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1. Experimental Procedures 

 

Recombinant Protein Production. His6-UBE2T and His6-UBE2D1 were 

expressed in E coli. Rosetta (DE3) cells cultured at 37 °C in LB supplemented 

with ampicillin. Once OD600 had reached ~0.6, protein expression was induced 

by the addition of 0.5 mM IPTG for 4 hours. Cells were pelleted by centrifugation 

(4,000 g, 20 min, 4°C) and immediately resuspended in buffer (100 mM Tris-

HCl pH 8.0, 500 mM NaCl, 0.25 mM TCEP, 10 mM imidazole). Samples were 

sonicated on ice at 30% amplitude, 30s on, 30s off (repeated as necessary), 

followed by centrifugation at 25,000 g for 30 minutes at 4 °C. The soluble 

fraction was decanted and incubated with Ni-NTA agarose (QIAGEN) 

equilibrated with buffer for 1 hour at 4 °C. The suspension was then loaded 

onto a gravity column and washed with buffer. Bound protein was eluted from 

the column with buffer supplemented with an additional 240 mM imidazole. 

Size-exclusion chromatography was carried using an Äkta FPLC (GE 

Healthcare). Protein was concentrated and loaded onto a Superdex 75 16/60 

HiLoad gel filtration column (GE Healthcare) at 4 °C equilibrated with gel 

filtration buffer (50 mM Tris pH 8.0, 100 mM NaCl, 0.5 mM TCEP). Purified 

protein was concentrated using a Vivaspin-20 concentrator with a 10 kDa MW 

cut-off (Vivascience) and flash-frozen in small aliquots for storage at –80 °C.  

 

GST-FANCLRING and GST-RNF8 were expressed in E. coli. Rosetta (DE3) cells 

cultured at 37 °C in LB supplemented with ampicillin and 0.5 mM ZnCl2. Once 

OD600 had reached ~0.4, the culture was cooled to 30 °C and protein 

expression was induced by the addition of 0.5 mM IPTG for 5 hours. After 

centrifugation, cells were lysed by sonication of 5 x 15s bursts on ice, in PBS 

supplemented with 5 mM DTT and 50 M ZnCl2. The cell lysate was cleared by 

centrifugation at 25,000 g at 4 °C. Supernatants were added to Glutathione 

Sepharose 4B (GE Healthcare) equilibrated with lysis buffer and incubated on 

a roller for 4 hours at 4 °C. After washing the resin with buffer the protein was 

eluted with lysis buffer supplemented with 25 mM reduced glutathione at pH 8. 

A PD-10 desalting column (GE Healthcare), equilibrated with PBS 

supplemented with 5 mM DTT, was used to remove reduced glutathione. 
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Purified protein was concentrated using a Vivaspin-6 concentrator with a 10 

kDa MW cut-off (Vivascience) and flash-frozen in small aliquots for storage at 

–80 °C.  

Cy5 labelling of ubiquitin. To a 5 mg/mL solution of recombinant human 

ubiquitin (Boston Biochem) in 0.1 M NaHCO3 pH 8.3, was added a 4-fold molar 

excess of Cyanine5 NHS ester (Lumiprobe). The reaction was incubated at 23 

°C for 4 hours in the dark. The protein was separated from unreacted dye by 

passage through a PD-10 desalting column (GE Healthcare) equilibrated with 

PBS. Purified protein was concentrated using a Vivaspin-6 concentrator with a 

3 kDa MW cut-off (Vivascience) and flash-frozen in small aliquots for storage 

at –80 °C.  

 
Homogeneous Time-Resolved Fluorescence (HTRF) Assay. GST-

FANCLRING (200 nM) was incubated with anti-GST Tb (CisBio, #61GSTTL) (2.5 

ng final) at room temperature for 30 minutes in assay buffer (50 mM Tris-HCl 

pH 8.0, 1 mM TCEP, 5 mM MgCl2, 0.005% Tween-20). Meanwhile, 10 μL of 

UBE2T in assay buffer (or assay buffer alone for no enzyme controls) was 

incubated in a white 384-well plate (Corning) with 20 nL DMSO or compound 

in DMSO. After 30 minutes, the GST-RINGRING solution was added to an equal 

volume solution containing His-UBE1 (Boston Biochem) (16 nM), Cy5-ubiquitin 

(400 nM), ATP (0.8 mM) in assay buffer. 10 μL of this solution was immediately 

added to each well of the 384-well plate containing UBE2T or buffer. Final 

concentrations: His-UBE1 (4 nM), UBE2T (6 nM), GST-RINGRING (50 nM), Cy5-

ubiquitin (100 nM), ATP (0.2 mM), compound (10 or 20 μM) in 0.1 % 

(v/v) DMSO. After a 10 minute incubation at 23 °C, 5 L of a 50 mM EDTA 

solution were added to each well to stop the reaction. Signal was measured at 

λEx 340 nm and λEm 665 nm and 620 nm using a PHERAstar FS plate reader 

(BMG Labtech). A ratio was calculated as [λEm(665)/λEm(620)] × 104 for each 

well and this was used to determine the percent inhibition for test compounds. 

Gel-based ubiquitylation assays. Assays were carried out in a total volume 

of 10 L containing 20 nM His6-UBE1 (Boston Biochem), 50 nM UBE2T, 250 

nM GST-E3 and 500 nM biotinylated ubiquitin (Boston Biochem) in buffer (50 
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mM Tris pH 8.0, 1.0 mM ATP, 0.5 mM DTT, 5 mM MgCl2, 0.005% Tween-20). 

Reaction mixtures were incubated for the indicated time at 37 °C and stopped 

by the addition of 2X reducing SDS-PAGE sample buffer, separated on 

NuPAGE Novex 4–12% Bis/Tris gradient gels (Invitrogen) and visualized by 

Western blotting using the indicated antibodies (Table S3). 

 

Cell culture. U2OS cells were cultured at 37 °C in a humidified atmosphere 

and 5% (v/v) CO2 in Dulbecco's Modified Eagle Medium (DMEM; Sigma-

Aldrich) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units/ml of 

penicillin, 100 mg/ml of streptomycin and 292 μg/mL L-glutamine. 

 

Cell extract preparation and immunoblotting. U2OS cells were lysed in 

buffer containing 50 mM Tris-HCl pH 7.5, 2% SDS, 10 mM NEM, cocktail 

protease inhibitor (Roche) and phosphatase inhibitor cocktail followed by 

sonication 100 g of extracts were boiled for 5 mins at 95 °C in 5X loading 

buffer and loaded onto NuPAGE Novex 4–12% Bis/Tris gradient gels 

(Invitrogen), or NuPAGE Novex 3-8% Tris/Acetate gradient gels (Invitrogen) for 

detection of mUb-FANCD2. After separation the gels were transferred to PVDF 

and the membranes were blocked with Tris-buffered saline containing 0.1% 

(v/v) Tween-20 (TBST) and 5% (v/v) bovine serum albumin (BSA) and 

incubated with the indicated primary and secondary antibodies. mUb-FANCD2 

intensity was quantified using Image Studio (LI-COR). 

 

IncuCyte cell proliferation assays. 2000 U2OS cells were seeded per well in 

96-well plates and treated with compounds 24 hours afterwards. After 1 hour of 

compound treatment, 15 M carboplatin (Sigma-Aldrich) was added and the 

cells were cultured in an incubator with an IncuCyte microscopy-platform 

(Essen BioScience). Phase-contrast images were acquired every 6 hours for 8 

days until DMSO-carboplatin treated cells reached >80% confluence. Cell 

proliferation was monitored as the occupied area (% confluence) of cell images 

over time and calculated as percentage confluence over time. Cell confluency 

percentages were calculated using the integrated Cell Player software and 

results were analysed with Prism 6 (GraphPad Software). 
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Cell Cycle Analysis. 4x105 U2OS cells seeded on 6 cm plates were treated 

with compound for 1 hour followed by 2.5 mM HU. After 7.5 hours, EdU (5-

ethynyl-2 deoxyuridine) (Life Technologies Ltd, A10044) was added to a final 

concentration of 10 M for 30 minutes. Following removal of medium, cells were 

trypsinised and resuspended in media before being added to tubes for pelleting 

by centrifugation at 1500 rpm for 3 minutes at 23 °C. The medium from each 

tube was then aspirated and the cells were washed twice with PBS-B (1xPBS, 

1mg/ml BSA) before being fixed for 30 minutes at 23 °C with 100 l BD 

Fix/Perm buffer (BD Biosciences) in the dark. At the end of the fixation, 0.5 ml 

dilute Perm/Wash buffer (BD Biosciences) was added to each sample and 

mixed. The cells were again centrifuged at 1500 rpm for 3 minutes at 23 °C 

before aspirating the supernatant and a final wash with 1 ml PBS-B. After the 

wash step, the PBS-B was aspirated from all the samples and 50 l of Click 

reaction cocktail (2 mM CuSO4, 1 M 488 Azide dye (Invitrogen, A10266) and 

10 mM Sodium Ascorbate in PBS) was added to each tube. The samples were 

incubated in the presence of the cocktail for 30 minutes in the dark at 23 °C. 

1ml PBS-B was then added to each tube and the cells centrifuged at 1300 rpm 

for 3 minutes at 23 °C. At the end of the centrifugation, the supernatant was 

removed and the cells resuspended in 500 l FACS buffer (PBS-B, 0.02% 

sodium azide, 250 g/ml RNase) containing 1 g/ml DAPI. The samples were 

stored overnight at 4°C in the dark before being analysed using a CytoFlex 

cytometer (BD Biosciences) and Flo-Jo software. 

Immunofluorescence analysis of cells. U2OS cells, seeded on poly-lysine 

coated coverslips, were treated with compound for 1 hour followed by 2.5 mM 

HU for 8 hours with the compound still present. Cells were then washed with 

PBS containing 0.1% Tween-20 (PBST) and fixed for 20 minutes in PBS 

containing 2% formaldehyde (w/v). Cells were then permeabilized for 15 

minutes with 0.5% Triton X-100 in PBS. After three washes with PBST, the cells 

were blocked with 5% BSA in PBST for 30 minutes. Immunostaining was 

conducted with the indicated primary antibodies (Table S3) diluted in blocking 

buffer (5% BSA in PBST) overnight at 4 °C. After three PBST washing steps, 

cells were stained with the fluorescent secondary antibodies diluted in blocking 
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buffer (1 hour at room temperature) followed by three washes with PBST. Cells 

were then counterstained with DAPI (25 µg/mL) and mounted using Vectashield 

(Vector Labs). 

 
High-throughput high content indirect immunofluorescence. U2OS cells, 

seeded in a 96-well plate, were treated with compound for 1 hour followed by 

2.5 mM HU or 10 µM cisplatin for 8 hours. Cells were washed 3 times with wash 

buffer (1xPBS, 0.1% Tween-20) before being fixed in 2% paraformaldehyde 

(w/v) for 20 minutes at 23 °C. The cells were then washed a further 3 times in 

wash buffer before being stored overnight at 4°C in the final wash. Next day, 

the cells were permeabilized using 1xPBS, 0.5% Triton X-100 for 15 minutes at 

23 °C and then washed 3 times with wash buffer before blocking with 5% BSA 

in 1xPBS, 0.1% Tween-20 for 30 minutes at 23 °C. After washing 3 times with 

wash buffer, the cells were incubated for 1 hour at 23 °C in the presence of 

primary antibodies (1:50 FANCD2, Santa Cruz, mouse monoclonal and 1:250 

H2AX, Cell Signalling, rabbit) in 5% BSA in wash buffer. After incubation in the 

presence of primary antibodies, the cells were washed 3 times with wash buffer 

before being incubated with secondary antibodies in 5% BSA in wash buffer for 

1 hour in the dark at 23 °C. The secondary antibodies used were goat anti-

mouse AlexaFluor 488 and goat anti-rabbit AlexaFluor 594 (both from 

Molecular Probes, Invitrogen). The cells were then washed a further 3 times 

with wash buffer before being stained in the presence of 2 g/ml DAPI (Sigma 

D9542) in wash buffer for 10 minutes in the dark at 23 °C. After DAPI staining, 

the cells were washed 3 more times with wash buffer and stored in the final 

wash until ready for imaging. 

 

A spinning-disk Opera PhenixTM (Perkin Elmer) microscope equipped with a 

40x water immersion objective was employed to acquire 10 confocal images 

for each well in a single optimized focal plane comprising three fluorescence 

channels: 405, 488 and 568 nm for DAPI, Alexa Fluor 488 and Alexa Fluor 594, 

respectively. Image analysis and evaluation was done using Harmony High-

Content Imaging and Analysis software. DAPI staining (405 nm) was used to 

segment nuclei, which were further gated for the presence of H2AX staining 
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(detected in 568 nm channel) and within H2AX-posive nuclear population, the 

number of FANCD2 foci (detected in 488 nm channel)/nucleus was quantified. 

The number of imaged nuclei are presented in Table S4. The data presented 

in the graphs (Figures 4b and S7) was accumulated over three independent 

experiments (biological replicas) each containing three technical replicas. 
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2. Supplementary Figures 

 

a      b  

 

Figure S1. Representative HTRF assay optimization experiments. (a) UBE2T 

titration and time course: 50 nM GST-FANCLRING, 4 nM UBE1, 100 nM Cy5-

Ub, UBE2T as indicated (b) Evaluation of EDTA as a stop reagent: 6 nM 

UBE2T, 50 nM GST-FANCLRING, 4 nM UBE1, 100 nM Cy5-Ub. EDTA (as 

indicated) added after a 10 minute ubiquitylation reaction. All experiments 

performed at 23 °C. 

 

 

 

Figure S2. HTRF assay performance statistics across the small molecule 

screen. For the robust Z’ calculation, the mean () and standard deviation (σ) 

are substituted for the median and median absolute deviation respectively. 
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Figure S3. Chemical structures of compounds with IC50 <100 M. 
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Figure S4. CU2 dose-response in HTRF ubiquitylation assay. Data points 

represent the mean ± standard deviation (n=2). 

 

 

Figure S5. Gel-based ubiquitylation assays corresponding to Figure 2a. 

Western blots (WB) probed for UBE2T. Ubiquitylation of UBE2T is unaffected 

by CU1, 2 and 9, but essentially completely inhibited by CU10 and 12.  

 

 

 

 

 

Figure S6. Western blot showing the effect of CU 1, 2 and 9 (100 M) on the 

formation of mUb-FANCD2(*) in response to HU treatment of cells (2.5 mM, 24 

hours). Ratio = mUb-FANCD2/FANCD2 (normalized to DMSO control). 
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Figure S7. Quantification of the mean intensity of H2AX per cell and the 

percentage of H2AX-positive cells with the indicated treatments. HU (2.5 mM, 

8 hours) or cisplatin (10 M, 8 hours) in the presence of DMSO, CU1 (200 M) 

or CU2 (500 M). Data accumulated over 3 independent experiments each 

consisting of 3 technical replicas. CU1 or CU2 do not significantly affect H2AX 

levels. (HU or cisplatin = DMSO + HU or DMSO + cisplatin, respectively). 

 

 

Figure S8. IncuCyte analysis of U2OS cells treated with carboplatin (15 M) 

and CU1 (50 M). Mean calculated from 3 wells, 4 images per well. 
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Figure S9. LCMS spectrum of CU2 used in follow-up experiments. [M+H]+ 

calculated for C19H31O7H = 358.27. Recorded using a Waters ACQUITY UPLC 

H-Class System coupled to a Waters single quadrupole mass detector. 
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3. Supplementary Tables 

 

Compound 

Primary screen Resupply 

MW HAC LE 
% Inhibition 

(20 M) 
IC50 / M IC50* / M 

CU1 48.4 15.2 56.0 ± 9.5 353 26 0.23 

CU2 63.4 8.4 14.8 ± 1.0 357 26 0.26 

CU3 20.3 51.8 49.8 ± 5.3 365 27 0.22 

CU4 20.7 61.0 82.5 ± 5.2 371 26 0.22 

CU6 37.0 30.8 25.8 ± 0.6 336 25 0.26 

CU7 39.6 64.2 35.3 ± 4.3 370 26 0.24 

CU8 34.0 33.7 73.2 ± 11.5 320 24 0.24 

CU9 48.2 31.4 45.4 ± 1.8 317 23 0.26 

CU10 93.8 10.9 2.1 ± 0.1 330 23 0.35 

CU12 106.9 11.5 9.9 ± 0.5 317 22 0.32 

 
Table S1 

Data from primary screening and follow-up studies for compounds with 

IC50 <100 M. MW = molecular weight, HAC = heavy atom count, LE = ligand 

efficiency = 1.4(–logIC50)/HAC. (*) Measurements represent the mean ± 

standard deviation from four replicates. Resupplied compounds were obtained 

from MolPort (see Table S2 for details). 
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Table S2. Compound identifiers and supply information.  

 

 

  

Compound InChI key 

Supply information 

(MolPort ID; supplier; catalog 

number) 

CU1 
FVAOCUWKIAJPMZ-

RBUKOAKNSA-N 

MolPort-021-774-790; 

ChemBridge Corporation; 93585825 

CU2 
FJHJBABGFHVIDS-

UHFFFAOYSA-N 

MolPort-010-963-481; 

ChemDiv, Inc.; P659-2339 

CU3 
DDJPGTJLZVJMSF-

UHFFFAOYSA-N 

MolPort-005-402-777; 

ENAMINE Ltd.; Z224264468 

CU4 
WROUHGLBVZNYKD-

UHFFFAOYSA-N 

MolPort-009-042-422; 

ENAMINE Ltd.; Z381628622 

CU6 
SEEXRJJEQZVVNB-

UHFFFAOYSA-N 

MolPort-009-096-781; 

ENAMINE Ltd.; Z809260328 

CU7 
BPCJWZAGXPYDNQ-

UHFFFAOYSA-N 

MolPort-009-127-529; 

ENAMINE Ltd.; Z90696487 

CU8 
YVMRVHIURPHKGS-

UHFFFAOYSA-N 

MolPort-009-432-154; 

ENAMINE Ltd.; Z217668022 

CU9 
SIPIKBSQRHQFBK-

UHFFFAOYSA-N 

MolPort-020-019-446; 

ENAMINE Ltd.; Z1139207055 

CU10 
RIPMAQDWCCDAGQ-

UHFFFAOYSA-N 

MolPort-020-159-143; 

ENAMINE Ltd.; Z1124274134 

CU12 
MJBWTOVRPAPUKJ-

AWEZNQCLSA-N 

MolPort-008-344-867; 

Vitas-M Laboratory, Ltd.; 

STK943659 
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Table S3. Antibodies used in this study. WB = Western blot, IF = 

immunofluorescence, r = rabbit, m = mouse, SA = streptavidin. 

 

 

 

 

 

 

 

 

Antibody Host Supplier Dilution 

SA-HRP n/a Invitrogen WB: 1/125,000 

UBE2T r Bethyl Labs. WB: 1/2000 

GST m Santa Cruz Biotech. WB: 1/1000 

FANCD2 m Santa Cruz Biotech. WB: 1/500, IF: 1/50 

H2A r Cell Signalling Tech. WB: 1/1000 

mUb-H2A m Upstate Ltd. WB: 1/1000 

PARP1 r Cell Signalling Tech. WB: 1/10,000 

H2AX r Cell Signalling Tech. IF: 1/250 

H2AX m Millipore WB: 1/500 

pS345CHK1 r Bethyl Labs WB: 1/1000 

pS824KAP1 r Abcam WB: 1/1000 

FK2 m Enzo Life Sciences  WB: 1/10,000 
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Experiment 1 2 3 Totals 

Treatment 
Nuclei 
imaged 

H2AX 
positive 
nuclei 

Nuclei 
imaged 

H2AX 
positive 
nuclei 

Nuclei 
imaged 

H2AX 
positive 
nuclei 

Nuclei 
imaged 

H2AX 
positive 
nuclei 

DMSO 1862 28 981 94 1833 40 4676 162 

HU 1541 390 1162 672 1577 708 4280 1770 

CU1 1468 40 1203 279 1785 126 4456 445 

CU1 + HU 1627 548 908 550 1999 945 4534 2043 

CU2 1671 56 1382 303 2081 79 5134 438 

CU2 + HU 1499 553 1254 771 1849 1004 4602 2328 

PBS 1861 49 1562 175 2189 65 5612 289 

cisplatin 2128 915 1614 1122 2101 1056 5843 3093 

CU1 + 
cisplatin 

2080 783 990 726 2112 1152 5182 2661 

CU2 + 
cisplatin 

2118 711 1343 975 2142 1049 5603 2735 

 

Table S4. Raw data from immunofluorescence experiments corresponding to 

Figures 4b, 4c and S7, FANCD2 foci (Figure 4c) were scored in all H2AX 

positive cells.  

 

 


