MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Identification of Small Molecule Translesion Synthesis Inhibitors
That Target the Rev1-CT/RIR Protein-Protein Interaction

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Sail, Vibhavari et al. “Identification of Small Molecule Translesion Synthesis Inhibitors
That Target the Rev1-CT/RIR Protein-Protein Interaction.” ACS Chemical Biology 12, 7 (June
2017): 1903-1912 © 2017 American Chemical Society

As Published: http://dx.doi.org/10.1021/ACSCHEMBI0.6B01144
Publisher: American Chemical Society (ACS)
Persistent URL: http://hdl.handle.net/1721.1/117497

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’'s formatting or copy editing

Terms of Use: Article is made available in accordance with the publisher’s policy and may be
subject to US copyright law. Please refer to the publisher’s site for terms of use.

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/117497

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2018 July 21.

Published in final edited form as:
ACS Chem Biol. 2017 July 21; 12(7): 1903-1912. doi:10.1021/acschembio.6b01144.

-, HHS Public Access
«

Identification of small molecule translesion synthesis inhibitors
that target the Rev1-CT/RIR protein-protein interaction

Vibhavari Saill#, Alessandro A. Rizzo2*, Nimrat Chatterjee3*# Radha C. Dash?, Zuleyha
Ozenl, Graham C. Walker3, Dmitry M. Korzhnev2", and M. Kyle Hadden1*

1Department of Pharmaceutical Sciences, University of Connecticut, 69 North Eagleville Road,
Unit 3092, Storrs, CT 06269, USA

2Department of Molecular Biology and Biophysics, University of Connecticut Health Center,
Farmington, CT 06030, USA

3Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Abstract

Translesion synthesis (TLS) is an important mechanism through which proliferating cells tolerate
DNA damage during replication. The mutagenic Rev1/PolC-dependent branch of TLS helps cancer
cells survive first-line genotoxic chemotherapy and introduces mutations that can contribute to the
acquired resistance so often observed with standard anti-cancer regimens. As such, inhibition of
Rev1/PolC-dependent TLS has recently emerged as a strategy to enhance the efficacy of first-line
chemotherapy and reduce the acquisition of chemoresistance by decreasing tumor mutation rate.
The TLS DNA polymerase Rev1l serves as an integral scaffolding protein that mediates the
assembly of the active multi-protein TLS complexes. Protein-protein interactions (PPIs) between
the C-terminal domain of Revl (Rev1-CT) and the Revl-interacting region (RIR) of other TLS
DNA polymerases play an essential role in regulating TLS activity. To probe whether disrupting
the Rev1-CT/RIR PPl is a valid approach for developing a new class of targeted anti-cancer
agents, we designed a fluorescence polarization-based assay that was utilized in a pilot screen for
small molecule inhibitors of this PP1. Two small molecule scaffolds that disrupt this interaction
were identified and secondary validation assays confirmed that compound 5 binds to Rev1-CT at
the RIR interface. Finally, survival and mutagenesis assays in mouse embryonic fibroblasts and
human fibrosarcoma HT1080 cells treated with cisplatin and ultraviolet light indicate that these
compounds inhibit mutagenic Rev1/PolC-dependent TLS in cells, validating the Rev1-CT/RIR PPI
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for future anti-cancer drug discovery and identifying the first small molecule inhibitors of TLS
that target Rev1-CT.

INTRODUCTION

Genotoxic chemotherapeutics (platinating agents, alkylating agents, etc.) are standard first-
line chemotherapy for many types of human cancer.1~® Typically, cancer patients initially
respond well to these agents; however, many patients rapidly develop resistance to these
chemotherapeutics and experience relapse, which requires either an increase in drug dosage
or a change in drug regimen to combat the relapsed cancer. In addition, the high doses of
these drugs used in chemotherapy regimens can result in toxic side effects in other tissues.
These disadvantages limit both the short- and long-term effectiveness of traditional
genotoxic agents, while also highlighting the therapeutic potential of small molecules that
could reduce the high dosage and avert acquired chemoresistance associated with these
therapies.

Translesion synthesis (TLS) is an important mechanism through which proliferating cells
tolerate DNA damage during replication.5=9 In humans, specialized TLS DNA polymerases,
including the Y-family polymerases Rev1, Poln, Polx, Polv and the B-family polymerase
PolC (Rev3/Rev7/PolD2/PolD3 complex10-12), carry out TLS over sites of DNA damage
thereby enabling cells to replicate while leaving the DNA lesions unrepaired.5-9 The
mutagenic Rev1/PolC-dependent branch of TLS is responsible for most of the mutations
caused by DNA damage®13-16 and is also a mechanistic component of the repair of
interstrand DNA crosslinks.1” TLS not only plays a central role in helping normal cells
survive DNA damage, but also allows cancer cells to survive genotoxic chemotherapy.8
Furthermore, the error-prone TLS DNA polymerases increase the rate of mutation in tumors
contributing to the rapid emergence of drug-resistant cells; therefore, TLS has also been
implicated as an underlying mechanism responsible for the acquisition of resistance to
genotoxic chemotherapeutics.18-22

Inhibition of TLS has been shown to sensitize several types of cancer cells to first-line
chemotherapeutics while reducing mutagenesis.22-2° For example, suppression of Rev1/
PolC-dependent TLS sensitizes lung adenocarcinoma?* and ovarian carcinoma?® cells to the
cytotoxic effect of cisplatin and decreases their mutation frequency, as well as results in
improved chemotherapeutic efficacy in the KraséZ2P p537~ mouse model of human non-
small cell lung cancer.2> In the well-established Eu-myc arf”~ mouse model of Burkitt’s
lymphoma, suppression of Rev1/PolC-dependent TLS greatly reduced the frequency of
acquired drug resistance during DNA damaging chemotherapy.22 In another example, co-
administration of a cisplatin prodrug with siRNAs specific for Revl and Rev3 (the catalytic
subunit of PolC) enhanced chemotherapy response in a murine xenograft model of prostate
cancer.23 These findings provide strong evidence that TLS inhibition holds potential as a
new therapeutic strategy to enhance the efficacy of first-line chemotherapy. As such, small
molecule inhibitors of TLS are emerging as a promising new class of adjuvant agents that
could reduce both the dose of genotoxic agents and the associated toxic side effects of first-
line therapies, as well as avert chemoresistance.8

ACS Chem Biol. Author manuscript; available in PMC 2018 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sail et al.

Page 3

The majority of replication-blocking DNA lesions are bypassed by a combination of TLS
DNA polymerases in a two-step process of Rev1/PolC-dependent TLS,%13-16 in which an
‘inserter’ DNA polymerase (commonly Polr, Polx, Polv) incorporates a nucleotide across
the lesion followed by extension of the primer-template by an ‘extender’ PolC (a complex of
Rev3/Rev7/PolD2/PolD3 subunitsl9-12). These TLS enzymes replace replicative DNA
polymerases, Pol& and Pole, at sites of DNA damage in a reversible process controlled by
ubiquitination of Proliferating Cell Nuclear Antigen (PCNA).26-28 The sliding clamp PCNA
and the DNA polymerase Rev1 play key structural roles in Rev1/PolC-dependent TLS by
serving as scaffolds that control the fine-tuned assembly of TLS DNA polymerase
complexes and mediate polymerase switching through a series of protein-protein interactions
(PP1s).89 In humans, Rev1 PPIs with all other TLS enzymes are mediated by its C-terminal
(Rev1-CT) domain that can bind Rev1-interacting regions (RIR) from Polx, Polr, Polv and
PolD3 and, at the same time, interact with the accessory Rev7 subunit of Pol(.2%-35 Cells
deficient in Revl exhibit increased sensitivity to DNA damage and a significantly reduced
mutation rate.36-38 Deletion of the Rev1-CT domain confers a similar DNA damage
sensitive non-mutable phenotype, suggesting that this domain is critical for the cellular
function of the TLS pathway.3%-40

Based on the essential role that Rev1-CT interactions with other TLS DNA polymerases
play in mediating Rev1/PolC-dependent TLS, small molecules that disrupt these PPIs hold
potential as a novel class of adjuvant agents for first-line genotoxic chemotherapy.
Therefore, we developed a fluorescence polarization based assay to identify small molecules
that disrupt interactions between Rev1-CT and other TLS polymerases containing RIR
motifs. Optimization and implementation of this assay in a pilot screen has resulted in the
identification of the first small molecule scaffolds that inhibit TLS through direct binding
interactions with Rev1. In addition, the ability of these compounds to enhance cisplatin and
UV sensitivity and reduce cisplatin-mediated mutagenesis in mouse embryonic fibroblasts
and human cancer cells validates the Rev1-CT/RIR PPI as an anti-cancer drug target.

RESULTS AND DISCUSSION

Assay Optimization and Pilot Screen

Our overall assay design focused on developing a fluorescence polarization (FP) assay to
identify small molecule scaffolds that disrupt Rev1-CT/Polx-RIR PPls. We chose the Pol«x-
RIR for our screen because it exhibits greater binding affinity (Kq = 1.7 uM) for Rev1-CT
than other RIR motifs, suggesting a more stable complex for assay development.2® The
Rev1-CT domain (residues 1157-1251) was expressed as described elsewhere3! and purified
in complex with a synthesized (GenScript) human Polx-RIR peptide (residues 560-575)
modified with an N-terminal fluorescein amidite label (FAM-Polx-RIR). To determine the
optimal concentration of the Rev1-CT/FAM-Polx-RIR complex for our assay, we evaluated
the ability of unlabeled Polx-RIR to disrupt the complex across a wide-range of
concentrations (Supplemental Figure 2). When the complex concentrations were below 10
nM, the changes in fluorescence polarization (measured in mP units) upon displacement of
the FAM-labeled with the unlabeled peptide were modest. When the concentration of the
complex was above 100 nM, the noise associated with the fluorescently labeled peptide was
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too high and a concentration-dependent response was not observed. By contrast, a robust,
concentration-dependent displacement of the FAM-Polx-RIR was observed with complex
concentrations of either 10 nM (IC5¢ = 7.3 £ 1.4 pM) or 100 nM (IC5p = 6.6 £ 0.1 uM). In
addition, the ability of the unlabeled peptide to disrupt the complex at these concentrations
correlated well with the Rev1-CT/Polx-RIR binding affinity previously determined.29-30.41
In our hands, the assay was most reproducible when the complex concentration was 100 nM;
therefore, we utilized this concentration for the remainder of our assays. These optimized
parameters provide a robust, reproducible assay with a Z’ score of 0.74 (Figure 1A).42

Utilizing the optimized FP displacement assay, we performed a pilot screen of 4,800
compounds to identify small molecules that disrupt Rev1-CT/RIR PPIs. Compounds
evaluated in this screen were from the ChemBridge DIVERSet library, which was chosen
because it represents a highly diverse series of structures with stringent drug-like properties
that cover a broad range of molecular scaffolds. In this initial screen, 83 compounds (1.7%)
completely displaced FAM-Polx-RIR from Rev1-CT at 10 uM (FigurelB). Re-screening of
the 83 hit compounds at 1 uM identified several compounds that displaced approximately
50% of the FAM-Polx-RIR from the complex at this concentration (Figure 2). Follow-up
studies for these compounds demonstrated that each of them inhibited Rev1-CT/Polx-RIR
interactions in a concentration-dependent fashion with 1Cgq values in the low micromolar
range (Table 1 and Supplemental Figure 3). Structurally, our screen identified two general
scaffolds as inhibitors of the Rev1-CT/RIR PPI (Figure 2). The first scaffold contained a
central piperazine flanked by two phenyl rings (represented here by 1-3). The second
scaffold contains a ‘right-side’ piperidinyl ketone linked through an amide bond to a ‘left-
side’ substituted thiophene (4-5).

NMR Binding Studies

The results of previous structural and mutational studies for PPIs between the Revl-CT
domain and RIR motifs from multiple TLS DNA polymerases highlighted the importance of
a Phe-Phe pair (Polx, Phe567-Phe568; Polr, Phe531-Phe532; PolD3, Phe238-Phe239)
within the RIR motif as ‘hot spot’ residues critical for binding Rev1-CT.29-31.34-35 The
Rev1-CT domain adopts a four-helix bundle fold with the binding site for RIR motifs
formed by the first two a-helices and the N-terminal B-hairpin (Figure 3).31 Upon binding,
the RIR motif folds into an a-helix that positions the side-chains of the two Phe residues
towards the domain surface. The side-chains of these Phe residues interact with a pre-formed
binding site on Rev1-CT and account for the majority of intermolecular contacts that
stabilize the Rev1-CT/RIR complex, representing a ‘hot spot’ region for this PPl in Rev1-CT
(Figure 3C).

In order to confirm that the hit compounds disrupt the Rev1-CT/Polx-RIR complex through
direct binding interactions with the Rev1-CT site for RIR motifs, we performed NMR
binding experiments in which 50 pM 15N labeled Rev1-CT domain was gradually titrated
with 1 or 5 (Figure 3). These two compounds were specifically chosen for the binding
studies because they are predicted to exhibit greater aqueous solubility (as determined by
their cLogP values) at the concentrations needed for our NMR binding studies (above 100-
150 uM). A number of backbone and Trp side-chain NH resonances in 1H-1°N HSQC
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spectrum of the Rev1-CT domain shifted upon addition of compound 5 (Figure 3A),
suggesting direct binding (with exchange between the free and bound forms fast on the
NMR time-scale). The changes in positions of amide resonances of the Rev1-CT domain
were quantified, and the resulting titration profiles (*H and 1°N chemical shifts vs. the
domain and compound concentrations) were analyzed to extract per-residue binding-induced
amide chemical shift changes Aw and dissociation constants Ky (see Methods and
Supplemental Figure 4). The obtained binding-induced chemical shift changes were mapped
onto the Rev1-CT structure, outlining the Rev1-CT binding site for compound 5 (Figure
3B). On the other hand, titration of compound 1 into 50 uM 15N labeled Rev1-CT resulted in
only minimal chemical shift changes for amino acid residues at the RIR interface, possibly
due to lower aqueous solubility of 1 as compared to 5 (Table 1). Overall, the assumed
aqueous concentrations of 1 and 5 were at the limit of compound solubility and the actual
concentrations evaluated are likely overestimated. Because of this low solubility, we were
not able to saturate Rev1-CT with either compound and obtain accurate estimates of either
Kg or absolute values of chemical differences between the free and bound states (Aw).
Nonetheless, relative binding-induced NMR chemical shift changes for different NH groups
provide clear evidence that compound 5 interacts with the Rev1-CT region encompassing
the binding site for RIR-motifs formed by a-helices H1 and H2 and the N-terminal -
hairpin (Figure 3A and 3B). The most pronounced chemical shift changes upon binding
were observed for Rev1-CT residues located in the vicinity of the known RIR binding
pocket, including the backbone NH and side-chain NH#! groups of Trp1175 and Trp1225,
and the backbone amides of Arg1173 and several other residues. Overall, these results
clearly demonstrate that 5 directly binds to Rev1-CT near the RIR interaction site and
provides strong evidence that this binding results in disruption of the Rev1-CT/RIR PPI.

Computational Studies

In parallel to our experimental NMR-based binding analysis, we also performed a series of
computational studies to explore both the overall energetics of Rev1-CT/RIR binding and
the specific intermolecular interactions between Rev1-CT and the small molecule scaffolds.
Initially, we performed molecular dynamics (MD) simulations (5 ns, AMBER) followed by
per-residue and pairwise energy decompositions to evaluate and predict the binding free
energy (AG) associated with the Rev1-CT/Polx-RIR complex. It is important to note that the
absolute values for binding free energies calculated through these methods cannot be
directly compared to the association free energies obtained from experimentally determined
dissociation constants; instead, these values are most useful for either comparing the overall
binding trends between Rev1-CT and RIR motifs or to provide preliminary context for the
overall activity of the compounds. These simulations supported strong binding interactions
between Rev1-CT and the Polx-RIR motif (AG = —54.15 kcal/mol) and demonstrated that
the Phe-Phe pair contributes a majority of the binding energy to the PPI (AG = -19.41 kcal/
mol, Supplemental Figure 5) clearly defining a binding site on Rev1-CT that can be targeted
with small molecules. These results are in agreement with previous structural works and
mutational analyses characterizing the essential nature of the Phe-Phe pair in the RIR motif
for tight binding interactions with Rev1-CT.29-31,34-35
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Following our NMR binding studies localizing interactions between Rev1-CT and 5 to the
Phe-Phe binding pocket we performed a series of docking and MD simulations for
compounds 1-2 and 4-5. These computational studies were designed to both predict specific
binding interactions between the compounds and amino acid residues in the Rev1-CT/RIR
binding site and to explore how various energy terms contribute to the overall binding
energy for each compound (Table 2). While there was a wide-range of predicted binding
affinities, compound 5 demonstrated the greatest binding energy through the MM/GBSA
calculations (AG values = —13.26 kcal/mol). The van der Waals term contributed most to the
binding energy for these compounds; not a surprising result considering aromatic
functionalities from each of the compounds was predicted to insert into the Phe binding
pocket on Rev1-CT. In fact, the results of the docking/MD simulations for the piperazine
scaffold (1 and 2) did not predict any specific electrostatic or hydrogen bonding interactions
between this scaffold and Rev1-CT (Supplemental Figures 6 and 7). Compound 5 was
predicted to have the strongest binding due to increased electrostatic interactions with Rev1-
CT that result from a hydrogen bond between the side chain of GIn1189 and the carbonyl of
the central amide (Figure 4). By contrast, the amide bond of compound 4 is predicted to
orient toward Leul172 and does not form a hydrogen bond with any amino acid residues
present in the RIR interacting site (Supplemental Figure 8). In addition, the entire methyl
ester of 4 is solvent exposed and interacts with multiple water molecules present at the
Rev1-CT surface, reducing its overall electrostatic interactions with Rev1-CT. For both 4
and 5, the thiophene is buried in the Phe binding pocket while the piperidine and terminal
acetyl group are solvent exposed (Figure 4B and Supplemental Figure 8). These
computational studies provide key preliminary insight into the potential binding orientations
and specific interactions between each scaffold and Rev1-CT while providing a starting
point for the future design of improved analogues.

Cellular Studies

Our next step with these analogues was to determine whether their ability to disrupt the
Rev1-CT/RIR PPI through direct binding interactions with Rev1-CT would result in
functional inhibition of TLS in human cancer cells following treatment with genotoxic
agents such as cisplatin and ultraviolet (UV) light. Cisplatin and other platinating agents are
standard first-line chemotherapeutics for many types of human cancer that block replication
by forming inter- and intra-strand DNA crosslinks.1~2:6 The replicative bypass of 1,2-
d(GpG) cisplatin intra-strand crosslinks is contingent on Rev1/PolC-dependent TLS and
requires the coordinated action of Polr or Polx to insert nucleotides across the lesion and
Pol( to extend the primer-template.13-1443 UV light, one of the best characterized genotoxic
agents, causes two major types of DNA lesion, TT cis-syn cyclobutane pyrimidine dimers
(TT-CPD) and (6-4) photoproducts (6-4 PP).® While Poln alone can accurately and
efficiently copy over TT-CPDs, the replicative bypass of 6-4 PPs relies on multi-step Rev1/
PolC-dependent TLS.13-14:44-45 Fyrthermore, TT-CPDs in cells from xeroderma
pigmentosum variant (XPV) patients deficient in functional Poln can be bypassed by a
combination of Polv or Polx and PolC, suggesting that the Rev1/PolC-dependent TLS

provides a backup mechanism for replicating over this lesion (albeit in a mutagenic manner).
13-14
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Initially, we evaluated the ability of the more soluble compounds (1-2 and 4-5) to enhance
cisplatin sensitivity of the HT1080 human fibrosarcoma cell line.#6-47 While the ICsq values
for each compound was comparable in the FP displacement assay (Table 1), only 4 and 5
enhanced the sensitivity of HT1080 cells to cisplatin at concentrations as low as 1.5 pM
(Supplemental Figure 9). Compounds 1 and 2 had little effect on cell viability either alone or
in combination with cisplatin. The inability of either 1 or 2 to enhance cellular sensitivity to
cisplatin could be a result of reduced solubility or permeability of the scaffold. These
standard cytotoxicity assays reveal that by targeting Rev1-CT/RIR PPI, 4 and 5 lower the
capacity of the cells to tolerate cisplatin-induced DNA damage. Based on the promising
activity of 4 and 5 in this initial sensitivity assay, we further characterized their ability to
enhance cisplatin sensitivity by determining whether they could improve the ability of
cisplatin to reduce clonogenic survival of HT1080 cells. Treatment of HT1080 cells with
cisplatin (0.6 uM), 4 (1.5 uM), or 5 (1.5 uM) had a minimal effect on colony formation;
however, co-administration of cisplatin with either compound significantly reduced the
clonogenic survival of HT1080 cells (Figure 5A).

Previous studies have shown that Rev1 is essential for cisplatin-induced mutagenesis
monitored by measuring mutation frequency of the hypoxanthine phosphoribosyl transferase
(HPRT) gene, the standard assay to measure TLS activity in cells.*8-50 To probe the effect of
Rev1-CT/RIR PPI inhibitors on mutagenesis in human cancer cells, we evaluated the ability
of 4 and 5 to reduce cisplatin-induced mutagenesis of the HPRT gene in the HT1080
fibrosarcoma cell line. Cisplatin alone (0.6 pM) increases HPRT mutations approximately
1.9-fold compared to non-treated cells (Figure 5B). By contrast, neither 4 nor 5 increased the
frequency of HPRT mutations, indicating that these compounds were not inherently
mutagenic under these assay conditions. The addition of either 4 or 5 to cisplatin-treated
HT1080 cells significantly reduced HPRT mutations to levels comparable to the non-treated
control cells, demonstrating that small molecule disruption of the Rev1-CT/RIR PPI reduces
cisplatin-induced mutagenesis in a cultured cellular model of human cancer. Overall,
increased cisplatin sensitivity and reduced mutagenesis in HT1080 cells treated with 4 or 5
(Figure 5) suggests that small molecule compounds targeting Rev1-CT/RIR PPIs effectively
inhibit Rev1/PolC-dependent TLS across cisplatin DNA adducts.

In addition to the studies performed in the HT1080 cells, we also evaluated the ability of
compounds 4 and 5 to enhance cisplatin sensitivity in wild-type (WT) and RevZ™~ mouse
embryonic fibroblasts (MEFs).> Similar to the HT1080 cells, treatment of WT MEFs with
either cisplatin (0.6 pM), 4 (1.5 uM), or 5 (1.5 uM) had minimal effect on clonogenic growth
(Figure 6A), but WT MEFs treated with a combination of cisplatin and either 4 or 5
demonstrated a significant reduction in colony survival. As expected, the RevZ”~ MEFs
lacking functional Revl were significantly more sensitive to cisplatin treatment, presumably
due to their inability to utilize Rev1/PolC-dependent TLS for the bypass of cisplatin DNA
adducts. Co-administration of either 4 or 5 with cisplatin in the RevZ~”~ MEFs did not
further enhance the ability of cisplatin to reduce colony survival, providing strong evidence
that the compounds were specific to Rev1 and their anti-TLS activity is dependent on the
presence of functional Rev1. Similar to our results in HT1080 cells, compounds 4 and 5
reduced the HPRT mutagenesis frequencies in WT MEF cells when combined with cisplatin,
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but did not significantly alter these frequencies by themselves (Figure 6B). These results
suggest that 4 and 5 are potent inhibitors of the Rev1-CT/RIR interface and, subsequently,
TLS activity in cultured cells.

To further explore whether the ability of 4 and 5 to sensitize cells to cisplatin is a broader
effect of inhibiting Rev1/PolC-dependent TLS and identify whether these compounds can
effectively bypass DNA lesions caused by other carcinogens, we evaluated the ability of 4
and 5 to sensitize the HT1080 cells to UV light and observed a similar result (Figure 7),
further highlighting their anti-TLS activity. Taken together, the results of our cellular studies
demonstrate that disruption of the Rev1-CT/RIR PPI in human cancer cells inhibits Rev1/
PolC-dependent TLS across DNA lesions induced by different genotoxic agents and thus
provides a new strategy to enhance the efficacy of first-line genotoxic chemotherapy.

The Rev1-CT domain plays an essential scaffolding role in Rev1/PolC-dependent TLS by
mediating PPIs with other TLS DNA polymerases via two independent binding interfaces.
29-33 The recruitment of the ‘extender’ TLS polymerase PolC to DNA lesions requires
interaction of its accessory Rev7 subunit with a binding interface in the C-terminal part of
Rev1-CT.32-33.52 On the other hand, a different binding interface in the N-terminal part of
Rev1-CT (Figure 3) was shown to interact with the RIR motifs from Poln, Polx and Polv
and guide the selection of an appropriate DNA polymerase for an insertion step of Revl/
PolC-dependent TLS.30 The recent discovery of an RIR motif in PolD3, which is a
component of both the replicative DNA polymerase Pol6 and TLS polymerase PolC (Rev3/
Rev7/PolD2/PolD3 complex19-12) suggested an important new role for Revl-CT/RIR PPI
in mediating the assembly of the ‘extender’ four-subunit PolC4 complex and facilitating
polymerase switching upon Rev1/PolC-dependent TLS.2? Consistent with these findings,
previous cellular studies have shown that Rev1 variants with deleted Rev1-CT or mutated
Rev1-CT/Rev7 interface are unable to restore survival and mutagenesis of Rev1-deficient
avian DT40 cells and mouse embryonic fibroblasts (MEFs) after treatment with cisplatin and
other genotoxic agents, highlighting the importance of Rev1-CT PPIs for supporting
functional TLS.3%-40:52 Our work demonstrates that small-molecule inhibitors of Rev1-
CT/RIR PPIs decrease survival and mutagenesis of the HT1080 fibrosarcoma cells and
MEFs after treatment with the two genotoxic agents, cisplatin and UV light, that cause DNA
lesions whose replicative bypass is contingent on Rev1/PolC-dependent TLS.913-14.44-45
These findings provide clear evidence that blocking the RIR-binding interface of Rev1-CT
with small molecules inhibits Rev1/PolC-dependent TLS, likely through interfering with the

assembly of functional Rev1/PolC complex and/or preventing polymerase exchange events.
29

We have identified and characterized the first small molecules that exhibit anti-TLS activity
in human cancer cells through disruption of the Rev1-CT/RIR PPI. In addition, the ability of
compound 5 to disrupt Rev1-CT/RIR PPI by directly binding the pocket on Rev1-CT that
accommodates side-chains of Phe-Phe pair of RIR motifs clearly identifies this region as a
druggable ‘hot spot’ for the Rev1-CT/RIR PPI. We have also demonstrated that compounds
4 and 5 enhance sensitivity of human cancer cells to both cisplatin and UV light, and
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decrease cisplatin-mediated mutagenesis. We used an isogenic RevZ~~ MEF cell line to
show that this increased sensitization to killing requires that the cells be REV1%/* thereby
demonstrating that the compounds are specifically inhibiting Rev1 scaffolding function. Our
MD simulations suggest several structure-based approaches to improve the binding affinity
and potency of the identified compounds. Taken together, these results not only validate that
disruption of the Rev1-CT/RIR interface inhibits functional TLS in human cancer cells, but
they also establish the 4/5 molecular structure as a lead scaffold for further development.

Protein Expression and Purification

The C-terminal domain from human Revl (Rev1-CT) was expressed in £. coliBL21(DE3)
cells and purified as described previously.3! Briefly, cells were transformed with pET-28b(+)
(Novagen) based plasmid encoding Rev1 residues 1158-1251 inserted after the cleavage site
for TEV protease. Cells were grown at 37 °C to ODggg ~ 0.8-1.0 in either unlabeled LB
medium or minimal M9 medium using 1°NH,Cl as the sole nitrogen source. Protein
expression (20 °C, 12 hrs) was induced by 1 mM IPTG. Cells were harvested and lysed by
sonication followed by purification of recombinant His-tagged Rev1-CT from a soluble
fraction on a Co2* affinity column. The His-tag was removed by TEV cleavage at 4 °C (12
hrs, or longer, as needed) followed by protein purification on a HiLoad Superdex 75 gel-
filtration column (GE Healthcare). The 1°N labeled Rev1-CT domain for small molecule
NMR binding studies (expressed in M9 medium) was exchanged into 50 mM NaH,PQOy4, 100
mM NacCl, 0.5% DMSO, 10% D,0, pH 7.0 buffer. The 1:1 Rev1-CT/Polx-RIR complex for
fluorescence polarization (FP) based screening assays was prepared by mixing the unlabeled
Rev1-CT domain (expressed in LB medium) with an excess of Polx-RIR peptide (residues
560-575) containing the N-terminal fluorescent FAM label (FAM-Polx-RIR; custom-
synthesized by GenScript) followed by gel-filtration and exchange into 50 mM NaH,POy,
100 mM NacCl, 0.5% DMSO, pH 7.0 buffer. The Rev1-CT/Polx-RIR interaction is the
strongest among those mediated by RIR motifs (Kq = 1.7 uM measured by SPR)2%-30 so that
in our purifications the protein and the peptide co-eluted on a gel-filtration chromatography
column (Supplemental Figure 1).

Optimized Displacement Assay Protocol

The Rev1-CT/FAM-Polx-RIR complex diluted in phosphate buffered saline (10 pL, 0.2 uM)
was added to a black 384-well plate (ProxiPlate-384 F Plus, PerkinElmer). Unlabeled Pol«-
RIR (10 pL, varying concentrations) was added to give final concentrations of Polx-RIR
(0.1-1000 nM) in a total volume of 20 pL/well. The mixture was incubated at room
temperature for 1 hour with gentle mixing (see Supplemental Figure 2). Fluorescence
polarization was measured on a Synergy H1 Hybrid multi-mode microplate reader (Biotek,
excitation 485 nM, emission 528 nM). For the pilot screen, compounds were diluted to 20
UM in PBS from a 2 mM DMSO stock solution for screening at a final concentration of 10
UM. Compounds (10 uL) and Rev1-CT/FAM-Polx-RIR complex (10 uL, 0.2 uM) were
mixed in 384-well black plates on a Microlab Nimbus (Hamilton Robotics) automated liquid
handler. The mixture was incubated and analyzed as described above. All graphs and
statistical analysis were carried out with GraphPad Prism 5.
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NMR Binding Studies

All NMR experiments were performed at 15 °C on Agilent VNMRS spectrometer operating
at 18.8 T magnetic field (800 MHz 1H frequency) equipped with a cold probe. Direct
binding of the identified compounds to the RIR-binding site on Rev1-CT was tested by
NMR titration measurements. In these experiments, 50 pM 15N labeled Rev1-CT was
gradually titrated with increasing amounts of compound 1 (125 uM stock solution) or
compound 5 (250 uM stock solution) dissolved in the matching buffer and monitored by
recording 1H-1°N HSQC spectra of the domain at each step of the titrations (Figure 3;
Supplemental Figure 4). Resonance frequencies for all non-overlapped amide peaks of the
Rev1-CT domain were quantified, and the resulting titration profiles (cumulative 1H and 1°N
chemical shifts ® = (wp2+(¥pM ¥ @n)DY2 vs protein Py and ligand Lg concentrations,
where yand yare IH and 1°N gyromagnetic ratios) were analyzed to extract dissociation
constant K4 and binding-induced chemical shift changes Aw for each amide group of the
Rev1-CT domain (providing NMR chemical shift mapping of the binding site). The data
analysis was performed in two steps. In the first step, the total chemical shift change (sum of
w for all non-overlapped amide resonances) was fit to the following equation to extract
dissociation constant Kg:>3

Ly—I[L]
Py

@)

w=w0+Aw

[L] = %(\/(Po — Lo+ K)* + ALK, ~ (P~ Ly +K).

In the second step, binding-induced chemical shift changes Aw for individual amide groups
were obtained from fits of per-residue titration profiles with K fixed to the previously
obtained value.

Molecular Docking

Docking studies were performed using the Glide module of Schrédinger suite 2016. The
structure of Rev1-CT in complex with Polx-RIR (PDB code 2LS1)35 was used for docking
with the RIR peptide stripped out from the complex. Rev1-CT was refined and prepared for
docking with the protein preparation wizard module from Schrédinger. A grid box of 40A x
40A x 40A was centered on the mass of the ‘hot spot’ residues in Rev1-CT and solvated
using the TIP3P water model. All ligand structures were built using Maestro module and the
ionization states, stereochemistry, and ring conformations of the ligands were assigned using
the Ligprep module. Glide extra-precision mode was selected for initial docking and the
docking poses for each ligand were examined according to their relative total energy scores.
The highest scoring docking pose was subjected to molecular dynamics.

Molecular Dynamics

The optimal docking pose of the ligand with Rev1-CT was used as the starting structure for
the molecular dynamics simulations. The atomic partial charges of all the compounds were
derived from semiempirical AM1 geometry optimization using the general AMBER force
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field (GAFF).54-55 To neutralize the net charge of the system, sodium counter ions were
placed to grids with the largest negative coulombic potentials around the protein, and the
whole system was immersed in the rectangular box of TIP3P water molecules. The water
box extended 8 A away from any solute atoms. In molecular minimization and molecular
dynamics simulations, particle mesh Ewald (PME) was employed to treat the long-range
electrostatic interactions.?® Before MD simulations, the complexes were gradually relaxed
using 10,000 cycles of minimization procedure (500 cycles of steepest descent>’—8 and
9,500 cycles of conjugate gradient minimization®®). After minimization, MD simulations in
the NPT ensemble with a target temperature of 298 K and a target pressure of 1 atm were
performed. The SHAKE procedure was employed to constrain all hydrogen atoms and the
time step was set to 2.0 s.60 Before the actual MD simulations, the system was gradually
heated in the NVT ensemble from 10K to 298K over 50 ps. Initial velocities were assigned
from a Maxwellian distribution at the starting temperature. MD samplings at 3 ns were
performed for all complexes.

MM/GBSA Energy Calculations

Protein-ligand binding free energies were calculated as the difference between the energy of
the bound complex and the energies of the free protein and compound. The energy of
binding in solvent is calculated by estimating the energy change associated with the
solvation of the protein and the ligand and then subtracting those values from the energy of
binding in vacuum and from the estimated energy change for the solvation of the complex.

_ complex protein ligand
AGbinding =AG (Ol AG O AG @) @

AGEOTPIEX ) AGPIOIN 1\ AGI92NT ) are binding energies of the complex, protein, and ligand
respectively. The (i) notation represents the average of the number of extracted coordinate
AG values of the complex, protein, and ligand calculated by summing the contribution of the
gas phase energy (/9%9), solvation energy (GS/vationy and entropy ( 7AS).

_ pggas solvation
AG,H=H""+G @~ TAS; (3)
= AE, +AGgp+AGg, — TAS

=AE ,; +AG,, +AGsp+AGg, — TAS

In Equation 2, A&, represents the gas phase interaction energy between protein and ligand
(including both van der Waals, A&, and electrostatic interactions, 4&,). AGggand
AGs4 indicate the polar and nonpolar desolvation energies, respectively. For our studies,
MM/GBSA calculations were performed using MMPBSA.py in AMBERToo0Is14. The
conformational entropy ( 745) upon ligand binding was calculated using Normal Mode
Analysis (NMA) in the gas phase. The distance-dependent dielectric constant was set to 1.0,
and the convergence criteria for minimized energy gradient were set at 0.0001 with 10,000
minimization cycles per snapshot. Due to limited computational resources, we used only 50
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frames, which were evenly extracted from 0 to 5 ns of the MD trajectories, for entropy
calculations.

Clonogenic Survival Assay

HT1080 cells were purchased from ATCC and grown in RPMI 1640 (Gibco), supplemented
with 10% FBS (HyClone) and 1% Penicillin/Streptomycin. MEF cells (kindly provided by
Niels de Wind) were propagated in DMEM (Gibco), supplemented with 10% FBS
(HyClone) and 1% Penicillin/Streptomycin. Both cell lines were incubated at 37°C, 5% CO,
incubator. For passaging, cells were trypsinized with 0.25% Trypsin-EDTA (Corning). Cells
were seeded in 6-well plates (600 cells/well, 3 mL) and incubated overnight (37°C, 5%
COy). Cells were incubated with cisplatin (0.6 uM) or exposed to UV light (5 J/m?) and then
incubated for additional 24 hrs. Fresh media was added along with compound 4 or 5 (1.5
uM) and the cells returned to the incubator for 24 hrs. Fresh media was added after a 24 hr
incubation with the compounds and the cells were returned to the incubator for 7 days. To
count the colonies at the end of the 7 day period, media was removed and fixative (50%
methanol and 10% glacial acetic acid) was added to the cells for 10 min, followed by the
addition of Coomassie Brilliant Blue R-250 in MeOH:AcOH:H,0 (46.5:7:46.5; v/viv).61
Colonies containing at least 40 cells were counted and relative survival rates were calculated
as a ratio of colony counts from the treated samples and colony counts from the DMSO
controls.

HPRT Mutagenesis Assay

HT1080 and WT MEF cells were grown in HAT media (complete media described above
supplemented with 100 UM Hypoxanthine, 0.4 uM Aminopterin, and 16 pM Thymidine) for
14 days to remove any spontaneous APR7 mutants. Cells were exposed to cisplatin (0.6 uM)
for 24 hrs followed by the addition of 4 or 5 (1.5 pM) in fresh complete media. To determine
clonal efficiency, cells were trypsinized after 24 hrs, washed with PBS and plated in
triplicate in 6-well plates (200 cells/well). The remaining cells were plated in complete
media and incubated for 8 days to allow sufficient time for the expression of the HPRT
mutation. After 8 days, colonies were counted from the 6-well plates and the recovering—
treated or untreated—cells (500,000) were plated in triplicate in 10 cm plates in complete
media described above supplemented with 6-thioguanine (6-TG, 1.5 mM) to allow for
proliferation and colony formation of the HPRT* cells. After additional 14-20 days of
incubation, colonies were counted by fixing and staining the cells as described above. The
HPRT mutation frequency was calculated as a ratio of the number of HPRT mutants arising
from a given treatment and the number of surviving colonies present after drug treatment.

UV Sensitivity Assay

In order to test the UV sensitivity, HT1080 cells were trypsinized and transferred to 10 cm,
UV-permeable plates and exposed to UV light (5 J/m?). Next, 10,000 cells were transferred
to luminescent dye compatible 96-well plates (10,000 cells/well, 100 uL) and incubated for
24 hours at 37°C, 5% CO,. Number of viable cells were quantitated the next day using the
CellTiter-Glo® Luminescent Cell Viability Assay kit per the manufacturer’s instructions
(Promega). Luminescence was quantified on a Tecan Spark 10M plate reader. The relative
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survival of metabolically active cells was calculated by dividing the luminescence of treated
samples by the luminescence of DMSO controls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Initial screening results. (A) Optimized assay parameters provide a robust, reproducible

disruption of the Rev1-CT/FAM-Polx-RIR complex (100 nM) by unlabeled Polx-RIR.
Graph shows a single representative experiment that was reproduced at least three separate
times. (B) Scatter plot of fluorescence polarization values (mP) from the initial pilot screen.
Each compound (4,800) was evaluated at 10 uM. Rev1-CT/FAM-Polx-RIR concentration
was 100 nM.
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Figure 2.
Initial hits identified from the pilot screen.
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Compound 5 binds directly to Rev1-CT at the RIR interface. (A) Regions of 1H-1°N HSQC

NMR spectrum of the Rev1-CT domain upon its titration with increasing amount of
compound 5, showing gradual shifts for selected peaks toward their positions in the

compound bound state. (B) Cumulative 1H and °N NMR chemical shift changes for the

backbone and Trp side-chain HN groups of the Rev1-CT domain induced by binding

compound 5 mapped onto Rev1-CT structure (PDB: 2LSY; chemical shift changes Aw are
proportional to sphere radii). (C) ‘Hot spot’ residues of the Poln-RIR motif (purple) and

corresponding RIR binding pocket on Rev1-CT (PDB: 2LSK).31
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Figure 4.
Predicted binding of compound 5 in the Rev1-CT/RIR “hot spot’. (A) Three-dimensional

representation showing key Rev1-CT amino acid residues. (B) Two-dimensional
representation of binding showing key interactions between the scaffold and Rev1-CT.
Green line, pi-pi interaction; dotted purple arrow, side chain hydrogen bond; gray sphere,
solvent exposed.
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Figure 5.
Compounds 4 and 5 sensitize HT1080 cells to killing by cisplatin and reduce mutagenesis.

(A) Compounds 4 and 5 enhance sensitivity to cisplatin in a colony survival assay. Cells
were incubated with cisplatin (0.6 pM) for 24 hrs, followed by the addition of either 4 or 5
(1.5 uM) and colonies were allowed to form for seven days. Colonies were stained and
counted with coomassie blue. *P<0.05 and ***P<0.001 were calculated with the Student t-
test using comparisons as indicated. (B) Compounds 4 and 5 reduce the cisplatin-induced
HPRT mutations in HT1080 cells. Data are the Ave + SD of two separate experiments with 3
replicates each. All experiments were performed at least two separate times and results were
comparable across all replicates. **P<0.01 and ***P<0.001 versus cisplatin treated cells,
Student t-test.
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Figure 6.
Compounds 4 and 5 sensitize MEF cells to killing by cisplatin in a REVZ*/*-dependent

manner and reduce mutagenesis. (A) Compounds 4 and 5 enhance sensitivity of WT MEFs
to cisplatin in a colony survival assay and not RevZ ™~ cells. Cells were incubated with
cisplatin (0.6 uM) for 24 hrs, followed by the addition of either 4 or 5 (1.5 uM) and colonies
were allowed to form for seven days. Colonies were stained and counted with coomassie
blue. Data are the Ave = SD of two separate experiments performed in triplicate. NS = Not
significant. (B) Compounds 4 and 5 reduce cisplatin-induced HPRT mutations in the WT
MEF cells. Data are the Ave = SD of two separate experiments with 6 replicates each.
***pP<(.001 versus cisplatin treated cells, Student t-test.
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Figure 7.

Enhanced sensitivity to UV light in HT1080 cells treated with Rev1-CT/RIR PPI inhibitors.
In (A) and (B) cells were plated and exposed to UV light (5 J/m?2) or left untreated. The next
day, 4 or 5 was added and cell viability was measured 24 hrs later. **P<0.01 and
***P<0.001 versus cells treated with compound alone, Student t-test. (C) Cells were treated
with UV light followed by dosing with 4 or 5 (1.5 uM). Cells were incubated to allow for the
formation of colonies that were counted with commassie blue. *P<0.05 were calculated with
the Student t-test using comparisons as indicated. Data are the Ave + SD of two separate
experiments performed in triplicate. Experiments were performed at least two separate times
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and results were comparable across all replicates.
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Table 1

ICsq and cLogP values for initial hits.

Compound | I1Cs, (uM)2

Predicted cLogPb

35+0.6
4602
7512
4105

a b~ W N

25+1.2

1.72
1.68
3.99
1.55
1.45

a\/alues represent mean + SEM of three separate experiments performed in triplicate.

bcLogP values provided by ChemBridge.
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