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Abstract. APOBEC3B cytosine deaminase contributes to the mutational burdens of tumors,
resulting in tumor progression and therapy resistance. Small molecule APOBEC3B inhibitors have
potential to slow or mitigate these detrimental outcomes. Through molecular dynamics (MD)
simulations and computational solvent mapping analysis, we identified a novel putative allosteric
pocket on the C-terminal domain of APOBEC3B (A3Bctd), and virtually screened the
ChemBridge Diversity Set (N~110,000) against both the active and potential allosteric sites.
Selected high-scoring compounds were subsequently purchased, characterized for purity and
composition, and tested in biochemical assays, which yielded 13 hit compounds. Orthogonal NMR
assays verified binding to the target protein. Initial selectivity studies suggest these compounds
preferentially target A3Bctd over related deaminase APOBEC3A (A3A), and MD simulations
indicate this selectivity may be due to the steric repulsion from H56 that is unique to A3A. Taken
together, our studies represent the first virtual screening effort against A3Bctd that has yielded

candidate inhibitors suitable for further development.
1 Introduction

APOBEC3 (apolipoprotein B mRNA editing catalytic polypeptide-like 3, A3) enzymes catalyze
the conversion of a cytosine base to uracil in single-stranded DNA (ssDNA) (Figure 1A).! There
are seven members of the A3 family, A3A/B/C/D/F/G/H, and each protein contains either a single
catalytic domain or two domains, where the C-terminal domain (ctd) is catalytic and the N-terminal
domain (ntd) is pseudocatalytic (Figure 1B).>* A3 proteins are structurally similar, containing a
conserved five B-sheet, six a-helix tertiary structure, where the flexible loops 1, 3, and 5 surround
the active site to form important interactions with the sSDNA substrate (Figure 1C, L1/3/5).* Most

A3 proteins prefer to deaminate at a 5'-TC-3" dinucleotide context, where the -1 T makes a number
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of interactions with loop 7 (Figure 1C, yellow, L7); A3G is the one exception and prefers to

deaminate at a 5'-CC-3' dinucleotide motif.’
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Figure 1. Overview of APOBEC3 protein structure and function. A) A3 enzymes deaminate at target cytosine (C)

bases in ssDNA, converting the nucleobase to uracil (U). B) The seven members of the A3 family are either single
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domain (A3A/C/H) or double domain (A3B/D/F/G) enzymes. Colors represent different phylogenetic grouping, based
on domain sequence. C) Structure of A3Bctd bound to a single-stranded 5-mer oligonucleotide (orange). In this
structure, the 0 on the oligonucleotide indicates the target cytosine which is deaminated by A3 proteins, and -1
indicates the 5’ nucleotide, which makes extensive interactions with the protein to impart binding selectivity.
Highlighted loops are loops 1 (L1, pink), 3 (L3, blue), 5 (LS5, green), and 7 (L7, yellow), which are also important in
determining substrate selectivity. The blue sphere is a coordinated zinc ion in the active site, which is required for

enzymatic activity. PDB: 5TDS.

A3D/F/G/H were originally identified as a part of the innate immune system defense against viral
infection that function to clear foreign DNA from cells,® but more recently, errant A3A and A3B
activity has been implicated as drivers of genomic instability related to cancer tumor
mutagenesis.”” High A3A and A3B expression is correlated with more aggressive tumors, and
poor clinical prognosis;!'®!! however, the exact role of each enzyme in cancer mutagenesis is still
debated. One recent study suggests both A3A and A3B contribute to the mutational landscape in
various cancers, and that A3B may also play a role in restricting A3A activity.® Therefore,
questions remain on the exact function of A3B in cancer development and metastasis, as well as
its interactions with A3A, which could be better understood with the use of selective small

molecule inhibitors.

Early APOBEC inhibitors (e.g., MN1 and MN23, see Figure S1) were identified from high-
throughput screening using a quenched fluorescence deaminase assay; however, those compounds
suffer from multiple structural liabilities that preclude further development.'?!> A well-known
cytidine deaminase transition state inhibitor, deoxyzebularine (dZ), was integrated into a ssDNA
strand to generate a micromolar inhibitor of A3B, %15 and further elaboration of zebularine-based

nucleic acid inhibitors have garnered inhibitors with promising biochemical and cellular potency.!'®
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However, nucleic acid-based analogues of this design require delivery agents or further
modifications to enable cellular uptake, limiting utility as probes. Most recently, a number of non-
specific A3/AID small molecule inhibitors were published with mid-micromolar inhibitory
activity (Figure S1), but these compounds have not been tested for cellular efficacy and are not

selective within the A3 family or among the wider APOBEC family.!”-!8

A3B is a particularly challenging drug target. It has a small and closed active site and the dynamics
of the active site opening are not well understood. We ascribe these features to the difficulty in
identifying A3B inhibitors from screening of small molecule libraries.!” Therefore, we turned to
computer-aided drug discovery (CADD) as a new approach for targeting A3B. To date, there are
no published crystal structures of A3B in complex with small molecules. Moreover, the A3Bctd
protein used in published crystal structures is often heavily mutated.*?° Therefore, in silico
modeling and CADD of wild-type A3Bctd can aid ligand design where structure-guided
crystallography lacks. With the increase in computing power and improvements in underlying
algorithms, in silico screening can explore a larger chemical space than is feasible with typical
high-throughput screening. Here, we report our virtual screening effort against both the active and
allosteric sites, as well as the biochemical and biophysical validation of the compounds. We also

show data suggesting that these compounds may be selective for A3Bctd over A3A.

2 Results and Discussion
2.1 Molecular dynamics (MD) simulations of A3Bctd identify a putative allosteric site

We previously explored dynamics of wild-type A3Bctd both in apo and ssDNA-bound forms via

MD simulations totaling 16 ps.?! In this prior work, the DNA-bound crystal structure (PDB: 5TD5)
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was modeled back to wild-type by reverting all mutations to the wild-type sequence, as well as
adding back in the deleted L3. All A3Bctd snapshots from those MD simulations were clustered
based on their active-site shape using POVME3.0 program (Figure 2A).?> While the general
structure is similar between the eight different clusters, differences can be observed in the flexible

loop regions, as well as in the positioning of the a-helices.
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Figure 2. Molecular dynamics simulations and virtual screening of the A3Bctd active site and putative allosteric
pocket. A) Eight cluster representative structures from MD simulations shown in silver ribbons, loops 1 and 3
highlighted in orange. B) Binding hot spots of Cluster6 representative structure depicted with FTMap probes as
spheres. The front view highlights the FTMap probes binding into the active site, colored in orange. The back view
highlights the location of the putative allosteric site, where the FTMap probes are colored in purple. C) Amino acids
in 4 A proximity of FTMap probes predicted to bind the putative allosteric site. This is the same view as the one shown
on the right side of panel B. D) and E) Docking scores of compounds (in kcal/mol) from the virtual screen targeting
the D) active site and E) putative allosteric site. These results are a representation of the screening results, where
compounds with a > 5.5 kcal/mol docking score for the active site (D) and > 6 kcal/mol docking score for the putative

allosteric site (E) are not shown for clarity.
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All eight representative A3Bctd snapshots — one from each of the eight clusters POVME detected
— were then assessed for binding hot spots using FTMap, a computational solvent mapping
program.? The program utilizes small organic probe molecules and globally searches the protein
surface for druggable sites. Consensus sites (CS) on the protein are locations where the highest
number of probes dock. In addition to the A3Bctd active site (Figure 2B), an additional CS hot
spot was detected by FTMap at the back of L3 and far from the active site (Figure 2C). FTProd,
which compares and classifies FTMap-detected binding sites across multiple protein structures,**
detected this new site as a binding hot spot in 7 out of 8 cluster representative A3Bctd structures
(Figure S2). Due to the difficulty of finding small molecules that bind the A3Bctd active site via
HTS, we decided to assess both sites through virtual screening. Cluster0 and Cluster6
representative A3Bctd snapshots were selected for virtual screening as they had the first and
second largest number of FTMap probes at the active site and the putative allosteric site,

respectively.

2.2 Virtual screening against the A3Bctd active site and putative allosteric site

Schrodinger Glide was employed to virtually screen the ChemBridge Diversity Set of 110,000
compounds for the active site, as well as the putative allosteric site, in their MD-generated
conformations selected above.?>-?” The compounds were ranked based on their docking score and,
separately, their ligand efficiency for the active site and putative allosteric site independently.
Targeting the active site, 387 compounds were selected based on a docking score cutoff of -6.8
kcal/mol and another 311 compounds were selected with a ligand efficiency cutoff of -0.37
kcal/mol (Figure 2D). An additional 712 compounds were selected using a docking score cutoff

of -3.5 kcal/mol from the virtual screen targeting putative allosteric site (Figure 2E). Filtering
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further based on compound availability, the final set of 1408 compounds was purchased for in

vitro testing.

2.3 Initial screening and characterization yielded 13 primary hits

The 1408 compounds were screened at 500 uM in our previously published microplate-based
deaminase activity assay in biological duplicate.!? The previously reported A3B inhibitors MN1
and MN23 were used as positive controls in the assay, and MN1 — also known as aurintricarboxylic
acid — also inhibits UDG.!? Hits were considered those in which the residual deaminase activity of
both replicates was less than 30% (Figure 3A). The primary in vitro screen of 1408 compounds
yielded 23 hits, resulting in a total hit rate of approximately 2%. This hit rate is reasonable given
that previous HTS against APOBEC3 enzymes have generated hit rates between 0.02% and
0.8%;!? in fact, we would expect a higher hit rate than a traditional screen of a diverse compound
library given that the compounds were selected via a primary in silico screen. The plated
compounds that hit in single-point response were then retested in an additional single-point
replicate, followed by dose response to reconfirm (Figures S3-4). Of the 23 hits, ten did not
reconfirm upon follow-up testing and three contained known PAINS-like moieties,?® yielding a
final total of 10 hits. One of the best performing compounds among the hits, 10, had a docking
score of -6.84 kcal/mol. The docking scores selected for in vitro screening extended from -6.8 to -
8.1 kcal/mol; therefore, the docking score of 10 was low compared to others. If compounds with
that docking score showed activity against A3Bctd, we hypothesized that the original docking
score cutoff may have been too stringent. Therefore, the virtual screening cutoff was lowered and

more compounds were selected for a second round of testing.
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Figure 3. Primary screening hits from in vitro assay screening. A) First screen of 1408 compounds at 500 uM in
biological duplicate. Red dots indicate positive hits. Dashed line indicates 30% residual deaminase activity cutoff.

MN1 and MN23 are positive controls; the compounds are run on every plate but grouped at the end of the compound
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list for clarity. B) Second screen of 725 compounds at 100 uM in biological duplicate. Red dots indicate positive hits.

Dashed line indicates 60% residual deaminase activity cutoff. MN1 and MN23 are positive controls.

An additional 627 compounds from a lowered binding score cutoff of -6.5 kcal/mol were tested,
as well as 98 compounds that were selected based on structural and 2D/3D similarity to the initial
hits including 10 (Figure 3B). These compounds were screened with the same A3Bctd activity
assay at a 100 uM concentration, which is lower than the initial screening concentration of 500
UM because we were interested in those compounds that were more potent than the best hits from
the initial screen. An additional four compounds were also considered hits based on a 60% residual

activity cutoff, filtering for PAINS warnings, and commercial availability of additional material.

In aggregate, 19 compounds — 10 from the initial screen, four from the second screen, and five
compounds discovered through SAR by catalogue against 10 — were all repurchased and the
compounds were purified by preparative HPLC. Compound 27 hydrolyzed quickly in water, and
further study was discontinued (Figure S25). Compound 28 was insoluble in the HPLC mobile
phase and was removed from further study. In total, 17 compounds were purified to >95% purity

by 215 nm and 254 nm analysis for further testing (Table S2, Figures S6-22).

The purified compounds were then re-tested in the same activity assay used for screening, and 13
retained inhibitory activity after purification (Figure 4A). Of the four that did not inhibit, three of
them were compounds selected through "SAR by catalog" against 10 and were not tested in either
of the initial screens. The ICso of most compounds that retained activity was between 500 uM and
1 mM, although four compounds have ICso values around 100 uM (Table 1). The activity assay is
a coupled assay, where it relies upon the activity of two proteins to achieve signal. The cytosine

deaminase (in this case, A3Bctd) deaminates the target cytosine to a uracil, and then uracil DNA

10
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glycosylase (UDG) excises the uracil base, leaving an abasic site that can be cleaved upon addition
of aqueous sodium hydroxide. If the compounds inhibit UDG and not A3Bctd, the result of the
assay will appear the same. Therefore, the compounds were also tested for inhibition of UDG by
performing the same assay, except the substrate oligo has the uracil base instead of a cytosine.

None of the 13 compounds that inhibited A3Bctd after purification inhibited UDG in this control

assay (Table S4).
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Figure 4. Confirmatory testing of repurchased and purified compounds. A) Activity assay against A3Bctd after
compound purification. Graph is one representative replicate of two biological replicates. Error bars are the standard
error of the mean (SEM) of three technical replicates. B) Fluorescence polarization assay to test the ability of the
compounds to displace DNA. Representative replicate of two biological replicates. Error bars are the SEM of three

technical replicates.
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Table 1. Structures and associated ICsos of the 17 repurified compounds, along with the putative binding site based

on virtual screening. ICso is the average + SEM of two biological replicates.
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2.4 Fluorescence polarization assay shows compounds do not displace DNA from the active site

A fluorescence polarization assay, which measures displacement of a fluorophore-labeled DNA
substrate, was used to assess potential binding location and mode of action of the compounds that
inhibited A3Bctd.!*!> Most of the compounds did not displace DNA from the active site (Figure
4B); some compounds appeared to potentially displace DNA at very high concentrations (>1 mM).
A negative result in this FP assay does not necessarily mean the compounds are not binding to the
protein; instead, it indicates the mechanism of inhibition is likely not through substrate
displacement. Only one compound, 12 displaced DNA from the active site of A3Bctd in a dose-
dependent manner with an ICso of 861 £ 22 uM. This was particularly interesting because 12 is a
closely related analogue of 10, which did not displace ssDNA. The two compounds differ only in

the substitution pattern on the aryl ring farther from the piperidine moiety, and we hypothesized

14
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that additional steric bulk at the ortho position could interact with loop 3, leading to substrate
displacement. Of the 12 compounds tested in the FP assay, four were predicted to bind to the active
site: 6, 8, 14, and 17 (Figure 4B). One compound, 5 could not be tested in additional assays,

including FP, due to a lack of available material for re-purchase.
2.5 Synthesis of 10*

To obtain more material for further study 10 was synthesized in four steps (Scheme 1) and labeled
10* to differentiate this batch from commercially purchased material. Commercially available
benzyl-protected piperidone 18 was reacted with EtMgBr, which yielded Grignard product 19 in
good yield. Hydrogenation of the benzyl group and subsequent amidation with benzoyl chloride
afforded 20 in 50% yield over two steps. Suzuki coupling of 20 with boronic acid 21 resulted in
10* in 75% yield.
Me
. 2o
: ) :
e [o}
o\]\\/j EtMgBr Hol(j 1) Hp, PdIC, MeOH, 50 psi " (H0)23\©\)(NH Pd(dppf)Cly, KoCO; ° O
THF, 0°C - rt 2) (4-Br)BzCl, Et3N, CH,Cl, 04\@\ + 2 1,4-dioxane, 80°C 0
Br F F

N N
Bn 70% Bn 50% (2 steps) 75%

18 19 20 21 10+  O” "NH;

Scheme 1. Synthesis of 10*.

2.6 Assessing qualitative and quantitative binding affinity of hit compounds

Utilizing only two assays with the same readout (e.g., fluorescence) leads to the possibility of false
positives due to compound interference.?’ Therefore, we endeavored to rigorously characterize our
hits through orthogonal assays. In order to confirm the compounds were indeed binding to the
target protein, we employed the Carr-Purcell-Meiboom-Gill (CPMG) NMR pulse sequence as a
ligand-observed 'H NMR method to observe compound binding.’*3! Binding of the small

molecule to the target protein is qualitatively observed as attenuation in NMR signal from protons

15
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on the ligand (Figure 5). Signal attenuation was calculated by overlaying spectra obtained in the
absence and presence of protein, normalizing the DMSO signal, measuring the intensity of a
selected peak in the protein present sample and dividing by the intensity of the same signal in the

protein absent sample, then multiplying by 100 to obtain the value as a percentage.

100 pM 10* alone
100 pM 10* + 50 uM A3Bctd

7.5 7.4 7.3

Figure 5. Evaluation of compounds by ligand-observed NMR. Example of compound (10%) binding as observed by
CPMG NMR. Aromatic proton signals are observed in the compound alone sample; signal attenuation observed upon

addition of protein.

Binding was observed for all but one of compounds that inhibited A3Bctd deaminase activity
(Table 2). There was slight signal attenuation with 9, but given the error from two biological
replicates, the observed signal attenuation is likely noise. Although we have quantified the signal
attenuation of the compounds, the absolute value of the signal attenuation is not directly equated
to the binding affinity of the compound; for example, although 6 has a signal attenuation of 59%

and 10* has a signal attenuation of 44%, this does not necessarily mean 6 has a lower K, than 10*.
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Signal attenuation is, in part, a factor of Kq4, but there are many factors that influence the change
T> relaxation, including the chemical environment and distance between the ligand and protein

protons.>?

Table 2. Ligand-observed '"H CPMG NMR signal attenuation of hit compounds (100 uM). Error reported is standard

deviation of two biological replicates. Individual spectra can be found in the Supplementary Information. L

Potential compound aggregation.

Compound Signal zz‘t;:)nuation Compound Signal z;(t;oe)nuation
6 58.8+£6.5 12 95.8£5.94
7 17.1+11.4 13 28.0+£4.0
8 55.0£7.9 14 41.7+1.1
9 5.45+4.46 15 20.1 £10.0
10* 43.7+10.2 16 33.7+3.4
11 334147 17 49.7+2.1

One advantage of utilizing CPMG NMR as a secondary binding assay is the ability to confirm
compound identification through inspection of the proton signals. Additionally, CPMG NMR can
hint towards potential issues with compound aggregates; this was the case with compound 12.
When observing the CPMG 'H NMR spectrum of the compound alone, we noted there were far
fewer signals in the aromatic region (~6.5-8.0 ppm) than there should be based on the compound
structure. However, the standard '"H NMR spectrum showed the presence of the expected aromatic
proton signals (Figure S45), indicating the loss of these signals in the relaxation-edited NMR was

not due to compound degradation. Instead, this suggests the compound is aggregating in solution,
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which potentially explains the DNA displacement seen in the FP assay. These data highlight the

importance of orthogonal and robust assay testing of any hit compounds from screening.

2.7 Compound selectivity against A3A

One important parameter for the development of A3 inhibitors is understanding the selectivity
across the protein family. The most closely related A3 protein to A3Bctd is A3A, which shares
92% sequence homology. Therefore, the compounds that inhibited A3Bctd were tested for
inhibition against A3A in the same deaminase assay activity assay. Interestingly, none of the
compounds inhibited A3A, suggesting the mechanism of inhibition was selective for A3Bctd over

A3A.

To observe if these compounds could bind to A3A, we also tested the compounds in CPMG NMR.
Although the compounds did not inhibit the protein, most of the compounds still bound to the
protein (Table 3). Again, it is important to note that with this method, it is not appropriate to
compare between protein samples and suggest a certain compound binds with a better affinity to
one protein over another based on the relative signal attenuation. Although the signal attenuation
has been listed here, the same aggregation issues previously observed with 12 were observed when
testing the compound against A3A (Figure S79). Additionally, although more signal attenuation
was observed in one replicate with 9 with A3A here than with A3Bctd above, the compound still
only appeared to attenuate signal on one biological replicate and therefore was not considered a

positive binder.
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Table 3. Signal attenuation in the CPMG 'H NMR assay against A3A.  Potential compound aggregation.

**Compound could not be tested due to lack of material.

Compound Signal zzﬁ;:)nuation Compound Signal zz‘t;:)nuation
6 55.5+6.5 12 63.8+2.9¢
7 36.0£11.6 13 449+7.9
8 56.3t£4.7 14 239+113
9 149 +12.5 15 197+1.2
10* 28.5+£3.8 16 29.2+129
11 43.9+0.1 17 N/A™

In order to further understand why these compounds bind but do not inhibit A3A, explicitly
solvated all-atom MD simulations of 10 with A3Bctd and A3A were performed in triplicate to
evaluate the dynamics of the ligand in the allosteric pocket. In A3Bctd simulations, 10 stayed
bound to the allosteric pocket for the entirety of three 1 ps simulations, and the average distance
between the ligand center of mass (COM) and residue F237 COM (a central residue in the allosteric
pocket) was 5.36 +/- 1.4 A across all three replicates (Figure 6A). In A3A simulations, 10 was less
stable in the allosteric pocket, and the average ligand-F54 COM distance (analogous to F237 in
A3Bctd) was 20.4 +/- 6.9 A across all three replicates (Figure 6B), suggesting that 10 makes more
stabilizing interactions in the A3Bctd allosteric pocket than in A3A, despite their high sequence

similarity.
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A) B)

0.6 Frequency of Distance: A3Bctd F237 and ligand COM 0.6 Frequency of Distance: A3A F54 and ligand COM
—— A3B & ligand —— A3A & ligand
n —— A3B, ssDNA, & ligand A3A, ssDNA & ligand
0.5F 1 0.5F 1
0.4 - 0.4f 1
> >
G =
203 {1 2o3f -
) ()
()] ()]
0.2} 1 0.2F 1
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C) L3 in “down” conformation L3 in “up” conformation

\ ‘—) P@ oS

Figure 6. A) Distance between the ligand center of mass (COM) and F237 for all 3 pus of simulations of A3Bctd of
each system. B) Distance between the ligand center of mass (COM) and F54 for all 3 ps of simulations of A3A of
each system. C) A3A (left) and A3Bctd (right) with 10 in the allosteric pocket, with the up and down conformation of
L3 (in red) displayed. L1 is shown in yellow, and L7 is shown in orange. ssDNA is shown in gray, and selected

residues in the allosteric site are highlighted.
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In A3A simulations, L3 displays an “up” conformation, and is oriented towards the DNA binding
groove. In A3Bctd simulations, L3 displays a “down” conformation, with C239 and C247
interacting, pulling the loop down towards the allosteric pocket (Figure 6C). This “down”
conformation of L3 in A3Bctd may stabilize the loop’s inherent flexibility, prevent L3 interactions
with ssDNA, and act as a clamp, trapping the ligand in the allosteric pocket. In contrast, the
analogous H56 in A3A on L3 does not interact with any residues in the allosteric pocket during
our simulations, and instead interacts with ssDNA, which may help stabilize ssDNA in the A3A
active site. This stark difference in L3 conformation between A3A and A3Bctd may help explain
the difference in inhibitory action of compound 10 on A3A and A3Bctd.

Given the experimental and computational evidence that 10 is selective for A3Bctd over A3A, we
also performed simulations with ssDNA in the active site and 10 bound to the allosteric site. In
these simulations, 10 was less stable in the allosteric site in both A3A and A3Bctd systems. In
A3A simulations, compound 10 was on average 162 +/- 4.6 A from F54, and in A3Bctd
simulations, compound 10 was on average 9.5 +/- 5.5 A from F237. Kernel Density Estimation
(KDE) further show that although 10 is on average farther from the A3Bctd allosteric site when
ssDNA is bound, there is still a small maximum at approximately 5 A, whereas there is no clear
maximum in the A3A KDE when ssDNA is present (Figure 6A/B). Our simulations suggest that
compared to A3A, 10 is more stable in the A3Bctd allosteric pocket when ssDNA is bound, which
is supported by the selectivity for these allosteric compounds to inhibit A3Bctd but not A3A.
Furthermore, the ssDNA stayed bound to the active site during the entirety of the simulations,
which agrees with our FP assays reported above, as compound 10 was unable to displace ssDNA

from the active site.

2.8 Development of cysteine reactive probe for binding site determination
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Previous results suggested that many of these compounds were acting through an allosteric
inhibition mechanism, as they did not block DNA binding to the active site, but still bound the
protein as observed via NMR. The computational docking of 10 bound to A3Bctd suggested the
compound in the putative allosteric would be positioned near two potentially solvent exposed
cysteine residues, C239 and C247 (Figure 6C). To probe the binding mode of this compound, we
modified the aryl amide region of 10 and appended a chloroacetamide moiety for cysteine
reactivity, resulting in 24 (Scheme 2). Intact protein mass spectrometry was performed to ensure
the covalent compound adducted to A3Bctd in a dose- and time-dependent manner (Figure 7A).
24 was incubated with A3Bctd for one and three hours at varying molar equivalents of compound
over protein, and the degree of covalent adduction was quantified using the intensity of the adduct
mass species. At one hour, a majority of the protein shows adduction of the covalent compound at
or above 10x the protein concentration. Expectedly, we observe a higher degree of labeling at the
longer incubation times as covalent adduction is a time-dependent event. Multiple adduction
events are detected at the higher time and concentration points, implying some nonspecific
reactivity towards cysteines. This reactivity could be due to the electrophilic warhead, as
chloroacetamides are generally more cysteine reactive than other groups, like acrylamides.>* When
the covalent warhead was converted to the acrylamide (25, SI 1.1.6) there were no multiple

adduction events detected (Figure S104).

To identify the specific site of adduction, the compound-adducted A3Bctd was digested with
trypsin for bottom-up proteomic analysis, and 24 was found to covalently label C247 (Figure 7B).
This cysteine is in the middle of L3, which suggests that compound binding to the allosteric pocket

of A3Bctd interacts with that loop, confirming the computational modeling that suggests L3
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provides stabilizing interactions to compound binding, and could potentially restrict the movement

of L3 as a mechanism of inhibition.

Considering the demonstrated selectivity of these compounds for A3Bctd over A3A, A3A was
subjected to the same intact protein and bottom-up mass spectrometry experiments as A3Bctd. 24
adducted to A3A in a similar manner as reported for A3Bctd, although with a higher percentage
of second adduction events at the higher concentrations (Figure 7C). After tryptic digest, we
identified 24 adducted to C64, the analogous cysteine in A3A as C247 in A3Bctd (Figure 7D).
Although a similar binding mode was detected for A3A, our computational model predicts that the
analogous allosteric pocket on A3A may be occluding the binding of the compound due to the
bulky histidine unique to A3A. Thus, the compound is likely adducting to the most reactive solvent
exposed cysteine in A3A, but not actively binding in the allosteric pocket to restrict L3 movement.
These results are supported by CysDB, a recently reported database developed by the Backus lab
that used chemoproteomics datasets to profile the reactivity and druggability of cysteines in the
human proteome.?* CysDB reported that the only druggable cysteine in A3B is C247, the same
residue adducted by 24, whereas no druggable cysteines were identified in A3A. These intact mass
and tryptic digest mass spectrometry results support the computational model of these compounds
binding to the allosteric site identified on A3Bctd and provide some rationale on the selectivity for

A3Bctd over A3A.
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Scheme 2. Synthesis of 24.
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Figure 7. Development of a cysteine-reactive probe for mass spectrometry-based experiments. A, C) Percent
adduction of 24 to A3Bctd (A) and A3A (C) using intact protein mass spectrometry, N = 2, error bars represent
standard deviation. B/D) Collision-induced fragmentation pattern of peptides from A3Bctd (B) and A3A (D) treated
24. Precursor peptides encompass amino acids 244-252 (B) and 61-69 (D). The lines between the amino acids indicate
observed b- and y-ions. Sequence of the protein is depicted above with DNA-engaging loops 1, 3, and 7 highlighted.
Cysteines predicted to be adducted are bolded, while experimentally detected adduction site depicted with a star. E)

Model of 10 docked against A3Bctd (structure based of PDB: 5TDS5) with the adducted cysteine in red, and other

24


https://doi.org/10.1101/2024.04.25.591187
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.25.591187; this version posted April 25, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

solvent exposed cysteine in blue, while loop three is highlighted in yellow. Sequence similarity between A3A and

A3Bctd depicted above.

3 Conclusions

In total, we screened over 100,000 compounds from the ChemBridge Diversity Set library through
a virtual screening effort targeting the active site and a novel putative allosteric site. After ranking
the compounds and selecting the top performing hits, 2133 compounds were screened through a
biochemical activity assay and 14 initial hit compounds were identified. After additional SAR by
catalog, 17 compounds were HPLC purified and retested, confirming 13 hits. These compounds
were then tested for binding through multiple orthogonal assays, including fluorescence
polarization and CPMG NMR. The compounds all bind to the protein, but do not displace DNA
from the active site of the protein, indicating their mechanism of inhibition is not through
competition with the ssDNA substrate. While the compounds bind to both A3Bctd and the related
protein A3A, they are selective for A3Bctd inhibition despite the highly homologous nature of the
two proteins. One of the original hit compounds was converted to a chloroacetamide probe, and
through bottom-up proteomics we identified the compound adducts near the computationally-
predicted allosteric pocket on A3Bctd and at the same cysteine in A3A. Computational
experiments suggest this difference in inhibitory activity is likely because of the presence of a

bulky histidine residue near the allosteric binding pocket in A3A, which does not exist in A3Bctd.
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