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ABSTRACT 

P olymerase theta (P ol �) acts in DNA replication and
repair, and its inhibition is synthetic lethal in BRCA1
and BRCA2-deficient tumor cells. Novobiocin (NVB)
is a first-in-class inhibitor of the Pol � ATPase activity,
and it is currently being tested in clinical trials as an
anti-cancer drug. Here, we investigated the molecu-
lar mechanism of NVB-mediated Pol � inhibition. Us-
ing h ydr og en deuterium exchang e-mass spectrom-
etry (HX-MS), biophysical, biochemical, computa-
tional and cellular assa ys, we f ound NVB is a non-
competitive inhibitor of ATP h ydr olysis. NVB sugar
group deletion resulted in decreased potency and
reduced HX-MS interactions, supporting a specific
NVB binding orientation. Collective results revealed
that NVB binds to an allosteric site to block DNA
binding, both in vitro and in cells. Comparisons
of The Cancer Genome Atlas (TCGA) tumors and
matched controls implied that POLQ upregulation in
tumors stems from its role in replication stress re-
sponses to increased cell proliferation: this can now
be tested in fifteen tumor types by NVB blocking
ssDNA-stimulation of ATPase activity, required for
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NTRODUCTION 

illing tumors while leaving normal cells unharmed is the 
oal of precision cancer therapy, a challenging feat that 
s enabled by targeting tumor-specific vulnerabilities ( 1– 

 ). The m ultifunctional pol ymerase theta (Pol �) with dual 
TPase and polymerase activities r epr esents one such vul- 
erability: loss of this protein causes only a mild pheno- 
ype in normal cells ( 9–12 ), but tumors, especially those 
ith homology-directed repair (HDR) deficiency, are of- 

en addicted to Pol � function for their survival ( 12 , 13 ). 
onsequently, targeting Pol � potentiates PARP inhibitors 

PARPi) in specifically killing HDR-deficient tumor cells, 
nd re-sensitize PARPi-resistant tumor cells ( 14 , 15 ). The 
nduced essentiality between Pol � and HDR-deficiency un- 
erscores the value of Pol � as a therapeutic target in the 
ontext of tumors with mutated HDR genes. 

Pol � is an A-famil y pol ymerase with an unusuall y low 

delity when compared to other polymerases in this class 
 16 , 17 ). It contains an N-terminal helicase-like ATPase do- 
ain (HLD) and a C-terminal polymerase domain (PolD) 

onnected by a mostly disordered central region. HLD is a 

uper family 2 (SF2)-type helicase-like domain with DNA- 
ependent ATPase activity ( 18 , 19 ). PolD has templated- 
olymerase activity and an inacti v e proof-reading e xonu- 
lease domain ( 20 , 21 ). With these activities, Pol � plays 
 key role in an alternati v e DNA doub le-strand break 

DSB) repair pathway called theta-mediated end-joining 

TMEJ), also r eferr ed to as alternati v e end-joining (Alt-EJ), 
r microhomology-mediated end-joining (MMEJ) ( 22 , 23 ). 
MEJ, along with single-strand annealing, are relati v ely 

nigma tic pa thways to repair DNA DSBs compared to the 
etter known pathways of homology dir ected r epair (HDR) 
nd non-homologous end-joining (NHEJ) ( 24 ). DSBs are 
he most se v ere form of DNA damage and are mostly re-
aired either by NHEJ with minimal DSB end processing 

r by HDR in an error-free fashion. HDR is initiated by re- 
ection of DSBs by nucleases gener ating 3 

′ single-str anded 

N A (3 

′ -ssDN A) overhangs ( 25 ). The ssDN A binding pro-
eins RPA and RAD51 bind these long ssDNA followed by 

 homology search and then templa te-media ted repair. The 
SBs with resected DNA are not ideal substrates for NHEJ. 

n the absence of a functioning HDR, TMEJ rescues these 
therwise ill-fated breaks at the cost of genomic instability, 
ue to the low fidelity of P ol �. P ol � ATP-dependent 3 

′ -5 

′ 
ranslocation displaces RPA and RAD51 from the ssDNA 

nd anneals both strands using a microhomology of 2–6 

ase pairs (bp), so that PolD can use microhomologies to 

emplate DNA synthesis for repair and replication fork res- 
ue ( 12 , 22 , 26–28 ). The muta tional signa ture for Pol � is a 2–
 bp microhomology plus insertions and deletions (indels) 
hat scar r epair ed sites ( 29 ). Both the HLD and the PolD do-
ains of Pol � are required for TMEJ; thus, both have been 

argeted with small-molecule inhibitors ( 14 , 15 , 30 ). 
We pre viously discov ered that the antibiotic NVB acts 

s an inhibitor of the ATPase activity of Pol � HLD ( 14 ). 
onsequently, a Phase I clinical trial of NVB is currently 

nderway in patients with tumors that harbor aberrant 
NA repair genes (NCT05687110). To inform enigmatic 
MEJ and support ongoing preclinical and clinical stud- 

es, we ther efor e investigated the mechanism-of-action of 
VB-mediated inhibition of Pol � ATPase activity. By com- 
ining hydrogen deuterium exchange-mass spectrometry 

HX-MS), biochemical assays, microscale thermophoresis 
MST), cellular assays and computational modelling, we 
etermined that NVB is a non-ATP competiti v e inhibitor 
hat binds to an allosteric site near the ssDNA binding 

hannel in the ATPase core. This is contrary to the current 
iew of NVB as an ATP competiti v e inhibitor of DNA gy- 
ase. This NVB binding mode blocks ssDNA binding and 

nhibits ssDN A-mediated stim ulation of Pol � ATPase ac- 
ivity. Importantly, we find that NVB blocks Pol � binding 

o ssDNA both in vitro and in cells. Using novobiocic acid 

the aglycone of NVB), we investigated the orientation of 
VB binding and established the contribution of the sugar 

roup in enhancing the potency of NVB. Our study identi- 
es the NVB binding pocket and provides a path for further 
ptimiza tion and investiga tion of the importance of ssDNA 

inding for Pol � biological functions at DSBs and stalled 

eplication forks. 

ATERIALS AND METHODS 

rotein expression and purification 

he Pol � ATPase domain (Pol �-ATPase, 67–894 aa) was 
xpressed and purified from insect cells ( 19 ). Briefly, Sf9 

ells were infected with Pol �-ATPase baculovirus for 52 

 before harvesting. Cell pellets were resuspended in ly- 
is buffer (50 mM HEPES (pH 7.5), 500 mM NaCl, 5% 

lycerol, 0.5 mM TCEP and 10 mM Imidazole) supple- 
ented with Pierce EDTA-free protease inhibitor tablets 

Thermo Fisher Scientific, cat# A32965). Lysates were incu- 
ated with TALON ® metal affinity resin (Takara Bio, cat# 

35502) for 90 min in a cold room for binding. Resin was 
ubsequently washed, and bound protein was eluted in the 
lution buffer (50 mM HEPES (pH 7.5), 500 mM NaCl, 5% 

lycerol, 0.5 mM TCEP and 300 mM Imidazole). The His- 
ag from the eluted protein was cleaved by TEV protease 
nd removed by repassing through the TALON ® resin. Fi- 
ally, protein was loaded on a pre-equilibrated size exclu- 
ion chromato gra phy (SEC) column Super de x 200 Increase 
0 / 300 GL or Superose 6 Increase 10 / 300 GL (Cytiva) in
EC buffer (10 mM HEPES (pH 7.5), 250 mM NaCl, 0.5 

M TCEP) and fractions with Pol �-ATPase were concen- 
rated and flash-frozen. Pol �-ATPase (1–987 aa) was ex- 
ressed and purified as reported previously ( 14 ). 

ovobiocic acid preparation 

ovobiocic acid was pr epar ed as previously reported and 

pectroscopic data were consistent with literature reports 
 31 , 32 ). Briefly, a solution of 250 mg NVB sodium salt
nd 5 ml of 5 M NaOH was heated in a 20 ml reaction
ial with stirring to 80 

◦C for 45 min. The reaction mix- 
ure was allowed to cool to room temperature and neu- 
ralized with an equal volume of 5 M HCl. The aque- 
us solution was extracted with 3 × 10 ml of ethyl ac- 
tate. The combined organic solutions were washed with 

ater (1 × 10 ml) and brine (2 × 10 ml). The organic 
olution was dried (Na 2 SO 4 ), filtered and solvents re- 
oved under reduced pressure. The crude product was 

urified by medium pr essur e liquid chromato gra phy (20% 

thyl acetate in hexane to 60% ethyl acetate in hexane) 
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to yield N-(4,7-dih ydroxy-8-meth yl-2-oxo-2H-chromen-3-
yl)-4-h ydroxy-3-(3-meth ylbut-2-en-1-yl)benzamide (novo-
biocic acid) (123.1 mg, 79% yield) as a light-yellow solid:
1 H NMR (300 MHz, DMSO- d6 ) � 11.83 (br s, 1H), 10.41
(s , 1H), 10.04 (s , 1H), 9.17 (s , 1H), 7.74–7.70 (m, 2H), 7.57
(d, J = 8.6 Hz, 1H), 6.87 (t, J = 8.6 Hz, 2H), 5.31 (t,
J = 7.4 Hz, 1 H), 3.27 (d, J = 7.4 Hz, 2H), 2.17 (s, 3H), 1.70
(s, 6H); LRMS for C 22 H 21 NO 6 m / z 394.19 (M-H) −. Com-
pound used for biological assays was greater than 95% pure
based on NMR and HPLC with UV absorbance at 210 nm
and 254 nm wavelengths. 

ADP-glo ATPase assay 

ADP-Glo assay (Promega) was used to study ATPase ac-
tivity of the Pol �-ATPase (1–987 aa) and inhibition of
this activity by NVB (Sigma, cat# 46531). First, serial di-
lutions of NVB were made in the assay buffer (40 mM
Tris (pH 8.0), 20 mM MgCl 2 , 50 mM KCl and 1 mM
DTT). Then an equal volume Pol �-ATPase and ssDNA (5 

′ -
CCAGT GAATT GTT GCTCGGTACCT GCTAAC-3 

′ pur-
chased from Integrate DN A technolo gy with HPLC purifi-
cation) mixture was added to each tube of NVB and incu-
bated for 1 h at room temperature. The final concentrations
were as follows: 50 nM Pol �-ATPase, 500 nM ssDNA (or
0 nM for reactions without ssDNA), and NVB concentra-
tion varying between 120 nM and 1 mM in a 30 �l reaction
volume. The ATPase assay was initiated by adding 5 �l ATP
(7x stock of the r equir ed final concentration was pr epar ed in
the assay buffer) and the reaction was further incubated for
2 h at room temperature. The ATPase activity was measured
according to the manufacturer’s instruction with minor
modifications. The ATP ase r eaction was stopped by adding
and incubating with a 30 �l of ADP-Glo reagent. Finally, a
60 �l kinase detection reagent was added to the reaction and
incubated for an additional 1 h at room temperature before
measuring the luminescence to quantify the ATPase activity
on a CLARIOstar microplate reader (BMG Labtech). All
data were background-subtracted using buffer-only wells
and then normalized to enzyme-only wells (showing 100%
activity). Luminescence data from three independent exper-
iments were averaged. Computed mean and standard devi-
ations were imported to Prism (GraphPad) and IC 50 were
estimated by fitting the normalized response vs. concentra-
tion of the inhibitor equation to the data in the Prism. To
test if NVB is an ATP-competiti v e inhibitor, ATPase acti v-
ity assays were performed at 10, 100 or 300 �M of final ATP
concentrations and the resulting IC 50 ’s were compared. The
concentrations of ATP were selected based on the previ-
ously measured K m 

(40–50 �M) of ATP for Pol � using a
pyruva te kinase, lacta te-dehydrogenase enzyme-linked ab-
sorbance ATPase assay ( 19 ). We also tested the effect of
dif ferent concentra tions of ATP on IC 50 of NVB using the
same protocol except we omitted the 1 h pre-incubation step
and instead added NVB and ATP together to initiate the
ATP ase r eaction. 

Microscale thermophoresis (MST) 

The direct binding of purified Pol � ATPase domain
and ssDNA was measured using MST. For the MST
e xperiment, a 5 

′ -Ale xa Fluor ® 647N-labelled ssDNA
(5 

′ -CCAGT GAATT GTT GCTCGGTACCT GCTAAC-3 

′ ) 
(Alexa647N-ssDNA) was purchased from Integrated DNA
Technologies with HPLC purification. MST experiments
were performed on a Monolith NT.115Pico system (Nan-
oTemper). All MST experiments were performed in the
following buffer: 10 mM HEPES (pH 7.5), 120 mM KCl
(or 50 mM KCl for the low-salt binding), 0.5 mM TCEP
and 0.05% Tween-20. Both ligand (unlabeled Pol � ATPase
domain) and target (Alexa647N-ssDNA) dilution were
pr epar ed in the MST buffer. Equal volumes of 2 nM
Alexa647N-ssDN A and seriall y two-fold diluted unla-
beled Pol � ATPase domain were mixed to obtain a fixed
concentration of Alexa647N–ssDNA (1 nM) and variable
concentration of unlabeled Pol � ATPase domain (final
concentr ations r anging from 30 pM to 1 �M). The mixture
was then incubated for 10 min at room temperature before
loading into regular Monolith NT.115 capillaries for the
MST measurements. After validating the assay conditions,
the following instrument settings were used for the binding
affinity experiments: 20% excitation power (or 15% for
low-salt binding) in the Pico-RED channel and medium
MST power with other default instrument settings, includ-
ing the experiment temperature set to 25 

◦C. Each binding
experiment was performed in three independent runs
and resulting raw MST data were loaded to the analysis
software (MO.Affinity Analysis v2.3, NanoTemper) and fit
with the Hill model. To study the effect of NVB, AMP-PNP
or novobiocic acid on Pol � ATPase domain binding to
ssDNA, MST experiments were performed as described
above in the MST buffer with indicated concentration of
the small molecules. For the MST experiments with AMP-
PNP, both control and AMP-PNP runs were performed
with MST buffer supplemented with 5 mM MgCl 2 . MST
data were presented as a change in normalized fluorescence
(due to thermophoresis) as a function of unlabeled Pol �
ATPase domain concentration. For presentation purposes,
both raw and fit data were exported and plotted in IgorPro9
software (WaveMetrics). 

Hydrogen deuterium e x change-mass spectrometry (HX-MS)

NVB or novobiocic acid were first dissolved in DMSO and
then diluted in the assay buffer (25 mM HEPES pH / pD 7.4,
250 mM NaCl) at the indicated concentrations. ssDNA was
reconstituted in water and then diluted in the assay buffer
at the indicated concentrations. 

For ligand-bound samples, Pol � was pr epar ed to 4 �M
then mixed with 4 mM NVB or novobiocic acid (both
in 2% DMSO) or 8 �M ssDNA in 1:1 volume ratio,
and pre-incubated for 30 min. For each sample, 5 �l of
the pre-incubated protein was mixed with 5 �l of D 2 O-
based assay buffer to initiate the deuterium labelling at
room temperature. After 2 min of labelling, the reactions
were quenched by mixing each of the samples with 10
�l of quench / digestion buffer (500 mM glycine pH 2.3,
6 M urea) containing nepenthesin II digestion enzyme
(NVB: 0.6 �g / �l, novobiocic acid: 0.4 �g / �l, ssDNA: 0.3
�g / �l). Samples were incubated for 2 min at 8 

◦C and
flash fr ozen. HX-MS contr ol samples wer e pr epar ed with
ma tched DMSO concentra tions and processed as above,
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ut with a quench / digestion buffer containing 0.2 �g / �l 
epenthesin II. All samples and controls wer e pr epar ed in 

riplicate. 
HX-MS samples were analyzed on a Sciex TTOF 6600 

nstrument with an Optiflow Micro ESI Source, integrated 

ith a Sciex Ekspert nanoLC 425 and a Trajan PAL HDX 

utosampler. Samples were manually injected into the cold 

ompartment of the autosampler (set to 4 

◦C) and desalted 

n a Luna C18( 2 ) microtrap column (0.3 mm diameter, 5 

m particle size, 100 Å pore size, 20 mm length) for 90 sec 
t 50 �l / min mobile phase A (0.4% formic acid in MS-grade 
 2 O). Bound peptides were subsequently eluted and sepa- 

ated on Kinetex XB-C18 column (0.3 mm diameter, 2.6 �m 

article size, 100 Å pore size, 50 mm length) connected di- 
ectly to the ion source, using a linear 10-min gradient from 

%-35% mobile phase B (0.4% FA in MS-grade acetonitrile) 
t 8 �l / min. To obtain a list of peptides for deuterium anal-
sis, sequence maps for Pol � were prepared from standard 

ata-dependent acquisition analyses of control samples, us- 
ng HX-PIPE ( 33 ). All HX-MS data were analyzed using 

he HX-DEAL functionality of the Mass Spec Studio ( 33 ). 
STools was used for workflow management ( 34 ). Associ- 

 ted HX-MS da ta are provided in standard exports format 
s supporting information (Supplementary HX data). 

For higher sensitivity analysis of NVB-bound Pol � AT- 
ase domain, a nanoHX-MS configuration was used. The 
ame LC-MS system was used with the following modifi- 
ations. The source was switched to an Optiflow Nano ESI 
ource and the cold chamber of the autosampler was out- 
tted with an Acclaim ™ PepMap ™ 100 C18 HPLC trap col- 
mn for desalting (0.1 mm diameter, 5 �m particle size, 100 

˚
 pore size, 20 mm length) at 10 �l / min mobile phase A for
 min. Bound peptides were subsequently eluted and sep- 
rated on nanoEase M / Z Peptide CSH C18 Column (75 

m diameter, 1.7 �m particle size, 130 Å pore size, 150 mm 

ength), connected directly to the ion source, using a lin- 
ar 10-min gradient from 5%-35% mobile phase B at 250 

l / min. Samples were prepared as above but at higher di- 
ution and with reduced le v els of digestion enzyme, and a 

epara te da ta-dependent acquisition analysis conducted for 
equence mapping. 

hermal stability assay 

rotein thermal stability of Pol �-ATPase domain in the 
resence of either NVB, novobiocic acid or DMSO was 
easured using Prometheus nano Differential Scanning 

luorimetry (nanoDSF) (NanoTemper). Gi v en that the in- 
rinsic fluorescence emission from the protein coincides 
ith the chromophore in the small molecule, we monitored 

cattering to measure the protein stability with temperature 
 14 ). Pol � ATPase domain (0.5 mg / ml in 25 mM HEPES
pH 8.0) and 200 mM NaCl) was incubated with the 500 

M of NVB, novobiocic acid or DMSO for 30 min at room 

emperatur e befor e samples wer e loaded into capillaries for 
he scattering measurement, in which temperature was in- 
reased at a rate of 1 

◦C / min starting from 25 

◦C till 90 

◦C.
he shift in the peak max of scattering was estimated from 

he first deri vati v e of the scattering data. All data points 
ere an average from three replicates and plotted in Igor- 
ro9 software (WaveMetrics). 
ass photometry 

e studied the oligomeric state of the Pol � ATPase domain 

n solution using mass photometry. The Pol � ATPase do- 
ain (250 nM) in the assay buffer (20 mM HEPES (pH 7.5), 

50 mM NaCl, 1 mM TCEP) incubated with 500 �M of 
VB for 1 h on ice before measurements. All experiments 
ere performed at room temperature on a Refyn TwoMP 

ass photometry instrument (Refyn Ltd). Sample holder 
as pr epar ed by attaching a sample well cassette (6-well sil- 

cone gasket) to a clean No. 1.5H high precision glass cov- 
rslip (24 × 50 mm, Thorlabs cat# CG15KH). Mass cal- 
bration mixture (consisting of �-amylase and thyroglob- 
lin) was pr epar ed in the assay buffer as well. We used a

arge image size setting for a 60 s data recording for each 

ample including mass calibration standards. Also, we used 

he ‘droplet dilution’ mode to find the focus. For each run, 
fter finding the focus, the sample was diluted 10-fold by di- 
ectly injecting sample into the droplet that was used to find 

he focus. Pol � ATPase domain in the assay buffer used as a 

ontrol. For NVB tr eated Pol � ATP ase domain, the dilution 

uffer contained 500 �M NVB. We also ran a mass calibra- 
ion standard in the assay buffer containing 500 �M NVB 

nd found no significant effect of NVB on the expected 

olecular weights of �-amylase or thyroglobulin. The data 

ere analyzed in DiscoverMP software (Refyn Ltd). For 
ach sample, all e v ents along with amplitudes (%), mean 

mass) and standard deviations (mass) for each peak were 
xported from the DiscoverMP. For the data presentation 

urpose, we gener ated histogr ams of e xported e v ents using 

rism (GraphPad) and Gaussian fits were simulated using 

he exported mean and standard deviation for each peak 

rom the DiscoverMP analysis software. 

olecular docking 

or the Glide docking studies with the Schr ̈odinger suite 
 www.schrodinger.com ) we used a previously described pro- 
ocol ( 14 ), except that a search grid was created around 

esidue I191, gi v en its proximity to a potential binding site 
or NVB, as identified by HX-MS data. For all the gen- 
rated poses, binding free energy MM-GBSA calculations 
ere performed using the Prime module and the top two 

odels selected based on the resulting protein–ligand com- 
lex with the lowest MM-GBSA binding free energy value 
 35 , 36 ). 

ell lines 

e previously used U2OS cells in studying the effect of 
VB on Pol �-mediated MMEJ signaling ( 14 ). We contin- 

ed to use U2OS cells in measuring the recruitment of Pol �
o the damage sites as U2OS cells enable efficient transfec- 
ion and expression of full-length N-terminus Myc-tagged 

ol � in an endogenous POLQ knockout background. Fur- 
her, the Myc-tag on Pol � enables analysis of Pol � local- 
zation as commercial antibodies available for Pol � are not 
alidated for immunofluorescence. To generate a CRISPR- 
as9 POLQ knockout (KO) U2OS cell line, the multi-guide 
ene Knockout Kit v2 (Synthego) was employed. Three 

uides (GGCUCAGCA CGGA CCCGGAG GAUUCGU- 
CUCGGGAAGCGG, A UGAA UCUUCUGCGUCG- 

http://www.schrodinger.com
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GAG) targeting human POLQ were electroporated using
a 4D-Nucleofector X unit (Lonza) according to the man-
ufacturer’s instructions. At 48 h post-electroporation, ge-
nomic DNA was extracted and analyzed by DNA sequenc-
ing to confirm the disruption of the functional POLQ allele
and Pol � le v els by western b lot analysis. The U2OS POLQ
knockout cell line and RPE1 TP53 

−/ −BRCA1 

−/ − cells ( 37 )
(used for DNA fiber assays) were maintained in F12 (Gibco)
media supplemented with 10% FBS, and regularly tested for
m y coplasma using MycoAlert Mycoplasma Detection Kit
(Lonza) and identity confirmed at periodic intervals by the
DFCI Molecular Diagnostics Core Human Cell Line Au-
thentication service. 

T r ansfections and plasmids 

U2OS POLQ KO cells were seeded at 1 × 10 

5 cells / ml into
6-well plates containing coverslips one day prior to planned
transfection. Cells were transfected with plasmid DNA us-
ing Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions and analyzed 48 h after transfec-
tion. The expression vector for full-length human Pol �
with an N-terminus Myc-tag (pcDNA 3.1(Hygro) myc-
hPolQ-Flag), was a gift from Agnel Sfeir (Addgene plasmid
# 73132). 

Laser micro-irradiation and immunofluorescence 

At 24 h post transfection, U2OS cells growing on coverslips
wer e pr e-sensitized with BrdU as described ( 38 ) and treated
with DMSO at the indicated concentrations of NVB (Sell-
eckchem, cat# NSC2382), or novobiocic acid, for 24 h. The
f ollowing da y, 2 h prior to laser micro-irradiation, the media
was r efr eshed. Laser micro-irradiation was performed us-
ing a two-photon laser (800 nm, 40% power) on an inverted
laser scanning confocal microscope (LSM880NLO / Mai
Tai Laser, Zeiss, Spectra-Physics). One hour after micro-
irradiation, cells were washed in PBS once, pre-extracted for
5 min at 4 

◦C and then fixed using 4% paraformaldehyde for
10 min at room temperatur e. Fix ed cells wer e permeabilized
for 5 min a t 4 

◦C . Following permeabilization, cells were in-
cubated with a rat BrdU antibody (Abcam, cat# ab6326),
and a mouse Myc-tag antibody (Cell Signaling Technology,
cat# 2276) for 1 h at 37 

◦C. After washing three times, cells
were incubated with Alexa Flour ™ 594 (Invitrogen, cat# A-
21471), and Alexa Flour ™ 488 (Invitrogen, cat# A-11029)-
conjugated secondary antibodies for 1 h at 37 

◦C. Follow-
ing secondary antibody incubation, coverslips were washed
four times and then mounted on glass slides using mount-
ing media containing DAPI (Vectashield). Cells were im-
aged using a Zeiss AxioObserver microscope and quanti-
fied using Image J (NIH) where data was normalized to the
DMSO-treated Pol � control, which was set to 100%. 

DNA fiber assay with S1 nuclease digestion 

The DNA fiber assay to quantify ssDNA gaps were
performed as previously described ( 37 ) and adapted for
FiberVision ® (Genomic Vision) workflow. Briefly, RPE1
TP53 

−/ −BRCA1 

−/ − cells were seeded for 24 h before the la-
belling experiment. On the day of the experiment, cells were
labelled with 200 �M CldU (Sigma, cat# C6891) for 30 min,
washed three times with warm PBS and then labelled with
100 �M IdU (Sigma, cat# I7125) for 2 h. DMSO or 200 �M
NVB were added at the same time as the second label. Cells
were washed three times with warm PBS and then perme-
abilized with CSK buffer (100 mM NaCl, 10 mM MOPS,
3 mM MgCl 2 , 300 mM sucrose, 0.5% TritonX-100) for 10
min at room temperature. Permeabilized nuclei were washed
once with PBS followed by S1 buffer (50 mM NaCl, 300 mM
sodium acetate (pH 4.6), 10 mM zinc acetate, 5% glycerol)
and then incubated with 10 U / ml of S1 nuclease (Sigma,
cat# N5661) in S1 buffer for 30 min at 37 

◦C. Nuclei were
scrapped in 1 ml of PBS (with 0.1% BSA), centrifugated
5 min at 1500 rpm and resuspended in PBS. Agarose plug
preparation and proteinase K treatment were performed
as per FiberPrep DNA extraction protocol (Genomic Vi-
sion, cat# EXT001A). Agarose plugs were then digested
with beta-agarase overnight. Samples were then poured
into FiberComb wells and combed onto silanized cover-
slips (Genomic Vision, cat# COV-002) using the Molec-
ular Combing System from Genomic Vision. Coverslips
wer e denatur ed with 0.5 M NaOH / 1 M NaCl for 8 min
followed b y dehy dration in 70%, 90% and 100% ethanol
for 3 min each. The coverslips were probed with rat BrdU
antibody (clone BU1 / 75 (ICR1)) that recognizes CldU
(Abcam, cat# ab6326), mouse BrdU antibody that recog-
nizes IdU (BD Biosciences, cat #347580) and mouse anti-
ssDNA (De v elopmental Studies Hybridoma Bank, Uni v er-
sity of Iowa). Further, coverslips were incubated with cor-
responding secondary antibodies: Cy5 ® goa t anti-ra t (Ab-
cam, cat# ab6565), Cy3 ® goat anti-mouse (Abcam, cat#
ab97035) and BV480 goat anti-mouse (BD Biosciences,
cat# 564877). Fibers were scanned using FiberVision S.
Fibers were analyzed with ImageJ. The lengths of IdU
tracks in each fiber wer e measur ed by ImageJ and graphed
using Prism (GraphPad). For each trea tment, a t least 200
fibers were analyzed. 

Bioinformatic analyses 

We used an in-house pipeline to assess the gene expression
le v els and to perform coexpression analyses and survival
analyses in TCGA tumor types. Briefly, we downloaded the
RNA-seq normalized rsem values for tumor samples and
matched controls, and clinical data through the TCGA-
assembler 2 software ( 39 ). We then used custom scripts to
retrie v e, process and plot the data in a parallel computing
environment, as described ( 40 ). Of the 33 TCGA tumor
types available, 15 contained at least 10 matched controls
samples; these 15 tumor types were used for gene expres-
sion analyses. 

T CGA tumor abbr eviations ar e as follows: ACC, adr eno-
cortical carcinoma; BLCA, bladder urothelial carcinoma;
BRCA, breast invasi v e carcinoma; CESC, cervical squa-
mous cell carcinoma and endocervical adenocarcinoma;
CHOL, cholangiocarcinoma; COAD, colon adenocarci-
noma; DLBC, lymphoid neoplasm diffuse large B cell
lymphoma; ESCA, esophageal carcinoma; GBM, glioblas-
toma multiforme; HNSC, head and neck squamous cell
carcinoma; KICH, kidney chromophobe; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary
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ell carcinoma; LAML, acute myeloid leukemia; LGG, 
r ain lower gr ade glioma; LIHC, li v er hepatocellular car- 
inoma; LUAD, lung adenocarcinoma; LUSC, lung squa- 
ous cell carcinoma; MESO, mesothelioma; OV, ovar- 

an serous cystadenocarcinoma; PAAD, pancreatic ade- 
ocarcinoma; PCPG, pheochromocytoma and paragan- 
lioma; PRAD, prostate adenocarcinoma; READ, rectum 

denocar cinoma; SARC, sar coma; SKCM, skin cutaneous 
elanoma; STAD, stomach adenocarcinoma; TGCT, tes- 

icular germ cell tumors, THCA, thyroid carcinoma; 
HYM, thymoma, UCEC, uterine corpus endometrial 
ar cinoma; UCS, uterine car cinosar coma; UVM, uveal 
elanoma. 
For survival analyses, pa tient da ta for each type of tumors 

ere separated into two groups, g high, which contained 

amples with POLQ expression above the mean, and g low, 
hich contained samples with POLQ expression below the 
ean. Muta tional signa tures da ta wer e r etrie v ed from the
a talogue Of Soma tic Muta tions In Cancer (COSMIC , 
ttps://cancer .sanger .ac.uk/signatures/ ) and processed us- 

ng custom scripts. A master file was used in which each 

atient sample contained the percent of single base substi- 
utions (SBSs) mapping to each of the 30 mutational signa- 
ures. The set of signatures were that of version 2, from 2015 

 https://cancer .sanger .ac.uk/signa tures/signa tures v2/ ). The 
aster file was queried to compute the number of samples 

ontaining a gi v en signature for each of the ∼20 500 avail- 
ble genes for w hich m utations had been catalogued, both 

or the g high and the g low samples. The difference in the
umber of g high and g low samples for any gi v en gene was
hen assessed by Fisher’s exact tests. 

For gene set enrichment analyses (GSEA), we used the 
atabase for annotation, visualization and integrated dis- 
overy (DAVID, https://david.ncifcrf.gov ); from there we se- 
ected the functional annotation clustering analysis using 

 medium classification stringency. The P -values were ad- 
usted for multiple testing using the Benjamini-Hochberg 

orrection. The top 100 genes most highly coexpressed with 

OLQ in the ARCHS4 w e b r esour ce wer e obtained at https:
/maayanlab.cloud/archs4/gene/POLQ . 

tatistical analyses 

tatistical analyses were performed using Prism (Graph- 
 ad). All data ar e r epr esented as mean ± SD, unless in-
icated otherwise. Significance was tested using one-way 

NOVA for comparison of three or more sets, unless in- 
icated otherwise. 

ESULTS 

VB is a non-ATP competitive inhibitor of P ol � A TPase 
ctivity 

reviously, we identified NVB as an inhibitor of Pol � AT- 
ase activity and demonstra ted tha t it binds and stabilizes 

he Pol � ATPase domain ( 14 ). Molecular docking studies 
entered on the ATP-binding pocket implied NVB binds 
o a tunnel near the ATP binding site instead to the ATP 

inding pocket in the ATPase domain. NVB was originally 

dentified as a natural compound that inhibits the E. coli 
yrase B (GyrB) ATPase domain ( 41 , 42 ). Structural analy- 
is re v ealed that NVB inhibits GyrB ATPase activity by di- 
ectly binding to the ATP-binding pocket (Supplementary 

igure S1A) ( 43–45 ). Gi v en the implied differences in NVB 

nhibition of Pol � ATPase compared to our assessment of 
he GyrB ATPase structural data, we sought to understand 

he underlying allosteric mechanism of NVB inhibition of 
ol �. We initially measured NVB inhibition of Pol � AT- 
ase activity in the presence of variable ATP concentra- 

ions using an ADP-Glo ATPase assay, where a 14-point 
VB dose response curve was measured for three different 

oncentrations (10, 100 or 300 �M) of ATP in the reaction 

Figure 1 A). 
Our data show that there is no statistically significant 

hange in the IC 50 at thr ee differ ent tested concentrations of 
TP (Figure 1 A). Additionally, we also examined if adding 

VB with the ATP, without pre-incubation with the en- 
yme, changes the IC 50 . As with the pr e-incubation, ther e 
as no significant effect of different concentrations of ATP 

n the measured IC 50 (Supplementary Figure S1B). From 

hese data, NVB is not directly binding to the ATP binding 

ocket, as seen for GyrB, but instead is a non-ATP compet- 
ti v e inhibitor of Pol � ATPase activity. 

VB binds to an allosteric site in the P ol � A TPase domain 

o experimentally determine the NVB binding site in the 
ol � ATPase domain, we initially tested protein X-ray crys- 
allo gra phy, as the Pol � ATPase domain has been crystal- 
ized previousl y ( 19 ). Unfortunatel y, our crystals of the Pol �
TPase domain in the presence of NVB were not suitable 

or useful diffraction experiments, consistent with potential 
igand-induced conformational changes. Similarly, soaking 

xperiments for pr e-formed Pol � ATP ase domain crystals 
ith NVB were not fruitful. We therefore turned to hydro- 
en deuterium exchange-mass spectrometry (HX-MS) to 

ap NVB binding site in Pol � ATPase domain. 
HX-MS has the advantage of being a solution-based ana- 

ytical technique that can determine the dynamic structural 
hanges in the protein upon ligand / DNA binding ( 46–49 ). 
X-MS measures the changes in mass associated with the 

xchange between amide hydrogens of the protein backbone 
nd deuterium from the surrounding solvent (D 2 O). The 
hange in deuterium incorporation is compared between 

he ligand bound versus the ligand-free states of the pro- 
ein to map potential binding sites and allosteric changes. 
X-MS has been successfully used to map ligand binding 

ites and ligand-induced allosteric changes in a wide range 
f samples and states ( 49–54 ). 
We measured changes in deuteration ( � %D) in the Pol �

TP ase domain tr ea ted with NVB , compared with the ve- 
icle control. During method de v elopment, we noted a high 

esistance to digestion for the NVB-treated Pol �, which 

ecessitated a more sensiti v e nanoHX-MS configuration. 
his mode allowed us to achie v e 78% sequence coverage, 
hereas the conventional mode only generated 58% cover- 
ge. Based on the � %D in different regions of the protein 

sing significance determinations as previously described 

 52 ), we identified three classes of perturbations (Figure 
 B). First, strong protection from exchange was observed 

n the r egions box ed in gr een. These r egions r epr esent the

https://cancer.sanger.ac.uk/signatures/
https://cancer.sanger.ac.uk/signatures/signatures_v2/
https://david.ncifcrf.gov
https://maayanlab.cloud/archs4/gene/POLQ
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Figure 1. NVB mode of inhibition and binding site mapped onto the Pol � ATPase domain . ( A ) Inhibition of Pol � ATPase activity by NVB measured at 
the ATP concentrations of 10, 100 or 300 �M results in statistically similar IC 50 values of 15 (95% CI 14–16), 17 (95% CI 16–18) or 16 (95% CI 15–18) 
�M, respecti v ely. Normalized ATPase acti vity data r epr esent the average r esponse measur ed from thr ee independent experiments and error bars show the 
standar d de via tion. ( B ) Woods plot showing the change in deutera tion ( � %D) in the Pol � ATP ase domain in the pr esence of NVB compar ed to DMSO 

in hydrogen deuterium exchange-mass spectrometry (HX-MS) experiments ran in a nanoflow mode. Blue peptides sho w lo wer deuteration in the presence 
of NVB, whereas red peptides show higher deuteration. The threshold (dashed line) for significant � %D is defined as two standard deviations beyond the 
mean � %D values of all non-significant changes across all peptide replicates (unchanged peptides are shown in gray). Str ong pr otection fr om exchange 
was observed in the regions boxed in green and both protection and deprotection were observed in the regions boxed in black. ( C ) Pol � ATPase domain 
sequence classified as fiv e globular domains (D1–D5) and colored with corresponding domain boundaries. ( D ) � %D mapped onto the crystal structure of 
the Pol � ATPase domain ( b lue , lower; r ed , higher; w hite , unchanged; b lack , not r ecover ed). Implicated NVB binding site in the Pol � ATPase core as guided 
by HX-MS data highlighted in inset #1 (yellow dashed square) with the distinct nucleotide binding pocket highlighted in inset #2 (pink dashed square). 
Key structural elements are highlighted with arrows (also see Supplementary Figure S2). D1–D5 r epr esents differ ent domains in the Pol � ATPase domain. 
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convergence of three domains (D1, D2 and D4, see domain
definition in Figure 1 C) and form a defined pocket within
the interior of the protein (Figure 1 D). Second, both protec-
tion and deprotection were observed in the regions boxed
in black, which define the nucleotide binding site (Figure
1 D). Third, the remaining perturbations formed a surpris-
ingly e xtensi v e networ k of destabiliza tions tha t mapped to
the periphery of the protein, except for small helix �24 on
the face opposite the nucleotide binding site, which was sta-
bilized. We previously observed that NVB generates a net
stabilization of the Pol � ATPase domain ( 14 ). These find-
ings are consistent with the increase in protease needed to
achie v e full digestion of the NVB-treated protein, relati v e
to the drug-free control. 

The pocket defined by the stabilizations most likely r epr e-
sents the binding site of NVB. Specifically, the site appeared
to form at the junction of �4 and �5 helices from D1, �12
helix from D2 and �27 helix from D4 ( inset #1 in Figure
1 D and see Supplementary Figure S2 for secondary struc-
ture element definition). Additionally, the �2 and �4 sheets
in the D1 domain and �2- �4, �3- �3 loops surrounding this
site also showed lower % � D. Interestingly, this site has been
proposed previously to be the path for ssDNA binding in
the Pol � ATPase domain, where the most e xtensi v e area of
interface is formed by a ‘ratchet helix’ in the D4 domain ( 19 )
(here labeled as �27 in Figure 1 D and highlighted in Fig-
ure 1 B). The stabilization of the ratchet helix was accom-
panied by a particularly strong change in �4, which may
be the axis along which nucleotide binding site is distorted
( inset #2 in Figure 1 D). Notab ly, the pre viously proposed
NVB binding site primarily overlaps with the destabiliza-
tions near the nucleotide binding site, suggesting it is not the
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ocation for binding. Taken together, the HX-MS data indi- 
a te tha t NVB binds to an allosteric site in the Pol � ATPase
omain, thereby impacting ATP hydrolysis and stabilizing 

he core of the domain. 

sDNA and NVB have overlapping binding sites 

o confirm the DNA binding sites, we performed HX- 
S analysis of the Pol � ATPase domain in the presence 

f ssDNA. First, we measured ssDNA substrate bind- 
ng to the Pol � ATPase domain in vitro using microscale 
hermophoresis (MST). A 5 

′ -Alexa647N-labelled ssDNA 

as used as a target in the MST experiment and an un- 
abeled Pol � ATPase domain was used as ligand, which 

as titrated into the target that was kept at a fixed- 
oncentration. The Pol � ATPase domain bound to the ss- 
NA substrate with single digit nanomolar affinity in low- 

alt buffer conditions as measured by MST (Figure 2 A). 
dditionally, we also observed that ssDNA stimulated AT- 
ase activity of the Pol � ATPase domain by 6–8-fold at a 

i v en ATP concentration in the reaction (Supplementary 

igure S3A). 
Then we measured the changes in deuteration in the Pol �

TPase domain in the presence of the same ssDNA used in 

he MST and ATPase assays. We could achie v e 77% protein 

overage with a simpler and more conventional microflow 

X-MS mode. We observed stabilizations in regions that 
trongl y overla p with those induced by NVB. Yet, they were 
ore e xtensi v e and mapped to a channel that extends to 

he core of the protein (Figure 2 B and C). Stabilizations 
lustered around the contributions from the same three do- 
ains D1, D3 and D4. In addition to the ‘ratchet helix’ 

n domain D4, four other helices ( �19, �20, �21 and �25) 
ere also stabilized, supporting a much more e xtensi v e en- 
agement of this domain compared to NVB. We also ob- 
erved stabilization in the �4 and �5 helices from domain 

1, and �16 from domain D3 (Figure 2 C). Interestingly, 
hese changes were not accompanied by the same strong 

erturbation of the nucleotide binding site, and the periph- 
ral destabilizations of the protein were virtually nonexis- 
ent (Figure 2 C). Furthermore, �2 through �5 sheets in do- 
ain D1 were also stabilized after ssDNA binding, indi- 

ating these changes may be sufficient to stimulate ATPase 
ctivity. 
Next, we generated a Pol � ATPase domain-DNA bind- 

ng model by structurally aligning the Pol � ATPase crystal 
tructure to a closel y-related DN A-bound Hel308 helicase 
 18 ). The DNA-bound model agreed with our HX-MS ex- 
erimental data as most of the stabilized regions spanned 

round the path of the DNA in the model (Figure 2 C). 
e then refined our previous molecular docking of NVB to 

he Pol � ATPase domain based on our nanoHX-MS data. 
 grid search centered around residue I191 from the N- 

erminus of the �5 helix in domain D1 resulted in two po- 
ential binding modes for NVB. Although the modeling ap- 
eared ambiguous as to the exact orientation (i.e. the sugar 
roup pointing outside vs inside), the binding mode, in both 

rientations, was perpendicular to the path of incoming ss- 
NA (Figure 2 D). Taken together, we conclude that NVB 

nd ssDNA have overlapping binding sites in the Pol � AT- 

ase domain. A
VB blocks pol � binding to ssDNA in cells and in vitro 

o investigate whether NVB blocks ssDNA binding in cells, 
e tested the effect of NVB on the recruitment of Pol � to 

sDNA in cells following DNA damage. First, we expressed 

 full-length N-terminus Myc-tagged Pol � in an endoge- 
ous POLQ knockout background. Transfected U2OS cells 
er e pr e-sensitized with 5-bromo-2 

′ -deoxyuridine (BrdU) 
nd treated with either DMSO or NVB at the indicated con- 
entrations. Focused DNA damage was introduced in cells 
sing laser micro-irradiation, and ssDNA at the laser stripes 
as imaged by immunofluorescence using a BrdU antibody. 
im ultaneousl y, Pol � abundance at these lesions was mea- 
ured by staining for Myc-tag (Figure 3 A). Immunofluores- 
ence data showed that NVB reduced Pol � recruitment to 

sDNA in cells in a dose-dependent manner (Figure 3 B). 
Recently, Pol � has been shown to seal post-replicati v e 

sDN A ga ps in HRD-deficient cells ( 55 , 56 ), whereas loss
f Pol � resulted in the accumulation of unprocessed ss- 
N A ga ps behind the replication forks. We reasoned that 

y blocking ssDNA binding, NVB would also affect the 
ol � gap-sealing function. Ther efor e, we used a modified 

N A fiber assay, w hich included S1 nuclease digestion of 
ccum ulated ssDN A. RPE1 TP53 

−/ −BR CA1 

−/ − cells were 
equentially labeled with the nucleoside analogs 5-chloro- 
 

′ -deoxyuridine (CldU) and 5-Iodo-2 

′ -deoxyuridine (IdU) 
ollowed by S1 nuclease treatment (Figure 3 C). Cells that 
er e not tr eated with S1 nuclease were used as a control for

sDNA track length. Compared to vehicle treatment, NVB- 
reated cells showed a dramatic shortening in the IdU track 

engths following S1 nuclease treatment (Figure 3 D), sug- 
esting accumulation of ssDNA gaps upon NVB treatment. 

We also investigated the effect of NVB on Pol � AT- 
ase domain binding directly to ssDNA in vitro . We in- 
pected Pol � binding in the presence of NVB using MST, 
s described above for the low-salt buffer. Even at near- 
hysiological conditions (120 mM KCl buffer), the puri- 
ed Pol � ATPase domain bound to ssDNA with high affin- 

ty (4.4 ± 0.3 nM); howe v er, addition of NVB in the MST 

uffer leads to a dose-dependent inhibition of Pol � bind- 
ng to ssDNA (Figure 3 E). In contrast, AMP-PNP, a non- 
ydrol ysable analo g of ATP, e v en at 2000 �M in the MST
uffer was unable to block Pol � binding to ssDNA (Supple- 
entary Figure S3B). Therefore, we concluded that NVB 

locks Pol � binding to ssDNA and inhibits its key functions 
t DNA damage sites and ssDNA gaps in cells. 

VB sugar group defines its binding orientation 

he HX-MS-guided molecular docking generated two very 

if ferent orienta tions for NVB in the binding pocket, with 

he sugar group of NVB either pointing towards domains 
1 / D2 or towards domains D3 / D4 (Figure 4 A). To deter-
ine which of these orientations is correct, we compared 

VB to novobiocic acid, an NVB deri vati v e, that lacks the 
ugar group. We pr epar ed novobiocic acid from NVB via 

ase-catal yzed hydrol ysis. First, we tested the effect of novo- 
iocic acid on the thermal stability of Pol � ATPase domain 

ith nanoDSF by measuring changes in the intrinsic flu- 
rescence from tryptophan and tyrosine residues, as well 
s scattering, in the presence of the inhibitor or DMSO. 
s with NVB, novobiocic acid stabilized the Pol � ATPase 
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Figur e 2. Ma pping the ssDN A binding site in the Pol � ATPase domain . ( A ) Change in normalized fluorescence as result of thermophoresis in the MST 

experiment plotted as a function of concentration of unlabeled Pol � ATPase domain. The resulting curve represents ssDNA binding to Pol � ATPase domain 
in a low-salt buffer (50 mM KCl). The data points r epr esent average of three independent measurements and error bars represent standard deviation. The 
measured EC 50 value of Pol � ATPase domain binding to ssDNA is 2.7 ± 0.2 nM as estimated from the Hill fit of the averaged MST data. ( B ) Woods plot 
showing change in deuteration ( � %D) in the Pol � ATPase domain in the presence of ssDNA compared to buffer alone in HX-MS experiment ran in a 
microflow mode. Blue peptides show lower deuteration in the presence of ssDN A, w her eas r ed peptides show higher deuteration. The threshold (dashed 
line) for significant � %D is defined as two standard deviations beyond the mean � %D values of all non-significant changes across all peptide replicates 
(unchanged peptides are shown in gray). ( C ) Model of ssDNA-bound Pol � ATPase generated by structurally aligning Pol � ATPase domain with closely 
related DNA-bound Hel308 helicase (PDB ID:2P6R), � %D ( b lue , lower; r ed , higher; w hite , unchanged; b lack , not r ecover ed) from HX-MS experiments 
and mapped onto the structure with key structural elements highlighted by arrows. For clarity, Hel308 is not shown in the model. ( D ) A model of the 
overlapping binding sites of NVB (HX-MS-guided docking) and ssDNA in the Pol � ATPase domain with D1–D5 labels for the different domains in the 
Pol � ATPase. NVB is shown as atom-colored spheres (center) away from the ATP (top left, sticks) in its binding site. 
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domain, indica ting tha t novobiocic acid still binds the pro-
tein. Howe v er, the change in the scattering peak maximum
was around +1 

◦C, as opposed to +2 

◦C in the presence of
similar NVB concentration (Supplementary Figure S4A)
(14). This increase in thermal stability could be partly due
to the fact the NVB promotes tetramerization of the Pol �
ATPase domain in solution, as measured by mass photom-
etry (Supplementary Figure S4B). It is worth mentioning
that mass photometry experiments were performed at a di-
luted concentration (25 nM), whereas the thermal stabil-
ity experiments were performed at 5 �M concentration of
the protein. Previous studies indicated that in solution the
Pol � ATPase domain existed predominantly as tetramers in
the concentration ranges 3.5–25 �M ( 19 ). Supporting our
thermal stability measurements, we also observed a drop
in the potency (as measured by IC 50 ) of novobiocic acid in
the ATPase activity assays using ADP-Glo. We measured
a f our-f old weaker IC 50 f or novobiocic acid in assays per-
formed at 100 �M ATP (Figure 4 B). To test if the novobio-
cic acid can inhibit Pol � ATPase activity through the same
mechanism as NVB, we measured Pol � binding to ssDNA
in the presence of 1000 �M novobiocic acid. Using MST,
we show that novobiocic acid can block ssDNA binding of
Pol � in vitro (Supplementary Figure S4C). Additionally, we
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Figure 3. NVB blocks Pol � recruitment to ssDNA in cells and in vitro . ( A ) Representati v e images of immunofluorescence staining of ssDNA (labelled 
with anti-BrdU) and Pol � (labelled with anti-Myc) at laser micro-irradiated sites in U2OS cells in the presence of DMSO or NVB. Nuclei were stained 
with DAPI. Scale bar, 10 �m. ( B ) Quantification of relati v e Pol � abundance at ssDNA with variable concentrations of NVB. All data are presented 
as mean ± standar d de viation from 100 cells for each trea tment. Sta tistical significance was tested using one-wa y ANOVA f or comparison of three or 
more sets . ( C ) T op , the schema f or the CldU / IdU pulse-labeling protocol f ollowed by S1 nuclease tr eatment; bottom, r epr esentati v e images of DNA 

fibers of RPE1 TP53 −/ −BRCA1 −/ − cells exposed to DMSO or 200 �M NVB with or without S1 nuclease trea tment. ( D ) Quantifica tion of IdU track 
lengths in RPE1 TP53 −/ −BRCA1 −/ − cells treated with DMSO or NVB with and without S1 nuclease treatment. Each dot r epr esents 1 fiber; at least 200 
fibers were quantified for each treatment and P -values were calculated using the Mann–Whitney test. ( E ) Change in normalized fluorescence as result of 
thermophoresis in the MST experiment, plotted as a function of concentration of unlabeled Pol � ATPase domain. The resulting curves represent ssDNA 

binding to Pol � ATPase domain in the absence (black solid circles) or presence (at the indica ted concentra tions) of NVB. The data points r epr esent average 
of three independent measurements and error bars r epr esent standard deviation. The measured EC 50 values of Pol � ATPase domain binding to ssDNA 

are 4.4 ± 0.3, 23.3 ± 0.8 and 50 ± 2 nM for the NVB concentrations of 0, 100 and 200 �M, respecti v ely, as estimated from the Hill fits of the averaged 
MST data. Binding constants were N.D. for the NVB concentrations of 500, 1000 and 2000 �M due to lack of saturation in the MST response curves. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9920/7259279 by D

ept of Energy/O
STI user on 29 O

ctober 2024



9930 Nucleic Acids Research, 2023, Vol. 51, No. 18 

Figure 4. Sugar group of NVB impacts its potency . ( A ) Chemical structures of NVB and no vobiocic acid. The tw o major potential orientations of NVB 

(shown in sticks) bound to Pol � ATPase domain predicted by HX-MS-guided molecular docking. The sugar group is pointing towards either D1 / D2 or 
D3 / D4. ( B ) Dose–response curves of NVB or novobiocic acid inhibition of ATPase activity at 100 �M ATP concentration with respecti v e IC 50 . Shown 
are mean ± standard deviation of three independent experiments. ( C ) Quantification of relati v e Pol � abundance at ssDNA with increasing concentrations 
of novobiocic acid from immunofluorescence micro gra phs of ssDNA and Pol � at laser micro-irradiated sites (see also Supplementary Figure S5). All 
data ar e pr esented as mean ± standar d de viation from 100 cells. ( D ) HX-MS (operating in microflow mode) da ta on deutera tion change ( b lue , lower; red , 
higher; white , unchanged; black , not r ecover ed) in the pr esence of novobiocic acid mapped onto the Pol � ATP ase structur e. The key structural elements 
are highlighted with arrows (see also Supplementary Figure S6). D1–D5 represent different domains in the Pol � ATPase domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/18/9920/7259279 by D

ept of Energy/O
STI user on 29 O

ctober 2024
also measured novobiocic acid ability to block Pol � recruit-
ment to DNA lesions created by laser micro-irradiation in
U2OS cells, as perf ormed f or NVB. Like with NVB, Pol �
abundance at the DNA damage site was impacted by novo-
biocic acid treatment in a dose-dependent manner (Figure
4 C and Supplementary Figure S5). Howe v er, inhibition was
not as effecti v e as with NVB. At the highest dose of 200 �M,
NVB blocked ∼96% of Pol � from being recruited to dam-
age sites, whereas novobiocic acid only blocked ∼70%. To-
gether, these assays show that novobiocic acid can still bind
and inhibit Pol � through the same mechanism as NVB, but
with an a ttenua ted potency. 

Finally, HX-MS was used to map the binding site of
novobiocic acid. We could achie v e 79% protein coverage
with HX-MS in microflow mode, sufficient to compare re-
sults with the NVB data (Supplementary Figure S6). A shift
in stabilization profile was generated, like that generated
from ssDNA binding, indicating binding to the ATPase
core. Domain D1 was markedly more stable when binding
to novobiocic acid. In contrast to NVB binding, the influ-
ence on nucleotide binding site was muted upon novobiocic
acid binding to the ATP ase cor e and very little peripheral
destabilization was observ ed. Notab l y, we onl y observed a
partial stabilization of �4 helix in domain D1 compared to
NVB-bound ATPase core. These combined measurements
are consistent with computational docking, which placed
sugar group binding towards D1 / D2, and with the obser-
va tion tha t loss of this key group affects NVB binding ori-
entation and potency. 

POLQ is o ver expr essed in cancer and associated with poor
survival 

Having defined its mechanism-of-action, we reasoned that
the use of NVB for cell biology and medicine may be in-
formed by the possible impact of POLQ over expr ession on
survival of patients with cancer. We ther efor e compar ed the
le v els of Pol � mRNA in TCGA tumors and matched con-
trols. In all 15 types of tumors that were analyzed, POLQ
mRNA le v els were higher in tumor samples than in matched
controls, with p-values as low as 2.9 × 10 

−51 in breast can-
cer (Figure 5 A), showing that POLQ is consistently and
strongly upregulated in cancer. 

To evaluate the possible impact of POLQ over expr es-
sion on patient survival, for each of the 33 TCGA tumor
types we applied the Kaplan–Meier estimator to two groups
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Figure 5. POLQ is ov ere xpressed in cancer, and is associated to poor survival and high cell proliferation . ( A ) Box plot of POLQ mRNA le v els in tumors 
and matched contr ols fr om TCGA ranked by P -value. Only tumor types with > 10 control samples were analyzed. P -values from Wilco x on rank sum 

tests. ( B ) Dot plot of hazard ratios (HR) and 95% confidence intervals (CI) from Kaplan–Meier survival curves for high (above the mean) versus low 

(below the mean) POLQ mRNA le v els in TCGA tumor types, ranked b y P -v alue. P -v alues from logrank tests. Red , increased risk for patients with high 
POLQ e xpression le v els. ( C ) Example of Kaplan–Meier survival curve from the analyses in panel B. ( D ) Dot plot of correlation between mRNA le v els 
of POLQ (X-axis) and ASPM (Y-axis), which regulates microtubule dynamics at spindle poles, in THYM. MESO , mesothelioma; THYM , thymoma; 
ASPM , assembly factor for spindle microtubules. 
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of patients, g high, which contained tumor samples with
POLQ e xpression abov e the mean, and g low, which con-
tained tumor samples with POLQ expression below the
mean. A plot of the ensuing hazard ratios (HR) showed that
in eight types of tumors (i.e. mesothelioma (MESO), kidney
renal clear cell carcinoma (KIRC), brain lower grade glioma
(LGG), adr enocortical car cinoma (ACC), pancr eatic ade-
nocarcinoma (PAAD), kidney chromophobe (KICH), skin
cutaneous melanoma (SKCM) and sarcoma (SARC)), the
g high group incurred significantly higher risk of poor prog-
nosis than the g low group (Figure 5 B), with a decrease
in life expectancy of ∼1.5 years in half of patients with
mesothelioma (Figure 5 C). We were not able to obtain in-
formation on Pol � protein le v els in TCGA tumors with
matched controls since it was not targeted for re v erse-phase
protein array (RPPA) analyses in the TCGA project; how-
e v er, a fe w e xperimental studies suggest that knocking down
Pol � delays tumor growth ( 57–59 ). These data support the
view tha t POLQ upregula tion in cancer is part of a program
aimed at sustaining tumor fitness. 

POLQ o ver expr ession is linked to defined mutational signa-
tures and cell division 

To learn more about the mechanisms by which POLQ over-
expression might support tumor fitness, we conducted a
comprehensi v e analysis of muta tional signa tur es in T CGA
tumors. The landscape of single base substitutions in a
tumor originates from various mutational processes, each
of which leaves its own signature ( 60 ). Therefore, we rea-
soned that a comparison between the g high and g low
groups might inform on mechanisms of mutagenesis linked
to POLQ ov ere xpression. Our analysis showed that muta-
tional signatures overall tended to occur more frequently in
the g high group than in the g low group, and that g high
patients across various tumor types were likely to incur a
surge in mutations arising from both deficient homologous
r ecombination r epair (signatur e 3) and err or-pr one repair
following enzymatic deamination of cytosine (signature 13)
(Supplementary Figure S7A). 

As Pol � activity is unlikely to contribute to both signa-
tures 3 and 13 solely on its own, we extended the mutational
signature analysis to all available genes ( ∼20500) in the 33
TCGA tumor types and extracted all instances in which the
g high group for a gi v en gene was strongly (p-value < 0.001)
associated with a surge in both signatures 3 and 13 rela-
ti v e to the g low group. The analysis returned a set of 1434
unique genes in a total of 7 tumor types (i.e. breast inva-
si v e carcinoma (BRCA), colon adenocarcinoma (COAD),
esophageal carcinoma (ESCA), brain lower grade glioma
(LGG), lung adenocarcinoma (LUAD), stomach adenocar-
cinoma (STAD) and uterine corpus endometrial carcinoma
(UCEC)). Gene Set Enrichment Analysis (GSEA) for this
1434 gene set re v ealed strong enrichment in components
linked to cell cycle progression, mitosis and cell division,
cellular structures, such as the kinetochore, which medi-
ate cell division, ubiquitin conjugation, DNA replication,
DNA repair and DNA damage responses (Supplementary
Figure S7B, also see Supplementary Table S1). Signature
3 occurs frequently in breast cancer. Therefore, to assess
whether the gene enrichment pattern observed was due to
the BRCA samples alone, we repeated GSEA after remov-
ing the genes found in BRCA, which left a set of 501 genes.
The result confirmed enrichment of the same category terms
but with weaker p-values, as expected. We interpret these
findings to imply that tumor fitness stems from a stimu-
lation in DNA repair processes responding to an increase
in cell proliferation, perhaps through the DNA replication
str ess r esponse pa thway a t damaged DNA replica tion forks
( 61 , 62 ). Among others, this response demands Pol � activ-
ity, so its ability to inhibit DNA binding and stimulation
of Pol � ATPase makes NVB an informati v e probe for Pol �
ATPase functions. 

To learn more about the link between POLQ expression
and cell proliferation, we conducted a comprehensi v e co-
expression analysis between POLQ and all available genes
( ∼20500) in the 33 TCGA tumor types, selected all results
containing at least 100 samples, ranked the data by r egr es-
sion coefficient, selected the top 200 entries and identified
from this list all unique genes, 119 total (Supplementary Ta-
ble S1). GSEA of these 119 genes revealed the same pro-
file as the muta tional signa ture analysis, i.e. strong enrich-
ment in genes involved in cell cycle and the kinetochore
complex (Supplementary Figure S8), with stunning r egr es-
sion coefficients approaching unity (Figure 5 D). Interest-
ingly, a GSEA conducted on the top 100 POLQ coexpressed
genes from ARCHS4 (Supplementary Table S1), a w e b-
based r esour ce compiling data from a wide set of RNA-
seq projects ( 63 ), returned the same gene ontology category
terms (Supplementary Figure S8). These composite meta-
analyses raise the possibility that Pol � may be a component
of the kinetochore structure, an exemplary prediction that
may now be tested with Pol � inhibitors, including NVB. 

DISCUSSION 

Unr epair ed DSBs can gi v e rise to large-scale genome rear-
r angements, chromosomal tr anslocations, mutagenesis and
cell death, so DSB repair pathways have high biological and
medical significance. Pol � plays a central role in the most
enigmatic DSB repair pathway, variously termed TMEJ,
MMEJ or Alt-EJ. We do know that TMEJ is mechanis-
tically distinct from the major HDR and NHEJ DSB re-
pair pathways and that critical TMEJ factors in mammalian
cells are XRCC1, MRE11, PARP1, DNA ligase I or III,
and Pol � ( 12 , 64 ). Although it is an inherently mutagenic
DNA repair pathway, TMEJ is conserved in both archaea
and eukaryotes, as is its associated DSB repair and repli-
cation fork nuclease MRE11, underscoring its fundamen-
tal biological importance ( 25 , 29 , 65 ). Besides its biological
interest, Pol � has a role in shaping cancer genomes with
characteristic indels that can promote PARP inhibitor ther-
apeutic resistance ( 22 , 66 , 67 ). Moreover, tumors with mu-
tations in cancer susceptibility genes BRCA1 and BRCA2
that cause HDR-deficiency are addicted to Pol �-mediated
TMEJ ( 12 , 13 ). Gi v en its potential for cancer-associated
synthetic lethality and to overcome therapy resistance, Pol �
is a high-priority target for precision cancer therapy ( 68 ),
as evidenced by preclinical studies targeting its ATPase and
the polymerase domains with small molecules ( 14 , 15 , 30 ).
Our analysis furthermore supports and extends the obser-
va tions tha t Pol � is ov ere xpressed in cancer and associated
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ith poor survival, with links to defined mutational signa- 
ures and DNA repair processes responding to increased 

ell proliferation and replication stress. 
Gi v en these combined observations, TMEJ may also be 

 target for improving radiation therapy, as it is activated in 

rradiated human cells due to phosphorylation-dependent 
ormation of the XRCC1 repair complex with the end- 
esection enzyme MRE11. Indeed, MRE11 endonuclease 
nd e xonuclease acti vities ar e r equir ed f or TMEJ and f or
DR ( 64 , 69 ). Furthermore, knockout of the GRB2 adap- 

or protein that efficiently targets MRE11 for HDR re- 
ulted in increased MRE11-XRCC1 complex and increased 

MEJ ( 70 ). As XRCC1 forms an acti v e repair complex 

ith MRE11, Pol � and DNA ligase III �, which together 
upport TMEJ in vitro ( 23 , 71 ), these combined observa- 
ions suggest that XRCC1 adaptor complexes with MRE11 

nd Pol � efficiently initiate TMEJ. Furthermore, Pol � was 
hown to seal the post replicati v e gaps in HDR-deficient tu- 
ors ( 55 , 56 ). Notably, BRCA2 limits XRCC1 recruitment 

o suppress TMEJ at stalled forks. Without BRCA2 fork 

rotection, XRCC1 complex with MRE11-Pol �-ligase III �
ay enable cells to complete DNA replica tion a t the ex- 

ense of increased genome instability ( 23 ). In fact, Pol � de- 
letion or inhibition by NVB decr eased radior esistance in 

ung adenocarcinoma while causing little toxicity to normal 
ulmonary epithelial cells ( 72 ). 
We previously found that the ATPase-dead mutant of 

ol � is still recruited to the damage sites in cells and the 
ecruitment is only partially affected ( 14 ). Thus, inhibition 

f the ATPase activity cannot account for the complete loss 
f Pol � recruitment to the damage sites. Ther efor e, based 

n this previous observation and our current in vitro data 

howing the NVB inhibition of Pol � binding to ssDNA, we 
onclude that NVB inhibits ssDNA-mediated stimulation 

f Pol � ATPase activity as well as recruitment to DNA dam- 
ge sites. Howe v er, persisting RPA and RAD51 filaments 
ay also play a role in further blocking Pol � from being re- 

ruited to key DNA damage sites. Integrating our finding 

hat NVB is a non-ATP competiti v e inhibitor that binds to 

he ssDNA-binding site in the Pol � ATPase core with exist- 
ng data, we propose the following synthesis in the context 
f TMEJ. For its DNA damage repair functions, Pol � must 
e recruited to resected DSBs with ssDNA overhangs or ss- 
N A ga ps formed by r eplication str ess, to complete TMEJ 

r gap-sealing, respecti v ely (Figure 6 ). In HDR-deficient tu- 
ors, Pol � can rescue ill-fated HDR commitments by dis- 

lacing ssDNA binding proteins, such as RPA and RAD51, 
nd channeling repair to TMEJ. DNA sequence microho- 
ologies for Pol � binding are re v ealed by cellular nucleases 

uch as MRE11, whose activity is essential for this path- 
ay ( 64 ). Pol � ATPase anneals complementary sequences, 
roducing a flapped substrate which may be removed by the 
ap endonuclease FEN1 ( 73 , 74 ). Howe v er, as shown by our
ata, NVB blocks Pol � binding to ssDNA, thereby both 

re v enting Pol � from efficient recruitment to these crucial 
sDNA sites and blocking its ATPase activation to pre v ent 
ownstream DNA damage repair (Figure 6 ). 
The crystal structure of Pol � ATPase core re v ealed se v- 

ral deep druggable pockets in the protein ( 19 ). The ex- 
ended conformation of NVB seems ideal for targeting 

hese deep pockets. Howe v er, in the DNA gyrase-NVB crys- 
al structur es, NVB dir ectly binds the ATP pockets in a 

ent conformation ( 43–45 ). Here, our biochemical data in- 
ica te tha t NVB is a non-ATP competiti v e inhibitor of 
ol � ATPase activity. Using a combination of HX-MS, 
ST, cellular assays and computational modelling, we de- 

ermined that NVB binds to an allosteric site ortho gonall y 

o the ssDNA binding site of the ATPase core to inhibit 
sDN A-stim ulated Pol � ATPase activity. Importantl y, we 
nd that NVB blocks Pol � binding to ssDNA in vitro and 

n cells. Using the aglycone novobiocic acid, we investi- 
ated the correct orientation of NVB binding and estab- 
ished the sugar group’s contribution to the overall inhibitor 
otency. 
During our manuscript preparation, an independent 

tudy deposited to the bioRxiv portal reported a cryo-EM 

tructural model of NVB-bound Pol � ATPase domain ( 75 ). 
hese cryo-EM data support our findings and confirm that 
VB is a non-ATP competiti v e inhibitor. Indeed, NVB 

inds to a distal non-canonical site (near the ssDNA bind- 
ng site) in the ATPase core. In future studies, it will now 

e interesting to see if NVB binding involves any DNA 

imicry or binding site remodeling or just steric blocking 

f ssDNA binding ( 76–78 ). Our findings here support and 

xtend the cryo-EM complex results by independently iden- 
ifying the binding pocket and by providing biophysical and 

iochemical data on NVB interactions and its competition 

ith ssDNA in vitro and in cells. 
Mechanistically, NVB is a well-characterized inhibitor 

f prokaryotic DNA gyrase and topoisomerase. Struc- 
ural analyses of NVB with se v eral prokaryotic gyrases 
nd topoisomerases re v ealed an ATP-competiti v e nature 
f NVB mechanism-of-action ( 44 , 79 ). Further, NVB has 
een proposed to be a weak inhibitor of eukaryotic topoi- 
omerase II and HSP90 ( 80–82 ). Although there is no 

tructural information on these eukaryotic enzymes with 

VB, based on the structural analogy, it has been proposed 

hat NVB works through a similar ATP-competitive mech- 
nism as DNA gyrase. Howe v er, NVB was also shown to 

arget beyond the ATP-binding site in an E coli ATPase 
LptB) involved in lipopolysaccharide (LPS) transport ( 83 ). 
he structural analyses of LptB-NVB-ADP ternary com- 
le x re v ealed that NVB binds to a distal interface between 

he ATPase and the tr ansmembr ane subunits of LPS trans- 
orter. Here, the NVB binding to LptB activates the AT- 
ase. Recently, NVB was also shown to bind to the human 

utophagy Atg8 family adaptor protein LC3A, which an- 
hors to the lipid bilayer of autophagosome ( 84 ). Interest- 
ngly, in contrast to Pol � inhibition, the removal of the sugar 
r oup in NVB impr oved the potency for LC3A. Together, 
hese data show that NVB binding is not limited to ATP 

inding pockets. 
Gi v en that the Pol � belongs to the SF2-type family of AT- 

ases with se v eral key conserv ed motifs from this family, 
e checked other SF2-type ATPases as potential targets for 
VB. Based on the HX-MS data, NVB targets an allosteric 

ite (formed at the junction of D1, D2 and D4 domains 
n Pol �) near the ssDNA binding site. Howe v er, only one 
uch motif (motif Ia: 140–146 aa from D1 in Pol �) is part 
f the NVB binding site from the HX-MS data. Notably, 
here is very little sequence conservation beyond these mo- 
ifs between Pol � and other SF2-type ATPases ( 19 , 85 ). This 
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Figure 6. NVB inhibits Pol � by blocking both ssDNA binding and stimulation of its ATPase activity . In HDR-deficient tumors, Pol � plays an essential 
role in processing ssDN A ga ps and resected DSBs and thus inhibiting the build-up of unresolved RPA and RAD51 foci. Both ATPase and polymerase 
domains are required for this activity. NVB inhibits Pol � recruitment to these key sites by blocking ssDNA binding and stimulation of its ATPase activity. 
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observation is further corroborated by our prior studies of
NVB inhibition of SF2-type ATPases BLM, CHD1 and
SMARCAL1 ( 14 ). We measured NVB inhibition of Pol �
over these SF2-type ATPases. HELQ is the only other SF2-
type ATPase that is structurally related to Pol � and main-
tains the sequence conservation beyond the canonical mo-
tifs (based on the AlphaFold2 predicted structure of HELQ
for the Uniprot accession number Q8TDG4). Yet, HELQ
lacks the key residues K151 and T175 that are shown to
interact with the sugar of NVB ( 75 ). Thus, we reason that
NVB likely inhibits Pol � more potently than other SF2-type
ATPases. Howe v er, the potential of off-target binding be-
yond SF2-type ATPases underscores the value of using the
NVB binding site of Pol � to improve drug potency. 

NVB is effecti v e in preclinical models in achieving cancer-
specific killing ( 14 , 15 , 30 ); yet, it functions in vitro by com-
peting with high-affinity nucleic acid binding by the Pol �
ATP ase cor e. Notably in the cell, ther e is strong r egula-
tion and competition among ssDNA binding proteins, so
e v en modest modulation of Pol � DNA binding and AT-
Pase activity may affect its DNA repair activity. In the
cell, we think for example that Pol � function is balanced
by RAD51C-XRCC3 stabilizing RAD51 filaments, that
DNA blocking inhibitors can prevent proteins from at-
taining their high affinity DNA-binding conformation, and
that inacti v e protein binding to DNA damage can block its
canonical repair and enforce an alternati v e repair pathway
( 86–88 ). 

The NVB binding site identified here may facilitate
de v elopment of NVB deri vati v es with improv ed potency
as the drug enters into early phase clinical trials (e.g.
NCT05687110). Specifically, our HX-MS data point to a
promising an allosteric binding channel that overlaps with
the DNA binding site that could be targeted. Our find-
ings, and the complementary cryo-EM structure, character-
ize NVB’s mechanism-of-action and should aid in the de-
sign of NVB deri vati v es with improv ed potency. Gi v en that
we identified the sugar group as critical for binding orien-
tation and potency, design efforts focused on modifying the
coumarin tail with the sugar group intact (or replaced with
equally potent bioisosteres) may be a good starting point
( 82 ). As an inhibitor with a defined mechanism-of-action,
NVB provides a means to probe the underlying mechanism
of TMEJ, to improve understanding of the source of onco-
genic instability and to guide the clinical path for Pol � in-
hibitors beyond HDR-mutated tumors for added effecti v e
trea tment stra tegies for cancer. 

DA T A A V AILABILITY 

The TCGA RNA-seq normalized rsem data, TCGA clin-
ical data and mutational signature files used for the
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nalyses are available at https://doi.org/10.5281/zenodo. 
885656 (‘ tumor type rnaSeq.tar’, ‘cliDa t tcga 18.tar’ and 

signatur eProfileSample.txt.zip’ files); sour ce codes for 
CGA anal yses (tcgaAnal yses and sumbitMPI) are avail- 
ble at https://doi.org/10.5281/zenodo.7874703 and https: 
/doi.org/10.5281/zenodo.7874772 , respecti v ely. Standar d 

ata export files for HX-MS analyses are included in the 
upplementary HX-MS data f older. An y additional infor- 
ation r equir ed to r eanalyze the data r eported in this paper

s available from John A. Tainer (jtainer@mdanderson.org) 
pon request. 
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