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Abstract

REV1 is a DNA damage tolerance protein and encodes two ubiquitin-binding motifs (UBM1 

and UBM2) that are essential for REV1 functions in cell survival under DNA-damaging stress. 

Here we report the first solution and X-ray crystal structures of REV1 UBM2 and its complex 

with ubiquitin, respectively. Furthermore, we have identified the first small-molecule compound, 

MLAF50, that directly binds to REV1 UBM2. In the HSQC NMR experiments, peaks of 

UBM2 but not of UBM1 are significantly shifted by addition of ubiquitin, which agrees to 

the observation that REV1 UBM2 but not UBM1 is required for DNA damage tolerance. 

REV1 UBM2 interacts with hydrophobic residues of ubiquitin such as L8 and L73. NMR data 

suggest that MLAF50 binds to the same residues of REV1 UBM2 that interact with ubiquitin, 

indicating that MLAF50 can compete with the REV1 UBM2-ubiquitin interaction orthosterically. 
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Indeed, MLAF50 inhibited interaction of REV1 UBM2 with ubiquitin and prevented chromatin 

localization of REV1 induced by cisplatin in U2OS cells. Our results structurally validate REV1 

UBM2 as a target of a small-molecule inhibitor and demonstrate a new avenue to targeting 

ubiquitination-mediated protein interactions with a chemical tool.

GRAPHICAL ABSTRACT
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INTRODUCTION

REV1 is a protein with proven tumor promotion and chemotherapy resistance functions. 

Rev1-knockout mice are healthy [1], but Rev1 transgenic mice are highly tumor

prone [2]. Depleting Rev1 in mouse lymphoma dramatically improves the efficacy of 

cisplatin and cyclophosphamide and suppresses the resistance and mutations induced by 

cyclophosphamide [3]. The role of REV1 in drug resistance has also been demonstrated in 

ovarian [4] and lung cancer [5] models. REV1 was originally identified as a deoxycytidyl 

transferase [6] that inserts exclusively dC, irrespective of what is on the template strand 

[7]. Later, many studies indicated that its major role is organizing components for DNA 

damage tolerance as a scaffold protein rather than inserting a dC. When a DNA replication 

fork is stalled on DNA damage, PCNA at the damaged strand is K164-monoubiquitinated 

(UbPCNA). REV1 interacts with UbPCNA via the ubiquitin-binding domain, which is 

composed of two ubiquitin-binding motifs (UBM1-UBM2) [8–11]. REV1 then recruits 

REV7-REV3L complex to the site of the DNA damage to allow translesion DNA synthesis 

(TLS) over a variety of DNA damage types [12–15]. UbPCNA activates TLS with yeast 

rev1 in vitro, but non-ubiquitinated PCNA cannot [9]. The rev1 UBM is required for the 

UbPCNA interaction and a point mutant in the UBM is defective for UbPCNA-mediated 

TLS [8]. Cells expressing a REV1 UBM mutant are hypersensitive to UV and cisplatin [11]. 

REV1 also recruits RAD18 on chromatin and promotes PCNA monoubiquitination: cells 

expressing a point mutant of REV1 UBMs are deficient in PCNA monoubiquitination [16]. 

Therefore, blocking the interactions of REV1 UBMs is a rational and promising approach to 

effectively and selectively inhibit REV1 functions coordinated by UbPCNA.

Human REV1 has two tandem UBMs (Figure 1), neither of which has been structurally 

characterized. The structure of the ubiquitin complex of the UBM of Polι, a TLS 

polymerase, has been previously characterized [17, 18]. The REV1 UBM2 point mutations 

derived from modeling based on the sequence homology between REV1 UBMs and 

Vanarotti et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2021 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Polι UBMs promote hypersensitivity to UV and suppress UV-mediated mutagenesis in 

yeast [19], indicating that the UBM2 is the primary site for the ubiquitinated protein 

interactions responsible for the REV1-mediated DNA damage tolerance. We have focused 

on determining the structures of free REV1 UBM2 and REV1 UBM2-ubiquitin complex. 

Following interest in targeting ubiquitin interaction domains [20], we have also identified the 

first small-molecule that inhibits REV1 UBM2-ubiquitin interaction.

RESULTS

Ubiquitin interacts with REV1 UBM2 but not with UBM1

We produced a truncated REV1 (933–1040) protein containing the tandem UBM1-UBM2, 

but this protein was not stable enough to perform experiments over long period of time. We 

anticipated that the stability would be improved by mutating cysteine residues. REV1 (933–

1040) contains two cysteines: one in UBM1 (C958) and one between UBM1 and UBM2 

(C977), but none in UBM2 (Figure 1). To avoid potential structural changes caused by 

mutating C958 in UBM1, we chose a serine that is relatively neutral in structural preference 

[21]. An alanine was used to mutate C977. In the 2D [1H, 15N]-HSQC spectra, the 

resonances of wild-type (WT) and C958S C977A REV1 UBM1-UBM2 were very similar 

and the same resonances were perturbed by ubiquitin binding (Figure S1), indicating that the 

mutant is a reasonable surrogate for the biochemical and structural studies. To determine the 

binding affinity of REV1 UBM1-UBM2 (C958S C977A) to ubiquitin, isothermal titration 

calorimetry (ITC) was performed (Figure S2A and Table 1). The experimental data best fit 

to a single-site model assuming 1:1 stoichiometry for REV1 UBM1-UBM2 (C958S C977A) 

to ubiquitin with a dissociation constant (KD) of 18.7 ± 1.6 μM.

We next used NMR to examine the interactions between the REV1 UBM1-UBM2 (C958S 

C977A) and ubiquitin in detail. NH backbone resonances of free and ubiquitin-bound 

REV1 UBM1-UBM2 (C958S C977A) were assigned based on the three-dimensional 

HNCO, HNCA, CBCA(CO)NH, and HNCACB spectra (Figure S3). Chemical shift 

perturbations (CSPs) for ubiquitin bound to REV1 UBM1-UBM2 (C958S C977A) were 

measured by adding unlabeled ubiquitin to 15N-labeled REV1 UBM1-UBM2 (C958S 

C977A). Examining a series of 1H-15N correlation spectra of REV1 UBM1-UBM2 (C958S 

C977A) in the presence of different concentrations of ubiquitin, we observed progressive 

perturbations only at REV1 UBM2 but not UBM1 (Figure 2), suggesting that only UBM2 

of REV1 binds to ubiquitin. Our results agree with those in Saccharomyces cerevisiae: 
ubiquitin binds to rev1 UBM2 but not to UBM1 [19].

CSP analysis of REV1 UBM1-UBM2 treated with ubiquitin shows that almost every peak 

in the UBM2 region is perturbed by ubiquitin (Figure 2C). A set of hydrophobic residues 

of UBM2 showed large CSP values, which includes I1008, L1009, L1010, V1016, A1023, 

L1032, A1035 and Y1036. In addition, several charged residues in UBM2 namely, Q1015, 

D1017, E1019 and E1031 exhibit large CSP value. Residues from UBM1 and the region 

connecting UBM1 and UBM2 did not show significant CSP. Hence, the data provide 

strong evidence that there is a disparity between UBM2 and UBM1 of REV1 towards 

the selectivity of ubiquitin and showed that UBM2 is essential for the ubiquitin-binding. In 

order to equitably address the fact that UBM2 is the functional ubiquitin-binding domain 
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of human REV1, we used unlabeled REV1 UBM2 (residues E998 to Q1040) to study the 

association of REV1 UBM2 with ubiquitin by ITC (Figure S2B, Table 1). The experimental 

data best fit a single-site model (1:1 stoichiometry) for REV1 UBM2 to ubiquitin with a KD 

of 14.9 ± 3.0 μM, suggesting that REV1 binding to ubiquitin is contributed solely by UBM2.

Solution NMR structure of REV1 UBM2

Since UBM2 is essential in ubiquitin binding, we next sought to determine the solution 

structure of the 13C/15N double-labeled REV1 UBM2. Backbone assignment of REV1 

UBM2 was based mainly on HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH 

experiments (Figure S5A and S5B). The Cα and Co chemical shift deviation plot showed 

that there are two helical elements in UBM2 (1018–1022, 1026–1037; Figure S5A and 

S5B). The side chain assignments were carried out using standard NMR methods and the 

distances for structure calculation were obtained from 3D 15N-, and 13C-resolved NOESY 

spectra. Though two helical regions were present based on the Cα and Co chemical 

shifts, all of the amide protons in the helical regions exhibited exchange cross peaks with 

water resonance in the 15N-resolved NOESY spectrum. Hence hydrogen bond restraints to 

stabilize helical regions could not be used in the structure calculation. However, helical 

NOEs were observed in this region, which enabled the folding of the two helical segments 

(Figure S5C). The presence of exchange cross peaks even for the ordered helical region 

of REV1 UBM2 (1018–1022, 1026–1037) suggests that the backbone of UBM2 may be 

in conformational exchange between folded and unfolded states. This is also supported 

by the observed lower heteronuclear NOE values (0.4, Figure 3C) in the helical regions. 

Since most of the residues before 1016 were unstructured and did not show any long range 

NOEs, we calculated the 3D structure of REV1 UBM2 for residues from 1008 to 1040. 

The restraints used in the structure calculation are given in Table 2. The final ensemble 

consisting of the 20 lowest-energy structures is well defined, for residues 1017–1038 with 

an RMSD of 0.31 Å for all backbone atoms and 0.72 Å for all the heavy atoms (Figure 

3A, Table 2). The residues at the N-termini, 1008 to 1016 are only partially structured, and 

F1013 shows two different conformations for the backbone (Figure S6), as there are no long 

range NOEs in this region. Similarly, the last two residues did not show any long range 

NOEs and hence were excluded in the rmsd calculation (Table 2). UBM2 is well structured 

between residues P1018 and Q1038 (Figure 3A and B). The Ramachandran statistics for 

the structured region is mostly in the allowed region (Figure S5D). The structure of REV1 

UBM2 consists of two amphipathic helices (α1 and α2) that are perpendicular to each 

other, with a long, extended N-terminal loop. α1 of UBM2 contains a single turn (V1020 

to A1023), whereas the C-terminal α2 (A1026 to Q1038) is longer than α1. Both α1 and 

α2 are connected by a short loop containing two highly conserved residues L1024 and 

P1025. Indeed, L1024-L1028 region showed large CSP during ubiquitin titration (Figure 

2C), suggesting that this region including P1025 is involved in the interaction with ubiquitin. 

The helices of UBM2 interact via aromatic residues F1013 from the N-terminal loop, F1021 

of α1, and L1032, Y1036 of α2 that forms hydrophobic core (Figure 3B). In addition, we 

observed that the side chains E1027 and R1030 as well as Q1029 and K1033 are in such 

close proximity to form hydrogen bonds among themselves (Figure S6B). These interactions 

may contribute to the stability of α2.
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To gain insights into the conformational dynamics of the REV1 UBM2 domain, we acquired 

and analyzed 15N backbone relaxation data: the longitudinal relaxation time T1, transverse 

relaxation time T2, and [1H]-[15N] steady-state NOE, which provide a measure of the 

rigidity of the protein backbone on the picosecond-nanosecond timescale [22, 23] (Figure 

3C–E). [1H] - [15N] steady-state NOE values >0.6 indicate well-structured regions and can 

be qualitatively described as being rigid, values between 0.4–0.6 are qualitatively described 

as semi-rigid flexibility, and values <0.2 indicate completely unstructured regions. [1H]- 

[15N] steady-state NOE values for the residues in the two helices (E1019 to D1037) were 

between 0.4 to 0.6, indicative of semi-rigid flexibility (Figure 3C). Also a value less than 0.2 

was observed for the N-terminal residues till L1010, indicating that this region is flexible, 

as no long range NOE’s were observed in this region. These data correlates well with the 

solution structure of REV1 UBM2 in which the two helices exhibit semi-rigidity and the 

region between the two helices is flexible. The residues in the N- and C-termini of the two 

helices showed [1H] - [15N] steady-state NOE values <0.2, indicating flexibility in these 

regions as evidenced by unstructured regions. An average R1 value of 1.8 s−1 and R2 of 

6.7 s−1 were observed for REV1 UBM2 in the region that has the secondary structure. The 

rotational correlation time for REV1 UBM2 estimated from R2/R1 ratios for the semi-rigid 

part of the molecule is 3.8 ns, which is consistent with the value of a monomeric protein 

of similar size [24]. Residues around A1022 exhibited higher R2 rates than did the rest of 

the molecule, suggesting slower motion on a millisecond time scale in this region (Figure 

3E). The observed slow motion in this region may be essential as UBM2 engages its binding 

partners through this region.

Crystal structure of REV1 UBM2 in complex with ubiquitin

To further investigate the molecular basis for REV1 UBM2 recognition by ubiquitin, we 

co-crystallized the protein complex. The 2.35 Å REV1 UBM2-ubiquitin structure was 

determined by molecular replacement using ubiquitin as the search model. A detailed 

crystallographic analysis of REV1 UBM2 binding to ubiquitin follows (Figure 4, Table 

3), along with comparisons to previously reported Polι UBM2 complexes with ubiquitin 

[19]. The cubic crystals contain a 1:1 REV1 UBM2 to ubiquitin complex in the asymmetric 

unit. This 1:1 stoichiometry agrees to that measured by ITC (Figure S2). Superimposition 

of REV1 UBM2 from both our free and ubiquitin-bound structures reveals that the N

terminus of UBM2 forms an extended two turn alpha helix (α1’) upon binding to ubiquitin. 

Residues within α1’ and the adjacent loop establish significant interactions with ubiquitin. 

Specifically, α1’ largely engages the C-terminus of ubiquitin; I1005 is in van der Waals 

contact with mainchain atoms of residues R72, L73 and R74, and the side chain of N1006 

makes a hydrogen bond to the amide nitrogen of R74. In addition, I1008 and A1009 both 

form hydrophobic interactions with L71 and L73, while I1008 also engages I36 of ubiquitin. 

Lastly, although the sidechain of D1002 could not be modeled due to insufficient density, 

this solvent exposed residue is in proximity to R74 of ubiquitin and may form a hydrogen 

bond in solution. In addition to α1’ residues, the loop connecting α1’ to α1 provides 

novel interactions with ubiquitin. These associations are centered on the critical β-hairpin 

residue L8 [17, 18] and augment the hydrophobic interactions mediated by UBM2 α1 in 

our structure and previously described for Polι UBM2-ubiquitin complex formation [19]. 
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Loop residue L1010 packs well between L8 and L73 of the C-terminus, while P1011 makes 

hydrophobic interactions with L8 and T9 of ubiquitin.

α1 hydrophobic residues of REV1 UBM2 bind ubiquitin similarly to structurally equivalent 

α1 residues of Polι UBM2, despite a ~2.5 Å translational shift of their respective helices 

relative to ubiquitin. V1020 and F1021 are in hydrophobic contact with L8, while V1020 is 

also in van der Waals contact with K6 and H68. A1023 makes van der Waals interactions 

with H68. As we observed in NMR CSP data (Figure 2C), loop residues L1024 and P1025 

contribute to ubiquitin binding. Importantly, L1024 makes hydrophobic interactions with L8, 

I44, and V70 of ubiquitin. P1025 is in hydrophobic contact with I44 of ubiquitin. Additional 

hydrophobic interactions involve α2 residues; L1028 with I44 and V70 of ubiquitin, and 

L1032 with L8, V70, and L73 of ubiquitin. Lastly, A1035 and Y1036 from the C-terminal 

end of α2 make hydrophobic interactions with L73 and L8 of ubiquitin, respectively. Among 

the hydrophobic dominated common ubiquitin recognition motif, there are a few hydrogen 

bonds observed for the complex. Within α1 of REV1 UBM2, the backbone amide nitrogen 

of D1017 forms a hydrogen bond with the carbonyl oxygen of L8 of ubiquitin, and E1019 

forms a hydrogen bond with K6. E1031 from α2 of UBM2 forms a hydrogen bond with R42 

of ubiquitin.

Though several of these hydrophobic residues are conserved in REV1 UBM1 (Figure S7, 

highlighted in blue), there are residues which contribute to ubiquitin binding via charged 

interactions which are not conserved (Figure S7, highlighted in red). In the REV1 UBM2/

Ubiquitin crystal structure, we observed that E1019 and E1031 makes hydrogen bond 

with K6 and R42 of ubiquitin, respectively (Figure 4B). In REV1 UBM1 these equivalent 

positions have S941 and Q953 respectively (Figure S7). In addition, we also observed 

that A1009 of UBM2 makes hydrophobic interaction with L71 and L73 of ubiquitin. 

REV1 UBM1 has E1031 at this position. Similarly, Y1036 of UBM2 makes hydrophobic 

interaction with critical β-hairpin residue L8 of ubiquitin. This position has C958 in REV1 

UBM1. These interactions were also observed in the NMR studies, where we observed that 

E1019, E1031 and Y1036 exhibits chemical shift perturbation upon binding to ubiquitin 

(Figure 2C). Since there are several residues which are not conserved in the binding surface 

REV1 UBM1 binding to ubiquitin that involves electrostatic and hydrophobic interactions, 

supporting REV1 UBM1 binding weakly to ubiquitin. Another potential reason could be that 

REV1 UBM1 was observed to be unstructured in solution and hence the entropic penalty 

for REV1 UBM1 to fold and bind ubiquitin must be higher than that of UBM2, which is 

reflected in the very small CSP’s observed (Figure 2). All the biophysical data presented 

here, NMR CSPs, ITC and the crystal structure suggests that ubiquitin binding to REV1 

UBM2 is very specific. Though REV1 UBM1 does not bind monoubiquitin, its binding to 

poly ubiquitin chains is possible and needs evaluation in the future.

The conformation of the N-terminus of REV1 UBM2 interacting to ubiquitin is a significant 

departure from that observed for the homologous portion of Polι UBM2-ubiquitin structures 

(Figure S8B–C). However, previous Polι structural studies used relatively short constructs 

(beginning with D674 equivalent to I1005 of REV1, Figure S8A), which could have 

prevented the helix formation and stabilization. On the other hand, the protein sequences 

are not well conserved in this region (Figure S8A). Therefore, the ability of an N-terminally 
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extended UBM2 construct to form an alpha helix or bind similarly to ubiquitin in this 

region remains an open question. Y1036 from α2 of REV1 UBM2 appears to provide a 

structural scaffold to maintain both the overall REV1 UBM2 conformation observed and 

for interacting with the N-terminus of ubiquitin. This Y1036 mediated self-association 

includes hydrophobic interactions with L1010 and V1016 and a hydrogen bond between 

the hydroxyl moiety of Y1036 and the carbonyl oxygen of P1011. R1039 at the C-terminus 

may also provide conformational stability by forming intramolecular hydrogen bonds to the 

carbonyl oxygens of L1010 and P1011 within the α1’-α1 connection loop. Indeed, although 

R1039 does not make a direct contact to the ubiquitin, CSP value of R1039 in the REV1 

UBM2-ubiquitin complex is comparable to that of L1032 (Figure 2C), indicative of an 

allosteric movement (Figure S9) driven by the hydrogen bonding.

MLAF50, the first small-molecule that binds to REV1 UBM2 and inhibits REV1 UBM2
ubiquitin interaction

The shallow cavity of REV1 UBM2 binds to a hydrophobic patch of ubiquitin around 

L8 and V70 residues (Figure 4), which could be a potential site also for binding to a small

molecule. By performing water-ligand observed via gradient spectroscopy (WaterLOGSY) 

NMR screening [25] of several chemical compounds that we have produced in-house, we 

found a small-molecule named MLAF50 (Figure 5A) that showed positive NOE peaks with 

the REV1 UBM2 protein (Figure S10, red) but negative NOE peaks without the protein 

(Figure S10, black), indicative of the protein binding but not of a non-specific artifact 

formed by self-aggregation of the compound (Figure S10) [26]. We wanted to characterize 

the structural interaction of REV1 UBM2-MLAF50 as we have performed for the REV1 

UBM2-ubiquitin complex. In 2D [1H, 15N]-HSQC spectra, several residues showed CSP 

in an MLAF50 dose-dependent manner (Figure 5B–D). Residues L1010, S1014, F1021, 

A1022, A1023, L1027, L1028, Y1036, N1038 and R1039 that were perturbed by ubiquitin 

(Figure 2C) were also perturbed by MLAF50 (Figure 5C–D), indicating that these residues 

are potential hotspots for REV1 UBM2 interactions. To further validate this, we solved 

the structure of REV1 UBM2 in complex with MLAF50. Since the crystallization trials 

of REV1 UBM2 in complex with MLAF50 were unsuccessful, we opted to use an NMR 

method that measures intermolecular NOEs between REV1 UBM2 and MLAF50 to probe 

the structure at 1:10 molar ratio (Table 2, Figure S11). The aliphatic carboxylate moiety 

of MLAF50 did not show any NOE to REV1 UBM2, suggesting that it is exposed to 

solvent. In contrast, hydrogens of MLAF50 in the aromatic ring moiety (Table S1) showed 

intermolecular NOEs to mostly the methyl and aromatic resonances of residues within the 

hydrophobic groove of REV1 UBM2 (including I1008, L1010, F1021, L1024, L1028 and 

L1032; Figure 6B–C, Figure S13B). Residues in this region also showed large CSP for the 

backbone amide resonances (Figure 5D). Though we could observe 18 intermolecular NOEs 

(Table 2) between MLAF50 and UBM2, most of these NOEs were very weak, due to the 

weak association of MLAF50 at the binding site. Hence the overall RMSD for the small 

molecule bound complex was lower than that of the apo UBM2 (Table 2, Figure S13A). The 

structure of UBM2 in the complex remained very similar to the apo form (rmsd of 0.786Å). 

The residues that showed intermolecular NOEs were also observed to be in direct contact 

with the hydrophobic residues of ubiquitin in the crystal structure (Figure 6C), suggesting 

MLAF50 and ubiquitin bind to the same region of REV1 UBM2. To further demonstrate 
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that MLAF-050 and ubiquitin are targeting the same REV1 UBM2 regions, a displacement 

experiment was conducted. Upon addition of ubiquitin (1:4) to 15N-labeled REV1 UBM2, 

the [1H, 15N] HSQC spectrum undergoes several changes canonical for the REV1 UBM2

ubiquitin association (Figure S12). By further adding increasing amounts of the MLAF50 

compound (1:10), few peaks within the spectrum of the REV1 UBM2-ubiquitin complex 

restore the characteristic position of the REV1 UBM2-MLAF50 complex form (Figure S12). 

However, despite the presence of a large excess of ubiquitin, displacement of MLAF50 is 

only partial (Figure S12). These results are likely due to the weaker binding affinity of 

MLAF-050 (KD =37 μM) to REV1 UBM2 compared to ubiquitin (KD = 14.9 μM).

To measure the affinity of MLAF50 to REV1 UBM2, we used surface plasmon resonance 

(SPR) because ITC of REV1 UBM2 was too sensitive to the DMSO used to dissolve 

MLAF50. The sensorgram of REV1 UBM2 upon injection of MLAF50 reproducibly fits to 

a KD of 37 μM (Figure 7A, Table 4), only 2-fold weaker than that of ubiquitin (Table 1). For 

validating whether MLAF50 inhibits the REV1 UBM2-ubiquitin interaction, fluorescence 

polarization assay was unsuccessful because the affinity of the REV1 UBM2-ubiquitin 

interaction is too modest to observe polarization. Thus, we used the AlphaScreen proximity 

assay, which has been successfully used for assaying competitors of modest protein-protein 

interactions [27]. We produced N-terminus biotin-AviTag ubiquitin and titrated it with 

His-tag REV1 UBM2 to observe generation of AlphaScreen proximity signals. When 

the mixture was titrated with non-tagged ubiquitin, MLAF50, or DMSO, dose-dependent 

inhibition of the signal generation was observed by ubiquitin and MLAF50 but not by 

DMSO, indicative of self-competition by ubiquitin and on-site competition by MLAF50 

(Figure 7B). Taken together, these observations suggest that MLAF50 can compete with the 

REV1 UBM2-ubiquitin interactions on-site (i.e., an orthosteric inhibitor of the interaction).

MLAF50 inhibits chromatin localization of REV1 in cells after damaging DNA

Finally we validated whether MLAF50 inhibits the interaction of full-length REV1 and 

UbPCNA in cells. Previously, we have shown that a small-molecule 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) [28], indicating inhibition of REV1-UbPCNA interaction by the UbPCNA

targeting small-molecule. We used the same method to examine REV1 UBM2-targeting 

MLAF50 to verify its potential to inhibit REV1-UbPCNA interaction on chromatin. Full

length EGFP-REV1 protein was expressed in U2OS cells, and the cells were pulse-treated 

with cisplatin followed by MLAF50. The chromatin was immunostained for PCNA foci to 

image them with the EGFP-REV1. The chromatin colocalization of the REV1 and PCNA 

was significantly suppressed by MLAF50 (Figure 8).

DISCUSSION

Here, we demonstrate that UBM2 is the functional ubiquitin-binding domain in human 

REV1. The structures of free UBM2 and UBM2 bound to ubiquitin adopt a similar 

architecture for residues comprising helices α1 and α2. However, the N-terminal region of 

UBM2 is disordered in the absence of ubiquitin but becomes an ordered helix, termed α1’, 
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upon ubiquitin complex formation. In addition, this N-terminal region folds back on itself in 

the complex structure, forming both intramolecular and intermolecular associations with the 

C-terminus of UBM2 and ubiquitin, respectively (Figure S9). It is tempting to speculate that 

binding of ubiquitin to α1 and α2 of UBM2 induces the N-terminal disordered polypeptide 

to adopt conformations that are competent for ubiquitin binding. NMR relaxation data of 

free UBM2 demonstrate that residues from α1 and α2 exhibit higher R2 rates than do 

the rest of the molecule, suggesting slower motion on the millisecond time scale and lack 

of disorder in this region (Figure 3E). This relatively ordered region may be essential for 

UBM2 engagement with ubiquitin and to promote the stable complex formation observed.

The distinguishable disparity between REV1 and Polι, the two translesion synthesis 

machineries, is that both UBMs are engaged with ubiquitin in Polι [17], whereas only 

UBM2 is associated with ubiquitin in REV1. Furthermore, structural comparison of REV1 

UBM2-ubiquitin and Polι UBM2-ubiqutin complexes demonstrates that, in the REV1 

UBM2-ubiquitin complex structure, the extended N-terminal region adopts an additional 

helix upon binding to ubiquitin (Figure S8). Residues from this extended helix (α1’) form 

an extensive hydrophobic and van der Waals interaction with the solvent-exposed C-terminal 

residues of ubiquitin that might be exploited for structure-based drug design.

We have identified MLAF50 irrespective of the REV1 UBM2-ubiquitin structure. Based on 

the large hydrophobic surface of REV1 UBM2 the small molecule interacts (Figure 6B), 

there is potential room to structurally optimize MLAF50 to generate more potent inhibitors 

of REV1 UBM2-ubiquitin interactions. Although ubiquitin and MLAF50 bind to similar 

region, the magnitude of CSP is smaller for MLAF50 (Figure 5D) compared to ubiquitin 

(Figure 2C); therefore, designing MLAF50 analogs that have CSPs more similar to that of 

ubiquitin seems like a rational approach to identifying potent inhibitors. However, REV1 

UBM2-ubiquitin interaction affinity is not optimally high (Figure S2), so such MLAF50 

analogs still may not be potent. The interactions of a ubiquitin interaction domain are 

generally weak or modest (typical KD of 10−5 M to 10−4 M), presumably because relatively 

high intracellular concentrations of ubiquitin proteins (that would match this KD range [29]) 

disable smooth regulation of the ubiquitinated protein interactions if the intrinsic affinity is 

too high. Therefore, to generate new small-molecules that potently inhibit the modest REV1 

UBM2-ubiquitin interaction, it may be better to focus on the potential additional site that is 

unused by ubiquitin or MLAF50 in REV1, rather than the similarity of the binding mode 

with that of ubiquitin. Nowadays, so-called fragment-based drug design [30] is a common 

practice to target such potential allosteric sites in addition to the orthosteric binding site. To 

apply this strategy for REV1, UBM1 could be focused because ubiquitin binds to REV1 

UBM2 with only modest affinity. Once a ‘fragment’ compound that directly binds to REV1 

UBM1 is identified using the NMR-based approach, conjugates of MLAF50 with the REV1 

UBM1-binding fragment compound will be generated. Such conjugate compounds will bind 

to both UBM1 and UBM2 concurrently; thus, its REV1 affinity may be higher than that of 

MLAF50.

Protein NMR allows the so-called ‘drugging an undruggable’ strategy, which has been 

successfully used to discover drugs having innovative mechanisms of action [31]. Still, only 

few studies have targeted ubiquitinated protein interactions by using a small-molecule to 
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inhibit ubiquitinated protein pathways [32, 33]. An important role of protein ubiquitination 

is that the ubiquitinated moiety acts as a platform for a new interaction with the protein 

partner on ubiquitin-binding domains [20, 34–37]. The NMR-based strategy will be a 

potential approach to also target ubiquitin-binding domains other than REV1 UBM2.

MATERIALS AND METHODS

Reagents

MLAF50 was synthesized by using the method described in Supporting Information. 

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

otherwise. 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). The anti-PCNA PC10 

mouse IgG was purchased from Cell Signaling Technology (Danvers, MA). U2OS cells 

were obtained from American Type Culture Collection (Manassas, VA) and cultured in 

Dulbecco’s Modified Eagle Medium containing 10% FBS. All cells were maintained in an 

incubator at 37°C in a humidified atmosphere of 5% carbon dioxide.

Production of REV1 UBM1-UBM2 (C958S C977A) and UBM2 proteins

Generation of plasmids for bacterial expression of the human REV1 UBM1-UBM2 

(residues 933–1040, wild-type and C958S C977A double mutant) and UBM2 (residues 998–

1040) proteins are described in Supporting Information. The protein was 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 taken up in a lysis buffer of 25 mM Tris, pH 8.0, 500 

mM NaCl, and 10% glycerol. Affinity purification was initially done by Ni-NTA followed 

by cleavage of Histag by using the thrombin protease. A second 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, and 100 mM NaCl. The 15N-labeled and 
13C/15N-labeled samples were prepared by growing the cells in MOPS-buffered media 

containing 15NH4Cl (1 g/liter) and [13C6] glucose (3 g/L, for 13C/15N-labeled sample). The 

final protein buffer used for all structural studies was 20 mM sodium phosphate, pH 7.0, 100 

mM NaCl.

Isothermal titration calorimetry (ITC)

ITC experiments were performed by using a MicroCal auto-iTC 200 (Malvern Instruments). 

Protein samples were exchanged into 20 mM sodium phosphate buffer, pH 7.0, and 100 

mM NaCl prior to the experiment. Titrations were performed by first injecting 0.5 μL of 

600 μM ubiquitin into a solution of 50 μM REV1 UBM1-UBM2 or REV1 UBM2 followed 

by additional 2 μL injections at 25°C. Results were analyzed by using Origin software 

(OriginLab) provided by MicroCal. Binding constants (KD) were calculated by using a 

nonlinear least-squares fitting algorithm to fit the data to a single-site binding model. All 

ITC experiments were performed in triplicate.
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NMR titrations for interaction of ubiquitin with REV1 UBM1-UBM2 (C958S C977A) and with 
UBM2

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

spectrometer at 298K. The REV1 UBM1-UBM2 (C958S C977A) concentration for the 

entire titration was 50 μM, 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 UBM1-UBM2 were monitored as a function of increasing ubiquitin 

concentration. 15N and 1H chemical shift values for the displaced peaks were determined 

for each of the successive titration points by using CARA 1.8.4 [38]. To determine the 

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

widths between 15N and 1H resonances [39], weighted average chemical-shift perturbation 

CSP were calculated for the backbone amide 1H and 15N resonances by using the equation 

CSP(ppm) = [(ΔH2+ (ΔN/5)2)/2]1/2, where ΔH and ΔN are chemical-shift differences for 1H 

and 15N, respectively [40, 41]. Similarly, ubiquitin binding to REV1 UBM2 was measured 

by titrating ubiquitin to 15N-labelled REV1 UBM2.

NMR experiments for backbone and side chain assignment

All NMR experiments were collected using AVANCE-III 600 and/or 800 MHz 

spectrometers equipped with triple-resonance cryoprobes on 13C/15N- and 15N-labeled 

samples of REV1 UBM1-UBM2 (C958S C977A) and REV1 UBM2 in 20 mM sodium 

phosphate buffer, pH 7.0, 100 mM NaCl and molar concentrations of 50–500 μM at 

298K. NMR spectra were then processed with Topspin 3.2 and analyzed by using CARA 

1.8.4 [38]. 1H, 13C, and 15N backbone assignments were obtained based on HNCACB, 

CBCA(CO)NH, HNCA, and HN(CO)CA experiments. The side-chain 1H resonances of 

REV1 UBM2 were assigned by using 15N-resolved HSQC-TOCSY and 13C-resolved CCH

TOCSY. Aromatic side-chain proton resonance assignments were obtained with 2D [13C, 
1H]-HSQC, and 3D 13C-resolved aromatic [1H, 1H]-NOESY experiments in 90% H2O and 

10% D2O. Distance constraints for the REV1 UBM2 structure calculation were derived from 

3D 13C-aliphatic, 13C-aromatic, and 15N-resolved [1H, 1H]-NOESY spectra recorded with a 

mixing time of 100 milliseconds.

NMR structure calculations for REV1 UBM2

REV1 UBM2 structures were calculated based on manually assigned NOEs by using the 

program CYANA [42, 43]. The NOEs were calibrated with constants that resulted in 

NH-NH distance of 3.0 to 3.2 Å for the helical regions in the 15N-resolved 3D NOESY 

and CH2 distance was used as the reference for 13C-resolved 3D NOESY spectra. The 

dihedral angle restraints were derived from CA and CB shifts (TALOS+) [44]. Two hundred 

initial structures were generated and the 20 structures with the lowest target function 

represents the NMR structure of REV1 UBM2. The lowest energy conformer was used 

as the representative structure for all other purposes. The structural statistics used in the 

structure calculation for the 20 REV1 UBM2 are given in Table 2.
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NMR relaxation experiments

The 15N-R1, 15N-R2, and [1H]-[15 N]-NOE were measured by using standard Bruker pulse 

programs. Each 15N-R1 was measured with delays of 20, 50, 100, 200, 300, 500, 800, 1000, 

1500, 2000, 2500, 3000, 3500, 4000, 4500, and 5000 milliseconds, with an interscan delay 

of 5 s. Similarly, each 15N-R2 was measured with delays of 10, 20, 30, 40, 50, 60, 70, 80, 

90, and 100 milliseconds, with an interscan delay of 5 s. The steady state [1H]-[15N]-NOE 

experiment was carried out in an interleaved manner, with and without proton saturation, 

with a saturation time of 3 s and interscan delay of 3 s. Both the rate constants and 

[1H]-[15N]-NOE analyses were carried out using the program Protein Dynamics Center 

(Bruker, Germany).

Crystallization, data collection, and structure determination

REV1 UBM2-ubiquitin was co-crystallized by sitting drop vapor diffusion at 18°C. The 

sample contained 0.75 mM REV1 UBM2 and 3 mM ubiquitin in 20 mM sodium phosphate 

buffer, pH 7.0, and 100 mM NaCl. Specifically, a 400-nL drop consisting of 200 nL of 

protein sample and 200 nL of reservoir solution was placed over 90 μL of reservoir solution 

containing 0.1 M MES, pH 6.0, and 10% PEG 8000. Cubic crystals appeared after about 

10 days. Crystals were cryoprotected in 30% glycerol (v/v) / 70% reservoir solution (v/v) 

prior to flash-cooling in liquid nitrogen. Data were collected at the Advanced Photon Source 

(APS) Southeast Regional Collaborative Access Team (SER-CAT) Insertion Device 22-ID 

beamline. The data were integrated and scaled with HKL2000 [45] to 2.35 Å. The structure 

was determined by Molecular Replacement using Phaser [46]. Ubiquitin with pdb code 

4S1Z served as the molecular replacement model. Strong positive electron density was 

observed in the initial maps corresponding to one REV1 UBM2. After building REV1 

UBM2 into the omit density by using COOT [47], the structure was refined by using Phenix 

[48]. The final model is of high quality, with good geometry according to Molprobity [49]. 

Structural figures were generated by using PyMOL 1.8 (Schrödinger, LLC). Data collection 

and refinement statistics are in Table 3.

WaterLOGSY NMR experiments

All experiments were performed at 298K by using a Bruker Avance 600-MHz spectrometer 

equipped with a TCI cryogenic gradient probe. Each compound was dissolved in DMSO

d6 at a concentration of 10 mM, and 10 μL was added to a solution containing 20 mM 

sodium phosphate, pH 7.4, 100 mM NaCl, 10% D2O, or the same buffer containing the 

REV1 UBM1-UBM2 (C958S C977A) protein (10 μM) to yield a final concentration of 200 

μM. One-dimensional (1D) 1H-WaterLOGSY NMR spectra (mixing time of 1.2 sec) were 

recorded in the presence or absence of the protein.

NMR titrations for interaction of MLAF50 to REV1 UBM2

The binding of MLAF50 to REV1 UBM2 was queried by two dimensional [1H, 15N]-HSQC 

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

monitored as a function of increasing MLAF50 concentration. REV1 UBM2 concentrations 

for the titration were between 50–60 μM, and were performed in a 20 mM sodium phosphate 
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buffer (pH 7.0) with 100 mM NaCl. NMR spectra were then processed with Topspin 3.2 and 

analyzed using CARA 1.8.4 [38].

NMR structure calculations for REV1 UBM2-MLAF50 complex

Resonances of the MLAF50-bound to REV1 UBM2 were assigned through the analysis of 

2D [13C, 15N]-filtered TOCSY and NOESY spectra (Table S1) and intermolecular NOEs 

between REV1 UBM2 and MLAF50 was measured using 3D half-filtered, 13C-aliphatic, 

[1H, 1H]-NOESY experiment with the mixing time of 150 ms. The NOEs of REV1 UBM2 

were not strong enough to that of apo (Figure S16A), hence we used apo NOEs along 

with the intermolecular NOE to define the docking pose of MLAF50. The restraints that 

were used to fold free REV1 UBM2 along with the intermolecular NOEs restraints in 

the structure calculation of the REV1 UBM2-MLAF50 complex are given in Table 2 and 

Figure S11. The coordinates of MLAF50 were created after the structure was first created 

using ChemBio3D Ultra 14.0 software and energy minimized using Avagadro and then 

incorporated into the CYANA library. The structure of MLAF50 bound REV1 UBM2 

complex was calculated using the program CYANA [42] using residues 1008–1040 of REV1 

UBM2. Two hundred structures were generated initially and the 20 structures with the 

lowest energy were used to represent the structure of the complex (Figure S13A). The lowest 

energy conformer is used as the representative structure of the REV1 UBM2-MLAF50 

complex.

Surface plasmon resonance (SPR)

The kinetics of MLAF50 interaction with REV1 UBM2 was determined by using a Pioneer 

FE (Pall Forte Bio, Fremont, CA) with an Ni-NTA sensor. The running buffer used was 

50 mM HEPES, pH 8.0, 200 mM NaCl, 0.01% Triton X-100 and 2 % DMSO (v/v). The 

N-terminal His8-REV1 UBM2 was immobilized by using the histidine capture method and 

conditioning the surface with 0.5 M EDTA, followed by surface activation using 5 mM 

NiCl2. The REV1 UBM2 was immobilized to surface density of 2000 RU at flow rate of 10 

μL/min. The baseline from UBM2 immobilization was allowed to stabilize for 4 hours. The 

reference surface was conditioned with EDTA but not activated and kept blank. The kinetic 

data were collected (sampling rate 20 Hz) in triplicate by using a Taylor dispersion based 

one-step dynamic injection method (top MLAF50 concentration 100 μM, flow rate 150 

μL/min, dissociation time 200 s) [50] at 25°C. During one-step injection method the sample 

dilution is performed automatically by the instrument to create a concentration gradient of 

the analyte which in turn is injected over both reference and sensor surface simultaneously 

and increasing binding response is measured. The raw response data was double-referenced 

and fitted with 1:1 simple kinetics model isotherm and binding affinity was determined.

AlphaScreen assays

Production of biotin-AviTag-ubiquitin is described in Supporting Information. The 

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

ubiquitin protein and 80 nM N-terminal His-tagged UBM2 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 non-tagged ubiquitin, MLAF50, or 

DMSO was transferred into each well of a white OptiPlate-384 (PerkinElmer, Waltham, 
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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.

Chromatin co-localization studies

U2OS cells (4 × 105/well) were initially seeded onto coverslips in 6-well cluster plates and 

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

using Lipofectamine 2000 (7.5 μL) according to the manufacturer’s instructions. Two days 

after transfection, cells were treated with 0 or 33 μM cisplatin for 4 h prior to release into 

media containing either DMSO vehicle or 150 μM MLAF50 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 2 min 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 another 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 lens (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. Data were 

analyzed by performing Student’s t-test (two-tailed) by using Prism 7 (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVATIONS

PCNA proliferating cell nuclear antigen

UbPCNA lysine 164-monoubiquitinated proliferating cell nuclear antigen

UBM ubiquitin-binding motif
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TLS translesion DNA synthesis

ITC isothermal titration calorimetry

HSQC heteronuclear single quantum coherence

NOE nuclear Overhauser enhancement

CSP chemical shift perturbation

CARA computer aided resonance assignment

SER-CAT Southeast Regional Collaborative Access Team
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HIGHLIGHTS

• The ubiquitin-binding motif 2 (UBM2) of REV1 is essential for the REV1 

functions.

• The structures of REV1 UBM2 in the free or ubiquitin-bound forms are 

identified.

• A small-molecule that binds to the UBM2 inhibits the REV1 chromatin 

localization.

• This study demonstrates a new structural understanding for REV1 functions.
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Figure 1. Domain architecture of human REV1.
REV1 (NCBI reference#: NP_057400) contains a BRCT domain (red), a deoxycytidyl (dC) 

transferase (gray), UBM1 (yellow), and UBM2 (blue). The sequence of REV1 UBM1 

(underlined) and UBM2 (bold) and locations of C958 and C977 (arrows) that were mutated 

for the NMR analysis are shown.
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Figure 2. UBM2, but not UBM1, is indispensable for the binding of ubiquitin to REV1 UBM1
UBM2.
(A) The 2D [1H, 15N]-HSQC spectra of REV1 UBM1-UBM2 (C958S C977A) with 

unlabeled ubiquitin at different molar ratios: 1:0 (black), 1:0.2 (green), 1:0.4 (cyan), 1:0.6 

(magenta), 1:0.8 (orange), 1:1.2 (purple), 1:2 (dark green), and 1:4 (blue). Dashed arrows 

show the direction of perturbation. (B) Selected residues from [1H, 15N]-HSQC spectra 

of REV1 UBM1 (red)-UBM2 (blue) with unlabeled ubiquitin at different molar ratios as 

shown in panel A. (C) CSPs are plotted as a function of the residue number for REV1 

UBM1-UBM2 (C958S C977A) at molar ratio 1:4. A schematic indicating each UBM1 and 

UBM2 is shown above each plot. CSPs greater than one standard deviation above the mean 

are marked by red dotted lines. Pro residues are indicated by (*).

Vanarotti et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2021 November 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Solution structure and dynamics of REV1 UBM2.
(A) Backbone traces of the NMR ensemble of 20 lowest energy structures. Helices are 

colored in blue. (B) Ribbon diagram of the lowest energy REV1 UBM2 structure. Core 

aromatic residues are shown in the stick model. (C) The steady-state heteronuclear 15N-1H

NOE values were plotted as a function of residue number for REV1 UBM2. The secondary 

structure elements in the REV1 UBM2 are indicated at the top. The heteronuclear NOE, 

with the average value of 0.25 displayed as a red dotted line. The longitudinal (R1; D) 

and transverse (R2; E) relaxation rates for residues in REV1 UBM2 are shown versus 

residue numbers. The error bars represent the errors in the curve fitting using mono 

exponential decay. All experiments were collected by using conventional pulse sequences 

at a temperature of 298 K at a spectrometer operating with a Larmor frequency of 600 MHz. 

Pro residues are indicated by (*).
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Figure 4. Crystal structure of REV1 UBM2 bound to ubiquitin.
(A) Representative electron density for the REV1 UBM2-ubiquitin complex. A simulated 

annealing 2Fo-Fc composite omit map contoured at 1σ is shown. The protein-protein 

interface is depicted in cyan sticks for REV1 UBM2, and gray sticks for ubiquitin. (B) 

Superposition of the free and ubiquitin bound REV1 UBM2 structures. Free and ubiquitin 

bound REV1 UBM2 are colored in blue and light purple, respectivelyand Ubiquitin is in 

gray. (C) Interface between REV1 UBM2 and ubiquitin. REV1 UBM2 and ubiquitin are 

in blue and gray, respectively. Secondary structure elements of REV1 UBM2 are labeled. 

REV1 UBM2 residues, along with notable interacting residues of ubiquitin, are shown as 

blue and gray sticks, respectively. Black dotted lines indicate hydrogen bonds.
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Figure 5. MLAF50 binds to REV1 UBM2.
(A) Chemical structure of MLAF50. (B) Superposition of the 2D [1H,15N]-HSQC spectra 

of REV1 UBM2 with MLAF50 added at different molar ratios is shown in black (1:0), 

cyan (1:2), green (1:4), magenta (1:6), orange (1:8) and blue (1:10). Residues from UBM2 

showing largest CSPs are labelled in blue. (C) Selected residues from [1H, 15N]-HSQC 

spectra of REV1 UBM2 with MLAF50 added at different molar ratios as shown in panel 

B. (D) Histogram outlining the magnitude of the average CSP of the 15N and 1H backbone 

amide resonances of REV1 UBM2 upon titration with MLAF50 at molar ratio 1:10. The 

secondary structure elements in the REV1 UBM2 are indicated at the top. CSPs greater than 

one standard deviation above the mean are marked by red dotted lines. Pro residues are 

indicated by (*).
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Figure 6. Structure of REV1 UBM2 in complex with MLAF50.
(A) Ribbon diagram of the lowest-energy structure of the REV1 UBM2-MLAF50 complex. 

REV1 UBM2 is colored in blue. MLAF50 is shown in magenta. (B) Surface representation 

of REV1 UBM2 in complex with MLAF50 (sticks). The hydrophobic residues are shown 

in white; positively charged residues are in blue; and negatively charged residues are in 

red. (C) Superimposed structure of REV1 UBM2-Ubiquitin complex (silver) with REV1 

UBM2-MLAF50 complex (blue cartoon and magenta sticks) showing that MLAF50 and 

Ubiquitin bind on the same surface of UBM2.
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Figure 7. MLAF50 binds to REV1 UBM2 and inhibits the REV1 UBM2-ubquitin interaction.
(A) The SPR sensorgram trace of MLAF50 over REV1 UBM2 is shown as the merging 

of data from three experiments. (B) Inhibition of the REV1 UBM2-ubiquitin interaction by 

MLAF50 in an AlphaScreen competition assay. Non-tagged ubiquitin is a self-competition 

control. IC50 values in the curve fitting are 54 μM for ubiquitin and 176 μM for MLAF50.
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Figure 8. MLAF50 inhibits chromatin co-localization of REV1 with PCNA following DNA
damage induction.
(A) Chromatin co-foci of EGFP-full-length REV1/PCNA in U2OS cells that were treated 

with cisplatin (33 μM) followed by incubation with DMSO or MLAF50 (150 μM). Pre

extracted cells 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=38 (DMSO) and N=57 (MLAF50). 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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Table 1:

Thermodynamic parameters for binding of ubiquitin to REV1 UBM1-UBM2 and REV1 UBM2 obtained by 

ITC

ΔG
b

ΔH
b

−TΔS
b

Sample Site (N)
a KD (μM)

b kcal/mol

REV1 UBM1-UBM2 (C958S C977A) 0.8 ± 0.1 18.7 ± 1.6 −6.45 ± 0.05 −1.10 ± 0.13 −5.34 ± 0.18

REV1 UBM2 0.9 ± 0.1 14.9 ± 3.0 −6.59 ± 0.12 −1.17 ± 0.64 −5.41 ± 0.52

a
Binding stoichiometry

b
KD is the dissociation constant. ΔG, ΔH and ΔS are the respective changes in Gibbs free energy, enthalpy, and entropy upon binding at T=298 K.
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Table 2:

Structural statistics of the 20 conformers of REV1 UBM21008−1040

Parameter REV1-UBM2 REV1-UBM2+MLAF50

No. of NOE distance restraints

Intraresidue 155 155

Sequential 114 114

Medium-range 103 103

Long-range 32 31

Total 404 403

Intermolecular distances - 18

No. of Talos dihedral angle constraints

Φ 32 32

Ψ 32 32

Target function 0.96 ± 0.10 1.42 ± 0.26

Upper Distance violation (max) (Å) 0.02 ± 0.002 0.02 ± 0.003

Angle violation (max) (°) 0.53 ± 0.13 0.35 ± 0.22

Average pairwise r.m.s. deviation (Å) a

Backbone 0.31 ± 0.08 0.50 ± 0.18

Heavy atom 0.72 ± 0.15 0.90 ± 0.20

Residues in Ramachandran plot (%) b

Most-favorable regions 97.3 95.5

Additionally allowed regions 2.8 4.5
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Table 3.

Data collection
a
 and refinement statistics

REV1 UBM2/Ub

Data Collection

Space group I432

Cell dimensions

 a, b, c (Å) 164.9

 α, β,γ (°) 90.0

Resolution (Å) 2.35 (2.39–2.35)
b

Rsym (%) 10.6 (53.2)

Rmeas (%) 11.4 (59.3)

Rpim (%) 4.2 (25.5)

I/σ 15.9 (2.2)

Completeness (%) 99.1 (100.0)

Redundancy 6.9 (5.0)

Refinement

Resolution (A) 30.0–2.35

No. reflections 16,000

Rwork / Rfree (%) 20.1/22.9

No. atoms

 Protein 1,476

 Ions 4

 Water 73

B-factors

 Protein 38.7

 Ions 38.4

 Water 40.2

R.m.s. deviations

 Bond lengths(Å) 0.006

 Bond angles (°) 0.5

Ramachandran Plot Statistics
c
 (%)

 Preferred regions 98.4

 Allowed regions 1.6

a
Dataset was collected from a single crystal.

b
Values in parenthesis are for the highest resolution shell

c
As defined by Molprobity
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Table 4.

Binding of MLAF50 to REV1 UBM2 as measured by surface plasmon resonance

ka (M−1s−1) kd (s−1) KD (μM)

1.13±0.08e5
a

4.18±0.03
a

37±3.0
a

a
Experimental errors were obtained from triplicate measurements.
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