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Abstract

Translesion synthesis (TLS) has emerged as a mechanism through which several forms of cancer 

develop acquired resistance to first-line genotoxic chemotherapies by allowing replication to 

continue in the presence of damaged DNA. Small molecules that inhibit TLS hold promise as a 

novel class of anti-cancer agents that can serve to enhance the efficacy of these front-line 

therapies. We previously utilized a structure-based rational design approach to identify the 

phenazopyridine scaffold as an inhibitor of TLS that functions by disrupting the protein-protein 

interaction (PPI) between the C-terminal domain of the TLS DNA polymerase Rev1 (Rev1-CT) 

and the Rev1 interacting regions (RIR) of other TLS DNA polymerases. To continue the 

identification of small molecules that disrupt the Rev1-CT/RIR PPI, we generated a 

pharmacophore model based on the phenazopyridine scaffold and utilized it in a structure-based 

virtual screen. In vitro analysis of promising hits identified several new chemotypes with the 

ability to disrupt this key TLS PPI. In addition, several of these compounds enhanced the efficacy 

of cisplatin in cultured cells, highlighting their anti-TLS potential.

Graphical Abstract

kyle.hadden@uconn.edu. 

Supporting information for this article is given via a link at the end of the document.

Conflict of Interest
The authors declare no conflict of interest.

HHS Public Access
Author manuscript
ChemMedChem. Author manuscript; available in PMC 2020 September 04.

Published in final edited form as:
ChemMedChem. 2019 September 04; 14(17): 1610–1617. doi:10.1002/cmdc.201900307.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We utilized a pharmacophore-based virtual screen to identify novel small molecule scaffolds that 

disrupt the protein-protein interaction (PPI) between the C-terminal domain of Rev1 and the Rev1 

interacting region present in multiple translesion synthesis (TLS) polymerases. This PPI is 

essential for the proper function of TLS and its disruption demonstrates promise as an anti-cancer 

therapeutic target.
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Introduction

Translesion synthesis (TLS) is an important cellular mechanism through which proliferating 

cells bypass DNA lesions during replication.[1–3] While this mechanism is responsible for 

rescuing cells during active replication, it does so at the expense of an increased mutation 

rate in the surviving cells.[4–5] The role of TLS in promoting cell survival has resulted in its 

emergence as a potential target for the development of a new class of anti-cancer agents.
[3,6–7] In the context of cancer treatment, TLS promotes tumor cell survival in the presence 

of first-line genotoxic chemotherapies, which can ultimately lead to acquired resistance to 

the first-line therapy.[4–5] Disruption of TLS can sensitize cancers to genotoxic agents and 

reduce mutagenesis in tumors, suggesting that combination therapy with a TLS inhibitor 

could enhance the efficacy of first-line agents and prevent chemoresistance.[3,6–7]

Proper TLS function requires the concerted effort of multiple DNA polymerases in complex 

with the DNA clamp PCNA to control a series of switching events that ensure this 

mechanism is only recruited to rescue replication stalled at DNA lesions.[1–2,8–9] Several of 

these switching events are mediated by protein-protein interactions (PPIs) between the C-

terminal domain of the Y-family polymerase Rev1 (Rev1-CT) and the Rev1 interacting 

regions (RIR) from the Y-family polymerases polη, polκ, polι, and polζ.[10–13] We recently 

identified the first small molecules (Figure 1A, 1-2) that disrupt the Rev1-CT/RIR PPI.
[14–16] These compounds increase sensitivity to cisplatin and reduce cisplatin-mediated 

mutagenesis in human cancer cells, highlighting their potential as combination therapies for 

various forms of cancer.

In addition to our de novo biochemical screening efforts, we also utilized a computationally-

aided rational design approach to identify a small molecule scaffold that disrupts the Rev1-

CT/RIR PPI.[15] The RIR motif contains a peptide sequence consisting of two Phe residues 

flanked by an N-cap residue and four helix forming residues (-nFFhhhh-), which serve as a 

‘recognition sequence’ for binding to Rev1-CT.[10–11] This peptide motif orients the two Phe 

residues in the proper conformation to interact with a hydrophobic binding pocket and an 

adjacent surface groove on Rev1-CT (Figure 1B). We utilized the overall conformation and 

spatial arrangement of the Phe-Phe residues in this recognition sequence to identify the 

phenazopyridine (PAP, 3) scaffold as a closely related structural mimic of this key RIR 

structure.[15] Additional studies on the PAP scaffold demonstrated that it disrupts the Rev1-

CT/RIR PPI through direct binding interactions at the RIR interface of Rev1-CT and 

Dash et al. Page 2

ChemMedChem. Author manuscript; available in PMC 2020 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



structure-based analogue design identified initial structure-activity relationships (SAR) for 

the scaffold.[15] Herein, we utilized the PAP scaffold to generate a pharmacophore that was 

utilized in a virtual screening effort to identify several additional small molecule scaffolds 

that target the Rev1-CT/RIR PPI.

Results and Discussion

Initial computational studies

Common Pharmacophore Generation.—As noted above, we synthesized and 

evaluated a small series of PAP analogues that provided important initial SAR for this 

scaffold of Rev1-CT/RIR PPI inhibitors.[15] In addition, we performed extensive per-residue 

free energy decomposition profiling from molecular dynamics (MD) simulations of each 

analogue in complex with Rev1-CT to determine which amino acid residues are critical for 

high-affinity binding. In the present study, compounds 3a-3d were utilized to generate a 

pharmacophore for the PAP scaffold in regards to its ability to disrupt this PPI (Figure 2). 

Our previous MD studies for the core PAP scaffold demonstrated that each compound 

interacts with Leu1159, Ala1160, Leu1171, Gln1174, Trp1175, Ile1179, Asp1186 and 

Glu1189 either by hydrogen bonding or hydrophobic interactions (Figure 1B).[9]

The average structures of 3a-3d in complex with Rev1-CT generated from our previous MD 

studies were prepared in the Protein Preparation Wizard (Schrödinger, 2015), which utilizes 

the constrain minimization method so that heavy atom strain can be relieved without 

significant structural modifications to the input geometry. The hydrogen atoms are not 

restrained, which allows the system to optimize the hydrogen bond network of each 

complex. First, we extracted each active ligand (3a-3d) from the corresponding complex and 

performed a ‘score in place’ docking in Glide XP mode to ensure that the isolated 

compounds adopt the same structural orientation seen in the average complex. Analysis of 

the root mean square deviation (RMSD) between the averaged structure and the isolated 

ligands in complex with Rev1-CT demonstrated that both structures correlated well when 

superimposed (RMSD < 0.1 Å).[15]

Next, we utilized Glide XP to automatically generate a four-point e-pharmacophore 

hypothesis for each active compound complexed with Rev1-CT (Figure 3). The e-

pharmacophore was generated based on a ranking and scoring of important energetic terms 

involved in the Rev1-CT/RIR PPI. The inter-site distances among the structural features of 

each pharmacophore hypothesis are depicted in Figure 3. In addition, this method allows us 

to exclude volumes around the pharmacophore that correspond to regions of space that are 

occupied by the Rev1-CT binding site. Our previous per-residue ligand interaction analysis 

for 3a-3d demonstrated that key intermolecular interactions occur between the PAP scaffold 

and Gln1174, Trp1175, and Asp1186 of Rev1-CT.[15] The e-pharmacophore hypothesis 

generated for each of the PAP ligands correlated well with the per-residue free energy 

decomposition profiling highlighting that this approach could effectively map the important 

three-dimensional chemical features that govern affinity for the targeted binding site on 

Rev1-CT. Three features were generated across the four pharmacophore models: aromatic 

rings (R1 and R2), hydrogen bond donors (D1 and D2), and a hydrophobic moiety (H). Most 

notably, the e-pharmacophores for 3a-3d consisted of two aromatic rings (R1 and R2), which 
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strongly suggests that the π-π and hydrophobic interactions between the phenyl rings and 

their binding region on Rev1-CT are the most important intermolecular interactions at the 

Rev1-CT/RIR interface. These results were not surprising considering the known importance 

of the hot spot Phe-Phe residues in the RIR motif.

The energy score ranges for R1 (−1.21 to −1.49) suggest that this aromatic moiety provides 

stronger π-π interactions between the scaffold and Rev1-CT compared to R2 (−0.7 to −0.93) 

(Table 1). The aromatic planes of both aromatic rings are orthogonal to each other, with an 

interatomic distance ranging from 6.20–6.31 Å from the respective centers of their aromatic 

symmetry.[15] The structural features of these aromatic moieties closely resemble the natural 

orientation of the Phe-Phe amino acids in the RIR motif. The hydrogen bond donor 

generated across all four e-pharmacophores (D1, energy score range −0.79 to −0.90) 

interacts with E1174 in our models. A second hydrogen bond donor feature (D2) was 

identified in the e-pharmacophores generated for 3b-3d. This feature was a particularly 

strong component of the pharmacophore for 3c-3d (−1.26 to −1.47) due to its interaction 

with the key Rev1-CT residue D1186. Compound 3a exhibited an additional hydrophobic 

feature (H1), but the low relative energy score (−0.17) suggests it makes minimal 

contributions to the binding energy compared to the other features.

Virtual screening.—The e-pharmacophore analyses of 3a-3d in complex with Rev1-CT 

revealed that three key features (D1R1R2) represent the minimum pharmacophore hypothesis 

for binding of the PAP scaffold to the RIR interface of Rev1-CT. An additional four feature 

model (D1R1R2D2) that depends on the presence of a side chain at the 2-position of the 

pyridine ring was also identified. In order to find novel chemotypes that disrupt the Rev1-

CT/RIR PPI through direct binding interactions with the defined pocket on Rev1-CT, the 

three- and four-point pharmacophore models were utilized to screen a chemical database of 

approximately 150K small molecules for diverse scaffolds that satisfy the pharmacophore 

models (Figure 4). Initially, a pre-screen was performed to rapidly remove the majority of 

compounds that did not match the required features (D1R1R2D2). This pre-screen returned 

5,421 hits containing the desired pharmacophoric features. For the next round of screening, 

conformers of the initial hits were incorporated into the compound set and a match to all 

four pharmacophoric features was mandatory, a process that narrowed our search down to 

481 compounds. We further reduced our hit compounds by removing compound with a 

fitness score less than 60%. The fitness score defines the extent to which the 

pharmacophoric features in a particular molecule match the features present in the reference 

structure. This procedure reduced our hit set to 108 compounds, which were initially docked 

to the Rev1-CT binding pocket (PDB code 2LSI) through the high-throughput virtual 

screening (HTVS) protocol in Schrödinger. Compounds with a predicted docking score ≤ 

−4.5 were subjected to the more rigorous Glide SP docking procedure into the same Rev1-

CT structure. Compounds that exhibited an SP Glide score < −5.22 were docked with Rev1-

CT in XP mode, the most robust docking procedure in Glide. This final docking procedure 

narrowed our set to 33 compounds (XP Glide Score ≤ −4.9), which were chosen for 

experimental evaluation.
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Biological studies.

Hit validation.—Each of the 33 compounds identified as potential hits through our 

computational screening approach were evaluated for their ability to disrupt the Rev1-

CT/RIR PPI through our previously described fluorescence polarization (FP) assay.[14] 

Compounds with IC50 values less than 15 μM were classified as our primary hits (4-11, 

Figure 5), while those with IC50 values greater than 20 μM are shown in Supplementary 

Table 2. Overall, our computational docking correlated well with activity in the FP assay 

(Table 2). The three most potent compounds in the FP assay (4-6) also demonstrated the 

highest Glide XP scores for our primary hits. In addition, while several analogues (6-11) 

with Glide XP scores in the −4.9 to −6.0 range were promising hits in the FP assay, the 

majority of compounds with a docking score in this range (~80%) were weakly active or 

inactive. These biochemical results serve to validate our computational strategy to identify 

small molecules capable of disrupting the Rev1-CT/RIR PPI. In addition, we utilized the 

data from the FP assays to calculate predicted Kd and Ki values for each hit compound. 

Overall, the Kd and Ki values for the most active compounds (4-7) correlated well with the 

experimentally determined IC50 values. By contrast, the predicted values for the compounds 

that were less active in the FP assay (8-11) were everstimated, but still followed the general 

trend seen in the experimental assay.

Cellular activity of promising leads.—To gain initial information about the cellular 

anti-TLS activity of these compounds, we evaluated the ability of our three most potent 

compounds (4-6) to enhance cisplatin-mediated cell killing of mouse embryonic fibroblasts 

(MEFs). The replicative bypass of cisplatin intrastrand crosslinks requires Rev1/polζ-

mediated TLS and we have demonstrated previously that these cells are a valid model for 

evaluating TLS inhibitors that function via direct binding to Rev1-CT.[8–9,14,18] Each 

compound significantly enhanced the ability of cisplatin to kill the MEFs, albeit at 

concentrations (≥15 – 45 μM) higher than those that were effective for our previously 

reported Rev1-CT/RIR inhibitors 1/2 (Figure 6). These results clearly establish these 

compounds as promising leads for future development as TLS inhibitors.

Post-validation molecular dynamics.—To explore the stability and dynamic properties 

of the Rev1-CT/compound complexes, atomistic molecular dynamics (MD, 20 ns) 

simulations for compounds 4-11 were performed. These MD simulations provide detailed 

insights into the intermolecular interactions between Rev1-CT and the small molecule that 

contribute to stable binding conformations. In addition, they allow us to visualize the effect 

ligand binding has on the overall Rev1-CT conformation.

The initial bound structures and the average structures after MD simulations were compared. 

The RMSD plots, which describe fluctuations in atom positions in Rev1-CT, the hit ligand, 

and the Rev1-CT/hit complexes during the MD simulations (Supplemental Figure 2), 

demonstrate that Rev1-CT converges at a higher RMSD when complexed to the hit ligands. 

In addition, the RMSD values for the majority of lead compounds was less than 2 Å. Taken 

together, these results clearly indicate that the structure of Rev1-CT is stabilized when 

bound to the small molecule hits (Table 3). The average short range Lennard-Jones (VLJ, van 

der Waals), electrostatic (VC), and total (VLJ + VC) energies were also calculated for the 
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Rev1-CT/hit complexes (Table 4). Overall, the van der Waals interactions between Rev1-CT 

and the small molecule ligand contributed the most to the total binding energy for each 

complex.

Next, we evaluated the orientation of the small molecule scaffolds when complexed to the 

Rev1-CT binding site to more clearly determine which specific intermolecular interactions 

contribute most to the total interaction energies of the Rev1-CT/hit complexes (Figure 7). As 

noted previously, the RIR interface on Rev1-CT is characterized by a small, hydrophobic 

binding pocket. Not surprisingly, an aromatic moiety in each of our most potent hits 

penetrated into this binding site and formed strong van der Waals interactions with the 

hydrophobic amino acids lining the pocket (Leu1159, Ala1160, Leu1171, Leu1172, 

Trp1175, and Val1192). π-π stacking interactions between an aromatic moiety in 4 and 6 
and Trp1175 also contributed strongly to the binding interactions. While a clear π-π 
interaction between 5 and Trp1175 was not predicted, the central quinoline of the scaffold is 

in very close proximity to the indole. Polar functional groups on each scaffold extended out 

of the binding pocket into the solvent accessible area, suggesting these regions can be 

modified to enhance scaffold solubility. Docking poses and key interactions for primary hits 

7-11 are shown in Supplemental Figures 3 and 4.

Finally, we extracted the small molecule binding conformation from the most energetically 

favorable Rev1-CT/compound complexes and overlaid them with our generated e-

pharmacophore. The overlays for our three most potent structures (Figure 8) highlight the 

key features of each scaffold driving its ability to disrupt the Rev1-CT/RIR PPI. Compounds 

4 and 6 both shared all four structural characteristics of our four feature e-pharmacophore 

model (D1R1R2D2); however, the overall arrangement of these features was not a perfect fit 

over the four-point model. By contrast, compound 5 only shared three of the four structural 

features (R1, R2, and D2), but the two aromatic moities in 5 that mimic the two conserved 

Phe-Phe residues in the RIR motif more closely align to the e-pharmacophore structure. 

Overlays for the remaining hits are shown in Supplemental Figure 5.

Conclusions

Inhibition of TLS has emerged as a valid strategy to enhance genotoxic chemotherapy and 

prevent acquired resistance. We previously demonstrated that small molecule disruption of 

the PPI between Rev1-CT and the RIR motif present in multiple TLS polymerases inhibits 

TLS in cell culture.[14] In this manuscript, we generated a pharmacophore model from a 

small molecule scaffold known to disrupt the Rev1-CT/RIR PPI. Our pharmacophore was 

utilized as the basis for a structure-based virtual screening protocol to identify additional 

small molecule lead scaffolds that disrupt the PPI and enhance cisplatin-mediated cell 

killing. These scaffolds share similar structural features and interact in a comparable fashion 

with the RIR interface on Rev1-CT. Our results further support the druggable nature of this 

PPI and provide a basis for the continued structure-based development of multiple scaffolds 

as anti-cancer therapeutics that target TLS.
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Experimental Section

General information

The chemical database used for the pharmacophore screen was comprised of an in-house 

library of approximately 150K small molecules purchased from ChemBridge. The polκ-RIR 

peptide (560–575) incorporating an N-terminal fluorescent FAM label (FAM-Polκ-RIR) 

utilized in the FP assay was custom synthesized by GenScript. Recombinant Rev1-CT and 

the subsequent 1:1 Rev1-CT/FAM-Polκ-RIR complex used in the FP assay were prepared as 

described previously.[9] All statistical analysis and graphing was carried out in GraphPad 

Prism 5.

Computational Studies

Preparation of Rev1-CT and small molecule structures.—The Rev1-CT structure 

from PDB code 2LSI was prepared for docking with the protein preparation wizard module 

from Schrödinger Suite 2015[19] using the OPLS_2005 force field. The small molecule 

database was prepared using LigPrep and Epik to expand protonation and tautomeric states 

at pH 7.0 for each molecule. The ConfGen search algorithm was used for conformational 

sampling, with the OPLS_2005 force field and a duplicate pose elimination criterion set to 

1.0 Å RMSD to remove redundant conformers. Electrostatic interactions were modeled 

using distance-dependent dielectric solvation treatment. To exclude high energy structures 

that represent weakly binding compounds, a maximum relative energy difference of 10.0 

kcal/mol was utilized.

Molecular docking and E-pharmacophore generation.—The grid box was 

generated around the Rev1-CT amino acid residues interacting with the RIR region of polκ. 

The Glide XP docking module was used for initial docking and visualization of the docked 

results. The docking conformer of the four phenodiazopyridines along with their binding 

poses were utilized as the input for E-pharmacophore mapping[20] using the energetic terms 

from the Glide XP scoring[21] function onto the center of the interacting ligand atom. All 

ligand structures were built using the Maestro module of the Schrödinger Suite package and 

energy minimized using Macromodel with the OPLS_2005 force field. The remaining 

parameters were left at their default settings.

Virtual screening protocol.—To identify novel scaffolds with the ability to disrupt the 

Rev1-CT/RIR PPI, we screened an in-house library of 155,499 molecules from Chembridge 

in silico against the E-pharmacophore model generated from our PAP scaffold. Initially, 

prescreening was performed by utilizing the following search criteria for the compound 

database: x log p ≤ 5.0, molecular weight in the range of 150–800, hydrogen bond donors ≤ 

5, hydrogen bond acceptors ≤ 10. Initially, the three- and four-point pharmacophore models 

generated from our PAP analogous were used as filters to screen our chemical database of 

small molecules. Our virtual screening workflow utilized the Glide module for ligand and 

protein docking. In this protocol, the Glide program filters the compounds using the HTVS 

(high throughput virtual screening) module, followed by the SP (standard precision) and XP 

(extra precision) modes. The OPLS_2005 force field parameters were applied while 
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performing docking calculations. The molecules with the best Glide scores were visually 

inspected and considered for further analysis.

Post screening molecular dynamics.—To explore the binding energetics for each 

individual amino acid residue involved in the binding between Rev1-CT and our hits, the 

three-dimensional Rev1-CT:hit complexes generated through the above docking procedures 

were subjected to molecular dynamics (MD). The general CHARMM36 force was utilized 

to generate the force field parameters for protein and ligands. To neutralize the total charge 

of the system, sodium counter ions were placed in positions with the largest negative 

coulombic potentials around the protein and the whole system was immersed in a 

rectangular box of TIP3P water molecules. The water box extended 8 Å away from any 

solute atom. In molecular minimization and molecular dynamics simulations, particle mesh 

Ewald (PME) was employed to treat the long-range electrostatic interactions.[22] Before MD 

simulations, the complexes were gradually relaxed using 10,000 cycles of minimization (500 

cycles of steepest descent[23–24] and 9,500 cycles of conjugate gradient minimization[25]). 

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[26] was employed 

to constrain all hydrogen atoms and the time step was set to 2.0 fs. Before the actual MD 

simulations, the system was gradually heated in the NVT ensemble from 10K to 298K over 

500 ps. Initial velocities were assigned from a Maxwellian distribution at the starting 

temperature. Rev1-CT/hit complexes were analyzed following 20 ns MD trajectories.

Biological Evaluation

Fluorescence polarization assay.—The FP assay was performed as described 

previously.[15] Briefly, 1:1 Rev1-CT/FAM-Polκ-RIR complex (10 μL, 0.2 μM) and 

compound (10 μL, varying concentrations) were mixed in a black 384-well plate and 

incubated for one hour. Fluorescence polarization was measured on a Synergy H1 Hybrid 

multi-mode plate reader (Biotek, excitation 485 nM, emission 528 nM).

Methods for Cisplatin Sensitivity Assay.—Mouse embryonic fibroblasts (MEFs) were 

purchased from ATCC and grown at 37°C in a humidified atmosphere (5% CO2) in RPMI 

1640 (Gibco), supplemented with 10% FBS (HyClone) and 1% Penicillin/Streptomycin. For 

passaging, cells were trypsinized with 0.25% Trypsin-EDTA (Corning). MEFs were seeded 

in a 96-well plate (10,000 cells/well, 100 μL) and incubated overnight (37°C, 5% CO2). 

Cells were treated in triplicate with DMSO, cisplatin alone, compound alone, or cisplatin 

plus compound at the concentrations indicated (0.1% DMSO/well). Following a 24 hr 

incubation, the number of viable cells were quantitated 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 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. 
(A) Small molecule scaffolds that disrupt the Rev1-CT/RIR PPI. (B) Key amino acid 

residues at the Rev1-CT (blue) and polη-RIR (red) interface.
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Figure 2. 
Flow chart for computational lead scaffold identification.
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Figure 3. 
Pharmacophore generation from 3a-3d.
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Figure 4. 
Virtual Screening Flow Chart for Hit Progression.
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Figure 5. 
Structures of small molecule hits that disrupt the Rev1-CT/RIR PPI.
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Figure 6. 
Rev1-CT/RIR PPI inhibitors enhance sensitivity to cisplatin. MEF cells were incubated with 

compounds 4 (A), 5 (B), and 6 (C) alone at varying concentrations or in combination with 

cisplatin (0.6 μM) for 24 hrs and cell viability was assessed with the Promega CellTiter-

Glo® Luminescent Kit.
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Figure 7. 
Binding conformations and key interactions with Rev1-CT for compounds 4 (A and B), 5, 

(C and D), and 6 (E and F). Green circles = hydrophobic residues. Red circles = negatively 

charged residues. Blue circles = positively charged residues. Green line = π-π interaction. 

Purple arrow = hydrogen bond.

Dash et al. Page 16

ChemMedChem. Author manuscript; available in PMC 2020 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Hit scaffolds overlaid with the e-pharmacophore. Compound structures of hit compounds 4 
(A), 5 (B), and 6 (C) extracted from the energetically stabilized Rev1-CT/ligand MD 

complexes were overlaid with our D1R1R2D2 e-pharmacophore. The compound structure is 

represented as ball and stick and the e-pharmacophore represented as a line structure.
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Table 1.

Energy scores for the features generated by the e-pharmacophore hypothesis.

Cmpd R1 R2 D1 H D2

3a −1.49 −0.88 −0.88 −0.17 ---

3b −1.38 −0.93 −0.90 --- −0.31

3c −1.38 −0.83 −0.79 --- −1.26

3d −1.21 −0.70 −0.87 --- −1.47
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Table 2.

Docking score and initial activity for most potent hit compounds.

Compound
Glide XP

Score[a] IC50 (μM)
b

Kd (μM)
c

Ki (μM)
d

4 −6.875 1.6 ± 0.9 1.8 2.1

5 −6.061 6.7 ± 1.6 4.3 4.9

6 −5.542 4.9 ± 2.5 5.3 5.9

7 −5.485 9.7 ± 0.4 5.4 6.1

8 −5.182 11.0 ± 6.4 16.4 18.5

9 −5.222 11.4 ± 1.1 19.8 22.2

10 −5.082 13.7 ± 4.2 40.8 45.6

11 −4.946 9.8 ± 2.3 20.6 23.2

[a]
Glide Score from docking studies.

[b]
IC50 values are the mean ± SEM of at least four separate experiments performed in triplicate.

[c]
Kd values were calculated via Equation 17 in Ref 17.

[d]
Ki values were calculated via the Cheng-Prusoff Equation.
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Table 3.

RMSD values from MD simulations of the Rev1-CT/Hit complexes.

Compound Protein Ligand Complex

4 2.51 ± 0.3[a] 2.68 ± 0.2 2.75 ± 0.3

5 2.47 ± 0.2 2.17 ± 0.1 2.42 ± 0.1

6 2.54 ± 0.3 1.95 ± 0.6 2.75 ± 0.4

7 2.19 ± 0.2 1.49 ± 0.1 2.19 ± 0.2

8 2.42 ± 0.2 2.28 ± 0.4 2.52 ± 0.2

9 2.26 ± 0.3 1.48 ± 0.2 2.29 ± 0.3

10 2.31 ± 0.2 1.37 ± 0.3 2.34 ± 0.2

11 2.16 ± 0.2 2.80 ± 0.6 2.53 ± 0.3

[a]
Values are average ± SD.
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Table 4.

Energy scores derived from MD studies on Rev1-CT/Hit complexes.

Compound VLJ
[a]

(kcal/mol)
Vc

[b]

(kcal/mol)
VLJ+VC

[c]

(kcal/mol)

4 −27.41 ± 4.1[d] −6.65 ± 5.4 −34.07 ± 5.9

5 −23.92 ± 3.4 −9.92 ± 5.6 −33.84 ± 4.9

6 −21.75 ± 4.3 −14.06 ± 6.8 −35.18 ± 9.5

7 −27.17 ± 2.9 −13.02 ± 7.6 −40.29 ± 5.3

8 −24.13 ± 3.4 −7.36 ± 3.9 −31.49 ± 4.6

9 −25.59 ± 3.4 −9.36 ± 4.7 −34.95 ± 4.2

10 −23.37 ± 4.0 −8.17 ± 2.1 −31.54 ± 3.9

11 −25.65 ± 3.9 −6.12 ± 4.7 −31.78 ± 4.3

[a]
VLJ = Lennard-Jones energy derived from van der Waals forces.

[b]
VC = Electrostatic energy.

[c]
VLJ +VC = Total energy.

[d]
Values are average ± SD.
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