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Abstract

REV1 protein is a mutagenic DNA damage tolerance (DDT) mediator and encodes two ubiquitin-

binding motifs (i.e., UBM1 and UBM2) that are essential for the DDT function. REV1 interacts 

with K164-monoubiquitinated PCNA (UbPCNA) in cells upon DNA-damaging stress. By using 

AlphaScreen assays to detect inhibition of REV1 and UbPCNA protein interactions along with an 

NMR-based strategy, we identified small-molecule compounds that inhibit the REV1/UbPCNA 

interaction and that directly bind to REV1 UBM2. In cells, one of the compound prevented 

recruitment of REV1 to PCNA foci on chromatin upon cisplatin treatment, delayed removal of 

UV-induced cyclopyrimidine dimers from nuclei, prevented UV-induced mutation of HPRT gene, 

and diminished clonogenic survival of cells that were challenged by cyclophosphamide or 

cisplatin. This study demonstrates the potential utility of a small-molecule REV1 UBM2 inhibitor 

for preventing DDT.
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INTRODUCTION

Chemotherapy remains indispensable for frontline cancer therapy, but its efficacy is often 

partially limited by rapid and erroneous repair of DNA damage promoted by DNA 

replication irrespective of the damage1–2, leading to drug resistance and mutations. REV1 

protein is indispensable for replicating over a variety of chemotherapeutic DNA damage 

types, including DNA crosslinks3–6. The mouse Rev1 is responsible for acquisition of 

resistance after repeated engraftment and cyclophosphamide treatment of lymphoma; 

depletion of Rev1 gene in the lymphoma dramatically improved the drug efficacy, 

suppressed the resistance, and inhibited the drug-induced mutations7. Carcinogen-induced 

adenomas developed in Rev1 transgenic mice approximately twice as often as in normal 

mice, with elevated DNA damage tolerance and mutations8, further indicating role of Rev1 

in tumor generation. REV1 is also responsible for the resistance and mutations in ovarian 

cancer cells9 and for lung carcinogenesis10. Importantly, Rev1-knockout mice are healthy 

except for an approximate 10% reduction in body growth; Rev1−/− B cells undergo normal 

proliferation and apoptosis11. These findings suggest that REV1 inhibition is not likely to be 

mechanistically toxic unless a chemotherapy drug is co-administrated.

REV1 encodes the ubiquitin-binding motif (UBM) of REV1. When a DNA replication fork 

is stalled by DNA damage, PCNA on the fork is monoubiquitinated on K164 (UbPCNA) and 

recruits REV1, likely via its UBM12–13. REV1 coordinates Polζ, which extends over a 

variety of DNA lesions14, mediates most mutagenic DNA damage tolerance (DDT)15–16, 

and is composed of the regulatory subunit REV7 and the catalytic subunit REV3L. These 

observations suggest that the DDT processes may be inhibited by blocking one of the 

protein-protein interactions in the UbPCNA-REV1-REV7-REV3L complex (Figure 1). In 

accordance, we have reported small-molecules that inhibit UbPCNA-REV1 interaction by 

binding to PCNA17 and those that inhibit REV7 interaction with a partial structure of 
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REV3L by binding to REV718. Another group has reported small-molecules that inhibit 

REV1 interactions with DNA polymerases19. Here, we focus on REV1 UBM as another 

potential target for inhibiting DDT.

RESULTS

Small-molecule compounds inhibit REV1/UbPCNA interaction and directly bind to REV1 
UBM

Our plan to identify inhibitor compounds was to screen a chemical library for UbPCNA-

REV1 interaction inhibition and for direct REV1 protein binding. Previously, we used an 

immunoprecipitation assay using crude nuclear lysate that was harvested from cells 

challenged with DNA damage (i.e., ex vivo protocol using endogenous UbPCNA) to identify 

a UbPCNA inhibitor17, but this method is too tedious and not scalable for chemical library 

screening purposes. Therefore, we intended to use a scalable in vitro protocol. In our hands, 

full-length REV1 protein was very difficult to produce in large enough amounts for in vitro 
screening. Because studies have shown that BRCT domain12,20 and UBM6 may be 

responsible for REV1 interaction with UbPCNA, we alternatively generated REV1Δ, a 

truncated REV1 protein containing these domains (Figure 2A). Linear chimeras of PCNA-

Ub fusion have been used as surrogates of UbPCNA for in vitro studies6,21. But in cells, 

PCNA is specifically monoubiquitinated at K164 upon DNA damage22. Therefore, to find 

compounds that are potentially active in cells, an assay should work with bona fide 

UbPCNA but not with the chimera. We have acquired an enzymatic protocol to produce 

UbPCNA in vitro23–24. This protocol ligated either non-tagged or N-terminus– tagged 

(hexahistidine, biotin-AviTag) ubiquitin to PCNA (Figure 2B).

To develop a scalable method to screen chemical compounds using these proteins, we used 

AlphaScreen that has been successfully applied to assay fairly weak protein-protein 

interactions25. This property is desirable for assaying ubiquitin interactions because 

affinities of ubiquitin-binding domains are weak or modest26. In addition, high sensitivity of 

the proximity signal generation by AlphaScreen is desirable for assaying compounds on 

proteins whose supply is limited such as UbPCNA by using relatively low protein 

concentrations. AlphaScreen cannot be used to determine the EC50 (surrogate of KD) of the 

REV1Δ/UbPCNA interaction because it is a sandwich assay that enforces the hooking effect 

in the direct binding curve. Despite, significant signals were generated by treating mixture of 

His-tagged REV1Δ and UbPCNA protein in which a biotin-AviTag is incorporated at N-

terminus of the ubiquitin moiety by adding AlphaScreen beads (Figure 3A). We have 

screened ~50 chemical compounds that we have previously produced for another project27 

to select ones that inhibit the signal generation in dose-dependent manner. Two structurally 

similar compounds, 1 and 2, appeared to be inhibitory for the REV1/UbPCNA interaction in 

this assay (Figure 3B). These compounds did not inhibit the signal generation from biotin-

tagged polyhistidine peptide, indicating that they are not assay artifacts.

We next used a protein NMR approach to show whether the compound binds to REV1Δ. 

Because REV1Δ and UbPCNA are still difficult to produce in large enough amounts for 

NMR experiments, we produced a small protein encoding only REV1 UBM1-UBM2 

because they are potential site if the compounds inhibit the REV1/UbPCNA interaction by 
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binding to REV1. In the saturation transfer difference (STD) NMR experiment28 of the 

compounds, they showed positive NOE peaks with the UBM1-UBM2 protein but no or 

negative NOE peaks without the protein (Figure 4A), indicative of direct binding to UBM1-

UBM2. We next characterized the structural outcome of the REV1 interaction of compounds 

by 2D [1H, 15N]-HSQC NMR. Because we have found that HSQC peaks of UBM2 but not 

UBM1 of REV1 were perturbed by adding ubiquitin (manuscript under review), we 

anticipated that REV1/UbPCNA interaction is mediated by UBM2 and thus the compound 

should bind to UBM2. Compound 1 is not soluble enough to acquire clear HSQC spectra but 

2 is soluble. In the 2D [1H, 15N]-HSQC spectra, peaks of several residues of REV1 UBM2 

protein were shifted by adding 2 in dose-dependent manner (Figure 4B–C). By mapping the 

chemical shift perturbation (CSP) values (Figure 4D) on the NMR structure of REV1 

UBM2, we found that all residues perturbed by 2 are on the α-helix structures (Figure 4E), 

which is similar to what we observed in the spectra of REV1 UBM2 with ubiquitin. This 

finding may explain the potential structural mechanism of Compound 2’s inhibition of 

UbPCNA- REV1Δ interaction (Figure 3).

We have attempted to accurately measure KD of the Compound 2 binding to REV1 UBM2. 

However, we could not observe saturation of the binding in either isothermal titration 

calorimetry (ITC) or surface plasmon resonance (SPR) (not shown), because compound 2 
precipitated when the REV1 UBM2: 2 ratio exceeds 1:10. This suggests that the KD is 

significantly higher than the IC50 value observed in the AlphaScreen (Figure 3B). Therefore, 

we relied on NMR data to estimate the dose for the subsequent cellular experiments.

The small-molecule prevented cisplatin-mediated recruitment of REV1 that colocalized 
with PCNA on chromatin

To verify whether the inhibitors identified above in vitro can inhibit the full-length REV1/

UbPCNA interaction in cells, we used a chromatin imaging approach that we have used to 

show that a compound that binds to and inhibits interactions of UbPCNA prevents chromatin 

localization of REV1 protein with PCNA foci in cells challenged with cisplatin (i.e., in situ 
generation of UbPCNA by DNA damage)17, indicating inhibition of REV1/UbPCNA 

interaction. The cells were treated with 1 in the concentration in which the NMR 

experiments (Figure 4A–D) indicated the UBM2 binding. Compound 2 was too toxic in this 

concentration. EGFP-tagged full-length REV1 protein was expressed in U2OS cells, and the 

cells were pulse-treated with cisplatin followed by Compound 1. The cells were pre-

extracted to remove any non-chromatin proteins and the chromatin was immunostained for 

PCNA foci to image them with the EGFP-REV1. The recruitment of the EGFP-REV1 to 

chromatin was significantly suppressed by 1 (Figure 5).

The small-molecule delayed removal of UV-induced DNA crosslinks from nuclei and 
prevented UV-induced mutation of the HPRT gene

REV1 supports DNA replication over various DNA lesions including crosslinks to prevent 

replication arrest and support the ultimate removal of the lesions5. Therefore, we assayed 

Compound 1 for inhibition of removal of DNA crosslinks. The cyclopyrimidine dimer 

(CPD) is a DNA crosslink that is generated by UVC and that can be reliably quantified on 

cell nuclei by using a specific antibody. The cells were UVC-irradiated to induce CPDs on 
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their DNA and allowed to remove the CPDs while being incubated in Compound 1, which 

significantly suppressed removal of the CPD foci (Figure 6A–B). The incomplete inhibition 

regardless of the presence of 1 is presumably because the CPDs have been removed by 

Polη29 in addition to REV1.

REV1 supports DNA replication over a DNA crosslink by Polζ that is highly mutagenic 

(Figure 1). Therefore, we assayed 1 for inhibition of HPRT gene mutagenesis that is 

mediated by DNA crosslinking. WTK-1 human lymphoblastoid cells were given UVC with 

cisplatin followed by DMSO or 1 and cultured to induce mutation and express HPRT 

protein. Mutation of the UVC-crosslinked HPRT locus deactivates it; thus, the mutated 

clones are resistant against 6-thioguanine. Compound 1 significantly reduced the number of 

resistance clones (Figure 6C), indicating suppression of cisplatin-mediated mutagenesis. 

Few of the cells that received the highest UVC dose in this experiment (128 J/m2) survived, 

presumably because the amount of CPD generated by this UVC dose was too excessive to 

allow recovery under the presence of 1 and induced cell death. Given that CPD removal was 

suppressed incompletely by 1 (Figure 6A–B), we anticipated that the mutagenesis 

suppression by 1 would be more significant for DNA crosslinks other than CPD. However, 

the HPRT assays using cisplatin instead of UVC were unsuccessful because of enhanced 

cisplatin toxicity by the Compound 1 treatment (next section).

The small-molecule diminished clonogenic survival of cells that were challenged by 
chemotherapy drugs

We performed clonogenic cell survival assays to validate whether a small-molecule REV1 

UBM2 inhibitor enhances the efficacy of chemotherapy drugs. U2OS cells received pulse 

treatment of 4-hydroxycyclophosphamide (active metabolite of cyclophosphamide) or 

cisplatin in doses not lethal to the cells, followed by Compound 1 or DMSO. Clonogenic 

survival of the cells that received only 1 was approximately 2-times lower than that of 

control cells (Figure 7), but survival of cells that received 1 in addition to non-lethal dose of 

either drug was approximately 10-times lower than that of control cells, indicating that 1 
enhanced the drugs’ efficacy.

DISCUSSION

Previously, we have shown that a small-molecule compound that binds to PCNA adjacent to 

K164 (to be monoubiquitinated upon DTT) inhibits UbPCNA protein interactions and 

suppresses REV1 recruitment to chromatin17. Here, we identified another compound that 

binds to REV1 UBM2 and inhibits the REV1/UbPCNA interaction. Because we have found 

that REV1 UBM2 can interact with ubiquitin (manuscript under review), it is likely that 

REV1/UbPCNA interaction is mediated by the UBM2. Altogether, the REV1/UbPCNA 

interaction can be inhibited by targeting either UbPCNA or REV1 UBM2. A potential 

limitation for targeting REV1 UBM2 is that intrinsic affinity of the UBM2 to UbPCNA is 

likely to be modest given that affinities of ubiquitin binding domains are weak or modest26. 

At a glance, inhibiting a protein-protein interaction with a modest affinity sounds easy, but it 

may not be because the modest affinity is due to a native property of the protein; that is, 

REV1 UBM2 itself may modestly interact with either ubiquitin or small-molecules 
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intrinsically, which may partially explain the modest UBM2-inhibition potencies of 

Compounds 1 and 2. To generate potent analogs of these compounds, a fragment-based 

strategy could be applied by using protein NMR to identify fragment compounds that bind 

to REV1 at a site other than UBM2 and then conjugating the fragment compounds to 1 or 2.

A concern for targeting REV1 UBM is non-selectivity among other UBMs such as those of 

DNA Polι30, although there are few studies indicating potential toxicities by inhibiting 

UBMs other than those of REV1. However, we have observed several structural differences 

between REV1 UBM2 (6AXD.pdb) and Polι UBM (2KHU.pdb), indicating that a structure-

based strategy is possible to rationally modify Compounds 1/2 or their fragment-conjugates 

to generate REV1 UBM2–specific small-molecules.

Once potent and selective REV1 UBM2 inhibitors are identified, such compounds will be 

useful chemical tools with which to study specific REV1 functions that UBM2 modulates 

because such UBM2 inhibitors will not affect the pathways that other protein interaction 

domains of REV1 (e.g., BRCT12) mediate. A study has shown that cells expressing REV1 

point mutants in UBM are hypersensitive to UV and cisplatin6, genetic evidence that 

disrupting REV1 UBM interactions will deactivate REV1 functions for DDT. Given that 

Rev1 knock-out mice are viable11, small-molecules that potently and specifically inhibit 

REV1 would not be mechanistically toxic. Such inhibitors would reserve potential as future 

therapeutic agents to improve existing chemotherapies that generate interstrand DNA 

crosslinking (ICL), such as cisplatin and cyclophosphamide (Figure 7), because REV1 is 

required to remove ICL4 and REV1 has been validated for resistance against ICL drugs in 

mice7. A recent study demonstrating utility of small-molecules that inhibit DDT by targeting 

REV1 interactions to DNA polymerases19 also supports this therapeutic rationale.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. 

All oligonucleotides for plasmid constructions were synthesized by Integrated DNA 

Technologies (Coralville, IA). The In-Fusion cloning kit (Takara Bio USA, Mountain View, 

CA) was used according to the manufacturers’ recommendations. The AlphaScreen assay kit 

was purchased from PerkinElmer (Waltham, MA). Anti-PCNA PC10 mouse IgG was 

purchased from Cell Signaling Technology (Danvers, MA). All cells were obtained from 

American Type Culture Collection (Manassas, VA) and cultured in Dulbecco's Modified 

Eagle Medium containing 10% FBS in an incubator at 37°C in a humidified atmosphere of 

5% carbon dioxide.

Chemical synthesis

See Supporting Information.

Production of His-tagged REV1Δ protein

To obtain a plasmid expressing minimal components of human REV1 with a histidine tag 

(REV1Δ) in bacteria, two coding regions were retrieved by PCR from pLLEV- human REV1 

Vanarotti et al. Page 6

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plasmid and introduced into pET15b vector (Millipore, Billerica, MA) by an in vitro 
recombination system using In-Fusion HD Cloning (Takara Bio, Mountain View, CA). The 

first fragment encoding codons 31 through 90 was retrieved by primers 5’-AGG AGA TAT 

ACC ATG GAA CAG TTT CGA TCA GAT GC-3’ and 5’-ACT CAG AAG AAA AGC 

ATA TGT GTT GTT TTA GAT CTG G-3’. The second fragment encoding codons 730 

through 1251 was retrieved by 2 consecutive rounds of PCR, which added a thrombin 

cleavage site and a stretch of 8 histidines at the C-terminus of the truncated protein. The 

primers for the first round of PCR were 5’-GCT TTT CTT CTG AGT CTT TCA G-3’ and 

5’-GTG GCT GCT GCC GCT GCC GCG CGG CAC CAG GCC GCT GCT TGT AAC 

TTT TAA TGT GCT TCC-3’, the latter of which contained the thrombin site and a histidine. 

The product was served for the second round of PCR, with primers 5’-GCT TTT CTT CTG 

AGT CTT TCA G-3’ and 5’-GGA TCC TCG AGC ATA TCA ATG ATG GTG ATG ATG 

ATG ATG ATG GCT GCT GCC-3’. The latter primer was designed to extend the histidine 

stretch. The 2 fragments of 210 bp and 1640 bp were introduced into NcoI and NdeI sites of 

pET15b vector by In-Fusion. The resultant sequence encodes the REV1Δ protein (695 AA) 

consisting of BRCT, UBM1, and UBM2 domains, of which the C-terminus is tagged with 

the thrombin site and the histidines but not with most of the catalytic core domain. The 

underscored nucleotides in the primer sequences denote the sequence used for 

recombination.

The resultant plasmid was used to transform E. coli strain BL21(DE3) (Millipore). A 10-L 

culture was grown at 37°C in LB media plus ampicillin to an OD600nm of 0.6. The culture 

was then shifted to 16°C, and REV1Δ protein expression was induced with 0.1 mM IPTG. 

Growth was continued for a further 16 h, at which point the cell pellet was collected by 

centrifugation. The pellet was resuspended in 20 mM HEPES, pH 7.4, 500 mM NaCl, 10% 

glycerol and 2 mM tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and lysed by 

passage through a microfluidizer. The lysate was cleared by centrifugation and applied to a 

5-mL bed volume Ni-NTA column (GE Healthcare). The REV1Δ protein was eluted by 

adding a linear gradient of imidazole in the same buffer. Fractions containing REV1Δ were 

pooled and dialyzed against 20 mM HEPES pH 7.4, 500 mM NaCl, 10% glycerol, and 2 

mM TCEP overnight at 4°C.

Production of site-specifically biotin-tagged UbPCNA protein

Human Uba1 and UbcH5c S22R proteins were expressed in E. coli BL21(DE3) cells 

(Novagen). Cells were initially grown at 37°C and induced with 0.5 mM IPTG at 18°C 

overnight. Cells were harvested in a lysis buffer of 25 mM Tris, pH 8.0, 500 mM NaCl, and 

10% glycerol. Affinity purification was initially done through a Ni-NTA column followed by 

a second purification using a 5-mL HiTrap Q HP column (GE Healthcare). Final purification 

was performed by size-exclusion chromatography using a HiPrep 16/60 Sephacryl S-200 

HR prepacked column in 20 mM sodium phosphate, pH 7.0, 100 mM NaCl, and 2 mM 

TCEP. This expression and purification procedure is applicable to both Uba1 and UbcH5c 

S22R. Next, ubiquitination of PCNA was performed —initially in small-scale reactions that 

contained 80 nM Uba1 (E1 ubiquitin ligase), 16 µM UbcH5c S22R (E2 ubiquitin ligase), 32 

µM biotin-AviTag-ubiquitin (Supporting Information), and 16 µM PCNA in a buffer 

containing 50 mM Tris or malic acid-MES-Tris (MMT) buffer, pH 8.0, 100 mM NaCl, 3 

Vanarotti et al. Page 7

Bioorg Med Chem. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mM MgCl2, 0.5 mM TCEP, and 3 mM ATP. Experiments were performed for 16 h at 37°C 

in a 50 µL volume. Finally, the reaction was optimized for a 500 µL volume consisting of 

100 µM Uba1, 128 µM UbcH5c S22R, 256 µM biotin-AviTag-ubiquitin, and 64 µM PCNA 

in a buffer containing 50 mM MMT pH 9.0, 25 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP, 

and 3 mM ATP. Ubiquitinated PCNA was further purified by using a 1-mL HiTrap Q XL 

column (GE Healthcare) with 0 to 500 mM NaCl gradient in 20 mM HEPES, pH 8.0, and 

0.5 mM TCEP.

AlphaScreen assays

The AlphaScreen assay was conducted in a solution consisting of 200 nM biotin-AviTag-

ubiquitin-PCNA protein and 40 nM N-terminal His-tagged REV1Δ in the AlphaScreen 

buffer (1× PBS, pH 7.4, 0.1% BSA, and 0.05% Tween-20). Briefly, 5 µL of the assay 

solution containing the indicated serial dilution of indicated compound was transferred into 

each well of a white OptiPlate-384 (PerkinElmer, Waltham, MA). AlphaScreen nickel 

chelate acceptor beads (PerkinElmer) diluted 1:100 in 10 µL of the AlphaScreen buffer were 

added. After 1 h, streptavidin AlphaScreen donor beads (PerkinElmer) diluted 1:100 in 10 

µL of the AlphaScreen buffer were added. The AlphaScreen signal was read an hour later by 

using an EnVision plate reader (PerkinElmer). The dose-response curve was fitted by using 

Prism 7 (GraphPad Software, La Jolla, CA) for final concentration of each serial dilution.

Production of REV1 UBM1-UBM2 and UBM2 proteins

The coding region of UBM1 and UBM2 domains (324 bp, 108 aa) was retrieved by PCR of 

pLLEV- human REV1 plasmid by using the primers 5’-AAG AGT TCC GGT CTG CCG 

TCA CCT TCC CAG CTG GAT C-3’ and 5’-TTA GCA GCC GGA TCC TAT TGT CTT 

TGA TCA TAC GCT GC -3’. The linear vector was generated by PCR of pET15b by using 

the primers 5’-CAG ACC GGA ACT CTT AAT GC-3’ and 5’-GGA TCC GGC TGC TAA 

CAA AGC C-3’. These fragments were recombined by In-Fusion. The resultant sequence 

encodes a protein (137 aa) with UBM1 and UBM2 domains, with the histidines and 

thrombin site at its N-terminus. The REV1 UBM1-UBM2 protein was produced using a 

method similar to that described for the REV1Δ protein followed by removal of the 

histidine-tag by trypsin digestion. Preparation of the REV1 UBM2 protein is reported 

elsewhere.

STD NMR experiments

STD experiments were performed at 280 K at a concentration of 10 µM protein and 200 µM 

of compound. For saturation transfer difference (STD) experiments, pre-saturation was 

achieved using a pulse train of 30 ms Gaussian shaped pulses for a 4-s duration and an offset 

of 0 ppm (on resonance) or −40 ppm (off resonance). To obtain STD spectra, 256 on and off 

resonance of free induction decays were recorded. Subtraction of the on-resonance from the 

off-resonance spectra yielded the STD signal.

NMR titrations for interaction of compound with REV1 UBM2

A series of two-dimensional [1H, 15N]-HSQC spectra were collected on a Bruker 600 

spectrometer at 298K. The REV1 UBM2 concentration for the entire titration was 50 µM, 
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and the procedure was performed in a 20 mM sodium phosphate buffer (pH 7.0) and 100 

mM NaCl. Chemical shifts (Δ) of individual resonances from 15N-labeled REV1 UBM2 

were monitored as a function of increasing compound 2 concentration (REV1 UBM2: 

Compound 2 ratios: 1:2, 1:4, 1:6, 1:8, and 1:10). Compound 2 precipitated when the ratio 

exceeds 1:10 (not shown). 15N and 1H chemical shift values for the displaced peaks were 

determined for each of the successive titration points by using CARA 1.8.431. To determine 

the per-residue chemical shift perturbation upon binding and account for differences in 

spectral widths between 15N and 1H resonances32, weighted average chemical-shift 

differences [Δav(HN)] were calculated for the backbone amide 1H and 15N resonances by 

using the equation Δav (NH) = [(ΔH2+ (ΔN/5)2)/2]1/2, where ΔH and ΔN are chemical-shift 

differences for 1H and 15N, respectively33–34.

Chromatin co-localization studies

U2OS cells (4 × 105/well) were initially seeded onto coverslips in six-well cluster plates and 

allowed to attach overnight. Each sample was transfected with pEGFP-REV1 (2.5 µg) by 

using 7.5 µL of Lipofectamine 2000 (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Two days following transfection, cells were treated with 33 µM 

cisplatin for 3.5 h prior to release into media containing either DMSO vehicle or 150 µM of 

Compound 1 for 6 h. Samples were then pre-extracted with ice-cold CSK buffer (100 mM 

NaCl, 300 mM sucrose, 10 mM HEPES pH 7.4, 3 mM MgCl2, 1 × Halt Protease Inhibitor 

Cocktail [Thermo Fisher Scientific], 0.5% Triton X-100) for two minutes to remove non-

chromatin bound protein and then fixed with 4% paraformaldehyde for 10 min at ambient 

temperature. Cells were exposed to 100% methanol for 15 min at −20°C prior to blocking in 

3% FBS in PBS overnight at 4°C. The cells were then immunostained by probing with 

1:2000 mouse α PCNA monoclonal antibody (PC10, Cell Signaling Technology) for 60 min 

followed by incubation with 1:200 donkey α mouse IgG Alexa 555 (Thermo Fisher 

Scientific) for 30 min. Cells were then washed extensively with PBS and mounted onto glass 

slides by using VectaShield containing 1 µg/mL DAPI. Immunostained cells were 

subsequently examined, and images were captured on a TE2000 microscope equipped with a 

C1Si confocal (Nikon, Tokyo, Japan). Nikon NIS-elements software (Nikon, Tokyo, Japan) 

was used to calculate the Pearson’s correlation coefficient of red (PCNA) and green (REV1) 

fluorescence signals for each nucleus, using DAPI staining to define the perimeter of each 

nuclei.

CPD immunofluorescence assay

HeLa cells (1.5 × 105 cells/dish) were seeded onto coverslips in 35-mm culture dishes and 

allowed to settle overnight. Cells were irradiated with 0 or 2.5 J/m2 UVC at 254 nm by using 

a Stratalinker UV Crosslinker 1800 (Stratagene, La Jolla, CA). Following irradiation, cells 

were released into media containing DMSO or 150 µM Compound 1. At designated time 

points, samples were rinsed with PBS, fixed with 3.7% formaldehyde in PBS for 15 min at 

room temperature, permeabilized with 0.5% triton X-100 for 5 min at room temperature, and 

stored at 4°C in PBS until all samples had been collected. Samples were subsequently 

denatured in 2 M HCl for 30 min and blocked in 3% FBS in PBS for 10 min at room 

temperature. Cells were probed with 1:400 mouse α CPD monoclonal antibody (clone 

TDM-2, Cosmo Bio USA) in 3% FBS in PBS for 70 min, thoroughly rinsed with PBS, and 
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then exposed to 1:200 donkey anti-mouse IgG Alexa 488 (Thermo Fisher) in 3% FBS in 

PBS for 30 min at room temperature. Cells were then washed extensively by using 3 × PBS 

rinses and then mounted onto glass slides by using VectaShield containing 1 µg/mL DAPI. 

Samples were visualized by using an Olympus IX81 epi-fluorescence microscope (Olympus 

Corp., Tokyo, Japan), and Nikon NIS-elements software (Nikon, Tokyo, Japan) was used to 

calculate the mean green fluorescence intensity in each nucleus, using the DAPI staining 

pattern to define the perimeter of the nucleus.

HPRT gene mutagenesis assay

WTK-1 human lymphoblastoid cells were initially cleansed to minimize background levels 

of mutation in the HPRT gene by exposing cells to CHAT in RPMI media supplemented 

with 10% FBS for 2 days. Cells were allowed to recover in media containing THC for a 

further two days prior to conditioning in RPMI media containing 10% heat-inactivated horse 

serum. Conditioned WTK-1 cells (2 × 106) were subsequently exposed to UVC (0 – 128 

J/m2) by using a UVP model UVGL-58 Handheld UV Lamp (Upland, CA) in the short-

wavelength (254 nm) mode. Immediately following UVC treatment, cells were treated with 

either DMSO or 150 µM Compound 1 for 21 h. Following treatment, cells were resuspended 

in drug-free RPMI media supplemented with 10% horse serum, 1% penicillin/streptomycin, 

and 200 µg/mL sodium pyruvate. A portion of each suspension (0.5 mL) was used to 

evaluate survival (PE0) by immediate re-distribution into 96-well cluster plates at an average 

cell density of 1.6 cells per well. PE0 survival plates were incubated for 11 days and then 

scored for wells exhibiting colony growth. The remaining bulk of each cell suspension was 

cultured (4.8 × 106 cells per treatment) for a further five days to enable fixation of drug-

induced mutations in the HPRT gene. Following fixation, cells were re-plated into 96-well 

cluster plates at a density of 5,000 cells per well in complete media containing 0.5 µg/mL 6-

thioguanine (6TG) as a selective agent. Cells were also re-distributed in parallel into 96-well 

cluster plates without selective agent at an average density of 1.6 cells per well to evaluate 

survival (PE6). All 6TG and PE6 plates were incubated for a11 – 12 more days and then 

scored for colony formation.

Clonogenic cell survival assay

After U2OS cells (300 cells/well) were settled in 6-well plates overnight, each indicated 

final concentration of cisplatin or 4-hydroxycyclophosphamide was added. After 24 h, 

Compound 1 or DMSO was added as indicated. After another 24 h, the culture medium was 

replaced with fresh medium, and cells were cultured for another 7 days. Each treatment was 

done in triplicate. The cells were gently rinsed twice with PBS, fixed with 3.7% 

formaldehyde, and stained by using 0.5% crystal violet. Colonies containing more than 

approximately 40 cells were counted. The survival rate was reported as 1 for the average of 

colony numbers in wells that received vehicle control (0.9% sodium chloride for cisplatin 

and DMSO for 4-hydroxycyclophosphamide).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The REV1 machinery for DNA damage tolerance and mutation. PCNA (homotrimer, green) 

is K164-monoubiquitinated (yellow) (UbPCNA) when a large DNA lesion such as a DNA 

crosslink is detected on the replication fork. REV1 (orange) has UBMs and binds to the 

UbPCNA. REV1 also binds to REV7 (wine red), recruiting REV3L (blue), which engages 

DNA replications that induce mutations (red arrowhead).
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Figure 2. 
Proteins used to screen compounds for REV1/UbPCNA interaction inhibition. A: REV1 

(1251 AA) and its truncated variant (REV1Δ, 695 AA), which was used to screen chemical 

compounds for inhibiting REV1/UbPCNA interaction. Dotted lines indicate the truncation to 

generate REV1Δ. B: In vitro production of K164-UbPCNA tagged with a biotin on the 

ubiquitin N-terminus. The reaction mixtures were analyzed by Coomassie-staining (left) or 

immunoblotting for pan-PCNA (right, PC-10 antibody) to confirm the UbPCNA bands.
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Figure 3. 
Identification of small-molecule compounds that inhibit interaction of UbPCNA with REV1. 

A: The AlphaScreen assay for interaction of His-tagged REV1Δ and biotin-tagged UbPCNA 

that identified compounds that inhibit UbPCNA-REV1 interaction. B: Dose-response of the 

compounds for inhibiting the REV1Δ/UbPCNA interaction. The IC50 values of 1 and 2 were 

fitted as 3.4 µM and 9.7 µM, respectively.
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Figure 4. 
Compounds 1 and 2 bind to REV1 UBM2. A: One-dimensional proton spectra of 1 (upper) 

and 2 (lower) with REV1 UBM2 protein. Red trace indicates the 1D reference spectrum of 

each compound. Blue trace indicates the STD spectrum of each compound. B: Superposition 

of the 2D [1H, 15N]-HSQC spectra of REV1 UBM2 with 2 at different molar ratios: 1:0 

(black), 1:2 (green), 1:4 (cyan), 1:6 (magenta), 1:8 (blue), and 1:10 (red). Arrows show the 

direction of perturbation. C: Selected peaks from the HSQC spectra are enlarged. D: 
Chemical shift perturbations (CSPs) are plotted as a function of the residue number for 

REV1 UBM2 with 2 at molar ratio 1:10. The secondary structure elements in the REV1 
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UBM2 are indicated at the top: α1-helices 1 and α2-helices 2. The CSP, with the average 

value of 0.006 displayed as a red dotted line. E: Assignment of CSP on the NMR structure 

of free REV1 UBM2 (6AXD.pdb) in a cartoon-embedded surface model. The secondary 

structure elements are indicated. Residues are colored on a blue (largest) to white (zero) 

gradient based on the CSP value.
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Figure 5. 
Compound 1 inhibits chromatin localization of REV1 following cisplatin treatment. A: 
Chromatin co-foci of full-length EGFP REV1/PCNA in U2OS cells that were pulse-treated 

with cisplatin (33 µM) followed by incubation with DMSO or 1 (150 µM). Pre-extracted cell 

nuclei were immunostained for PCNA. Confocal images of representative cells are shown. 

B: Colocalization of EGFP-REV1 and PCNA was determined by calculating Pearson’s 

correlation coefficients between red and green signals of all the pixels within a DAPI-

positive area, n=32 (DMSO) and 37 (1). The dots in the graph indicate the correlation 

coefficient of individual cells. Data were analyzed by performing Student’s t-test (two-

tailed). The bars in the graph indicate averages.
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Figure 6. 
A: Compound 1 suppresses CPD removal. HeLa cells were irradiated by UVC (2.5 J/m2), 

and treated as indicated; chromatin was immunostained with a CPD antibody. (a) untreated 

cells; (b) cells <1 h after UVC irradiation; (c) cells 24 h after UVC irradiation and recovery 

under DMSO; and (d) ibid under 1 (150 µM). B: Dot blots quantify the CPD foci normalized 

with the DAPI staining for each panel in (A) as indicated. Data were analyzed by performing 

Student’s t-test (two-tailed). The bars in the graph indicate averages. C: Compound 1 (150 

µM) suppresses HPRT gene mutations induced by UV. WTK-1 cells were UVC-challenged, 

treated as indicated, and cultured to allow HPRT protein expression. Mutation frequency 
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was determined by culturing 480,000 cells with 6-TG for 10 days and calculated from the 

number of surviving colonies in each dish normalized to plating efficiency before adding 6-

TG. Error bars represent standard deviation (n=2, 3, or 4).
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Figure 7. 
Compound 1 enhances the efficacy of chemotherapy drugs. Clonogenic survival of U2OS 

cells after 4-hydroxycyclophosphamide (left) or cisplatin (right) treatment with or without 1 
(75 µM). Error bars represent standard deviation (n=3).
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