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SUMMARY

Ubiquitination of proliferating cell nuclear antigen (PCNA) triggers pathways of
DNA damage tolerance, including mutagenic translesion DNA synthesis, and
comprises a cascade of reactions involving the E1 ubiquitin-activating enzyme
Uba1, the E2 ubiquitin-conjugating enzyme Rad6, and the E3 ubiquitin ligase
Rad18. We report here the discovery of a series of xanthenes that inhibit PCNA
ubiquitination, Rad6�ubiquitin thioester formation, and the Rad6–Rad18 interac-
tion. Structure-activity relationship experiments across multiple assays reveal
chemical and structural features important for different activities along the
pathway to PCNA ubiquitination. The compounds that inhibit these processes
are all a subset of the xanthen-3-ones we tested. These small molecules thus
represent first-in-class probes of Rad6 function and the association of Rad6 and
Rad18, the latter being a new inhibitory activity discovered for a small molecule,
in the PCNA ubiquitination cascade and potential therapeutic agents to contain
cancer progression.

INTRODUCTION

Posttranslational modification of proteins through ubiquitination controls not only protein degradation by

the proteasome but also a myriad of other processes. Ubiquitin and related ubiquitin-like proteins (UBLs)

serve as tags and docking sites for interactions with other proteins and the formation of large protein com-

plexes that regulate a staggering array of physiological phenomena. Modulating various steps of ubiquiti-

nation and UBL posttranslational modification pathways with small-molecule inhibitors or activators/en-

hancers has considerable research and therapeutic potential. One role of ubiquitin and UBLs is in the

dynamic control of the DNA repair and damage tolerance machinery by affecting the function of prolifer-

ating cell nuclear antigen (PCNA), a homotrimeric sliding clamp critical for DNA replication and repair that

is essentially the core around which DNA replication, repair proteins, and regulatory proteins assemble into

different large complexes (reviewed in Choe and Moldovan, 2017; Dieckman et al., 2012; Fan et al., 2020;

Kanao and Masutani, 2017; Knobel and Marti, 2011; Leung et al., 2018; Slade, 2018; Zafar and Eoff, 2017).

DNA damage tolerance pathways evolved to circumvent the fact that DNA sites altered by chemical insult,

oxidation, or photodamage that have not been repaired by other DNA repair mechanisms (such as base

and nucleotide excision or mismatch repair) cause the stalling of the DNA replication fork. There are three

known pathways of DNA damage tolerance: (1) translesion DNA synthesis (TLS) (reviewed in Saha et al.,

2020; Vaisman and Woodgate, 2017; Yang and Gao, 2018), (2) homologous recombination-related tem-

plate switching (reviewed in (Branzei and Szakal, 2017, 2016; Prado, 2018), and (3) the salvage pathway,

another recombination-based pathway that has only more recently come to be appreciated (reviewed in

(Branzei and Szakal, 2017, 2016; Prado, 2018). TLS is inherently prone to introducing point mutations,

whereas the latter two pathways are considered error-free, although they can result in genomic rearrange-

ments. DNA damage tolerance can thus lead to genetic alterations, oncogenesis, formation of secondary

tumors after treatment with DNA-damaging agents, drug resistance, and other pathologies.

The ubiquitination of PCNA on a specific lysine residue (K164) is a key step in the activation of the DNA damage

tolerance pathways. PCNA binds and coordinates the activities of myriad proteins, including DNA polymerases

and other replication, repair, and regulatory factors. Once loaded onto DNA via the ATP-dependent replication

factor C (RFC), PCNA can be monoubiquitinated by the E2 ubiquitin-conjugating enzyme Rad6 in complex with
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the E3 ubiquitin ligase Rad18, the former being the catalyst and the latter the adaptor for specific substrate

recognition.

The ubiquitination reaction cascade begins with ATP-dependent activation of the carboxy terminus of

ubiquitin, catalyzed by the E1 ubiquitin-activating enzyme Uba1 through the formation of a ubiquitin ad-

enylate intermediate that reacts with a specific cysteine residue on Uba1, yielding a high-energy Uba1-

�ubiquitin thioester conjugate. The ubiquitin moiety is subsequently transferred to Rad6 to generate a

Rad6�ubiquitin thioester conjugate, which then reacts with the side-chain amine of K164 on PCNA to

form a more stable PCNA-ubiquitin isopeptide amide bond.

MonoubiquitinationofPCNAtriggers theTLSpathway,with theexchangeof replicativeDNApolymerases,which

cannot copydamagedDNA, formoreerror-proneTLSpolymerases (possessing relatively nonselective andopen

active sites and lackingproofreading30/50 exonucleaseactivity) that can replicate across theDNA lesionandare

considered promising cancer chemotherapeutic targets (reviewed in Saha et al., 2020; Vaisman andWoodgate,

2017; Yang and Gao, 2018). Further polyubiquitination of this ubiquitin moiety on PCNA is also possible and ini-

tiates an alternative pathway of template switching (reviewed in (Branzei and Szakal, 2017, 2016; Prado, 2018).

Polyubiquitination of PCNA involves the heterodimeric E2 complex Mms2-Ubc13 and the E3 proteins HLTF or

SHPRH; the polyubiquitin chain forms on ubiquitin’s K63 residue rather than K48, the former type triggering tem-

plate switching and the latter recognition and degradation by the proteasome (reviewed in Gallo and Brown,

2019; Kanao and Masutani, 2017; Leung et al., 2018; Ripley et al., 2020; Wilkinson et al., 2020). What determines

the ‘‘decision’’ of whether PCNA is simply monoubiquitinated or further polyubiquitinated with activation of TLS

or template switching, respectively, is unclear. In contrast, initiation of the salvage pathway is independent of

PCNA ubiquitination (reviewed in (Branzei and Szakal, 2017, 2016; Prado, 2018).

The K164 residue is the main site on PCNA ubiquitinated by the Rad6–Rad18 complex, as K164R mutant

PCNA is not appreciably ubiquitinated by Rad6–Rad18 (Haracska et al., 2006; Unk et al., 2008). There is

some evidence, however, that two other sites, K168 (Jiang et al., 2019; Park et al., 2014; Xu et al., 2010a)

and K248 (Povlsen et al., 2012), can also be modified by ubiquitin and UBLs. Rad18 itself can also be autou-

biquitinated on multiple sites in vitro and in the cell, which seems to affect its function, subcellular locali-

zation, and stability (Miyase et al., 2005; Zeman et al., 2014).

Over a hundred proteins are known to interact with PCNA, and ubiquitination can control many of these

interactions. Although PCNA forms complexes involved in normal processive replication (the ‘‘replisome’’)

or TLS-based mutagenic replication (the ‘‘mutasome’’), there are clearly many different specific types of

such PCNA-based complexes with specialized functions. Bioactive compounds that selectively target ubiq-

uitination or other posttranslational modification cascades involved at particular levels of a reaction series

would provide invaluable tools for investigating the assembly of these different complexes, in addition to

possessing considerable therapeutic potential.

There exist in humans over 600 ubiquitin-specific E3 proteins, about 40 ubiquitin-specific E2 enzymes, and only

two ubiquitin-specific E1 enzymes, Uba1 and Uba6, with the former responsible for the overwhelming bulk of

ubiquitin activation in the cell. Rad18 is a so-called ‘‘really interesting new gene’’ (RING) class E3 ubiquitin ligase,

by far the largest class of E3 proteins, the others being the RING-Between-RING andHECT-domain E3 proteins,

both of which, unlike RING E3 ubiquitin ligases, do not just function as adaptors but are real enzymes and them-

selves directly form ubiquitin thioester adducts to be attacked by the relevant lysine on target substrates.

There is growing awareness that the inhibition of DNA damage tolerance pathways in tumor cells repre-

sents a viable strategy for the development of new broad-based cancer chemotherapies (reviewed in (Al-

tieri and Kelman, 2018; Cardano et al., 2020; Choe and Moldovan, 2017; Dieckman et al., 2012; Horsfall

et al., 2020; Tonzi and Huang, 2019). Agents that block PCNA ubiquitination may inhibit the growth and

viability of cancer cells, either as standalone drugs or as potentiators in combination with other cancer

treatments, such as chemotherapy, radiotherapy, and targeted therapies, and would be of great value,

particularly in cases of drug resistance.

In order to identify chemicalmodulators of different components of the PCNAubiquitination cascade, we devel-

oped,optimized,and implementedhigh-throughputassays forPCNAubiquitination (Fenteanyetal., 2019, 2020),

based on the powerful and quantitative amplified luminescent proximity homogeneous assay (Alpha)
2 iScience 25, 104053, April 15, 2022
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technology. We have also developed and validated Alpha assays to interrogate individual steps in the overall

cascade, namely, formation of the Uba1�ubiquitin thioester conjugate, formation of the Rad6�ubiquitin conju-

gate, and autoubiquitinationof the E3 ubiquitin ligase Rad18 (Fenteany et al., 2020).Wehave also recently devel-

oped a Rad6–Rad18 association assay, the details of which are included herein.

Our assays are reconstituted systems consisting of the minimum necessary and sufficient components for

each of the reactions. The Alpha assay for overall PCNA ubiquitination, which we have thus far employed as

a primary functional screening assay, is reconstituted from the purified proteins required for the loading of

PCNA onto DNA and the subsequent ubiquitination, whereas the Alpha assays for the individual discrete

stages in the cascade are based on the relevant component proteins for each of those steps (Fenteany

et al., 2019, 2020). Our screening systems thus allow us to rapidly evaluate effects on both overall and

step-specific events in the ubiquitination cascade. We have thus far screened a number of chemical li-

braries, including the US National Cancer Institute (NCI)’s Developmental Therapeutics Program (DTP) Di-

versity Set VI, from which we identified the compound family that we herein describe as inhibitors of PCNA

ubiquitination, Rad6�ubiquitin thioester formation, and the Rad6–Rad18 interaction, the last being a novel

activity for a small molecule. The inhibitors reported here are a subset of the xanthen-3-ones tested,

whereas other xanthen-3-ones and related compounds do not have inhibitory activity. Xanthene deriva-

tives have been shown to have a range of medicinal properties, such as potential neuroprotective, anti-

tumor, and antibacterial activities, among others (Ghahsare et al., 2019; Maia et al., 2021).
RESULTS

Refinement of the Alpha assay for PCNA ubiquitination

We further refined conditions for the Alpha assay for the overall PCNA ubiquitination reaction cascade from

our previously described results (Fenteany et al., 2019, 2020), with the aim of further saving on materials

(Figure 1). We examined again the concentrations of reagents that can also differ in efficacy from batch-

to-batch, observing that we could reduce certain components further with some leeway (Figure 1 and (Fen-

teany et al., 2020)). We titrated/varied the concentration of biotinylated ubiquitin with the indicated post-

reaction dilution factors (Figures 1A and 1B) and did similarly with FLAG-PCNA (Figures 1C and 1D), while

holding other components constant according to previously determined concentrations (Fenteany et al.,

2020). The high-dose hook effect, whereby too high concentrations of analytes yield lower signals, was

apparent, typical of assays where the analytes can saturate their binding to the capture reagents as in Alpha

assays, enzyme-linked immunosorbent assays, and indirect-detection (such as antibody-based) resonance

energy transfer systems. We also again experimented with reducing the usage of beads by decreasing dilu-

tion factors, finding that 10-fold dilution again worked better than 5-fold dilution (Figures 1A–1D).

As shown in Figure 1E, we varied bead concentrations under conditions of reduced biotinylated ubiquitin

and ATP. We found the assay to proceed well under the following conditions with minimal consumption of

reagents, yet still yielding signal/background and signal/noise ratios that allowed for quantitation, and

these are the conditions we used in the present study for testing compound activities (structures in Figure 2)

against PCNA ubiquitination (Figure 3): 150 nM biotinylated ubiquitin, 50 nM FLAG-PCNA, 10 nM RFC,

2 nM nicked pUC19 DNA, 50 nM Uba1, 100 nM Rad6–Rad18 complex, and 100 mM ATP, with incubation

at 25�C for 2 h, by which time the reaction sequence is virtually completed. Furthermore, although the

signal in the subsequent Alpha detection was again better with 20 mg/mL donor and acceptor beads to

bind the analytes (Figure 1E), we decided to generally dilute reactions in Alpha buffer containing 10 mg/

mL of each bead type for the Alpha assay to reduce the usage of the expensive Alpha beads.
Development and compound effects in a Rad6–Rad18 interaction assay

We developed a Rad6–Rad18 interaction assay based on the Alpha system (Figure 4). We varied the con-

centration of each of the two proteins separately while holding the concentration of the other constant and

found satisfactory results over a range of concentrations. We decided to use 100 nM of each protein.
Screening for inhibitors of PCNA ubiquitination

Compounds inhibiting PCNA ubiquitination were identified on the basis of analysis with a Microsoft Excel

spreadsheet we prepared, wherein we transferred the data output from the plate reader into the spread-

sheet, and plate quality control and hit quality metrics were calculated automatically. The plate quality con-

trol parameters calculated included signal-to-background ratio, signal-to-noise ratio, signal window, Z0
iScience 25, 104053, April 15, 2022 3



Figure 1. Refinement of the Alpha assay for the reconstituted PCNA ubiquitination reaction cascade from

previously described conditions

(A) Titration of biotinylated ubiquitin against Flag-PCNA with 5-fold dilution in Alpha buffer containing 10 mg/mL donor

and acceptor beads; bars represent mean with standard deviation (SD) for triplicate samples in each case.

(B) Titration of biotinylated ubiquitin against Flag-PCNA with 10-fold dilution in Alpha buffer containing 10 mg/mL donor

and acceptor beads; bars represent mean with standard deviation (SD) for triplicate samples in each case.

(C) Titration of Flag-PCNA against biotinylated ubiquitin with 5-fold dilution in Alpha buffer containing 10 mg/mL donor

and acceptor beads; bars represent mean with standard deviation (SD) for triplicate samples in each case.

(D) Titration of Flag-PCNA against biotinylated ubiquitin with 10-fold dilution in Alpha buffer containing 10 mg/mL donor

and acceptor beads; bars represent mean with standard deviation (SD) for triplicate samples in each case.

(E) Titration of donor and acceptor bead concentrations under conditions where Bio-Ub was added to 150 nM and ATP to

100 mMwith other components kept the same. Bars represent mean with standard deviation (SD) for triplicate samples in

each case.
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Figure 2. Structures of compounds investigated in this study
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factor in both standard and robust statistical forms (calculated from positive and negative means and me-

dians, respectively), and plate-quality strictly standardized mean difference for plate-quality assessment,

both standard and robust. We typically tested compounds in triplicate on three separate plates, and if a

plate was of poor quality according to the calculated metrics, additional plates were screened until there

were at least three of acceptable quality (i.e., Z0 factors above 0.5).

The hit-selection parameters automatically calculated from our spreadsheets included percent normalized

change in signal (experimental signal minus the mean of positive signal, with the difference divided by the

mean of positive control minus the mean of negative signal), Student’s t tests (in the case of replicate sam-

ples, which we generally do), z scores (in the case of experiments without replicates), and strictly standard-

ized mean differences for hit selection, in both standard and robust formulations. If a compound at a high

screening concentration had significant activity, it was then tested at progressively lower concentrations in

serial 2-fold dilutions, with the most active compounds selected with each concentration round. The high-

est concentration for screening was 10 mM or 100 mM depending on stock compound plate concentration
iScience 25, 104053, April 15, 2022 5



Figure 3. Dose response for PCNA ubiquitination in the presence of compounds by alpha assay

(A) Dose response of NSC 9037 for PCNA ubiquitination.

(B) Dose response of NSC 80693 for PCNA ubiquitination.

(C) Dose response of NSC 154711 for PCNA ubiquitination.

(D) Dose response of NSC 119888 for PCNA ubiquitination.

(E) Dose response of NSC 119891 for PCNA ubiquitination.

(F) Dose response of NSC 71947 for PCNA ubiquitination.

Curves in (A)-(F) were fitted by nonlinear regression and graphed semilogarithmically.

(G) Bar graph representation of the inactive compounds, fluorescein, and NSC 348718. Data represent mean with SD for

triplicate samples in each case.
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(for instance, 1 mM for the NCI DTP Mechanistic Sets and 10 mM for the NCI DTP Diversity Set) that would

not exceed 1% dimethyl sulfoxide (DMSO) carrier solvent, the highest concentration of DMSO that did not

affect the reaction or the Alpha detection (Fenteany et al., 2020).
6 iScience 25, 104053, April 15, 2022



Figure 4. Development of an Alpha assay for the Rad6–Rad18 interaction

(A) Titration of His-Rad18 against FLAG-Rad6. His-Rad18 concentrations were varied as indicated, whhereas FLAG-Rad6

was held constant at 100 nM.

(B) Titration of FLAG-Rad6 against His-Rad18. FLAG-Rad6 concentrations were varied as indicated, whereas His-Rad18

was held constant at 100 nM. Data represent the mean with SD for triplicate samples in each case.
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Certain xanthenes and a related acridine derivative inhibit PCNA ubiquitination

Over the course of screening compound libraries, including the NCI DTP Diversity Set VI and Mechanistic

Set IV, for modulators of PCNA ubiquitination under the conditions described earlier, we identified a range

of bioactive small molecules. One of the compound classes we found to strongly inhibit overall PCNA ubiq-

uitination is composed of certain xanthenes and a related acridine derivative, identified from the NCI DTP

Mechanistic Set IV and including analogs acquired thereafter (structures in Figure 2 and effects on PCNA

ubiquitination in Figures 3, S2 and Table 1). Effects of the compounds in the Alpha assays for overall PCNA

ubiquitination and discrete steps in the cascade were confirmed by western blot or gel-based analyses

(Fenteany et al., 2019), which largely yielded parallel results (Figures S2, S3, and S4).

Activities of the compounds in secondary assays for different processes along the PCNA

ubiquitination cascade

Compound dose-response experiments were carried out not only for overall PCNA ubiquitination but also

for Uba1�ubiquitin thioester formation, Rad6�ubiquitin thioester formation, and Rad18 autoubiquitina-

tion Alpha assays (Figures 5, 6A–6F, 7 and Table 1), as previously described (Fenteany et al., 2020). Further-

more, on the basis of a Rad6–Rad18 interaction assay we developed and report here (Figure 4), we also

tested the compounds in dose–response experiments for effects on the Rad6–Rad18 interaction (Figure 8),

as described later.

We found that a number of the xanthen-3-ones tested—NSC 9037, NSC 80693, NSC 157411, and NSC

119888—as well as the acridine NSC 71947 inhibit formation of the Rad6�ubiquitin thioester conjugate,

whereas fluorescein, NSC 119891, and NSC 348718 do not inhibit this activity (Figures 6A–6F and Table

1). Further confirming Rad6 inhibition, the NSC 9037, NSC 80693, and NSC 157411 compounds inhibit

Rad18 autoubiquitination, which depends on Rad6 activity (Figure 7 and Table 1). Some of these com-

pounds (NSC 157411 and NSC 119888), however, appear to be less specific to Rad6 inhibition, as they

inhibit Uba1�ubiquitin thioester formation as well (Figure 5 and Table 1).

In addition to inhibiting Rad6 ubiquitin-conjugating activity, compounds binding to Rad6 can also inhibit its

binding to Rad18. To investigate this possibility, we tested the compounds in a Rad6–Rad18 interaction

assay and found that a subset of the xanthen-3-ones tested inhibited the association of Rad6 and Rad18

(Figures 8A–8C and Table 1). Three of the xanthen-3-ones tested—NSC 9037, NSC 80693, and NSC

157411—disrupt the Rad6–Rad18 interaction (Figures 8A–8C, S4, and Table 1). The rest of the xanthen-

3-ones (NSC 119888, NSC 119891, and fluorescein), the nonketone xanthene NSC 348718, and the acridine

NSC 71947 do not appreciably inhibit formation of the Rad6–Rad18 complex (Figure 8D). Fluorescein had

no activity in any of the assays. These results were confirmed in a pull-down assay using Flag-Rad18 and

GST-Rad6 (Figure S4). In contrast, in a heterologous assay for association of Rad6 with another E3 ubiquitin

ligase, Ubr1, we found no appreciable disruption of the interaction for NSC 9037, themost potent Rad6 and

Rad18 disruptor in a gel-based assay (Figure S5B), and no or very little effect of the other examined com-

pounds as revealed by our Alpha assay (Figure S6).
iScience 25, 104053, April 15, 2022 7



Table 1. Half-maximal inhibitory concentration (IC50) values by Alpha assays against PCNA ubiquitination, Uba1�ubiquitin thioester formation,

Rad6�ubiquitin thioester formation, Rad18 autoubiquitination, Rad6–Rad18 interaction, and Mms2–Ubc13�ubiquitin thioester formation

Compound

(NSC

number) PCNA–Ub Uba1�Ub Rad6�Ub Rad18–Ub

Rad6–

Rad18 Rad6–Ubr1

Mms2–

Ubc13�Ub

IC50 (mM) for

cell survival

9037 4.543

(SE: 0.9600;

CI: 2.607–

5.208)

>100 8.901 (SE:

3.050; CI:

3.945–

20.97)

4.460 (SE:

1.071; CI:

2.582–

7.698)

6.193

(SE: 0.8657;

CI: 4.687–

8.194)

>50 No inhibition

on gel at

100 mM

62.23 (SE: 9.861;

CI: 44.86–88.31)

80693 4.278 (SE:

0.4380; CI:

3.749–5.623)

>100 91.84 (SE:

27.7; CI:

60.67–214–)

13.22 (SE:

4.839; CI:

6.589–

27.20)

14.58 (SE:

2.341; CI:

11.25–

27.10)

Little

inhibition

by Alpha

at 50 mM

No inhibition

on gel at 100 mM

7.668 (SE: 4.345;

CI: 0.5773–23.10)

119891 73.5 (SE: 25.26;

CI: 41.

14–140.0)

>100 >100 >100 >100 Little

inhibition

by Alpha

at 50 mM

No inhibition

on gel at 100 mM

207.5 (SE: 29.38;

CI: 170.0–304.2)

119888 56.5.6 (SE:

27.57; CI:

27.57–19.33–)

53.83 (SE:

19.96; CI:

26.10–

139.1)

1.903 (SE:

4.087; CI:

1.205–

3.094)

100 >100 No inhibition

by Alpha at

50 mM

No inhibition

on gel at 100 mM

75.31 (SE: 10.98;

CI: 63.05–89.45)

Fluorescein >100 >100 >100 >100 >100 Little inhibition

by Alpha

at 50 mM

No inhibition

on gel at 100 mM

>100

157411 8.439 (SE:

2.645; CI:

4.411–16.95)

24.82 (SE:

2.556; CI:

20.18–

30.57)

22.53 (SE:

3.512; CI:

16.63–

40.25)

49.07 (SE:

7.231; CI:

32.27–Ind)

64.71 (SE:

19.34; CI:

40.85–

360.3)

No inhibition

by Alpha

at 50 mM

No inhibition

on gel at 100 mM

427.8 (SE: 94.90;

CI: 273.9–719.9)

348718 >100 >100 >100 >100 >100 No inhibition

by Alpha at

50 mM

No inhibition

on gel at 100 mM

27.74 (SE: 7.404;

CI: 24.56–31.35)

71947 24.89 (SE:

6.218; CI:

15.48–40.26)

>100 28.33 (SE:

7.496; CI:

16.94–

47.38–)

>100 >100 Little inhibition

by Alpha

at 50 mM

No inhibition

on gel at 100 mM

11.78 (SE: 2.910;

CI: 7.199–18.27)

Also included are IC50 values for cell survival. All IC50 values, standard errors, and 95% confidence intervals listed were calculated by nonlinear regression with the

GraphPad Prism 8 software. Ub = ubiquitin; SE = standard error; CI = 95% confidence interval; Ind = indeterminate.
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We also tested, using a gel-based assay, the effects of the compounds on the formation of a ubiquitin con-

jugate with a heterologous E2 enzyme, the Mms2–Ubc13 E2 heterodimer (Figure S5A). Mms2–Ubc13 is an

E2 protein complex involved in the polyubiquitination of PCNA. These results suggest that the compounds

do not appear to just promiscuously inhibit all E2 enzymes.

To explore the target protein-binding properties of NSC 9037, the most specific and highly potent inhib-

itor of PCNA ubiquitination of the examined compounds, we used microscale thermophoresis. We re-

vealed a Kd of 3.79 G 2.94 mM (mean G standard deviation [SD]) for NSC 9037 binding to Rad6 (Fig-

ure S1). At low concentrations used for the Rad6-binding study, NSC 9037 exhibited only very weak

binding to Rad18, and precise Kd measurement was not possible because of the compound’s fluores-

cence at higher concentrations in the green wavelengths at which our microscale thermophoresis instru-

ment excites.

The compounds had varying effects on cell survival (Figure 9 and Table 1). Fluorescein had no effect on cell

viability at all, whereas the other compounds ranged from moderate effects that plateaued at a not-

completely inhibited state to full cytotoxicity at relatively low concentrations.
8 iScience 25, 104053, April 15, 2022



Figure 5. Dose response for Uba1�ubiquitin thioester formation in the presence of compounds by Alpha assay

(A) Dose response of NSC 157411 for Uba1~ubiquitin thioester formation.

(B) Dose response of NSC 119888 for Uba1~ubiquitin thioester formation.

Curves in (A) and (B) were fitted by nonlinear regression and graphed semilogarithmically.

(C) Bar graph representation of inactive compounds. Data represent mean with SD for triplicate samples in each case.
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Identification of possible compound-binding sites

NSC 9037 was first docked to the nuclear magnetic resonance solution structure of human Rad6B (PDB ID:

2Y4W; Huang et al., 2011), followed by the other compounds. Two potential binding crevices for NSC 9037

were identified on the surface of Rad6. These locations and two representative binding orientations are

shown in Figure 10A. These binding poses were then refined by performing flexible blind dockings.

Furthermore, flexible blind dockings were extended to include all ten xanthene derivatives. The results ob-

tained for the full set of compounds confirmed the location of the above-identified potential binding

pockets (SN-SN+7; Figure 10B and Table 2). Polar contacts in site 1 were found to be formed most

frequently with residues D12 and S60, whereas the most frequent hydrophobic contacts were formed

with residues F59, P64, P68, and W96. In site two, polar contacts were provided by Y130 and Y137, whereas

hydrophobic interactions were furnished most frequently by I105 and V141. The observed presumably

false-positive prediction for a few of the compounds reflects the limitations of the docking method to

differentiate between compounds with similar structures and polarity. Whereas geometric features are

well accounted for, differences between polar functional groups in forming intermolecular interactions

are roughly approximated.
DISCUSSION

In the present study, we reveal the inhibitory activity of a series of xanthenes and a related acridine deriv-

ative (NSC 71947) against different steps of the PCNA ubiquitination cascade. A subset of these com-

pounds inhibits Rad6�ubiquitin thioester formation and disrupt the Rad6–Rad18 interaction required to

ubiquitinate the K164 residue of PCNA, a key step in initiating the pathways of DNA damage bypass

and tolerance. Rad6–Rad18 is the E2–E3 protein pair directly responsible for the transfer of ubiquitin

from Rad6 to the K164 residue of PCNA. Inhibiting the more downstream steps in the PCNA ubiquitination

cascade would be expected to yield more selective inhibition of DNA damage tolerance over other
iScience 25, 104053, April 15, 2022 9



Figure 6. Effect of compounds on the formation of the Rad6�ubiquitin thioester conjugate and the Mms2–

Ubc13�ubiquitin thioester conjugate

(A) Dose response for Rad6~ubiquitin thioester formation in the presence of NSC 9037 by Alpha assay.

(B) Dose response for Rad6~ubiquitin thioester formation in the presence of NSC 80693 by Alpha assay.

(C) Dose response for Rad6~ubiquitin thioester formation in the presence of NSC 157411 by Alpha assay.

(D) Dose response for Rad6~ubiquitin thioester formation in the presence of NSC 119888 by Alpha assay.

(E) Dose response for Rad6~ubiquitin thioester formation in the presence of NSC 71947 by Alpha assay.

The graphs in (A)–(E) were plotted semilogarithmically.

(F) Bar graph representation of inactive compounds. Data represent mean with SD for triplicate samples in each case.
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ubiquitin- or UBL-based pathways. The inhibitory compounds we describe here are related to other xan-

thene dyes such as rhodamine and eosin, as well as, of course, fluorescein, which we found to be inactive

in all of our assays. The compounds inhibit Rad6�ubiquitin thioester formation and some also disrupt the

interaction of Rad6 with Rad18, the latter an RING class E3 protein ligase with a narrow range of target sub-

strates—in particular, PCNA on its K164 residue.

Of the components of the PCNA ubiquitination cascade, Uba1, the ubiquitin-activating enzyme respon-

sible for the first step in virtually all ubiquitination pathways in the cell, is probably the most ‘‘druggable’’

of the proteins in the pathway, both as direct and indirect target, based on our (Fenteany et al., 2019,

2020) and others’ (Sekizawa et al., 2002; Tsukamoto et al., 2005; Yang et al., 2007; Lu et al., 2010; Xu

et al., 2010b; Hong and Luesch, 2012; Ungermannova et al., 2012a, 2012b, 2013; Yamanokuchi et al.,

2012; An and Statsyuk, 2013, 2015; Hyer et al., 2018; Hann et al., 2019) empirical experience, as well

as structural and docking studies, with at least four putative general compound-binding hot spot

pockets, as computationally predicted (Lv et al., 2018). There are a fair number of different Uba1 inhib-

itors (Fenteany et al., 2019, 2020; Sekizawa et al., 2002; Tsukamoto et al., 2005; Yang et al., 2007; Lu et al.,

2010; Xu et al., 2010b; Hong and Luesch, 2012; Ungermannova et al., 2012a, 2012b, 2013; Yamanokuchi

et al., 2012; An and Statsyuk, 2013, 2015; Hyer et al., 2018; Hann et al., 2019), but only one known class of
10 iScience 25, 104053, April 15, 2022



Figure 7. Dose response for autoubiquitination of Rad18 in the presence of compounds by Alpha assay

(A) Dose response of NSC 9037 for autoubiquitination of Rad18.

(B) Dose response of NSC 80983 for autoubiquitination of Rad18.

(C) Dose response of NSC 157411 for autoubiquitination of Rad18.

Semilogarithmic plots are graphed in (A)–(C).

(D) Bar graph representation of inactive compounds. Data represent mean with SD for triplicate samples in each case.
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inhibitors of Rad6�ubiquitin thioester conjugate formation (Sanders et al., 2013, 2017; Haynes et al.,

2015a, 2015b, 2020; Saadat et al., 2018). No compound has yet been reported that interferes with the

association of Rad6 with Rad18.

Preliminary structure-activity relationships suggest that certain groups and their placement are important

for activity. The compounds exhibit different selectivities in different assays (Figures 3, 5, 6, 7, 8, and 9,

and Table 1), with only a subset of the xanthen-3-ones, but not the other xanthenes or the acridine de-

rivative, inhibiting the Rad6–Rad18 interaction (Figure 8). Fluorescein itself, the ortho-substituted consti-

tutional isomer of NSC 119891 and NSC 119888, had no activity in any of the assays. The meta- and para-

substituted isomers (NSC 119888 and NSC 119891, respectively) were biologically active in a number of

assays; this demonstrates that placement of the carboxylic acid on these isomeric xanthen-3-ones is a

critical determinant of activity. Fluorescein can also cyclize to a phthalein product because of the ortho

placement of the carboxylic acid on the phenyl ring. In addition, NSC 157411, which differs from
iScience 25, 104053, April 15, 2022 11



Figure 8. Dose–response for the Rad6–Rad18 interaction in the presence of compounds by Alpha assay

(A) Dose response of NSC 9037 for Rad6–Rad18 interaction.

(B) Dose response of NSC 157411 for Rad6–Rad18 interaction.

(C) Dose response of NSC 80693 for Rad6–Rad18 interaction.

Semilogarithmic plots are graphed in (A)–(C).

(D) Bar graph representation of inactive compounds. Data represent mean with SD for triplicate samples in each case.
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fluorescein in having a cyclohexene in place of the phenyl ring, also exhibits biological activity. Further-

more, the selective activities of the bioactive compounds against different proteins argue that these mol-

ecules are not just pan-assay interference compounds, whose effects could be ascribed to, for instance,

simple colloidal aggregation. However, several of the molecules did tend to aggregate at higher concen-

tration over time.

NSC9037bindsRad6with aKd of 3.79 mMbymicroscale thermophoresis (Figure S1).NSC 9037 also has the high-

est affinity forRad6of all the compounds inblinddockings. The computational results predict two sites of binding

for the compounds, one or two of which all of the bioactive compounds appear to bind (Table 2). These two pu-

tative compound-binding sites are not located near the catalytic cysteine residue involved in thioester formation

with ubiquitin (C88 in human Rad6B), suggesting that, if the predictions are correct, the inhibition of

Rad6�ubiquitin thioester formation is exerted through an allosteric mechanism involving large conformational

changes.
12 iScience 25, 104053, April 15, 2022



Figure 9. Effect of compounds on the viability of HeLa cells

Data represent mean with SD for triplicate samples in each case. Semilogarithmic plots are graphed.
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With regard to the Rad6–Rad18 interaction, comparing these putative compound-binding sites to the

C-terminal location of the Rad6-binding domain (Rad6BD) on Rad18, one of the major interfaces of inter-

action between Rad6 and Rad18 (Bailly et al., 1997; Hibbert et al., 2011; Notenboom et al., 2007), as shown

in an X-ray co-crystal structure [(PDB ID: 2YBF) (Hibbert et al., 2011)], we observed that the two putative

binding sites for the compounds lie on either side of the Rad6BD-binding site on Rad6. The Rad6BD

also overlaps with the noncovalent ubiquitin-binding of Rad6 (Hibbert et al., 2011). It is easy to envision

that compound binding can induce local conformational changes and, subsequently, changes in the local

distribution of partial atomic charges that lower affinity of Rad6 with the Rad6BD. The RINGdomain located

near the N-terminus of Rad18 also contributes to Rad6–Rad18 interactions (Huang et al., 2011; Masuda

et al., 2012; Notenboom et al., 2007). This protein domain–protein domain interaction site is also on the

same face of the protein as the putative binding sites for the compounds, and this interaction may also

be affected by compound binding.
Figure 10. Computational docking of NSC 9037 to Rad6B

(A) Potential binding sites and poses of NSC 9037 on Rad6 identified by initial blind dockings of flexible compounds to

rigid protein surfaces.

(B) Refined binding poses of NSC 9037 on Rad6 are shown in pink and purple; amino acid residues in contact with NSC

9037 in green; those in close proximity to the putative compound-binding sites and involved in Rad18’s Rad6BD–Rad6

interaction in orange; and the catalytic cysteine residue (C88) on Rad6 in white.

iScience 25, 104053, April 15, 2022 13



Table 2. In silico binding affinities and amino acid side chains of human Rad6B in contact with the tested ligands,

obtained from refined docking of flexible compounds to flexible protein surfaces

Compound Grid (site) Ki (nM) Polar contacts Hydrophobic contacts

NSC 9037 1 0.1 R8, D12, S60 L9, I57, F59, P64, P68, W96, V102, I105

2 90.2 H78, Y130, Y137 P47, F48, P79, L113, P116, V141

NSC 80693 1 <0.1 R8, D12, S60 L9, F59, P64, P68, I105

2 24.5 Q125, Y130 F77, V81, I105, L129, Y137, V141

NSC 119891 1 7.8 — F59, P64, P68, W96, I105

2 11.4 H78, Y130, Y137 P47, F48, P79, V141

NSC 119888 1 0.7 S60 F59, P68, W96, I105

2 0.9 Y130, Y137 P47, F77, P79, L113, P116, L129 V141

Fluorescein 1 2.0 D12, S60, D101 F59, P68, W96, V102, I105

2 26.2 Y130, R140 F77, L129 V141

NSC 157411 1 1.1 R8, D12, S60 F59, P64, P68, W96, I105

2 0.9 Y130, Y137 P47, F48, F77, P79, P116, V141

NSC 348718 1 1.7 D12, S60, D101 R8, F59, P64, P68, W96, I105

2 19.3 — P47, F48, P79, P116, Y130, Y137, V141

NSC 71947 1 66.4 S60 R8, F59, P64, P68, V102, I105

2 92.2 Y130 P79, L113, P116, Y137, V141
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All of the compounds that disrupt the Rad6–Rad18 interaction are xanthen-3-ones, although not all of the

xanthen-3-ones do, so this core structure may be a part of, but not the only determinant of, activity against

interaction between Rad6 and Rad18. Similarly, all of the compounds that affect Rad6�ubiquitin thioester

formation are also xanthen-3-ones. A smaller subset of xanthen-3-ones affect both Rad6�ubiquitin thio-

ester formation and the Rad6–Rad18 interaction. These compounds would be expected to induce consid-

erable conformational changes, as the active-site cysteine (C88 in human Rad6B) and the regions of inter-

action with Rad18 are on opposite faces of Rad6.

It is interesting to note that although the Rad6–Rad18 complex has long been considered highly stable

(Bailly et al., 1994), these compounds disrupt the interaction between preformed Rad6–Rad18 complexes.

The mechanism could either be a direct dissociation on binding an exposed site important for the Rad6–

Rad18 interaction or could involve binding the fraction of dissociated protein and preventing association,

driving the equilibrium toward a fully dissociated state through mass action.

In summary, we report here a series of xanthenes, most of which inhibit PCNA ubiquitination, with a subset

of them inhibiting Rad6�ubiquitin thioester formation and disrupting the interaction of Rad6 with Rad18

(which are only active for ubiquitination of relevant substrates in the form of a complex). These compounds

may serve as a starting point for medicinal chemistry efforts to improve activity and for further investigating

the molecular basis and therapeutic control of Rad6�ubiquitin thioester formation and Rad6–Rad18

interactions.
Limitations of the study

The main value of our study is that the series of xanthenes we tested represent first-in-class probes of Rad6

function and the association of Rad6 and Rad18. Here we focus on in vitro approaches apart from the eval-

uation of the effects of the compounds on cell survival; however, we are aware that the potency and efficacy

of the compounds should be explored with more extensive cellular experiments. These could include

cellular PCNA ubiquitylation assays, mutagenesis, DNA fiber, and Comet assays as well, to explore the ef-

fect of these compounds on replication and DNA damage bypass. Our most promising compounds such as

NSC 9037 exhibit dual activity, as they inhibit Rad6-Ubiquitin-thioester formation as well as Rad6-Rad18

interaction. We propose that inhibiting these activities is the underlying cause of inhibiting PCNA ubiqui-

tylation. The question arises whether these compounds can inhibit other E2s or interactions of Rad6 with its

other E3 partners such as Ubr1, which would result in inhibiting other cellular ubiquitination events in
14 iScience 25, 104053, April 15, 2022
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addition to PCNA ubiquitination. Although we found that our tested compounds do not inhibit Mms2-

Ubc13 E2 and the interaction of Rad6 with Ubr1 E3, we cannot formally rule out that even our most prom-

ising compounds can interfere with other Rad6-mediated cellular events such as histone ubiquitylation.

Clearly, other analogues of xanthenes with particular focus on the analogues of NSC9037 should be

explored via structural and mutagenesis studies to determine their Rad6-binding site and find the most

potent and specific inhibitor of Rad6-Rad18 interaction, followed by testing their effect on various cellular

ubiquitination events including PCNA and histone ubiquitination.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HRP-conjugated anti-FLAG monoclonal antibody

(M2)

Sigma-Adrich Cat#A8592

Bacterial and Virus Strains

E. coli strain BL21(DE3) Agilent Cat#200131, BIL1225 (lab code)

S. cerevisiae strain BJ5464 ATCC Cat#208288, YHU1037 (lab code)

Chemicals, peptides, and recombinant proteins

NSC 9037: 9-Hydroxyphenylfluoron; 2,6,7-

trihydroxy-9-(2-hydroxyphenyl)-3H-xanthen-3-

one, C19H12O6

NCI N/A

NSC 80693: 9-[4-(dimethylamino)phenyl]-2,6,7-

trihydroxy-3H-xanthen-3-one, C21H17NO5

NCI N/A

NSC 119891: 4-(3-hydroxy-6-oxoxanthen-9-yl)

benzoic acid, C20H12O5

NCI N/A

NSC 119888: 3-(3-hydroxy-6-oxoxanthen-9-yl)

benzoic acid, C20H12O5

NCI N/A

Fluorescein Sigma-Aldrich Cat#46955

NSC 157411: 6-(3-Hydroxy-6-oxo-xanthen-9-yl)

cyclohex-3-ene-1-carboxylic acid, C20H16O5

NCI N/A

NSC 348718: 3,6-dimethoxy-9-(4-methoxyphenyl)-

9H-xanthene-2,7-diol, C22H20O6

NCI N/A

NSC 71947: 2,7-dimethyl-9-phenylacridine-3,6-

diamine, C21H19N3

NCI N/A

Biotinylated human ubiquitin Boston Biochemicals/R&D Systems UB-570

GST-tagged human ubiquitin Juhasz et al., 2012 BIL2180 (lab code)

His-tagged human Uba1 Addgene Cat#63571, BIL3039 (lab code)

Human Rad6B–Rad18 complex Fenteany et al., 2019, 2020 BIL1261 (lab code)

FLAG-tagged human PCNA Fenteany et al., 2019, 2020 BIL2366 (lab code)

Human RFC complex Finkelstein et al., 2003 BIL2384 and BIL2385 (lab code)

Nt.BstNBI New England Biolabs Cat#R0607

Ni-NTA agarose beads Macherey-Nagel Cat#745400

Dulbecco’s modified Eagle’s medium Sigma-Aldrich Cat#RNBG1251

Fetal bovine serum Sigma-Aldrich Cat#26140079

Resazurin sodium salt Sigma-Aldrich Cat#R7017

GFP-tagged human Rad6B This paper BIL3293 (lab code)

GFP-tagged human Rad18 This paper BIL3278 (lab code)

FLAG-tagged human Rad6B This paper BIL3097 (code code)

FLAG-tagged human Rad18 This paper BIL3133 (lab code)

His-tagged human Rad6B This paper BIL3147 (lab code)

His-tagged human Rad18 This paper BIL3181 (lab code)

Human Mms2–Ubc13 Unk et al., 2008 BIL1248 and BIL1151 (lab code)

FLAG-tagged Ubr1 Addgene Cat#24506, RRID: Addgene_24506

(Continued on next page)
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Critical commercial assays

AlphaScreen FLAG (M2) detection kit PerkinElmer Cat#6760613

Nickel chelate AlphaLISA acceptor beads PerkinElmer Cat#AL108

Monolith NT.115 capillaries Nanotemper Cat#MO-K022

Monolith NT.LabelFree capillaries Nanotemper Cat#MO-Z022

Experimental models: Cell lines

HeLa cells ATCC Cat#CCL-2

Recombinant DNA

pUC19 plasmid N/A BIL1153 (lab code)

Software and Algorithms

NIH ImageJ NIH RRID: SCR_0030

GraphPad Prism 8 GraphPad RRID: SCR_002798

Other

Tecan Spark microplate reader Tecan N/A

Thermo Scientific Fluoroskan Ascent FL microplate

reader

Thermo Fisher Scientific N/A

Heratherm IMP180 refrigerated incubator Thermo Fisher Scientific N/A

Monolith NT.115 Nanotemper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Lajos Haracska (haracska.lajos@brc.hu).
Materials availability

Materials are available upon request.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Microbes

E. coli strain BL21 (DE3) (Agilent, Cat#200131) was grown in Luria-Bertani (LB) medium supplemented with

the appropriate antibiotics for expression vector selection, overnight at 37�C. Transformation of the

expression vectors were carried out according to the manufacturer’s instructions.

S. cerevisiae strain BJ5464 cells were grown on YPD plates from glycerol stock for 1.5 days at 30 �C. Expres-
sion vectors were transformed by the LiAc transformation method (Treco andWinston, 2008). Transformant

yeasts carrying expression vectors, were maintained on synthetic dropout (SD) medium lacking leucine

(-leu) at 30�C.
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Cell lines

HeLa cells, ATCC, Cat#CCL-2 HeLa cells were cultured in growth medium consisting of Dulbecco’s modi-

fied Eagle’s medium (DMEM from Sigma-Aldrich) with 10% fetal bovine serum (FBS from Gibco) in a humi-

fied cell culture incubator at 37�C with 5% CO2.
METHOD DETAILS

Protein preparation

All proteins were of human origin except for RFC, which was of Saccharomyces cerevisiae origin. Flag-

PCNA and Rad6-18 were overexpressed in yeast strain S. cerevisiae strain BJ5464, purification was followed

by glutathion affinity purification, and elution was done using precision protease, while His-tagged UBA1

was purified by overexpressing it in BL21 strain, followed by Ni-affinity purification. All subunits of scRFC

were overexpressed and purified from the BL21 bacterial strain. Briefly, the lysis was followed by an SP-se-

pharose andQ-sepharose chromatography and finished by Ni-affinity purification, using only the peak frac-

tions in which all subunits were present. The human Rad6 used was isoform Rad6B (UBE2B). Biotinylated

human ubiquitin was purchased from Boston Biochem/R&D Systems (UB-570). Anti-FLAG antibody (M2)

was from Sigma. FLAG-Ubr1 was from Addgene (#24506). Fluorescein was from Sigma-Aldrich, while the

rest of the compounds were from the NCI DTP. The structural integrity of the compounds was checked

by mass spectrometry.
Generation of GFP-Rad6 and GFP-Rad18 fusion constructs

To generate constructs for expression and purification of mammalian green fluorescent protein (mGFP)-

tagged proteins from E. coli, entry vectors containing human Rad6B and Rad18 cDNA sequences, respec-

tively, were prepared. The coding sequences from these entry vectors were recombined by Gateway tech-

nology (Life Technologies) into a modified pGEX-6P-1 (Amersham) destination vector carrying N-terminal

GST and mGFP tags followed by a GW cassette, prepared by the LR clonase II reaction (Thermo Fisher Sci-

entific). For protein purification, the destination constructs were overexpressed in the E. coli strain

BL21(DE3) codon+ (Agilent). First, expressed proteins were purified as GST fusion proteins with gluta-

thione agarose beads (Thermo Fisher Scientific). The GST moiety was removed with PreScission protease

(GE Healthcare) resulting in mGFP-tagged proteins.
Alpha assays

Alpha beads were procured from PerkinElmer for the Alpha assays, which are based on the luminescent

oxygen channeling immunoassay and were licensed to PerkinElmer. There are two varieties of the Alpha

assay (both of which depend on excitation at 680 nm), AlphaScreen and AlphaLISA, which only vary in

the fluorophores used in the acceptor beads (anthracene and rubrene for AlphaScreen, with emission

maximum at 520-620 nm, or a europium chelate for AlphaLISA, with emission maximum at 615 nm), while

the donor beads are the same in both assays. We used AlphaScreen acceptor beads in the experiments

described in this paper. Unless otherwise noted, the donor beads were coated with streptavidin, while

the acceptor beads were coated with anti-FLAG antibody. Plates for screening and follow-up Alpha exper-

iments were read in a Tecan Spark plate reader equipped with a dedicated laser for excitation in Alpha as-

says, plate stacker, and heating and cooling module for precise temperature control. All Alpha assays were

carried out in 96-well white round-bottom polypropylene plates (Greiner) at 25�C.
PCNA ubiquitination

To assay for overall PCNA ubiquitination, reactions were conducted in a buffer of 40 mM Tris, pH 7.5, 8 mM

MgCl2, and 10% glycerol (reaction buffer) with 150 nM biotinylated ubiquitin, 50 nM FLAG-PCNA, 10 nM

RFC, 2 nM nicked pUC19 DNA, 50 nM Uba1, and 100 nM Rad6–Rad18. Following preincubation for

15 min with each compound (or DMSO solvent alone), reactions were initiated by addition of ATP to

100 mM, with incubation for 2 h at 25�C, followed by tenfold dilution in a buffer of 25 mM HEPES, pH

7.5, 100 mM NaCl, 0.1% Tween 20, and 1 mM DTT (Alpha buffer) containing 20 mM ethylenediaminetetra-

acetic acid (EDTA) and streptavidin donor and anti-FLAG acceptor AlphaScreen beads, both at 10 mg/ml,

unless otherwise noted, under low-light conditions with dark yellow-green filter (LEE 090) covering sources

of lighting. The reaction step was terminated at the time of addition of the Alpha buffer containing EDTA to

chelate the Mg2+ from the ATP-Mg2+ required for both PCNA loading by RFC and Uba1 charging with

ubiquitin. The samples in Alpha buffer with beads were incubated for 4 h at 25�C (which we previously
20 iScience 25, 104053, April 15, 2022
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found is an optimal time for yielding strong signals (Fenteany et al., 2020)) and then read by the plate

reader.
Uba1�ubiquitin thioester formation

The reactions were conducted in reaction buffer containing 50 nM FLAG-Uba1 and 150 nM biotinylated

ubiquitin. Compounds (or DMSO alone) were added, and samples were incubated for 15 min at 25�C.
The reactions were initiated by the addition of ATP to 100 mM, then incubated for 30 min at 25�C, followed
by termination and tenfold dilution of the reactions in Alpha Buffer containing 20 mM EDTA (DTT was

omitted here from the Alpha buffer to avoid cleavage of the thioester bond in this and the Rad6�ubiquitin

thioester formation reaction). The donor and acceptor beads in the buffer were at 10 mg/ml. After 4-h in-

cubation at 25�C in the dark, the plates were read by the plate reader. For gel-based confirmation, similar

reaction conditions were used except for 150 nM FLAG-Uba1 and 450 nMGST-ubiquitin (GST was used as a

tag to ensure clear resolution of Uba1�ubiquitin from free Uba1), with visualization by silver staining.
Rad6�ubiquitin thioester formation

For initial precharging of Uba1 with biotinylated ubiquitin, 100 nM His6-Uba1 was combined with 300 nM

biotinylated ubiquitin in reaction buffer, with reactions initiated by the addition of ATP to 100 mM, followed

by incubation for 30 min at 25�C, at which time EDTA was added to 20 mM to quench further charging of

Uba1 with ubiquitin, which is the only step in these two sequential reactions that requires ATP-Mg2+. The

samples were then combined with an equal volume of 100 nM FLAG-Rad6 in reaction buffer, which had

been preincubated with each compound (or DMSO alone) for 30 min at 25�C. The samples were then

diluted tenfold in Alpha buffer (omitting DTT) containing 20 mM EDTA, with donor and acceptor beads

at 10 mg/ml. After 4-h incubation at 25�C in the dark, the plates were read by the plate reader. For gel-based

confirmation, similar reaction conditions were used except that 300 nM FLAG-Uba1, 1 mM FLAG-Rad6, and

GST-ubiquitin were used, with visualization by silver staining.
Rad18 autoubiquitination

50 nM His6-Uba1 was precharged with 100 nM biotinylated ubiquitin in reaction buffer by adding ATP to

100 mM, followed by incubation for 30 min at 25�C. 100 nM FLAG-Rad18 and 100 nM Rad6–Rad18 complex,

100 nM FLAG-Rad18 and 100 nM Rad6 in reaction buffer were preincubated with each compound (or

DMSO alone) for 15 min at 25�C. The Uba1 charging reaction was quenched by addition of EDTA to

20 mM. The two samples were then mixed 1:1 and incubated for 1 h at 25�C, followed by tenfold dilution

in Alpha buffer containing 20mMEDTA, with donor and acceptor beads at 10 mg/ml. After 4-h incubation at

25�C in the dark, the plates were read by the plate reader.
Rad6–Rad18 interaction

A solution of 100 nM FLAG-Rad6 and 100 nMHis-Rad18 was incubated for 30 min at 25�C in reaction buffer,

then each compound (or DMSO alone) was added with incubation for 30 min at 25�C. After tenfold dilution

in Alpha buffer with nickel chelate donor beads and anti-FLAG acceptor beads, both at 10 mg/ml, and 4-h

incubation at 25�C in the dark, the plates were read by the plate reader.
Mms2–Ubc13�ubiquitin thioester formation

For initial precharging of Uba1 with ubiquitin, 300 nM FLAG-Uba1 was combined with 1 mMGST-ubiquitin

in reaction buffer, with reactions initiated by the addition of ATP to 100 mM, followed by incubation for

30 min at 25�C. The charging of Uba1 with ubiquitin was quenched by the addition of EDTA to 20 mM.

The samples were then combined with an equal volume of 1 mM Mms2–Ubc13 in reaction buffer, with

the samples having been first preincubated with each compound (or DMSO alone) for 30 min at 25�C.
Detection was performed by silver staining.
Microscale thermophoresis

Microscale thermophoresis was performed with a NanoTemper Monolith instrument. The compound was

serially diluted and incubated with 20 nM of GFP-Rad6 or GFP-Rad18 for 15 min. The samples were loaded

into capillaries, and the NanoTemper Monolith software was used to determine the Kd.
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Rad6–Ubr1 pull-down

Equimolar GST-Rad6 and FLAG-Ubr1 (1 mM) were mixed and incubated with the compound for 15 min at

25�C and then loaded onto an affinity chromatography column containing glutathione-agarose beads.

Elution was done with 20 mM glutathione and visualization by silver staining.
Rad6–Ubr1 interaction alpha assay

Equimolar GST-Rad6 and FLAG-Ubr1 (100 nM) were mixed and incubated with the compounds for

15 min at 25�C in reaction buffer, followed by dilution by a factor of 103 in Alpha buffer, with donor

and acceptor beads at 10 mg/ml. After 4-h incubation at 25�C in the dark, the plates were read by the

plate reader.
Cell culture

HeLa cells were cultured in growth medium consisting of Dulbecco’s modified Eagle’s medium (DMEM

from Sigma-Aldrich) with 10% fetal bovine serum (FBS from Gibco) in a humified cell culture incubator at

37�C with 5% CO2.
Cell survival

HeLa cells were plated onto 96-well cell culture plates at a density of 13 104 cells in 50 ml per well in DMEM

containing 0.5% FBS at 37�C and 5% CO2. Compounds (or DMSO alone) were added 24 h later. After

another 24 h in the presence of compounds, resazurin (Alamar Blue) was added. Color change was

measured 4 h later on a fluorescence plate reader with excitation of 570 nm and emission of 585 nm.
Computational docking of compounds to Rad6

The nuclear magnetic resonance solution structure of the full-length human Rad6B (PDB ID: 2Y4W) (Huang

et al., 2011) was retrieved from the Research Center for Structural Genomics Protein Data Bank. The ten

lowest energy structures published were used as docking targets. Parallel blind dockings were performed

using the Autodock 4.2 software, and Lamarckian genetic algorithm was run with default parameters from

AutoDock 4.2. The maximum of energy evaluations was set to 2,500,000. Dockings were performed in two

overlapping 90.0 Å3 124.0 Å3 90.0 Å grid volumes, large enough to cover the whole molecular surface of

Rad6B. Consequently, the whole surface of the protein was probed for potential binding sites without any a

priori knowledge or artificial bias. The spacing of grid points was set to 0.375 Å. All ligand torsions were

kept flexible during dockings. Although protein coordinates were kept rigid, internal flexibility of the

protein was partially accounted for by docking to 10 different, experimentally derived structural states.

1,000 dockings were performed for each target and grid with the above settings resulting in an

ensemble of 20,000 Rad6–NSC 9037 complexes. These complexes were then clustered using a tolerance

of 2.0 Å and ranked according to the corresponding binding free energies. In silico inhibitory constants

were calculated from binding free energies derived from docking, according to the following equation:

DG = RT ln Ki. Selected high-affinity binding poses were subjected to further contact analysis. Potential

binding poses were selected on the basis of predicted binding affinities and apparent site specificity.

Low affinity surface-bound poses were omitted. 4–14 high-affinity binding poses were selected for each

of the 10 Rad6B structural states, which were then subjected to further contact analysis.

A second series of refined flexible blind dockings was performed using a single Rad6 target structure,

selected on the basis of pilot blind dockings. This was extended to include all of the compounds. Further-

more, amino acid side chains which were found in the pilot dockings to frequently participate in protein–

ligand interactions were kept flexible in the second series (Table 2), providing 18–32 torsional degrees of

freedom during the respective dockings. All oter docking parameters were the same as above. Ki values

were derived from the binding free energies and specific residues of contact were determined for these

refined binding poses, as listed in Table 2.
QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 and Microsoft Excel was used to calculate all the IC50 and curve fitting calculations. Sta-

tistical parameters used for the analysis.Signal-to-noise (S/N) and Signal-to-background (S/B) = They are

indication of the degree of confidence with which signal can be regarded as real.
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S=N =
mean signal�mean background

standard deviation of background
mean signal
S=B =
mean background

z-factor: The z-factor is defined in terms of four parameters: the mean and standard deviation of both pos-

itive and negative controls.

Z = 1� 3SD of sample+ 3SD of control

mean of sample�mean of control

Strictly standardized mean difference (SSMD) and Signal window values: It is the mean divided by the stan-

dard deviation of the difference between two random groups, on the other hand signal window value is

more indicative measure of the data range in the HTS assay.

Statistical details can be found in the figure legends.
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