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A B S T R A C T

Polymerase β (POLB), with dual functionality as a lyase and polymerase, plays a critical role in the base excision
repair (BER) pathway to maintain genomic stability. POLB knockout and rescue studies in BRCA1/2-mutant
cancer cell lines revealed that inhibition of lyase and polymerase activity is required for the synthetic lethal
interaction observed with PARP inhibitors, highlighting POLB as a valuable therapeutic target. Traditional
biochemical assays to screen for enzyme inhibitors focus on a single substrate to product relationship and limit
the comprehensive analysis of enzymes such as POLB that utilize multiple substrates or catalyze a multi-step
reaction. This report describes the first high-throughput mass spectrometry-based screen to measure the two
distinct biochemical activities of POLB in a single assay using a duplexed self-assembled monolayer desorption
ionization (SAMDI) mass spectrometry methodology. A multiplexed assay for POLB dual enzymatic activities was
developed optimizing for kinetically balanced conditions and a collection of 200,000 diverse small molecules
was screened in the duplexed format. Small molecule modulators identified in the screen were confirmed in a
traditional fluorescence-based polymerase strand-displacement assay and an orthogonal label-free binding assay
using SAMDI affinity selection mass spectrometry (ASMS). This work demonstrates the flexibility of high-
throughput mass spectrometry approaches in drug discovery and highlights a novel application of SAMDI
technology that opens new avenues for multiplexed high-throughput screening.

1. Introduction

Polymerase β (herein POLB), belonging to the X-family of poly-
merases [1], is a bifunctional enzyme that features lyase and polymerase
activity [2–6]. A recent genetic screen revealed that POLB knockout is
synthetic lethal with PARP inhibition (PARPi) [7]. The combination of
POLB knockout and PARPi selectively kills BRCA-mutant cell lines while
sparing healthy cells [7]. Rescue experiments using BRCA1 and
BRCA2-mutant isogenic cell lines further demonstrated that the lyase
and polymerase activities of POLB are required for the observed syn-
thetic lethality with PARPi [7]. Mechanistically, POLB knockout is
associated with increased single and double strand DNA breaks, accu-
mulation of poly-ADP-ribose polymers, cell cycle arrest, and apoptosis
[7]. These results suggest that POLB inhibitors in combination with

PARPi have the potential to drive deep and durable responses, providing
a new therapeutic avenue for BRCA1/2-mutant cancer patients.

Traditional high-throughput screening assays often lack the flexi-
bility to simultaneously report on two distinct activities, restricting their
use to initiate drug discovery efforts for POLB. Common polymerase
assays rely on strand displacement with a fluorescent readout [8].
Traditional lyase assays often measure loss of radioactivity or incorpo-
rate a modified nucleotide in the substrate such that lyase activity results
in release of a fluorescent reporter [9,10]. While these assays enable the
identification of inhibitors against one specific functional activity,
assessing the two POLB activities has not previously been possible
without doubling efforts on assay development, screening, and cross
validation of initial hits. A label-free and high-throughput platform that
simultaneously reports on the lyase and polymerase activities would
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eliminate optical interference artifacts and deliver a data-rich output to
accelerate discovery efforts tailored to both activities.

The mass spectrometry (MS) approach termed self-assembled
monolayer desorption ionization (SAMDI) [11,12] has previously been
reported as a label-free and high-throughput screening platform for
diverse targets, including enzymes that generate multiple products such
as methyltransferases and nucleases [13–18]. A recent report described
the use of SAMDI MS to screen 300,000 compounds against the
SARS-CoV-2 3CLpro and human rhinovirus HRV3C proteases in a mul-
tiplexed format that benefited from distinct substrate specificities of the
two enzymes [19]. These data suggest that SAMDI MS could offer a
valuable solution to simultaneously measure the two activities of POLB.
This study describes the development and application of a bespoke
multiplexed SAMDI MS assay in a high-throughput screen to identify
inhibitors for the bifunctional POLB enzyme. Initial hits were validated
using orthogonal approaches including traditional fluorescent strand
displacement assays and a label-free binding assay using affinity selec-
tion mass spectrometry (ASMS). This is the first report of a SAMDI MS
assay for measuring two distinct activities on a single substrate from a
bifunctional enzyme and highlights the critical role that mass spec-
trometry plays in drug discovery.

2. Materials and methods

2.1. Reagents

DNA oligomers (biotinylated, fluorescently labeled, and unlabeled)
were synthesized by Integrated DNA Technologies (Coralville, IA) and
purified by high-performance liquid chromatograph (HPLC) to >95 %
purity. Deoxythymidine triphosphate (dTTP) and other chemical re-
agents were purchased from Millipore Sigma (Burlington, MA). Sub-
strate sequences included a template strand 5′-
AGAAAGAGAAGGAAGGA-3′, where the first three and last three nu-
cleotides (underlined) featured locked nucleic acid (LNA) bonds; a po-
lymerase substrate 5′-Biotin-TCCTTCCT-3′ and a lyase substrate 5-
SpC3idoexyU//CTCTTTCT-3′biotin. The inhibitor sequences included
the template 5-TGAGCCGCACGGCGCATCAGC-3′, polymerase inhibitor
sequence 5′-GCTGATGCGC-3′ and lyase inhibitor sequence 5′-Phos//
idSp/GTGCGGCTCA-3′. The inhibitor sequence was also used for the
SAMDI ASMS binding experiments. For the fluorescence strand
displacement assay, the template strand included a 5′-linked BHQ2
quenching group, 5′-BHQ2-GCAAAAAAAAAAGAGTCGTACGAGGGTGA
and two annealed oligos, 5′-TAMRA-CGTTTTTTTT-3′ and 5′-
TCACCCTCGTACGACTCTT-3′ to form a triplex polymerase read-
through substrate. The screening of compounds was conducted using
the Tango High Throughput Screening library (Tango HTS library). This
diversity-based library consists of over 200,000 compounds assembled
from commercial sources (Enamine, Kyiv, Ukraine; Asinex, Winston-
Salem, NC, USA; ChemBridge, San Diego, CA, USA) selected to maxi-
mize lead-like properties (MW 150 - 450, clogP − 2 - 4, Ar ring count <4,
REOS and PAINS filtered). The compounds were arrayed in 384-well
plates at a concentration of 10 mM in DMSO solution. For running the
screen, compounds were supplied as pre-dispensed assay-ready plates
(BioAscent, Newhouse, UK) spotted with sufficient compound stock
volume for a final concentration of 40 µM.

2.2. Protein production

Recombinant human POLB was cloned and expressed in E. coli as
reported previously, [20] but with a modified procedure (performed at
Biortus Biosciences Co., Ltd.). A full-length protein expression construct
was prepared in a pET28a vector that contained an N-terminal hex-
ahistidine tag followed by a TEV protease cleavage site. E. coli BL21
(DE3) cells grown in LB media were induced with 0.5 mM IPTG and
POLB protein was expressed for 16 h at 15 ◦C. The cells were collected
and resuspended in lysis buffer consisting of 50 mM HEPES (pH 7.5),

500 mM NaCl, and 5 % glycerol, followed by cell lysis using a micro-
fluidics high pressure homogenizer (750 Bar, 3 cycles). Cell lysates were
clarified by centrifugation (16,000 rpm, 60 min) and then applied to a
HisTrap Fast Flow column (5 mL, Cytiva). The column was washed with
buffer A (50 mM Tris–HCl, pH 8.0, 500 mM NaCl, 5 % glycerol) followed
by buffer A supplemented with 20 mM imidazole. The protein was
eluted with buffer A containing 300 mM imidazole. Following cleavage
of the affinity tag with His-tagged TEV protease (1:40 ratio) by overnight
incubation at 4 ◦C and dialysis into buffer A, the protein was re-applied
to a HisTrap Fast Flow column and the flow-through was collected. The
protein was then exchanged into a buffer containing 50 mM Tris–HCl
(pH 7.5), 50 mM NaCl, 5 % glycerol and applied to a Mono S column.
The protein was eluted as a single, sharp peak by running a gradient with
buffer containing 1 M NaCl. As a final step, the protein was concentrated
and run on a Superdex 75 column (16/600). The final buffer consisted of
20 mM Bis-tris propane (pH 7.0) and 50 mM NaCl. Pure protein at >30
mg/ml was flash-frozen as aliquots and stored at – 80 ◦C for future use.
Following cloning to introduce the appropriate mutations, the K72A and
D256A mutant POLB proteins were prepared following this same
protocol.

Protein constructs containing an N-terminal Avi-tag were prepared
for full-length POLB as well as for the truncation mutants POLB(1–98)
and POLB(95–335), whose design was guided by prior work mapping
domains of POLB [21]. In each case, an Avi-tag was introduced between
the TEV cleavage site and the POLB protein sequence. Expression of
these proteins in E. coli and the first steps of purification proceeded as
described above. Following elution from the HisTrap Fast Flow column,
in vitro biotinylation was performed concurrently with TEV protease
treatment by incubating POLB with BirA (1:100 ratio) in a buffer that
contained 50 mM bicine (pH 8.3), 10 mM ATP, 10 mM magnesium ac-
etate, and 100 μM D-biotin at 4 ◦C overnight. The biotinylated protein
was loaded onto a Strep-Tactin XT column to further purify the sample
and it was eluted using buffer A containing 75 mM biotin. As a final step,
the protein was concentrated and run on a Superdex 75 column
(16/600). Purified samples were frozen as aliquots and stored at − 80 ◦C
for future use.

In addition to POLB, the full-length uracil-DNA glycosylase (UDG)
from E. coli and UDG-specific inhibitor (UGI) from bacteriophage PBS2
were prepared for use in the biochemical assay. These proteins were
cloned and overexpressed in E. coli as reported previously [22,23]. As
above, each protein contained an N-terminal hexahistidine tag followed
by a TEV protease cleavage site. Protein purification proceeded as
described for POLB except that the Mono S ion exchange column was
eliminated from the purification protocol and the final buffer from the
Superdex 75 column consisted of 50 mM Tris–HCl, pH 8.0, 150 mM
NaCl, 5 % (v/v) glycerol. Purified samples were frozen as aliquots and
stored at − 80 ◦C for future use.

2.3. Mass spectrometry biochemical assay

The biotinylated triplex substrate was prepared by heating the three
oligos in an equimolar ratio to 95 ◦C for 5 min and allowing the reaction
to cool at 1 ◦C / min until room temperature. To generate the 5′-dRP
moiety, the triplex substrate (50 μM final) was incubated with 100 nM
final UDG in 25 mM HEPES pH 7.4, 150 mM NaCl, 5 mM MgCl2, 0.005 %
Tween-20, and 1 mM TCEP for 30 min at room temperature. The reac-
tion was quenched with 1 μM final of UGI [24]. The POLB reactions were
performed with 6.5 nM final POLB, 175 nM dTTP, and 100 nM
d-RP-triplex substrate in 25 mM HEPES pH 7.4, 80 mM NaCl, 2.5 mM
MgCl2, 0.005 % Tween-20, and 1 mM DTT. Reactions were run in 20 μL
volume in 384-well V-bottom polypropylene microtiter plates (781280
Greiner Bio-One) at room temperature and quenched by the addition of
a mixture of 0.25 % formic acid (final) and 50 mM EDTA (final) to
quench the lyase and polymerase activities, respectively. At defined
times, a 2 μL sample of the quenched reactions was transferred using a
384-channel liquid handler to SAMDI 384-spot biochip arrays
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functionalized with a Neutravidin-presenting self-assembled monolayer
as previously reported [16]. The arrays were incubated for 60 min in a
humidified chamber to allow for the specific immobilization of the
biotinylated substrates and products. The plates were then washed using
deionized ultrafiltered (DIUF) water and dried with compressed air
before the application of a matrix comprising 2‑hydroxy-5-methox-
ybenzoic acid (HMB) in acetonitrile (30 mg/mL) and ascorbic acid in
aqueous ammonium citrate (500 mM) at 350 nL per spot in the array.
SAMDI mass spectrometry (MS) was performed using the reflector
negative mode on an AB Sciex matrix assisted laser desorption ionization
(MALDI) time of flight (TOF) 5800 System (Framingham, MA). Each
spot was analyzed with 400 shots with a random raster sampling (20
shots/sub-spectrum and 20 subspectra with pass acceptance), 400 Hz
laser frequency, bin size of 1 ns, and detector voltage multiplier of 0.55.
A mass window ofm/z 2000 tom/z 4000 was used and a mass threshold
of m/z 0.8 applied for peak identification. The conversion of substrates
to products was calculated using a ratio of product area under the curve
(AUC) over the sum of the substrate and product AUC peaks for each
distinct substrate.

2.4. Fluorescence strand displacement assay

The fluorescence displacement assay was performed by incubating 1
nM final POLB with 10 nM triplex substrate and 100 μM dTTP in 25 mM
Tris pH 7.5, 25 mM NaCl, 2.5 mM MgCl2, 0.01 % Tween-20, 2 mM DTT,
and 0.25 mM EDTA. The reactions were performed in 20 μL volume in
384-well white opaque Optiplate (Perkin-Elmer) and read on a Pherastar
FSX (BMG) with a 540 nm excitation / 590 nm emission wavelength
module, with focal height 10.8 and gain 525.

2.5. SAMDI ASMS assay

Binding assays were performed as previously reported [25]. Bio-
tinylated POLB (400 nM final) was incubated in solution with com-
pounds at 5 μL volume in 1x assay buffer (same as SAMDI MS assay) for
thirty minutes at room temperature in 384-well low volume poly-
propylene plates (784201, Greiner Bio-One). In parallel, the compounds
were incubated in buffer without POLB (“background”) to inform on
selective binding. The reactions (2 μL) were then transferred to 384-spot
SAMDI biochip arrays using a 384-channel automated Thermo Plate-
Mate, where the arrays are functionalized with Neutravidin-presenting
monolayers to specifically immobilize the biotinylated protein along
with compounds that are bound in complex with protein. The arrays
were incubated for one hour at room temperature in a humidified
chamber. Next, the SAMDI biochips were purified by a rapid (<3 s)
cascade wash step with DIUF water (50 μL/spot) and dried with com-
pressed air. The matrix solution comprised 20 mg/mL alpha cyano
cinnamic acid (CHCA) [26] was prepared in 80 % acetonitrile / 20 %
aqueous ammonium citrate and 0.3 % trifluoroacetic acid was applied in
an automated format using a Combi Nano by dispensing 50 nL to each
spot in the array. SAMDI ASMS was performed using the reflector pos-
itive mode on the AB Sciex 5800 instrument as each compound was first
confirmed by MALDI to ionize in positive mode. Each spot was analyzed
with 400 shots with a random raster sampling (20 shots/sub-spectrum
and 20 subspectra with pass acceptance), 400 Hz laser frequency, bin
size of 1 ns, and detector voltage multiplier of 0.48. A mass window of
m/z 230 tom/z 900 was used and a mass threshold ofm/z 0.5 applied for
peak identification. The AUC of each peak that corresponds to the mass
ID (mass tolerance ofm/z 0.5) is measured from the raw spectra for each
well on the SAMDI array and reported along with the AUC of a peak
corresponding to the mass of the tri(ethylene glycol) (EG3) terminated
monolayer molecule, which serves as an internal comparator having an
m/z 335.2. To calculate the relative signal value (RSV) for each com-
pound, the AUC of each compound is divided by the sum of that same
compound’s AUC and the AUC of the internal comparator.

2.6. Data analysis

GraphPad Prism was used to calculate enzyme kinetics and param-
eters such as KM, kcat, IC50 and EC50 values. Michaelis-Menten fits of
enzyme velocities were applied. IC50 values and Hill slopes were
generated using a four-parameter fit. EC50 values were generated using
“EC anything” where F = 50 and the max value constrained to the
saturating RSV. The quality and robustness of the assay were determined
by the analysis of the Z’ factor [27].

3. Results

3.1. Development of SAMDI MS POLB duplex assay

To develop a SAMDI MS assay for POLB lyase and polymerase ac-
tivities, we designed a triplex DNA sequence with a longer DNA template
and two shorter complementary strands that represent the sites for the
catalytically distinct lyase and polymerase activities (Supplementary
Figure S1). The two ssDNA substrate strands incorporate a biotin handle
that enables the rapid and specific immobilization onto Neutravidin
presenting self-assembled monolayer biochip arrays for SAMDI MS
analysis [12]. The sequence design strategy balanced the ionization
potential of the substrates and products, which often favors shorter se-
quences, and the melting temperature to ensure stable triplex formation.
We incorporated locked nucleic acids (LNAs) to increase the melting
temperatures for shorter sequences, ensuring that the triplex remains
intact throughout the assay including upon immobilization, and to
generate high-quality signal by MS [28,29]. Synthesizing the deoxyri-
bose presenting substrate proved challenging and was therefore gener-
ated enzymatically using the UDG enzyme [30] (Fig. 1A). SAMDI MS
analysis of the triplex substrate generated two peaks corresponding to
the anticipated m/z values for the biotinylated polymerase substrate
(m/z 2400.2) and the lyase substrate (m/z 2792.5), the latter aligning
with the expected mass following a complete reaction of the UDG
enzyme (Fig. 1B, top). The template strand is too large to generate a
significant signal in the SAMDI spectrum (data not shown). Upon treat-
ment with POLB, the SAMDI MS spectrum revealed two new peaks
corresponding to the anticipated products of the lyase (m/z 2537.2) and
the polymerase (m/z 2703.2) reaction (Fig. 1B, bottom), supporting its
use for further assay development.

3.2. Assay development and kinetic parameters

To develop an assay amenable for characterizing POLB lyase and
polymerase inhibitors, it is important to develop a kinetically balanced
assay for both activities [31]. The assay development strategy aimed to
identify optimal buffer conditions for measuring lyase and polymerase
activities together, rather than optimizing for an individual enzyme
activity. For example, while the lyase activity was optimal in a HEPES
pH 6.8 buffer, polymerase activity was not detected (Supplementary
Figure S2). Therefore, HEPES pH 7.4 was selected as each reaction
exhibited similar activities. The same strategy was adopted for opti-
mizing the buffer for monovalent and divalent salts (NaCl and MgCl2),
reducing agents, carrier proteins, glycerol and DMSO tolerance (Sup-
plementary Figure S2). These data revealed an optimized buffer of 25
mM HEPES pH 7.4, 80 mM NaCl, 2.5 mM MgCl2, 0.005 % Tween-20,
and 1 mM DTT.

The KM of the DNA substrate was measured by measuring POLB
activity over a substrate concentration range of 78 nM to 2.5 μM and a
fixed dTTP concentration of 200 nM. The initial velocities (V0) were
calculated using the linear portion of the reaction and fit to a Michaelis-
Menten curve. The data revealed a KM value of approximately 990 nM
(95 % CI 820 nM to 1.2 μM) for the lyase substrate and approximately
750 nM (95 % CI 425 nM to 1.39 μM) for the polymerase substrate
(Fig. 2A). The similar KM value is consistent with previous reports
characterizing the interaction between POLB and its DNA substrate [38].
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A final substrate concentration of 100 nM (below the KM) was chosen to
minimize reagent consumption and allow the identification of small
molecule inhibitors that act through substrate competition. Next, the KM
of the dTTP cofactor was measured over a concentration range of 0.3–10
μM and fixed triplex DNA substrate concentration of 100 nM and the
data revealed a linear relationship, suggesting that the KM was >10 μM
(Fig. 2B). To confirm these results in an orthogonal assay, we developed
a fluorescent strand displacement assay to monitor POLB polymerase
activity [8]. The KM of each substrate was measured by testing the
substrate over a concentration range of 2.5–80 nM and a dTTP con-
centration range of 15.125–1000 μM. These data revealed an oligo
substrate KM of 10.8 nM (95 % CI 9.0 nM to 13.0 nM) and a dTTP KM of
275 μM (95 % CI 250 μM to 310 μM) (Fig. 2D, E). The higher affinity for
the fluorescence DNA substrate is likely influenced by the longer
sequence which makes more stable contacts with the enzyme compared
to the shorter seven nucleotide used in the SAMDI MS assay and a
different buffer that includes a lower NaCl concentration. The fluores-
cence assay data supports the linear relationship observed for dTTP
using SAMDI MS at lower concentrations. For the SAMDI MS assay, a
dTTP final concentration of 175 nM was selected because it is below the
KM and generated sufficient product formation for the polymerase in a
time frame that also permitted optimal lyase conversion. When using
these conditions, the IC50 of a triplex oligo that mimicked the product
was calculated to be approximately 2.5 nM for the lyase and 2.3 nM for
the polymerase (Fig. 2C) in the SAMDI MS assay, and an IC50 of 5.2 nM
in the fluorescence polymerase assay (Fig. 2F). The apparent higher
potency for the triplex inhibitor for the enzyme compared to the

measured KM of the triplex substrate is likely attributed to the additional
nucleotides of the triplex inhibitor (see Materials and Methods). These
data are consistent with the hypothesis that the higher affinity for the
fluorescence substrate is likely influenced by the longer sequence and it
makes more stable contacts.

3.3. POLB wildtype and mutant substrate specificity

To distinguish the two distinct activities of POLB, the triplex sub-
strate was tested with wildtype POLB and two constructs featuring point
mutations in the lyase and polymerase domains, respectively [32,33].
Plots of velocity as a function of enzyme concentration were generated
where the wildtype enzyme exhibited similar rates for the lyase and
polymerase activities (Fig. 3A, Supplemental Figure S3). These data
further support that the optimized assay maintains steady-state,
balanced kinetics suitable for identifying inhibitors through diverse
mechanisms. The POLB K72A mutant, located in the N-terminal lyase
domain, exhibits only polymerase activity (Fig. 3B) and the D256A
mutant in the polymerase domain generates only the lyase product
(Fig. 3C), while not significantly impacting the activity of the unaffected
domain function. The mutant constructs confirm the assay specificity of
the two independent POLB activities and suggest that compounds may
potentially inhibit one activity without impacting the other. Taken
together, these data support the rationale for developing the SAMDI MS
duplexed assay for screening for POLB polymerase and lyase inhibitors.

Fig. 1. SAMDI MS assay for POLB activity. (A) Scheme showing the enzymatic reaction. A DNA triplex is subjected to UDG treatment to remove the uracil base and
leave a 5′-deoxyribosephosphate (dRP). The bifunctional POLB enzyme exhibits lyase activity to remove the 5′-dRP residue and in the presence of dTTP adds one
nucleotide to the 3′ end of the abasic site (B) Representative SAMDI MS spectra before (top) and after (bottom) POLB activity.

Z.A. Gurard-Levin et al.



SLAS Technology 29 (2024) 100173

5

3.4. High-throughput screen of POLB bifunctional activity

The throughput of the SAMDI MS assay was assessed in 20 μL

volumes in 384-well plate format using the optimized conditions. Each
plate included 24 wells of DMSO only, 24 wells with 200 nM triplex
oligo for a 100 % inhibition control, and 16 wells with 4 nM triplex oligo

Fig. 2. Development of a duplexed POLB lyase and polymerase assay using (A-C) SAMDI MS and (D-F) a polymerase assay using a fluorescence strand displacement
assay. (A, D) KM of the triplex substrate was determined using conditions described in the Materials and Methods. (B, E) KM of the dTTP cofactor was determined
using described conditions. (C, F) IC50 measurements of the triplex inhibitor.

Fig. 3. Duplex SAMDI MS assay to measure POLB lyase and polymerase activity. Enzyme activity is measured with POLB (A) wildtype (B) K72A, and (C)
D256A mutants.

Fig. 4. High-throughput screen to identify inhibitors of POLB lyase and polymerase activity using SAMDI MS. (A) Inhibition data of 200,000 compounds analyzed in
a duplexed SAMDI MS assay. Circles represent lyase activity, squares represent polymerase activity. (B) Table of screening statistics. (C) Hit confirmation experiment
comparing the % inhibition observed for each compound against lyase and polymerase activities.
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as a mid-control. The presence of positive and negative controls allows
the calculation of the Z-factor (a measure of robustness) and the mid-
control ensures consistent assay behavior across the screen. A library
of 200,000 diverse compounds, each dissolved in DMSO, was screened
at a final concentration of 40 μM and a final DMSO concentration of 1 %
(Fig. 4A). The lyase and polymerase activities were consistent across
each plate (Supplementary Figure S4A) with Z-factors averaging > 0.7
for the lyase and > 0.9 for the polymerase activities (Supplementary
Figure S4B). Importantly, the mid-control exhibited consistent activity
around 60 % inhibition for each activity across all plates (Supplemen-
tary Figure S4C). The threshold for determining a hit was calculated by
summing the average inhibition of each compound to three times the
standard deviation across the screen for the two distinct activities
(Fig. 4B). The thresholds resulted in 1794 lyase hits and 1955 hits (0.90
% and 0.98 %, respectively), the majority of which were hits for both
activities, with a selection of compounds exhibiting preferential inhi-
bition for one enzyme activity (Fig. 4C). Each compound was then tested
at 40 μM in duplicate in the primary SAMDI MS assay with excellent
correlation amongst the independent replicates (R2 = 0.86 for lyase,
0.94 for polymerase) (Supplementary Figure S4D, S4E). The compounds
continued to exhibit similar activity on lyase and polymerase activities
(Fig. 4C). These data highlight the robustness and consistency of the
SAMDI MS assay to identify POLB lyase and polymerase activities and
identified several initial compounds for further evaluation.

3.5. Potency and selectivity in orthogonal assays

To gain insight into potency, a selection of compounds was tested in
a concentration response manner in the primary SAMDI MS duplex assay
and in the fluorescent strand displacement assay. Consistent with the
primary HTS and hit follow-up experiments, many compounds exhibited
similar IC50 values for the lyase and polymerase activities (Fig. 5A) and
behaved similarly in the fluorescence format (Fig. 5B). A possible
mechanism for inhibition is the intercalation of compounds into the
DNA, thereby perturbing the interaction with POLB and giving rise to an
inhibition signal. While intercalation assays such as thiazole orange can
rule out this undesirable mechanism [17], the fluorescence readout is
still susceptible to false positives due to optical interference. An assay
that measures direct binding of small molecules to the POLB protein
would provide more confidence that the compounds directly engage the
target protein.

3.6. SAMDI ASMS analysis

ASMS is a powerful platform that informs on direct binding [34–37].
The SAMDI technology was first reported in an ASMS workflow in 2017
[26] and later reported to complete a screen of 100,000 compounds in
less than eight hours against a viral protease [25]. In the SAMDI ASMS
assay, compounds and target are incubated in solution. Next, the
target-ligand complex is enriched on the SAMDI biochip arrays through

Fig. 5. Concentration response analysis of compounds in the (A) SAMDI MS duplex assay where circles represent lyase and triangles represent polymerase activities
and (B) fluorescence displacement polymerase assay. (C, D) Concentration response analysis of compounds analyzed in the SAMDI ASMS assay in the presence of
POLB alone (circles), POLB plus triplex DNA oligo (squares) and the reference surface (triangles).
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specific and rapid immobilization of the target. After unbound com-
pounds and the buffer are washed away, a matrix is applied, and upon
MALDI laser activation, the target and ligand dissociate due to the
non-covalent nature of the interaction, and the ligand is detected based
on its mass. To demonstrate SAMDI ASMS for POLB binders, a bio-
tinylated POLB construct was prepared and incubated with the triplex
oligonucleotide used as an inhibitor control in the biochemical assays,
along with the corresponding ssDNA lyase and polymerase sequences.
To further shed light on where the oligos bind to POLB, each oligo was
titrated over a concentration rage of 4–1000 nM in the presence of full
length POLB, an N-terminal construct (AA1–98) featuring the lyase
domain, a C-terminal construct (AA95–335) featuring the polymerase
domain, along with the reference surface. When the oligos are presented
within the triplex, the lyase and polymerase strands are detected with
the full-length protein and N-terminal truncation (Supplementary
Figure S5A, S5B). When the lyase and polymerase strands are incubated
as individual ssDNA oligos, the data revealed the lyase strand detected
with the full-length protein, with minimal signal detected for the
N-terminal construct (Supplementary Figure S5C). The polymerase
strand is detected with similar EC50 curves with the full length and
N-terminal construct (Supplementary Figure S5D), consistent with the
characterized DNA binding domain of POLB [38]. These data support
the use of SAMDI ASMS for measuring ligand binding to POLB.

A series of compounds was then tested in the SAMDI ASMS assay in
two formats. The first format aimed to understand whether the com-
pounds bound to a distinct domain. The data revealed compounds that
demonstrated binding to the lyase domain and full-length protein, along
with compounds that bound to the polymerase domain and full-length
protein, supporting the conclusion that both domains can bind ligands
(Supplementary Figure S5E, S5F). The second format aimed to address
whether small molecules exhibited competition with the DNA substrate
by titrating the compounds over a concentration range of 0.19–100 μM
in the presence of equimolar POLB and triplex DNA (400 nM each). The
data revealed compounds that likely bind independently of DNA binding
(Fig. 5C) and compounds that exhibit competitive binding with DNA
(Fig. 5D). Combined with the biochemical assays, the binding data aids
in identifying compounds that inhibit the two functional activities while
also exhibiting binding to the target, eliminating compounds that likely
inhibit through an undesirable mechanism such as intercalation. The
lack of signal observed in the background condition suggests that the
compounds do not non-specifically bind to the Neutravidin presenting
monolayer. Taken together, the use of orthogonal functional assays and
binding assays provide a toolbox to identify and validate POLB in-
hibitors and shed light on binding sites to guide which compounds are
most encouraging for further development. It also supports the flexi-
bility of the SAMDI technology to measure biochemical activities and
binding interactions for drug discovery research.

4. Discussion

Dual inhibitors of POLB lyase and polymerase activities remain an
unmet need. A recent report developed a covalent inhibitor of the POLB
polymerase activity with a small molecule that modifies a lysine residue
within the POLB polymerase domain [39]. The impact of that molecule
on POLB lyase activity remains an open question as traditional assay
formats are restricted to a single substrate to product transition. Inhi-
bition of lyase and polymerase activities is critical for the synthetic
lethality observed with PARPi. The combination of POLB knockout with
therapeutic doses of PARPi led to profound tumor regression and pre-
vented in vivo tumor growth even after stopping treatment [7]. These
findings support the development of dual POLB lyase and polymerase
inhibitors. The label-free, high-throughput duplex SAMDI MS assay
described in this report is a major step towards addressing this clinical
need. The screen identified several hits that were validated in orthog-
onal biochemical and binding assays. We expect that there will be future
work to test these inhibitors in relevant cancer model cell lines to

evaluate their potential therapeutic value.
Mass spectrometry continues to play a critical role in drug discovery

with new instruments and techniques to overcome historical hurdles and
it has been extensively reviewed [40-41]. This study reports, to the best
of our knowledge, the first label-free and high-throughput assay to
simultaneously measure two distinct activities from a bifunctional
enzyme in a single assay and showcases the value that high-throughput
mass spectrometry brings to drug discovery research. The SAMDI MS
technology has previously been applied to diverse enzyme activities,
including post-translational modifying enzymes (lysine demethylases,
protein and RNA methyltransferases, deacetylases, among others), nu-
cleases, arginase, and proteases [13–18]. Recently, SAMDI MS was used
to screen two distinct viral proteases in a multiplexed format on two
peptide substrates. The ability to inform on enzyme activity and selec-
tivity in a single assay was valuable, identifying a compound that
exhibited the desired antiviral effect in cells without exhibiting cyto-
toxicity [19]. SAMDI MS offers several advantages over traditional MS
approaches [40,41], including conventional MALDI, that benefit drug
discovery. First, the ability to immobilize the analytes of interest to
SAMDI biochip arrays offers rapid purification of analytes of interest out
of complex, quenched reactions. In this manner, the buffer components
that can lead to ion suppression [42] in mass spectrometry instruments
are washed away prior to analysis. The solution allows researchers to
optimize the assay conditions for the target, without being limited by
instrument requirements, while benefiting from the
ultra-high-throughput readout of the MALDI instrument. The data gen-
erates peaks corresponding to singly charged, intact molecules, simpli-
fying data analysis.

The SAMDI MS platform is flexible in that it also offers a rapid
workflow for measuring small molecule binders to distinct targets. The
SAMDI ASMS platform has previously been reported to screen for small
molecule binders to a protein target [25,26]. This paper is the first report
demonstrating that SAMDI ASMS can measure the binding of short oli-
gonucleotides to a protein target. Data analysis of oligonucleotide
binding is different than SAMDI ASMS for small molecule ligands due to
the MALDI and matrix conditions needed for ionization. Traditional
SAMDI ASMS with small molecules generates a RSV calculated by a ratio
of the AUC of a peak corresponding to the mass of the compound of
interest to the sum of that AUC plus the AUC of a peak that corresponds
to the mass of a monolayer molecule that acts as an internal comparator
[25]. Reporting data in this manner benefits from the fact that small
molecules and the internal comparator ionize utilizing similar MALDI
and matrix conditions. Oligonucleotides, however, ionize using matrix
and MALDI settings that are different than the internal comparator.
Therefore, the data here for oligonucleotide binders is reported strictly
as the AUC value. Since absolute signal on a MALDI instrument can vary,
these data are utilized to inform on whether the oligo is detected. The
EC50s generated for small molecule ligands are used to rank order
binders by affinity since ASMS workflows are not technically equilib-
rium reactions, and therefore do not report a KD. The use of SAMDI
ASMS in this study was critical to rule out compounds that inhibit
through non-desirable mechanisms. The data for several biochemical
inhibitors did not support binding in the ASMS assay, demonstrating
effective compound triage using this workflow. Together, this study
showcases how the evolution of SAMDI MS continues to have a positive
impact for drug discovery research, with flexible solutions for diverse
targets and analytes.
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