis for the HT MALDI-TOF DUB assay @ Timing 0.5 h

43

44
45

46
47
48

49
50

Open the FlexAnalysis software and select the folder containing the raw data of interest. At least
one spectrum needs to be opened to allow FlexAnalysis to perform all the subsequent analysis steps.
In the FlexAnalysis software, open the ‘Method’ menu and select the “zero’ script.

Modify the destination folder and result file name as desired, save the modified script and use the
batch process for analyzing data. The zero script will export mass areas of each spot from the raw
data into a .csv column format. For the negative controls, the zero script considers the area of the
background noise detectable in the ubiquitin m/z window (see Boxes 1 and 2 for more information)
Copy and paste the zero script output columns (spectrum, compound, m/z, signal-to-noise ratio
(S/N), resolution and area) into the input sheet of the baseline data check file.

Convert the output zero deleted sheet (last sheet of the baseline data check file) to .txt plain format.
Drag the text file onto the Grid.exe file. The script will produce a new file with ‘GRID’ included in
the file name. The GRID file will select ubiquitin and '°N ubiquitin area values and report them in
the same position as spotted on the MALDI plate.

Calculate the area ratio of ubiquitin to >N ubiquitin.

Evaluate data quality by calculating Z’ scores (Box 2).
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Box 1 | Data analysis

Accurate evaluation of data and quality spectra is paramount for a successful MALDI-TOF MS-based HTS campaign. A conventional MALDI-TOF
DUB assay spectrum will present several peaks (Fig. 3): a ubiquitin peak, corresponding to the single charged reaction product (8,565.76 m/z, not
present in negative controls or upon strong DUB inhibition); a >N ubiquitin peak (8,669.47 m/z), to be always present as an internal standard; a
less prominent doubly charged ubiquitin dimer peak (diubiquitin [M+2H1?"); and metastable ions corresponding to the loss of one molecule of
water from both ubiquitin signals (Fig. 3). Ubiquitin detection by MALDI-TOF MS is linear and reproducible over several orders of magnitude, with
sensitivity in the low femtomolar range and not affected by the presence of doubly charged ubiquitin dimers as previously described”'.
Independently from the absolute ubiquitin concentration, very high and low ubiquitin/"N ubiquitin ratios might be negatively affected by ion
suppression effects and reduced S/N. The S/N is defined as the height of the mass peak above its baseline relative to the standard deviation of the
noise. For single-charged ubiquitin detection (m/z 8,565.76), an S/N ratio of 5 generally allows reproducible detection of low-intensity ubiquitin
signals. An S/N ratio <5 might result in the incorrect assignment of background noise as genuine peaks: this will negatively affect the Z’
calculations at a later stage. A ubiquitin signal 6.25 times lower than the °N ubiquitin signal can be detected with an S/N in the range of 10 (Fig. 6).
However, this value drops to ~5 when the ubiquitin is 12.5 times lower than the internal standard (Fig. 6). It is therefore recommended to select
substrate and internal standard concentrations that will result in a ubiquitin/"°N ubiquitin ratio range between 10 and 0.16 for most unknown
samples.

Data acquired during the automatic MALDI-TOF MS analysis are processed through the indicated AutoXecute and FlexAnalysis methods (Tables 1
and 2). Importantly, the FlexControl method provides the m/z of the calibrant mass ("°N ubiquitin or another internal standard (i.e., Ub-W)) that
will be used to internally calibrate each spectrum. The FlexAnalysis method will identify and quantify the areas of the "N ubiquitin and ubiquitin
masses on the basis of the parameters provided. FlexAnalysis supports several peak detection algorithms. SNAP (Sophisticated Numerical
Annotation Procedure), the algorithm of choice for the MALDI-TOF DUB assay, applies an internal baseline correction and noise determination. It
is therefore important to define an appropriate S/N threshold to ensure correct peak labeling, with 5 being a good option.

During the automated MALDI-TOF MS run, a ProcessQueuer window will provide real-time event logs of each spot and report data analysis errors
that might arise during the run. It is important, at the end of each automated run, to check whether there has been any error reported. One
commonly occurring error is due to the failed detection of the calibrant mass (‘The calculation of a new calibration was unsuccessful’). This error
might arise for several reasons, including problems during the sample preparation or poor sample/matrix crystallization and instrument detection
(see Troubleshooting). A data point missing the ™°N signal will be considered as a ‘missing value’, as no quantification can be applied, and no
compound inhibition will be assessed. Good data sets are expected not to have missing values. The absence of the ubiquitin signal will result in
‘zero values' that do not affect the quality of the HTS but rather reflect the presence of a compound that blocks the deubiquitylating enzyme
activity.

In an HTS session, the absence of ubiquitin signal will be identified by a ‘Zero GRID’ script that will therefore integrate the signal background area
to allow Z’ calculations. This also allows for distinguishing between missed and zero values. If necessary, processed and internally calibrated
spectra can be inspected systematically and further batch processed by using FlexAnalysis. However, it is advisable to perform manual data
visualization and correction for quality control or troubleshooting purposes only because the elevated amount of data generated per run make
larger-scale correction excessively time consuming and prone to user errors.

The ubiquitin/"™®N ubiquitin ratio can be translated into percentage of substrate consumed (percentage of cleavage) by using the previously
reported equation:

AreaUbi " —
= | = x [ "N Ubi] /2 | /[DiUbi] x 100 ©)
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Fig. 6 | Linearity of MALDI-TOF MS ubiquitin and "N ubiquitin detection. 11 ubiquitin serial dilutions were prepared as previously described*', and
representative spectra are shown. S/N of the three higher and lower dilutions are enlarged. Ub, ubiquitin.
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Box 2 | Statistical analysis

The aim of HTS statistical analysis is the robust identification of positive hits, whether these are represented by inhibitors or activators. A positive
control indicates the maximum signal achieved in the absence of any interference, while the negative control determines the background signal. In
normally distributed data, 99% of the values will occur within three standard deviations of the mean. The Z’ (see Eq. 2), extensively used in the
HTS field, takes into account both the signal window between positive and negative controls and their statistical variability”®. Z’ is defined as three
times the sum of positive and negative control standard deviations (o, c,,) divided by the difference of the averages of positive and negative
controls (pp, Hn).

3(0p-+a,)

Z — Prime =1—
‘HD’HH

@)

An assay that has low variability and high signal difference between positive and negative controls will have a Z’ close to 1. Z’ scores higher than
0.5 are considered acceptable (Fig. 8). An assay with Z’ scores mostly between O and 0.5 has suboptimal statistical robustness, and its suitability
for HTS should be carefully evaluated. Establishing an efficient way to calculate Z' specifically suited for the MALDI-TOF DUB assay has
represented a challenging step. In fact, standard MS peak detection algorithms are not equipped to quantify the ‘background’ signal within a
specific m/z window, thus making the quantification of negative controls and Z’ calculation problematic. Here a specific script is required to
quantify the background in the ubiquitin mass window (Zero Script in Supplementary Materials).

In a MALDI-TOF DUB assay, positive control experiments usually consist of testing the DUB in the presence of the vehicle only (DMSO, water or
reaction buffer). Negative controls might be performed in the absence of the enzyme, using a known DUB inhibitor (either specific or
promiscuous), or with an inactive mutant of the DUB. Two 384-well columns (16 data points) are reserved to quantify positive and negative
controls. The robustness of the assay is initially evaluated over a few representative test plates and, at a later stage, by analyzing larger data
cohorts. In Fig. 8a, representative results of a successful 384-well plate experiment (Z’ = 0.8) are compared to a failed 384-well plate experiment
(Fig. 8b). In a successful assay, positive and negative controls will have low variability, high signal difference and no missing values throughout the
plate. As for other types of high-intensity datasets (i.e., proteomics or RNA sequencing), most of the data points are expected to substantially
match the positive controls.

While a ‘zero value' (absence of ubiquitin signal) might represent a genuine strong inhibition event, a relatively high number of zero values (i.e., >2%)
might indicate poor liquid handling. In Fig. 8b, an unsuccessful 384-well plate reports 12 zero values, one of which is within the positive control column.
Such data distribution clearly indicates that the substrate might not have been evenly distributed during the liquid-handling stage. In Fig. 8c, the Z’" score
distribution relative to two separate HTS campaigns is shown. 10,208 compounds were tested for their inhibitory activity against USP30 on a total of 29
well plates, and all but one of which had a Z" score >0.5. A second HTS campaign against AMSH-LP produced similarly positive results, although three
values scored below the 0.5 threshold. It is important to notice that both campaigns resulted in an average Z’ score of 0.6, suggesting that the impact of
outliers must be considered, and both mean and median values should be analyzed when evaluating the method robustness. Large MALDI-TOF DUB
assay HTS campaigns are performed in single replicate, and cherry-picked positive hits are confirmed within a secondary screening. At this second
stage, selected hits are extensively characterized by performing triplicate 1Csq calculations and using different substrates (in case of promiscuous
DUBSs). Finally, promising compounds are tested against the entire DUB panel to determine in vitro selectivity.

Troubleshooting

Troubleshooting advice can be found in Table 5.

Table 5 | Troubleshooting table

Step Problem Possible reason Solution
Steps 1-7 Enzyme linearity: low enzyme  pH reaction too low/high Ensure that enzyme and substrate buffers are within the
activity 7-8 pH range. When in use, ensure that the TCEP stock

solution pH is adjusted to 7.5 before addition to the
enzyme/substrate reaction.

Poor enzyme linearity Substrate concentration too low Increase substrate amount within adequate limits for
inhibition assessment.
Steps 8-20 MALDI target spotting: Poor calibration of nanoliter-pipetting Recalibrate the nanoliter-pipetting system, ensuring
missing or displaced spots instrument optimal distance between tips and the MALDI plate for
drop deposition.
Steps 21-33)  MALDI-TOF MS detection: No MALDI target geometry Ensure that sample carrier teaching is performed before
missing values calibration the MALDI-TOF MS automatic run.
Liquid-handling problem Ensure that XRD and Mosquito systems are calibrated

and dispensing the correct volume of reagents.

Poor matrix or sample preparation Ensure that the DHAP matrix has been properly stored
for no longer than 5 d. Ensure that the sample is
acidified to pH 2 before spotting on the MALDI plate.

MALDI-TOF MS detection: Enzyme or substrate ubiquitin Separately check the enzyme and substrate for ubiquitin
background ubiquitin signal contamination contamination.

Table continued
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Table 5 (continued)

Step Problem

Possible reason Solution

MALDI target ubiquitin residual signal Repeat MALDI target cleaning and check for

from previous analysis contaminant signal before new sample spotting.
MALDI-TOF MS detection: low Laser intensity not optimized before  Adjust laser intensity to produce a good-resolution
spectra signal/low signal/ the run spectrum with an intensity signal in the 1-10% to 1-10°
noise ratio range. Save the method and ensure that the modified

Timing

method is selected in the automatic run wizard.

Anticipated results

Steps 1-7, measuring the reaction progress curve (enzyme linearization): 1-2 h

Steps 8-20, spotting on the MALDI target by using a TTP Labtech Mosquito: ~0.5 h/384-well plate
Steps 21-33, automatic MALDI-TOF MS analysis: 0.5-1 h/1,536-well plate

Steps 34-42, MALDI-TOF DUB assay for HTS: 1-1.5 h

Steps 43-50, statistical analysis for the HT MALDI-TOF DUB assay: 0.5 h

Here we present the HT adaptation of the MALDI-TOF DUB assay previously published in 2014
(ref. °'). As MALDI-TOF MS signals have intrinsically high peak-intensity variability, all the data
reported here are normalized by dividing the area of the ubiquitin signal over the area of the '’N
ubiquitin signal. This normalized value can then be translated to percent cleavage or percent activity
to facilitate data interpretation and graphical representation. Because of the nature of the assay,
continuous reading of the reaction progression is not possible. It is, therefore, fundamental to
optimize reaction parameters, such as enzyme and substrate concentration, incubation times and
temperatures, by performing a reaction time course experiment (progress curve) before beginning
inhibitor or activator screening. To easily quantify inhibition and activation effects on the enzyme of
interest, the reaction should be followed at the initial stage, when an excess of substrate will result in
linear product formation. At later stages, the reaction slows down and finally ceases, because of
depletion of substrates or enzyme instability, producing misleading inhibition/activation results.
Therefore, it is important that only the linear part of the progress curve is considered for evaluation.
To optimize enzyme concentration and incubation time, different enzyme concentrations are tested
at several time points. For this purpose, the ubiquitin dimer (or other substrate) is incubated with an
increasing concentration of the DUB of interest to determine optimal enzyme concentration and
incubation time (Fig. 7). The assay reaction simply consists of the recombinantly expressed DUB of
interest, the ubiquitin dimer of selected linkage (0.1 mg/ml final) and BSA carrier (0.01% wt/vol) in a
40 mM Tris-HCI pH 7.5 buffer. All the DUBs present in the panel have had their enzymatic
concentration and incubation time selected to achieve optimal performances with the same substrate
final concentration (0.1 mg/ml). Such a strategy facilitates the selectivity assessment procedure, when
dozens of different DUB preparations are to be tested daily. In selecting the preferred substrate
(ubiquitin linkage and ubiquitin chain length) for HTS purposes, one must consider both the effi-
ciency of the enzymatic cleavage and the feasibility (both economic and technical) of substrate
protein preparation. Figure 7a shows representative results of an enzyme kinetic evaluation of USP30,
tested at seven concentrations ranging from 40 to 1,250 nM. High enzyme concentrations result in
excessively fast substrate consumption (>40% at 45 min), increased variability between technical
replicates and limited linearity range. The rate of substrate consumption no longer increases with
doubling the amount of enzyme (i.e.. 1,250 nM and 625 nM consumed similar amounts of substrate
at 45-min incubation time), indicating that saturating conditions had been reached (Fig. 7b). At
intermediate concentration (156 nM), the USP30 substrate consumption rate is optimal (<20% at
45 min), with reduced variability between technical replicates and a linear increase in substrate
consumption compared to lower dilutions (Fig. 7b). Further enzyme dilution results in poor linearity
range, excessively low substrate consumption and increased data variability.

Once the enzyme of interest has been characterized, it can be used for HTS. In Fig. 8a, repre-
sentative results of a successful screening of a 384-compound plate are shown: both the positive and
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negative control columns have no missing data points and reduced variability, resulting in a Z' of 0.8.
Positive hits can therefore be unambiguously identified. The level of inhibition required to determine
a positive hit depends on the nature of the compound library and the compound’s final con-
centration. For example, compounds able to reduce the enzyme activity >40% can be selected to be
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Fig. 9 | Representative results of a potency assessment of eight compounds. The compounds were tested at
increasing concentrations against the target DUB. Positive control (PC): only DMSO. Negative control (NC): no
enzyme.

further characterized. In Fig. 8b, we provide an example of a failed assay plate (Z' < 0.5). The low
scoring is related to the presence of missing spots in the control columns and high variability among
the available data points (see also Statistical analysis). In Fig. 8c, we show Z’ score distribution of two
HTS campaigns against USP30 and AMSH-LP. The MALDI-TOF DUB assay can be used for
characterizing compound potency.

In Fig. 9, representative results of an ICs, experiment are shown: the inhibition pattern is clearly
visible, and compounds can be classified based on their potency (i.e., compound 1 is less potent than
compound 8). 51 DUBs are currently available for both compound library screening and specificity
studies (Table 1; https://dub-screen.mrc.ac.uk/).

Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
The data that support the anticipated results are available from the corresponding author upon
reasonable request. Other inquiries can also be submitted at https://dub-screen.mrc.ac.uk/.

Code availability
The in-house scripts are publicly available in GitHub at https://github.com/Vdecesare/ GRID-script.
git and https://github.com/Vdecesare/Zero-Script.git.
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