1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2018 September 15.

Published in final edited form as:
ACS Chem Biol. 2017 September 15; 12(9): 2399-2407. doi:10.1021/acschembio.7b00543.

-, HHS Public Access
«

Cell Lysate-Based AlphaLISA Deubiquitinase Assay Platform for
Identification of Small Molecule Inhibitors

Christine A Ott1, Bolormaa Baljinnyam?2, Alexey V. Zakharov?, Ajit JadhavZ2, Anton
Simeonov?, and Zhihao Zhuang!”

1Department of Chemistry and Biochemistry, 214A Drake Hall, University of Delaware, Newark,
DE, 19716, USA

2National Center for Advancing Translational Sciences, NIH, Bethesda, MD, 20892, USA

Abstract

The deubiquitinases, or DUBS, are associated with various human diseases, including neurological
disorders, cancer, and viral infection, making them excellent candidates for pharmacological
intervention. Drug discovery campaigns against DUBs require enzymatic deubiquitination assays
amenable for high-throughput screening (HTS). Although several DUB substrates and assays have
been developed in recent years, they are largely limited to recombinantly purified DUBs. Many
DUBs are large multi-domain proteins that are difficult to obtain recombinantly in sufficient
quantities for HTS. Therefore, an assay that obviates the need of recombinant protein generation
and also recapitulates a physiologically relevant environment is highly desirable. Such assay will
open doors for drug discovery against many therapeutically relevant, but currently inaccessible,
DUBs. Here we report a cell lysate DUB assay based on AlphaLISA technology for high
throughput screening. This assay platform uses a biotin-tagged ubiquitin probe and a HA-tagged
DUB expressed in human cells. The assay was validated and adapted to a 1536-well format, which
enabled a screening against UCHL1 as proof of principle using a library of fifteen thousand
compounds. We expect that the new platform can be readily adapted to other DUBs to allow the
identification of more potent and selective small molecule inhibitors and chemical probes.
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Ubiquitin, a small 76 amino acid protein, plays a key role in cellular signaling and various
eukaryotic cellular processes. The addition of ubiquitin to the lysine side chain in a target
protein, namely ubiquitination, is a major post-translational modification (PTM) that rivals
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phosphorylation in both scale and complexity. Like other PTMs, ubiquitination is a
reversible process that is regulated by a large class of enzymes called deubiquitinating
enzymes or deubiquitinases (DUBSs). DUBs remove the ubiquitin moiety from its
monoubiquitinated and polyubiquitinated protein substrates, allowing tight control of
various cellular pathways. Dysregulation of these pathways is a common cause of cancer,
neurodegenerative, and inflammatory diseases.!

The human genome encodes close to 100 DUBs, which are divided into six families based
on their structural characteristics: ubiquitin-specific proteases (USP), ubiquitin C-terminal
hydrolases (UCH), JAB1/MPN/Mov34 metalloenzymes (JAMMs), Machado-Joseph domain
proteases (MJD), ovarian tumor domain-containing proteases (OTUSs), and the recently
identified MINDY (motif interacting with ubiquitin-containing novel DUB family). Five out
of the six families are cysteine proteases (USP, MJD, OTU, UCH, MINDY), while members
of the JAMM family are metalloproteases.t 2

Assaying DUB activity is central to both the investigation of DUB function, and the
development of small molecule inhibitors for therapeutic intervention. To date, the most
commonly used DUB assay utilizes an ubiquitin fluorophore conjugate through an
isopeptide bond. Two of the most frequently used substrates are ubiquitin-7-amino-4-
methylcoumarin (Ub-AMC) and ubiquitin-rhodamine 110 (Ub-Rho110). These molecules
become fluorescent upon DUB-mediated cleavage of the C-terminal ubiquitin amide bond
and the subsequent release of the fluorophore.3 4 This type of substrate has been
instrumental in kinetic assessment and high-throughput screening®>-12 of DUBs. Among the
above-mentioned substrates, Ub-Rho110 is regarded as a better substrate for HTS against
DUBs. Rhodamine 110, in place of AMC, provides a red shift in excitation and emission,
thus reducing the interference by fluorescent compounds in the library.13

In addition to the Ub-fluorophore assay, efforts were made to develop newer DUB assays
like DUB-Glo and Ub/Ubl-CHOP-reporter assays. DUB-GIlo is a bioluminescent assay with
low background signal.# Ub/Ubl-CHOP-reporter assay utilizes the reporter enzyme,
phospholipase A, (PLAy), which is conjugated to ubiquitin in tandem. Cleavage of the
ubiquitin C-terminal amide bond results in an active PLA, that cleaves a fluorescent
substrate.14 This technology was later expanded to include the fusion of Ub/Ubl to the N-
terminus of enterokinase light chain (EK;) and granzyme B (GZMB), improving the
sensitivity and affording a multiplex assay format against DUBs and Ubl-proteases.1®

Diubiquitin substrates, which represent a more physiologically relevant substrate, have been
utilized in gel-, FRET-16-18 and MALDI-TOF mass spectrometry-based® DUB assays.
Among them, the gel-based assay is usually tedious and low throughput, thus not suitable for
HTS. The diubiquitin FRET- and MALDI-TOF mass spectrometry-based assays enable fast
and quantitative analysis of DUB-catalyzed diubiquitin cleavage. However, HTS campaigns
using the FRET- and MALDI-TOF mass spectrometry-based assays have yet to be reported,
likely due to the high cost associated with these assay formats.

Many human DUBs are large, multi-domain proteins. Therefore, it remains a challenge to
obtain high quality DUB samples in quantities sufficient for HTS campaign. In addition,
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numerous DUBSs are known to bind partner proteins that are essential for the DUB activity
and target protein specificity.20 Cell lysate-based DUB assays represent an attractive
solution to the challenges facing the conventional DUB assays described above. They
circumvent the requirement of recombinant DUB protein generation, and better recapitulate
the cellular milieu.

Here we report the first cell lysate-based AlphaLISA DUB assay platform amenable to HTS.
It uses a biotinylated ubiquitin probe in conjunction with a HA-tagged DUB expressed in
human cells. As a test case, ubiquitin C-terminal hydrolase-1 (UCHL1) was selected for the
current study and this assay was adapted to a 1536-well plate format. As proof of principle,
we performed a quantitative high throughput screening (QHTS) using five compound
libraries totaling close to 15,000 compounds. The cell lysate AlphaLISA DUB assay proved
to be robust with a Z” factor of 0.85. Additionally, we confirmed several top hits as true
inhibitors against UCHL1 through orthogonal assays. Although our work centers on DUBs,
this platform may be adapted to other targets, benefiting from the many existing activity-
based chemical probes against different classes of enzymes.

Results and Discussion

Design and Generation of AlphaLISA DUB Assay Components

To enable HTS against DUBs in cell lysates, we utilized the Alpha (amplified luminescent
proximity homogenous assay) technology that detects the interactions, covalent or non-
covalent, of two assay components. Alpha technology is a no wash, bead-based proximity
assay. It is sensitive in detection of low concentration (sub-pM) analytes and quantitative
with a wide dynamic range.?1-24 Qur AlphaLISA DUB assay relies on an activity-based
DUB probe with a biotinylated Avi-Tag introduced to the N-terminus and a vinyl-methyl
ester introduced to the C-terminus of ubiquitin (biotin-UbVMe). The biotin on ubiquitin
affords binding to the streptavidin coated Alpha donor beads. The DUB of interest (UCHL1)
contains a C-terminal human influenza hemagglutinin (HA) tag, which allows its association
with the AlphaLISA acceptor beads coated with anti-HA antibody. When the biotin-UbVMe
labels the DUB active site cysteine, the covalent interaction brings the two beads close
enough for singlet oxygen (generated from illumination of the donor beads at 680 nm)
transfer from the donor to the acceptor beads. This results in the emission of light at 615 nm
(Figure 1). Small molecules that inhibit the labeling of DUBSs by the UbVVMe probe reduce
the Alpha signal. The combination of the Alpha technology and the activity-based DUB
probe provides an excellent platform for the discovery of small molecule DUB inhibitors in
cell lysates (Figure 1).

To generate biotin-UbVMe, the ubiquitin protein was modified to contain an Avi-Tag at the
N-terminus to enable efficient biotinylation (Supporting Information Figure 1a). Avi-
Ub(1.75) was expressed and purified as an intein fusion and cleaved with sodium 2-
mercaptoethane sulfonate (MESNa) (Supporting Information Figure 1b). The Avi-Ub;.75)-
MESNa molecular weight was confirmed by mass spectrometry analysis (10,998 Da)
(Supporting Information Figure 1c). Avi-Ub(;.75)-MESNa was then converted to Avi-
UbVMe following a previously reported procedure with minor modifications.2®
Biotinylation of Avi-UbVMe was carried out /n7 vitro using E. colibiotin ligase, BirA, and
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the modification was confirmed by mass spectrometry (MW 11,199 Da) (Supporting
Information Figure 2a). Note that we also observed biotin-UbVMe with N-terminal
acetylation (11,241 Da) and a low level of biotin-Ub;.75-COOH (11,102 Da). Biotin-
Uby1.75)-COOCH is the hydrolysis product of Avi-Ub(;.75)-MESNa and does not contain the
reactive Michael acceptor. N-terminal acetylation of a serine residue in recombinant protein
is known to occur in £. coliwhen the first methionine of the expressed protein is removed
post-translationally.2® The removal of the first methionine in biotin-UbVMe was confirmed
by the LC-MS/MS analysis (Supporting Information Figure 3). Furthermore, the
biotinylation on Lys12 and acetylation on Ser2 in the Avi-Ub fusion were also confirmed
(Supporting Information Figure 3). The acetylated biotin-UbVMe and the small amount of
biotin-Uby;.75-COOH are not expected to interfere the labeling of DUBSs by the biotin-
UbVMe probe. Additionally, an SDS-PAGE analysis of the final biotin-UbVMe sample
showed that it was free of other contaminating proteins (Supporting Information Figure 2b).

The activity of biotin-UbVMe was validated through /n vitroand cellular labeling. Upon
incubation of biotin-UbVMe with purified UCHL1, UCHL3 or UCHLJ5, adduct formation
was detected on a denaturing SDS-PAGE gel visualized by Coomassie blue staining
(Supporting Information Figure 4). Biotin-UbVMe labeled endogenous DUBSs in the
HEK?293T cell lysates with a profile similar to that obtained by the commonly used HA-
UbVMe probe (Supporting Information Figure 5a). The labeling of biotin-UbVMe by
endogenous UCHL1 was assessed by immunoblotting with anti-UCHL1 antibody and was
comparable to HA-UbVMe probe (Supporting Information Figure 5b). Expression of HA-
UCHL1 in HEK293T cells and its labeling by biotin-UbVMe probe was confirmed by
Western blotting using an anti-HA antibody (Figure 2a). To access if labeling by biotin-
UbVMe was dependent on UCHL1 activity, we generated two catalytically inactive mutants
C90A and C90S HA-UCHL1. Expression and activity of the HA-UCHL1 mutants in
HEK?293T cell lysates were assessed by Western blotting using anti-HA antibody (Figure
2a). Unlike WT HA-UCHL1, we were unable to detect labeling by biotin-UbVMe of either
HA-UCHL1 mutant by Western blotting using an anti-HA antibody (Figure 2a). This
demonstrates that labeling of UCHL1 by biotin-UbVMe is dependent on UCHL1’s catalytic
activity.

Development of the AlphaLISA DUB Assay

After demonstrating that the biotin-UbVMe probe can properly label recombinant and
cellular DUBs including UCHL1, we used the probe in developing the AlphaLISA DUB
assay in cell lysates. The optimal condition for the strongest AlphaLISA signal was
determined through a cross titration experiment by varying the concentration of biotin-
UbVMe and the total protein concentration of the HEK293T cell lysates expressing HA-
UCHL1 (Figure 2b). We observed a hook point at 188 ng/uL of HEK293T cell lysates and
250 nM biotin-UbVMe. The hook point is the concentration of the binding partners where
maximum AlphaLISA signal is achieved. The hook effect is commonly observed in
bimolecular detection systems that involve saturable binding reagents (the donor and
acceptor beads in AlphaLISA) that are used to capture specific binding partners. To rule out
signal due to non-specific binding from the cell lysates, several control experiments were run
in parallel using the mock-transfected HEK293T cell lysates and HEK293T cell lysates
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expressing the catalytically inactive UCHL1 mutants (C90A and C90S UCHL1). We
observed little to no signal in the absence of HA-UCHL.1 in the cell lysates (Figure 2c). Low
signal was also observed when C90A HA-UCHL1 (Figure 2d) or C90S HA-UCHL1 (Figure
2e) HEK293T cell lysates were used. These results indicate that the observed AlphalISA
signal was due to the labeling of the UCHL1 catalytic cysteine by the biotin-UbVMe probe.

The AlphaLISA DUB assay requires an incubation period following the labeling reaction to
allow efficient association of biotin-UbVVMe and HA-UCHL1 with the donor and acceptor
beads, respectively. Thus, it is necessary to quench the labeling reaction prior to incubation
with the beads to stabilize the AlphaLISA signal and achieve a consistent result. Denaturants
(SDS, urea) and reducing agents (DTT, 2-mercaptoethanol) were evaluated as quenchers to
terminate the labeling reaction by biotin-UbVMe. However, no satisfactory quenching effect
was observed with the above-mentioned reagents (data not shown). Cysteine modifying
compounds N-ethylmaleimide (NEM), bromomaleimide, and methyl methane thiosulfonate
(MMTS) were also tested given their documented reactivity with the cysteine thiol group.
21,28 Among the three reagents, NEM showed to be the most effective in quenching the
labeling reaction. In a reaction mixture containing biotin-UbVVMe and HA-UCHL1 cell
lysates, 50 mM NEM was added at varied time points to stop the labeling reaction (Figure
2f). At time point zero, 50 mM NEM efficiently stopped the reaction. A time-dependent
increase of the AlphaLISA signal within the first 20 minutes was observed and a plateau was
reached after 20 minutes. In the control reaction, addition of vehicle DMSO did not stop the
reaction. Based on these results, 30 minutes was chosen for the UCHL1 labeling reaction by
the biotin-UbVMe probe before being quenched with NEM.

Validation of the AlphaLISA DUB Assay

Based on the above-described experiments, we developed an assay protocol as illustrated in
Figure 3a. The assay performance was tested with a known UCHL.1 inhibitor, LDN-57444,
in a 384-well plate format. LDN-57444 is a reversible, competitive inhibitor of UCHL1.8
LDN-57444 inhibited the labeling of HA-UCHL1 by biotin-UbVMe in our AlphaLISA
assay with a well-defined dose—response curve (Figure 3b). In comparison control
compound, ML323, previously reported to be inactive against UCHL1,” showed no obvious
inhibition in the AlphaLISA assay. We also carried out a parallel experiment using ubiquitin-
bromide (Ub-Br), an activity-based DUB inhibitor, as a competitive UCHL1 inhibitor. The
dose-response curves (Figure 3b) of the two inhibitors were fit to a four-parameter dose-
response curve equation with a variable Hill slope using GraphPad Prism. We obtained ICgg
of 12.5 uM for LDN-57444 and 7.5 uM for Ub-Br, respectively. These results demonstrated
the ability of the cell lysate-based AlphaLISA DUB assay to reliably report the DUB
inhibition in a complex sample. Moreover, this assay format is quantitative in nature and
allows the determination of 1Csq of small molecule and ubiquitin-based inhibitors targeting
the cellular DUBs.

We further used a gel-based DUB labeling assay to confirm the inhibition of biotin-UbVMe
labeling of UCHL1 by LDN-57444 in cell lysates. The labeling of HA-UCHL1 was detected
by Western blotting using an anti-HA antibody. LDN-57444 exhibited a dose-dependent
inhibition of UCHL1 labeling by biotin-UbVMe (Figure 3c top), while ML323 did not
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inhibit the labeling (Figure 3c bottom). We found that although the trend of UCHL1
inhibition by LDN-57444 was consistent in the repeats, obtaining an 1Cgq based on the
quantified band intensity proved to be challenging. Western blotting is known to be non-
ideal for rigorous quantitative analysis?% 30, which may be one contributing factor of the
difficulty met in our attempts. In comparison, we found that the AlphaLISA DUB assay is
amenable for quantitative analysis and can be used to obtain good quality dose-response
curves and allow the determination of inhibitor I1Csq relatively quickly.

To show that AlphaLISA DUB assay is not limited to UCHL1 and can be adapted to other
members of the UCH family, we tested the potency of LDN-57444 and ML323 against HA-
UCHL3 and HA-UCHLS5 overexpressed in HEK293T cells respectively. LDN-57444
potency was determined to be 19.9 uM for HA-UCHL3 (Supporting Information Figure 6a)
and 42.7 uM for HA-UCHLY5 (Supporting Information Figure 6b). Meanwhile, ML323
showed low potency against both HA-UCHL3 and HA-UCHL5 (>100 uM and >200 uM,
respectively) (Supporting Information Figure 6a, b). Because the expression levels of the
various UCHs in cells are possibly different, a direct comparison of the 1Cgq values obtained
for the various UCHSs by the same inhibitor may not be meaningful. However, for the same
UCH cell lysate, the 1Csq obtained in the AlphaLISA assay allows the ranking of the
potency of different inhibitors against the same target.

Implementation of the AlphaLISA DUB Assay in qHTS

To miniaturize the assay into 1536-well format, a cross titration was performed and an
optimal condition of 31.25 ng/uL HA-UCHL1 cell lysates and 6 nM biotin-UbVMe was
determined (Figure 4a). Further optimization of the assay indicated that 10 pg/mL bead
concentration yielded the best Z” factor, with a satisfactory fold change in signal (data not
shown). Under the established qHTS condition, summarizing in Supporting Information
Table 1, the known UCHLL inhibitor LDN-57444 elicited a dose-dependent decrease of
AlphaLISA signal with an ICsq of 0.73 uM (Figure 4b).

We employed quantitative high-throughput screening (QHTS) to the optimized AlphaLISA
DUB assay. First, a library of 1,912 compounds, comprising approved and investigational
drugs with known mechanism of action, was screened as 11-point dilution series, with final
compound concentrations ranging from 0.78 nM to 46.1 uM. LDN-57444 was used as an
intraplate control and exhibited an average 1Cs5q of 2.56 = 0.7 uM. Minimum significant ratio
(MSR) of the control compound was 1.93, showing a good reproducibility of the assay.
Slight variation was observed for LDN-57444 ICsq values obtained during initial assay
development, assay miniaturization, and gHTS. We attribute the differences to the assay
conditions and the different target DUB concentrations in the cell lysates. The Z’-factor for
the assay remained nearly constant throughout the experiment, with an average value of 0.93
+ 0.04, and a signal-to-background ratio of 45.5 + 4.0, indicating a robust assay
performance. Next, we performed a screen against 12,682 compounds from libraries of
annotated small molecule tool compounds, as well as approved and investigational drugs.
Each compound was tested in 5-point dilution series with final compound concentrations
ranging from 5.7 nM to 91.6 uM. Overall, the assay performed well with an average signal-
to-background ratio of 38.87 + 8.91 and average Z" of 0.85 + 0.13 (Figure 4c, d).
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In addition to assay quality assessment, we have analyzed the assay reproducibility using
potency estimates expressed as ACsq values scaled in logarithmic units (-Log(ACsg)). The
total number of compounds measured multiple times was 623 from 14,594 (1,912 and
12,682) compounds screened across all libraries in this study. From the 623, only 36
duplicates yielded ACsp values and were used for reproducibility analysis. To estimate the
assay reproducibility, we calculated the following statistical parameters: Pearson correlation
coefficient (Rpearson), Minimum significant ratio (MSR) and Root mean square error
(RMSE).31 The obtained results are: R = 0.734, MSR = 3.4 and RMSE = 0.265. The plot of
the observed ACs values for duplicates in logarithmic units is presented in Figure 4e. All
statistical parameters reflect a good reproducibility of the developed assay.

Selection of Potential UCHL1 Inhibitors

Of the 14,594 small molecules screened, 973 unique compounds were selected for follow-up
experiments (Supporting Information Figure 7 Figure 8). The selection was made based on
the potency and efficacy of screened compounds as previously described.32 Selected
compounds were retested to confirm inhibition using the AlphaLISA DUB assay at 11-point
dilution series, with final concentrations ranging from 0.78 nM to 92.2 uM. We then
conducted two counter-screens against these compounds. First, we used Perkin Elmer’s
TruHits assay to detect false positive hits caused by compounds that can act as singlet
oxygen or color quenchers, light scatterers, and biotin mimetics. The TruHits assay consists
of a streptavidin-coated Alpha donor bead and a biotinylated AlphaLISA acceptor bead. The
biotinylated AlphaLISA acceptor bead will bind to the streptavidin donor bead and emit
light at 615 nm upon laser excitation at 680 nm. We identified 250 compounds as false
positives based on the TruHits assay.

Potential false positive hits could also arise from disruption of the HA-tag and the bead-
conjugated anti-HA antibody interaction. To uncover these compounds, we devised a second
counter-screen based on a dual epitope- tagged Ub containing a biotinylated Avi-Tag at the
N-terminus and a HA-tag at the C-terminus (Figure 4f). Biotin-Ub(;_75)-HA was generated
in a similar way as biotin-UbVMe. Briefly, Avi-Ub;_75)-HA was expressed as an intein
fusion and cleaved using DTT. The biotinylation reaction of Avi-Ub(;.75)-HA was carried
out /n vitro using BirA with an excess of biotin. The ESI mass spectrometry analysis of
biotin-Uby;.75)-HA showed a molecular weight of 12,311 Da, identical to the theoretical
molecular weight (Supporting Information Figure 8). Using the biotin-Ub;.75-HA counter-
screen, we identified 446 compounds as false positives, encompassing 224 out of the 250
hits (90%) identified by the TruHits assay (Supporting Information Figure 7). Our two
assay-specific counter-screens were able to collectively uncover total 472 false positive hits.
After applying filters to eliminate redox cyclers, promiscuous, and other problematic
compounds33, a total of 18 hits were chosen for further testing.

Validation of Hits as UCHL1 Inhibitors

Redox cyclers are common false hits against enzymes that utilize a catalytic cysteine for
activity. Although our cheminformatics approach helps to filter out some common redox
cyclers, we elected to run a redox cycling assay of the selected 18 hits. We employed a
colorimetric assay reported by Johnston and coworkers to monitor hydrogen peroxide
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generation.3* Using the assay we found that one out of eighteen cherry-picked hits,
DA-3003-1, was a strong redox cycling compound (Supporting Information Figure 9). We
then determined the 1Csq of the seventeen compounds against recombinant UCHL1 using
Ub-AMC as a substrate. Two compounds, prednicarbate and lapatinib could not be assayed
for an accurate I1Csg. We observed prednicarbate to be a strong fluorescent quencher of the
AMC fluorophore, thus obstructing 1Cgg determination. Meanwhile, high concentrations of
lapatinib in the assay caused visible precipitation, also preventing an accurate 1Cgg
determination. The top inhibitors include acetyl isogambogic acid (ICsq of 5.4 uM), celastrol
(ICsq of 6.8 uM), mangiferin (ICsq of 8.9 uM), rifampicin (IC5q of 19.5 uM), and (-)-aricine
(ICgq of 47.7 uM) (Figure 5a, Supporting Information Table 2).

Next we assessed the reversibility of the inhibition of UCHL1 by the top inhibitors following
a protocol by Copeland and coworkers.35 Briefly, UCHL1 was incubated with the compound
at a concentration ten times its 1Csq then, rapidly diluted (100-fold) into the assay buffer.
The incubated UCHL 1-inhibitor mixture was then assayed for enzymatic activity using Ub-
AMC. Recovered activity was normalized to UCHL1 samples treated with DMSO.
LDN-57444 has previously been reported as a reversible inhibitor of UCHL1, and was thus
utilized as a comparison.8 After treatment with LDN-57444 and rapid dilution,
approximately 68% of UCHL1 activity was recovered compared to DMSO (Figure 5b).
NEM irreversibly inhibits UCHL1 and resulted in low level of UCHL1 activity (3.9%) after
treatment (Figure 5b). Our results indicate that celastrol, mangiferin, (-)-aricine, rifampicin,
acetyl isogambogic acid were largely reversible inhibitors of UCHL1 with >80% recovered
activity in the rapid dilution assay (Figure 5b).

We then tested the selectivity of the five compounds on inhibiting other human DUBsS,
UCHL3, UCHLS5, USP2 catalytic core and full length USP15 using Ub-AMC as substrate.
We found that celastrol and mangiferin were selective for UCHL1 among the UCHSs and
USPs tested with at least a 4-fold difference in ICsqg value. (-)-Aricine displays weaker
potency (47.7 uM) towards UCHL1. However when other members of the UCH, or USP
families were tested no significant inhibition was observed at the highest inhibitor
concentration of 114 pM. Acetyl isogambogic acid and rifampicin were found to be more
promiscuous inhibitors, with lower ICgq values for UCHL1 (Supporting Information Table
2).

The effect of the small molecules on endogenous UCHL1 activity in HEK293T cell lysates
was also investigated by assessing the inhibition of UCHL1 labeling by HA-UbVMe in the
presence of the compound. Cell lysates were incubated with either 100 pM (Figure 5c), 20
UM (Figure 5d) of each compound, or equal volume of DMSO as control. We examined the
inhibition of endogenous UCHL1 labeling by HA-UbVMe by immunoblotting against
UCHLL. At both inhibitor concentrations, LDN-57444, celastrol, mangiferin, and acetyl
isogambogic acid showed stronger inhibition among the inhibitors tested (Figure 5). The
ranking of the inhibitor potency based on the inhibition of the labeling of endogenous
UCHL1 agreed well with the ICgq values obtained using the recombinant UCHL1 in the
fluorogenic assay. Additionally, the ranking of inhibitor potency agreed with the ICsq values
determined in the gHTS: celastrol (ICsq of 4.46 uM), mangiferin (IC5q of 1.12 uM), acetyl
isogambogic acid (ICsq of 30.6 uM), rifampicin (ICsq of 38.5 uM), and (-)-aricine (ICgq of
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38.5 uM) (data not shown). The general agreement between the different assays in assessing
the inhibition of UCHL1 by small molecules suggests that reliable evaluation and ranking of
inhibitors is possible without purified DUB enzyme or complexes.

CONCLUSION

Methods

In recent years, diverse biological roles have emerged for DUBs. The connection of DUBs
with many human diseases makes them promising therapeutic targets for drug development.
The current DUB assay methods for HTS largely rely on recombinantly purified enzymes.
Our cell lysate-based AlphaLISA assay represents a new platform for DUB inhibitor
discovery and adds to the growing toolbox for studying DUBs. Because our assay affords
screening in cell lysates, it better recapitulates the physiological environment of the target
protein. Additionally, our assay enables screening of disease-associated DUBSs that are
inaccessible in recombinant form.

A challenge of using Alpha technology for HTS is the potential high hit rate due to
interference by the small molecules on the AlphaLISA technology. However, this can be
managed with counter-screens, including one developed in this study using biotin-Ub-HA.
Through the use of counter-screens and applying filters33, we were able to identify most of
the false positives, allowing us to focus on the true inhibitors for further characterization.

In addition to the current monoubiquitin—based DUB probe, other DUB probes, such as the
recently developed diubiquitin-VMe probes36-39 can be implemented in this new assay to
afford more physiologically relevant HTS assay. The AlphaLISA assay can also be adapted
to the AlphaPlex format to allow quick screening against multiple DUBs for identification of
selective DUB inhibitors. Furthermore, ubiquitin-like protein based probes (i.e. 1ISG15,
NEDDS8, SUMO) coupled with the AlphaLISA cell lysate assay will allow HTS against
delSGylases, deNeddylases and deSUMOylases in whole cell lysates. This platform may
also be adapted to a number of enzyme classes, including hydrolases?%-43, proteases*4—49,
kinases®0-53, phosphatases®#, histone deacetylases®>=57, of which activity based-probes have
already been developed.

The details of the experimental procedures are provided in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ilustration of the AlphaLISA cell lysate DUB assay platform. The ubiquitin-probe, UbVMe,
containing an N-terminal biotinylated Avi-Tag reacts with a HA-tagged deubiquitinase
(DUB) expressed in HEK293T cells. The epitope tags allow for their association with either
the Alpha Streptavidin donor beads or the AlphaLISA Anti-HA acceptor beads. The labeling
of the DUB with UbVMe brings the AlphaLISA donor and acceptor beads within 200 nm,
enabling singlet oxygen transfer from the donor bead to the acceptor bead upon illumination
at 680 nm. This transfer results in emission of the acceptor bead at 615 nm, which is
quantified in an Alpha plate reader. Small molecules that inhibit the labeling of DUB by the
UbVMe probe cause a measurable reduction in the Alpha signal.
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Figure2.

Detection of HA-UCHLL labeling by biotin-UbVMe in the AlphaLISA cell lysate DUB
assay. (a) /n vitro labeling of WT HA-UCHLL1 or catalytically inactive HA-UCHL 1mutants
(C90A, C90S) overexpressed in HEK293T cell lysates using biotin-UbVMe. The adduct was
detected using anti-HA antibody. a-tubulin was utilized as a loading control detected with
anti-a-tubulin antibody. Asterisk (*) indicates non-specific band. (b-e) AlphaLISA cross
titration experiments using biotin-UbVVMe and HEK293T cell lysates ectopically expressing
WT HA-UCHL1 (b), mock transfected (c), or catalytically inactive HA-UCHL1 mutants
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C90A (d), C90S (e). (f) Time-dependent quenching of the biotin-UbVMe labeling reaction
of HA-UCHL1 in HEK293T cell lysates using 50 mM A-ethylmaleimide (NEM). Parallel
reactions (including controls) were carried out as indicated in the legend.
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Validation of AlphaLISA DUB assay. (a) Scheme showing the AlphaLISA cell lysate DUB
assay procedure. (b) Dose-response curve showing the inhibition of UCHLL1 by
LDN-57444, ML323, and Ubiquitin-Br using AlphaLISA cell lysate DUB assay. (c)
Inhibition of HA-UCHL1 by LDN-57444 and ML323 visualized by Western blotting using
anti-HA antibody.
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Miniaturization and adaptation of AlphaLISA DUB Assay for gHTS in 1536-well format.
(a) Cross titration to determine optimal conditions for gHTS. (b)Dose-response curve for
LDN-57444 inhibition during initial assay optimization. (c, d) Screening statistics of
individual plates: signal-to-background ratio (c) and Z’-factor (d). (€) Correlation plot of
observed —Log(ACsgq) values for repeated compounds (R = 0.734, MSR = 3.4 and RMSE =
0.265). (f) Scheme of biotin-Ub-HA counter-screen assay.
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Figureb.
Assessment of small molecule inhibitors identified from the AlphaLISA gqHTS against

UCHLL1. (a) Dose-response curve of recombinant UCHL1 inhibition by selected inhibitors
using Ub-AMC as substrate. (b) Reversibility of inhibition by the compounds graphed as
percent of remaining activity of UCHLL1 in a rapid dilution assay. (c, d) Inhibition of
endogenous UCHL1 labeling by HA-UbVMe in the presence of 100 uM (c) and 20 uM (d)
of each compound. The blot shown is representative of three repeats.
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