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Structural basis for a Polθ helicase small-
molecule inhibitor revealed by cryo-EM

Fumiaki Ito 1,5, Ziyuan Li1,5, Leonid Minakhin2, Gurushankar Chandramouly2,
Mrityunjay Tyagi2, Robert Betsch3, John J. Krais 3, Bernadette Taberi2,
Umeshkumar Vekariya4, Marissa Calbert 2, Tomasz Skorski4, Neil Johnson 3,
Xiaojiang S. Chen 1 & Richard T. Pomerantz 2

DNA polymerase theta (Polθ) is a DNA helicase-polymerase protein that facil-
itates DNA repair and is synthetic lethal with homology-directed repair (HDR)
factors. Thus, Polθ is a promising precision oncology drug-target in HDR-
deficient cancers. Here, we characterize the binding and mechanism of action
of a Polθhelicase (Polθ-hel) small-molecule inhibitor (AB25583) using cryo-EM.
AB25583 exhibits 6 nM IC50 against Polθ-hel, selectively kills BRCA1/2-deficient
cells, and acts synergistically with olaparib in cancer cells harboring patho-
genic BRCA1/2 mutations. Cryo-EM uncovers predominantly dimeric Polθ-
hel:AB25583 complex structures at 3.0-3.2 Å. The structures reveal a binding-
pocket deep inside the helicase central-channel, which underscores the high
specificity and potency of AB25583. The cryo-EM structures in conjunction
with biochemical data indicate that AB25583 inhibits the ATPase activity of
Polθ-hel helicase via an allosteric mechanism. These detailed structural data
and insights about AB25583 inhibition pave the way for accelerating drug
development targeting Polθ-hel in HDR-deficient cancers.

Mutations in homology-directed repair (HDR) genes, such as BRCA1/2,
strongly predisposewomen to breast and ovarian cancer, and BRCA1/2
(BRCA) mutations are also observed in prostate and pancreatic
cancers1,2. Since BRCA-deficient cancer cells are impaired in HDR, they
are highly susceptible to DNA damage compared to normal cells2–4.
Drugs that cause DNA damage and/or inhibit DNA repair, such as Poly
(ADP-ribose) polymerase 1 (PARP1) inhibitors, can therefore cause
synthetic lethality in BRCA-deficient cells,while sparing normal cells2–4.
Currently, PARPi have been approved to treat HDR-deficient breast,
ovarian, prostate, and pancreatic cancers5–8. However, a large fraction
of patients fail to respond to PARPi and drug resistance is a major
problem3,5,9–13. Thus, the development of next-generation precision
medicines that selectively kill HDR-deficient cells and suppress PARPi

resistance is essential for increasing patient survival rates and ulti-
mately eradicating aggressive and refractory HDR-deficient cancers.

Studies performed in 2015 identifiedDNApolymerase theta (Polθ)
as a potential drug target in HDR-deficient cancers due to its synthetic
lethal interaction with BRCA1 and BRCA214,15. Polθ is a large (290 kDa)
multi-functional protein containing an N-terminal superfamily 2 (SF2)
helicase (Polθ-hel), an unstructured central domain, and a C-terminal
A-family polymerase domain (Polθ-pol) which is structurally similar to
Klenow fragment and Taq Pol16–22. Polθ is upregulated in breast tumors
and ovarian cancers15,23–26, and its overexpression correlates with HDR
defects and apoorclinical outcome15,23,24,27. Polθ alsoconfers resistance
to radiation therapy and genotoxic cancer drugs (e.g., topoisomerase
inhibitors, cisplatin), including PARPi28–32.
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Polθ promotes double-strand break (DSB) repair via
microhomology-mediated end-joining (MMEJ)—also referred to as
alternative end-joining and theta-mediated end-joining (TMEJ)14,22,29,33.
For example, Polθ-pol facilitates MMEJ of DNA with 3′ single-strand
DNA (ssDNA) overhangs containing short tracts (2–6bp) of micro-
homology in vitro and suppression of Polθ significantly reduces MMEJ
in cells14,21,22,29,34. Inactivation of the ATPase activity of Polθ via site-
specific genetic engineering also significantly reduces MMEJ in cells18.

The SF2 DNA helicase domain of Polθ (Polθ-hel) is known to bind
many types of DNA substrates, and its ATPase activity is strongly sti-
mulated by ssDNA19. The helicase possesses relatively weak ATP-
dependent DNA unwinding in a 3′−5′ direction and promotes ATP-
independent ssDNA annealing, similar to someRecQ type helicases17,18.
Despite these advances in our understanding of the biochemical
activities of Polθ-hel, how this domain contributes to MMEJ remains
unclear. Prior biochemical studies found that the ATPase activity of
full-length Polθ is dispensable for MMEJ in vitro21. Yet, studies in
mammalian cells suggest that Polθ’s ATPase activity promotes MMEJ
by dissociating replication protein A (RPA) from 3′ ssDNA overhangs18.
The ATPase function of Polθ has also been implicated in removing
RAD51:ssDNAnucleoprotein filaments31. However,more recent studies
found that Polθ-hel exhibited relatively poor dissociation of
RAD51:ssDNA filaments, but instead showed that the helicase dis-
played efficient and processive ATP-dependent dissociation of RPA
from ssDNA, which confirmed prior findings18,35. A recent report sup-
ports Polθ-hel displacement of RPA during ssDNA gap repair36.

Although Polθ dependent MMEJ is induced in response to DNA
damage caused during the S-phase, DSB repair is largely performed by
HDR in S/G2 cell cycle phases, which relies on BRCA1, BRCA2, PALB2,
and many other HDR-associated proteins1,37–39. Since Polθ-dependent
MMEJ and ssDNA gap repair are thought to serve as backup repair
pathways for HDR, the synthetic lethal interaction between Polθ and
HDR factors is likely due to Polθ’s involvement inMMEJ and ssDNA gap
repair36,40. Regardless of the specific functions for Polθ in HDR-
deficient cells, suppression or knockout of POLQ in BRCA1 mutant
(BRCA1-mut) and BRCA2 mutant (BRCA2-mut) cancer cells causes
synthetic lethality14,31,41. In contrast, suppression of POLQ in BRCAwild-
type (BRCA-WT) cells has no effect14,31,41. BRCA-deficient cancer cells
were also shown to be dependent on Polθ expression for their survival
in the presence of genotoxic agents15,31.

Intriguingly, the DNA synthesis and ATPase activities of Polθ
were separately shown to promote the survival of Brca1-deficient
mouse embryonic stem cells18,31, which suggested that pharmacolo-
gical inhibition of either Polθ enzymatic domain would selectively kill
BRCA-deficient cancer cells. For example, respective inactivation of
Polθ-hel and Polθ-pol enzymatic domains via site-specific CRISPR/
Cas9 mutagenesis in Braca1-deficient mouse embryonic stem cells
significantly reduced colony formation18. CRISPR/Cas9 knockout
studies inmouse embryonic fibroblasts (MEFs) also showed that Polθ
is synthetic lethal with other DNA repair factors (i.e., Rad54, Ku70/80,
and Fancj)34,42.

Recent studies have demonstrated the potential of Polθ inhibitors
(Polθi) in BRCA-deficient cells and tumor models. One study repur-
posed the antibiotic Novobiocin as a Polθ-hel inhibitor43. Although the
antibiotic showed the expected activity against HDR-deficient PDX
models, Novobiocin was reported to exhibit a relatively high IC50

(~25μM) against Polθ-hel43. Thus, Novobiocin may exhibit off-target
effects at high concentrations44–47. Another report revealed a potent
allosteric inhibitor class of Polθ-pol48. This compound class showed
selective killing of BRCA-deficient cells, induction of the DNA damage
response (DDR) specifically in BRCA-deficient cells, and the ability to
overcome PARPi resistance in BRCA1-mut cells harboring engineered
knockouts of the Shieldin complex, which protects DNA ends and
enables non-homologous recombination (NHEJ)48. A more recent
report revealed a related potent Polθ-pol allosteric inhibitor class that

showed selective killing of BRCA2-null HCT 116 cells49. These latter
reports revealed successful medicinal chemistry campaigns targeting
the polymerase domain with single-digit nanomolar IC50 compounds.
Whether Polθ-hel inhibitors can be developed with similar low nano-
molar IC50 remains unclear.

Here, we employed cryo-EM structural determinationmethods as
a tool for understanding the mechanism of inhibition of a previously
unreported Polθ-hel small-molecule inhibitor, AB25583. AB25583
exhibits 6 nM IC50 against Polθ-hel and selectively kills BRCA-deficient
cells. Utilizing single-particle cryo-EM, we characterized the inhibitor
binding site and the mechanism of action of AB25583. The structural
studies reveal a binding pocket deep within the helicase central
channel, which explains the high specificity and potency of AB25583.
The structures, along with biochemical data, indicate that AB25583
acts as an allosteric inhibitor by perturbing ATP-triggered conforma-
tional switches of the helicase. Unexpectedly, Polθ-hel dimers were
primarily observed, which provides potential insights into how Polθ-
hel functions during MMEJ. The high-resolution cryo-EM Polθ-hel:
AB25583 complex structures elucidate a previously undescribed small-
molecule binding site and are expected to facilitate Polθ-hel inhibitor
drug development for BRCA-mutant cancers.

Results
Biochemical and cellular activity of AB25583
AB25583was identified and synthesized fromapatent application (WO
2020/243459 A1) (Fig. 1a). The IC50 of AB25583 against Polθ-hel was
determined using the Promega ADP-Glo assay in triplicate. Here,
increasing concentrations of AB25583 were incubated with recombi-
nant human Polθ-hel (residues 1–894) in the presence of ssDNA and
100μM ATP for 60min at room temp (Fig. 1b). Next, reactions were
subjected to ADP-glo reagents which degrade the remaining ATP, then
convert the generated ADP to ATP, and finally quantitation of ATP via
an ATP-dependent luminescence reaction was performed. AB25583
exhibited 6 nM IC50, demonstrating the expected potency for a
potential drug candidate (Fig. 1c). We next examined the relative
selectivity of AB25583 by testing its inhibitory activity against related
SF2 helicases, RECQL5, Bloom’s (BLM) helicase, and Werner’s (WRN)
helicase, which possess homologous ATPase domains16. The results
showedno inhibition ofWRN andRECQL5 and veryminor inhibition of
BLMat thehighest concentrations, indicating thatAB25583 is relatively
selective for Polθ-hel (Fig. 1c). As a comparison, the recently reported
repurposed Polθ-hel inhibitor, Novobiocin, exhibited >50μM IC50

against Polθ-hel (Supplementary Fig. 1a). We examined the IC50 of
AB25583 against Polθ-hel in the presence of increasing concentrations
of ATP. If AB25583 acted as a competitive inhibitor, it would be
expected to lose potency at increasing concentrations of ATP. We
observed nearly identical IC50 of AB25583 at multiple concentrations
of ATP from 100–600μM, indicating the small-molecule acts as a non-
competitive allosteric inhibitor (Fig. 1d). Additionally, AB25583 did not
interfere with Polθ-hel binding to various DNA substrates (Supple-
mentary Fig. 1b–e). Considering that AB25583 exhibits significantly
higher potency than Novobiocin, these data characterize AB25583 as a
promising scaffold for Polθ-hel drug development.

Considering that genetic inactivation of Polθ’s ATPase domain
was previously shown to significantly reduce MMEJ and the survival of
Brca1-deficient mouse embryonic stem cells18, we investigated the
effects of AB25583 on the survival of BRCA-deficient cells. We probed
AB25583 activity against the DLD1 BRCA2-wild-type (WT) and BRCA2
knockout (KO) isogenic cell pair via colony survival assays. The results
showed selective killing of the BRCA2-KO cells by AB25583, with little
to no effect on the survival of BRCA2-WT cells (Fig. 1e and Supple-
mentary Fig. 1f). Similar results were observed in the HCT 116 BRCA2-
WT and BRCA2-KO isogenic cell pair (Fig. 1f). As a comparison, Novo-
biocin showed selective killing of BRCA2-KO cells at significantly
higher concentrations (Supplementary Fig. 1g).
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We next investigated the on-target effect of AB25583 by changing
the aromatic polar thiadiazole motif to a slightly larger polar pyr-
idazine, which resulted in a closely related compound (AB25595) with
>3000-fold lower inhibition potency against Polθ-hel than AB25583
(Fig. 1g, h).As expected, AB25595 showedno selective killingof BRCA2-
KO cells (Fig. 1i). Taken together, these data support the on-target
activity of AB25583, which exhibits single-digit nanomolar potency

against Polθ-hel in vitro, and as a result, robust selective killing of
BRCA2-KO cells.

A recent report revealed differential effects of Brca1mutations on
the cellular sensitivity to the Polθ-pol inhibitor ART55850. We, there-
fore, examined the activity of AB25583 against multiple BRCA1-
deficient cell lines. AB25583 demonstrated selective killing of RPE-1
TP53−/−;BRCA1−/− cells (Fig. 1j). AB25583 also significantly reduced the

Article https://doi.org/10.1038/s41467-024-51351-4

Nature Communications |         (2024) 15:7003 3



survival of triple-negative breast cancer (TNBC) MDA-MB-436 cells
harboring a pathogenic BRCA1 mutation (5396 + 1 G >A), but showed
little to no effect against MDA-MB-231 BRCA1 wild-type (WT) TNBC
cells (Fig. 1k). The polymerase domain inhibitor ART558 exhibited
similar preferential killing of BRCA1-mutant MDA-MB-436 cells (Sup-
plementary Fig. 1h). Two separate studies showed relatively modest
activity of ART558 against mouse embryonic fibroblasts (MEFs) har-
boring a Brca1 Δ11 mutation which impairs Brca1-mediated DNA
resection48,50. AB25583 also exhibited modest activity against
Brca1Δ11;Δ11 MEFs (Fig. 1l). As a comparison, previously characterized
Brca1Δ11;Δ11;Polq−/−MEFsweremostly resistant toAB25583,which further
supports the on-target activity of the inhibitor (Fig. 1l)50. AB25583 also
exhibited preferential killing of the previously characterized Brca1cc/cc

MEFs, which are defective in BRCA1:PALB2 complex interactions
(Supplementary Fig. 1j). Novobiocin showed no preferential killing of
these cells up to 10 μM as a comparator (Supplementary Fig. 1i).
Novobiocin exhibits >50–100μM IC50 in BRCA1-deficient cells43,51, thus
higher concentrations are likely required to observe the selective
killing of Brca1cc/cc MEFs. Taken together, AB25583 exhibits preferential
killing of BRCA1- and BRCA2- deficient cells. Future comprehensive
genetic studies, however, will be required to fully characterize the
possible differential effects of various BRCA1/2 mutations on the
activity of AB25583.

We next examined the effects of AB25583 on the DNA damage
response (DDR). Consistent with the ability of AB25583 to induce
synthetic lethality in BRCA2-KO cells by suppressing DNA repair,
AB25583 promoted a significant increase in phosphorylation of γH2AX
exclusively in BRCA2-KO cells (Fig. 1m). Similar results were observed
for the polymerase domain inhibitor ART558 in prior studies48. Sup-
pression of Polθwas previously shown to cause a significant increase in
the recruitment of RAD51 to DNA damage induced by ionizing radia-
tion (IR)31. Thus, we envisaged that AB25583 treatment would lead to
an increase in RAD51 foci following IR. Indeed, we observed a sig-
nificant increase in RAD51 foci in IR-exposed cells following AB25583
treatment (Fig. 1n). Considering that Polθ-hel was reported to counter
HR and RAD51 foci formation31, these data further support the on-
target activity of AB25583. Prior studies showed that site-specific
genetic inactivation of Polθ ATPase function significantly reduced
MMEJ, which confirmed the involvement of Polθ-hel in end-joining18.
Consistent with this, we observed that AB25583 treatment significantly
reduced MMEJ using a previously characterized GFP MMEJ reporter
(Fig. 1o)39. Taken together, these data demonstrate that the small-
molecule inhibitor suppresses MMEJ, induces DNA damage in BRCA-
deficient cells, and increases RAD51 foci in cells exposed to IR.

Importantly, knockdown of Polθ or specific inhibition of Polθ-pol
has been shown to potentiate the effects of PARPi in HDR-deficient
cells31,48. We therefore examined possible synergistic activity between
AB25583 and olaparib in BRCA-mutant cancer cell lines.We first tested
the combination of AB25583 with olaparib in the ovarian cancer cell
line PE01 which has a homozygous BRCA2 mutation (BRCA2.5193 C >

G), and a secondmutation (BRCA2.5192 A > T)which is thought to cause
BRCA2 reactivation52. Although AB25583 exhibited limited activity as a
single agent in this BRCA2-mutant cell line, synergistic activity was
observed with olaparib (Fig. 2a). We additionally observed synergistic
activity between AB25583 and olaparib in BRCA1-mutantMDA-MB-436
TNBC cells (Fig. 2b). These data support further preclinical evaluation
of Polθ-hel inhibitors with PARPi for treating HDR-deficient cancers.

Dimeric and tetrameric Polθ-hel structures in complex with
AB25583
Structure biology is an important method for accelerating drug
development and determining the mechanism of action of small-
molecule inhibitors. In order to elucidate the binding site and
mechanism of action of the Polθ-hel inhibitor, we utilized cryo-EM
technology to determine the atomic resolution structure of Polθ-hel
bound to AB25583. We resolved the cryo-EM structures of Polθ-hel in
complexwith AB25583 in twounique oligomeric states: a dimeric form
at 3.0 Å and a tetrameric form at 3.2Å resolution (Fig. 3, Table 1, and
Supplementary Figs. 2–5). Predominantly, the dimeric form was
observed in Polθ-hel particles, comprising ~95% of the total population
(Fig. 3a, b). This was unexpected considering that prior X-ray struc-
tures of Polθ-hel were solved as tetramers19. The tetrameric form was
observed and classified as a minor species, accounting for about 5% of
the total. This cryo-EM data suggests that Polθ-hel can exist as both a
dimer and a tetramer in solution, with the dimeric form being sig-
nificantly more stable and prevalent. The formation of the dimeric
interface is mediated through the interactions between two neigh-
boring subdomains D4 (D4–D4 contacts), one of the five subdomains
of Polθ-hel structure (Fig. 3c, d), and the tetrameric structure is
assembled by two dimers through the same D4 domains, but with
different D4–D4 interfaces (Fig. 3b).

The protomer structure within both the dimeric and tetrameric
forms exhibit high similarity, as evidenced by an average root mean
square deviation (r.m.s.d.) of 0.001 when superimposed with each
other. When a Polθ-hel monomer is aligned with the crystal structures
of apo Polq-hel PDB 5A9J vs. the ADP-bound PDB 5A9F and AMP-PNP-
bound PDB 5AGA Polθ-hel forms, the average r.m.s.d. values are 0.96,
1.38, and 1.72, respectively, indicating that the Polθ-hel monomer
overlaps better with the apo Polθ-hel structure than to the NTP-bound
Polθ-hel structures. Themonomeric Polθ-hel structure is comprised of
five subdomains D1–D5 (Fig. 3c), which are arranged in a twisted ring
shaped-structure, forming a narrow central-channel between D1–D4
subdomains for ssDNA binding and translocation (Fig. 4a). The char-
acteristic RecA-fold motor domain is exhibited by subdomains D1
(yellow) and D2 (green), which together form a functional protein
motor with a pocket for ATP-binding and hydrolysis at the interface
between the twosubdomains (SupplementaryFig. 5). This ATP-binding
and hydrolysis mediated by D1 and D2 motor domains stimulates
conformational changes of the helicase that are coupled to DNA
unwinding and the translocation of ssDNA within the central-channel

Fig. 1 | Biochemical and cellular activity of AB25583. a Structure of AB25583.
b Schematic of Polθ-hel ATPase activity assay. c Scatter plot showing AB25583
inhibition of the indicated SF2 DNA helicases. Data represent the mean of two
technical replicates. IC50 of AB25583against Polθ-hel = 6 nM.d Scatter plot showing
AB25583 inhibition of Polθ-hel ATPase activity in the presence of the indicated ATP
concentrations. Data represent the mean of two technical replicates.
e, f, l, o Statistical significance was measured from a two-sample t-test and P values
are indicated. e, f Scatter plot showing % colony survival in the presence of the
indicated concentrations of AB25583. Data represent the mean of three biological
replicates. n = 3, ±s.e.m; P =0.002507 for 0.5μMand P =0.000044 for 1μM in HCT
pair; P =0.00278 for 0.5 μM and P =0.000245 for 1μM in DLD1 pair. g Structure of
AB25595.h Scatter plot showing AB25595 inhibition of Polq-hel. Data represent the
mean of three biological replicates. n = 3, ±s.d. i–l Scatter plot showing % colony
survival of the indicated cell lines in the presenceof the indicated concentrations of

AB25595 (i) or AB25583 (j–l). i, k, l Data represent the mean of three biological
replicates. n = 3, ±s.e.m; P =0.00185 for 10 uM for Polq −/− vs sgGFP. j Data repre-
sent the mean of two biological replicates. n = 2, ±s.e.m. m Bar plot showing %
nuclei with >5 gH2AX foci following treatment with the indicated concentrations of
AB25583 (right). Data represent the mean of three biological replicates. n = 3,
±s.e.m. Representative images of gH2AX immunofluorescence followingDMSOand
AB25583 treatmentMagnification 40x; Scale bar, 10 um (left).P =0.00303 for 5 μM
and P <0.00001 for 10 μM in BRCA2-KO.n Bar plot showing % nuclei with >5 RAD51
foci following DMSO and AB25583 treatment. Data represent the mean of three
biological replicates. n = 3, ±s.d. P =0.019585 for IR treated, DMSO vs AB25583.
oBar plot showing quantitationofMMEJ inU2OS cells indicatedby%ofGFP/dsRED
following DMSO and 20μM AB25583 treatment. Data represent the mean of three
biological replicates. n = 3, ±s.d. P <0.0001 for DMSO vs 20μM AB25583. Source
data are provided as a Source data file.
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integrately formed by D1–D4. Subdomain D3 (orange) folds back to
interact with D1, generating a helical bundle and extending to the
helical domain D4 (magenta), which houses the “ratchet” helix along
the central-channel responsible for ssDNA interaction and transloca-
tion (Fig. 4a–c). D5 (light blue) forms a smaller helical domain and
interacts with D2 and D4 on the outer periphery of the twisted ring
structure.

In both the dimeric and tetrameric forms, each Polθ-hel protomer
binds to a single AB25583 inhibitor with identical binding interactions.
The AB25583 inhibitor is situated deeply within the Polθ-hel central-
channel, which is surrounded by subdomains D1, D2, D3, and D4, but
the inhibitor interacts bonds tightly with multiple amino acid residues
from subdomains D1 and D4, effectively cementing these two sub-
domains together to freeze the protein conformation in the inhibitor-
bound state (Fig. 4a–e).

Detailed interactions of Polθ-hel with AB25583
AB25583 establishes direct interactions with a total of 17 amino acid
residues of Polθ-hel, with 10 of these residues coming fromD1 and the
remaining 7 fromD4 (Fig. 4b–e). In addition to its interactions with the
side chains, the inhibitor also forms Van der Waals interactions with
the main-chain atoms of Polθ-hel. This comprehensive
inhibitor–protein interaction allows the inhibitor to nestle snugly deep
within the central-channel, effectively obstructing it like a cork to
prevent the conformational switch within the central-channel. The
interactions between the inhibitor and the protein are a combination
of hydrophobic packing with side chains and main-chain atoms, polar
interactions, and hydrogen bonds, which include some weaker
hydrogen bonds between the -CH of the inhibitor and the oxygen
atoms of the protein. Specifically, the chlorobenzene portion interacts
typically with E204, K206, and H180 via the chloride, and with Y171,

F181, and R200, and L201 side chain via hydrophobic packing
(Fig. 4b–e). The thiadiazole ring in the middle portion of AB25583,
connected to the chlorobenzene through an ether linkage, fits into a
tight space of its binding pocket to pack with the main-chain atoms of
G196 and Y197 and interacts with the side chains of two arginines R193
and R200 of D1 (Fig. 4d, e). This tight-space fitting and specific inter-
actions with the aromatic polar thiadiazole motif observed in this
structure offer a mechanistic explanation for the >3000-fold lower
inhibition potency by changing it in AB25583 to a slightly larger pyr-
idazine in the compound AB25595 (Fig. 1a, g, h). The pyridine and
methoxybenzene ring, linked to the thiadiazole via an amide bond,
interacts with multiple residues, including G173, S174, S620, S621,
S622, V757, G760, M761, and V764 (Fig. 4b, e). This extensive interac-
tion network unveiled by the complex structure aligns with the well-
featured electron density of AB25583 and the observed highly potent
6 nM IC50 (Fig. 4c, d). The Polθ-hel binding pocket for AB25583 is
characterized by a predominantly positively charged surface mixed
with minor neural and negatively charged areas (Fig. 4f).

Molecular mechanism of inhibition of Polθ-hel by AB25583
The structure of Polθ-hel in complex with the inhibitor AB25583 eluci-
dates two potential molecular mechanisms of inhibition. The first
mechanism postulates that the binding of AB25583 to Polθ-hel blocks
the conformational changes of Polθ-hel that is essential to couple ATP-
binding/hydrolysis to the translocation of ssDNA within its channel. As
AB25583 is lodged between subdomains D1 and D4 (Fig. 4b, e), the
elaborate bonding interactions between AB25583 and both D1 and
D4 subdomains are likely to bond the two subdomains together. Such
strong bonding of the inhibitor with D1 andD4 subdomains deep inside
the central-channel is expected to prevent the conformational switches
of the central-channel formed by D1–D4 subdomains. As the

Fig. 2 | AB25583 acts synergistically with Olaparib. a, b Scatter plot showing %
colony survival of PE01 cells (a) and MDA-MB-436 cells (b) in the presence of the
indicated concentrations of Olaparib and AB25583 or DMSO (left). Data represent

the mean of two biological replicates performed in triplicate ±s.e.m. Plots gener-
ated by Combenefit software showing synergy between AB25583 and Olaparib
(right). Source data are provided as a Source data file.
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conformational changes of D1–D4 is likely required for the cyclic ATP
hydrolysis to occur, AB25583 binding to Polθ-hel is expected to inhibit
ATP hydrolysis in a non-competitive manner, which is consistent with
our experimental observation (Fig. 1d) The second possible inhibition
mechanism posits that the binding of AB25583 deep inside the central-
channel blocks the ssDNA translocation through the channel (Fig. 5a, b
and Supplementary Fig. 6a–d). The pivotal “ratchet” helix of D4 sub-
domain (Fig. 4b, c and Supplementary Fig. 6d), located along the cen-
tral-channel, is proposed to bind and translocate ssDNA along the
centra-channel. In the superpositionbetween the structuresof Polθ-hel/
AB25583 structure and its homolog HEL308/DNA (PDB: 2P6R), the
ssDNA bound inside the central-channel of HEL308 also runs through
the central-channel of Polθ-hel along the rachet helixwithout significant
clash (Supplementary Fig. 6a, d). AB25583 binds deep inside the central-
channel to the left end of the rachet helix, which is in contrast to
Novobiocin, that bindsnear the right endof the rachet helixwhich is the
entry point for the ssDNA (Supplementary Fig. 6d, e). This difference in
the binding modes of AB25583 and Novobiocin provides a plausible
explanation why Novobiocin inhibits Polθ-hel ssDNA binding whereas

AB25583 does not (Supplementary Fig. 1b)53. Specifically, Novobiocin
binds at the entry point of the central-channel, blocks the binding of the
ssDNA to the channel53. In contrast, AB25583 binds deeper inside the
central-channel, leaving most part of the channel accessible for DNA
substrates to bind (Supplementary Fig. 1b–e).

In support of the first inhibitory mechanism in which AB25583
blocks ATPase activity of the helicase via an allosteric mechanism, we
demonstrate that AB25583 inhibits Polθ-hel ATPase activity even
regardless of the presence or absence of the ssDNA substrate (Sup-
plementary Fig. 1j). Hence, binding of the AB25583 deep within the
central-channel prevents the ability of the helicase to effectively
hydrolyze ATP, supporting an allosteric inhibitory mechanism. The
allosteric mechanism of inhibition is also consistent with the ability of
AB25583 to display nearly identical IC50 values in the presence of
increasing ATP concentrations (Fig. 1d).

Discussion
Despite our limited understanding of how Polθ-hel functions in MMEJ
and other potential DNA repair mechanisms, the results presented

AB25583

AB25583AB25583

Fig. 3 | Cryo-EM structure of Polθ-hel bound to the inhibitor AB25583.
a Representative 2D class averages of dimer and tetramer forms of Polθ-hel in
complex with AB25583. The dimer population dominates in the Polθ-hel particles
occupying about 95% of the particles. b 3D cryo-EM reconstructions of dimer and
tetramer forms of Polθ-hel in complex with AB25583 at 3.0 and 3.2 Å resolution,
respectively. c Cartoon representation of the five subdomains (D1–D5) Polθ-hel
(residues 1–894), each colored in a discrete color that matches the 3D structure in
panel-d. D1 (yellow) andD2 (green) are the two tandemRecA-like helicase domains.

D3 (orange): winged helix (WH); D4 (magenta): contains the “Rachet helix” for
ssDNA translocation. D5 (light blue): contains the helix-loop-helix (HLH). The
N-terminal disordered region (residues 1–67) is indicated in a gray line. d Two
orthogonal views of the 3D cryo-EM reconstruction map (top) and the atomic
structure (bottom) of the Polθ-hel dimer bound to AB25583. AB25583 is drawn in
spheres with carbon atoms in cyan. The D4mediates the dimer formation, and two
dimers contact each other via additional but less D4–D4 interactions to form the
tetramer.
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herein unequivocally show that Polθ-hel inhibition by a potent and
selective small-molecule inhibitor AB25583 exhibits selective killing of
BRCA-deficient cells and shows synergistic activity with PARPi ola-
parib. Hence, these data validate Polθ-hel as an important precision
oncology drug target in HDR-deficient cancers. Biochemical assays
demonstrate that AB25583 exhibits 6 nM IC50 against Polθ-hel while
exhibiting little to no inhibition of other related SF2 helicases, WRN,
BLM and RECQL5. We further find that AB25583 selectively kills BRCA-
deficient cells which is consistent with the synthetic lethal interaction
between Polθ and BRCA1/2 previously reported14,18,31,41,42,48.

Notably, AB25583 only showed modest preferential killing of
Brca1 Δ11 MEFs, which are defective in Brca1-mediated DNA end
resection. The previously reported inhibitor of the C-terminal Polθ-pol
domain, ART558, showed similar moderate activity in Brca1 Δ11 MEFs
in two separate studies48,50. Hence, theseobservations support the idea
that particular Brca1 mutations confer differential vulnerabilities to
Polθ inhibitors regardless of whether they target the helicase or
polymerase domain. Despite the limited activity of AB25583 in Brca1

Δ11 MEFs, the inhibitor showed more robust preferential killing of
MDA-MB-436 cells, which are also defective in DNA end resection.
Hence, themolecular basis underlying the synthetic lethal relationship
between BRCA1 and Polθ may be more nuanced than previously
appreciated and warrants further investigation. AB25583 also induced
relatively strong synthetic lethality in two different BRCA2-KO cancer
cell lines, and the inhibitor showed synergistic activity with olaparib in
two different cancer cell lines harboring pathogenic BRCA mutations.
Hence, these data characterize AB25583 as a promising scaffold for
drug development.

We applied cryo-EMmethods to study the binding interactions of
AB25583 with Polθ-hel and its mechanism of inhibition. Surprisingly,
our structural studies reveal atomic resolution structures of Polθ-hel
binding to AB25583 in both dimeric and tetrameric forms, with dimers
being the predominant form in solution. Interestingly, Polθ-hel was
previously reported to be a tetrameric form via X-ray crystallography19.
Our results suggest both forms exist, even though the dimer form is
more stable under our experimental conditions.

Our structures of Polθ-hel:AB25583 complexes reveal that the
AB25583 binding pocket is located deep inside the central-channel of
the helicase. The AB25583 binding pocket is surrounded by four out of
the five subdomains of Polθ-hel, and AB25583 directly bonds with
multiple side-chains and main-chain atoms of the motor domain D1
and rachet domain D4 (Fig. 4b–e). The extensive molecular interac-
tions of Polθ-hel with AB25583 is consistent with the well-defined
electron density observed for the bound inhibitor (Fig. 4c, d), and also
explains the single-digit nanomolar IC50 and specificy of AB25583 for
Polθ-hel inhibition. The motor domain D1 and rachet domain D4 are
critical for ATP-binding/hydrolysis to trigger conformational switches
of the helicase and, hence, for translocating ssDNA through the heli-
case channel. Therefore, binding of AB25583 at such a strategic loca-
tion within the central-channel is expected to fully inhibit helicase
conformational switches that are coupled to ATP-binding and hydro-
lysis, and as a result, inhibit the motions necessary for active ssDNA
translocation. The location of the inhibitor binding site and bio-
chemical data showing identical potencyofAB25583 in the presence of
increasing concentrations of ATP strongly support an allosteric
mechanism of inhibition. This mechanism is further supported by the
inhibitor’s ability to suppress Polθ-hel ATP hydrolysis even in the
absence of DNA, which is in contrast to Novobiocin, that acts by
blocking Polθ-hel ssDNA binding53.

Elucidation of the inhibitor’s bindingmode by cryo-EM also offers
a possible perspective on how Polθ-hel might function during the
MMEJ process. An intriguing observation made related to this process
involves themore stable Polθ-hel dimer form, whichwas also observed
in a recent BioRxiv report54. This dimeric form might indeed be the
active state for Polθ-hel during MMEJ, given its role in the repair of
double-stranded breaks that necessitate the joining of two ends.
Interestingly, the close conformational similarity between Polθ-hel and
another homologous helicase HEL308 was revealed by the super-
position of the structures of Polθ-hel andHEL308/DNA complex55. This
closely overlapped structure showed that the ssDNA segment passes
through Polθ-hel’s central-channel (Supplementary Figs. 6a, 7a, b). In
its dimeric form, the two 3’-ssDNA ends might pass through the
central-channel of eachmonomer and exit at locations that are in close
proximity near the dimer interface (Supplementary Fig. 7a, c1), which
could conceivably help the sampling and pairing of microhomologous
sequences along 3’-ssDNA ends. The transiently annealed micro-
homologous dsDNA could then serve as the template for one of the
Polθ polymerase domains to synthesize dsDNA in one direction, which
couldbe followedby subsequent polymerization in the other direction
by a second polymerase (Supplementary Fig. 7c2–5). These actions
would complete the majority of the MMEJ process by enabling 3’-
ssDNA overhang synapsis, microhomologous ssDNA annealing, and
subsequent extension of the minimally paired 3’-ssDNA overhangs.

Table 1 | Cryo-EM data collection, refinement, and validation
statistics

Polθ-H:AB25583
dimer
(PDB: 9BP9)
(EMDB: EMD-44765)

polθ-H:AB25583 tetra-
mer
(PDB: 9BPA)
(EMDB: EMD-44766)

Data collection

Magnification 150,000 150,000

Voltage (kV) 200 200

Electron exposure (e-/Å2) 58 58

Defocus range (μm) −1.0 to −3.0 −1.0 to −3.0

Pixel size (Å) 0.92 0.92

Symmetry imposed C2 D2

Initial particle images 2,932,534 2,932,534

Final particle images 673,324 61,097

Map resolution (Å) 3.01 3.21

FSC threshold 0.143 0.143

Map resolution range (Å) 2.6–3.6 2.8–3.7

Refinement

Initial model used (PDB) 5AGA 5AGA

Model resolution (Å) 3.3 3.6

FSC threshold 0.5 0.5

Map sharpening B fac-
tor (Å2)

−127.6 −98.9

No. non-hydrogen atoms 11,626 23,180

Protein residues 1482 2956

Ligands 2 4

B-factors

Protein 32.06 31.99

Ligand 20.00 20.00

R.m.s. deviations

Bond lengths (Å) 0.005 0.005

Bond angles (°) 1.008 0.999

Validation

MolProbity score 2.09 2.11

Clash score 16.18 16.07

Poor rotamers (%) 0.96 1.12

Ramachandran plot

Favored (%) 94.40 94.66

Allowed (%) 5.60 5.34

Disallowed (%) 0.00 0.00
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Because the Polθ-hel is connected to the C-terminal Polθ-pol via a long
flexible central domain, the Polθ-pol fromone Polθ protomer could, in
principle, interact with the Polθ-hel in cis or in trans to coordinate the
microhomology search and subsequent polymerization. This process
may require the assistance of other cellular factors, as no specific
interactions between the helicase and polymerase domain have been
observed. However, to fully evaluate this model of Polθ-hel dimer
activity during MMEJ, additional structural, biochemical, and cellular
studies will be required.

In summary,wehave solved high-resolution cryo-EM structures of
Polθ-hel bound to the small-molecule inhibitor AB25583 as a dimer and
tetramer, which reveals detailed interactions underlying Polθ-hel:in-
hibitor binding, and provides insight into the mechanism of action by
which the inhibitor suppresses Polθ-hel helicase activity. We also

characterized the biochemical and cellular activities of AB25583, which
revealed its ability to selectively kill BRCA-deficient cells and act
synergistically with olaparib in BRCA-deficient cancer cells. Hence,
these studies reveal AB25583 as a promising scaffold for preclinical
drugdevelopment, and show strongpotential for Polθ-hel inhibitors as
anti-cancer agents. The cryo-EM structural methods and results
describedhereinwill be important for accelerating thedevelopmentof
additional Polθ-hel small-molecule inhibitor classes toward preclinical
drug candidates.

Methods
Synthesis pathway of AB25583
The General procedure for the synthesis and preparation of AB25583
are described in Supplementary Notes.

AB25583

AB25583

Rachet

Rachet helix

Fig. 4 | Structural details of inhibitor-binding site of Polθ-hel. a Structure of a
Polθ-hel monomer with bound-AB25583. The five domains (D1–D5, domain colors
matching those in Fig. 1c, d) of a Polθ-hel monomer form a twisted ring archi-
tecture. The inhibitor AB25583 binds deep inside the Polθ-hel central-channel
surrounded by four subdomains (D1, D3, D4, and D5), but interact directly with D1
and D4. b–d Close-up view of the AB25583 (sticks with carbon atoms in cyan)
binding pocket. AB25583 binding residues are shown in the sticks. Notably,
AB25583 interacts with several residues in the rachet helix of D4 (magenta, panels

b, c), and at the same time bridges with multiple residues from D1 (yellow) and D3
(orange). Well-featured electron density around the AB25583 is shown in (c, d).
eDetailed interaction between AB25583 and all protein residues fromD1 and D3 of
Polθ-hel. f The surface electrostatic potential of the AB25583 binding pocket (PDB:
9BP9), showing a generally positively charged groove to accommodate the
AB25583. The surface area is colored according to the calculated electrostatic
potential from −10.0 kT/e (red) to +10.0 kT/e (blue).
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Protein expression and purification for cryo-EM
The His6-SUMO-PreScissionProteaseSite-Polθ-hel (1–894) was cloned
into the pSUMO vector. The recombinant vector was transformed into
the Escherichia coli strain Rosetta 2 (DE3) pLysS. The E. coli cells har-
boring the expression vectors were grown in an LB medium at 37 °C
until the OD600 (optical density at 600 nm) reached 0.3. The protein
expression was induced by adding 1mM isopropyl β-D-1-thiogalacto-
pyranoside(IPTG) at 18 °C for 18–20h. The cell pellets were resus-
pended with Buffer L (25mM Tris-HCl (pH 8.5), 500mM NaCl, 10%
glycerol, 0.5mM Tris (2-carboxyethyl) phosphene (TCEP), 1 tablet of
Roche complete inhibitor set per 100mL. The resuspended cell was
mixed with 2mM phenylmethylsulfonyl fluoride (PMSF) and lysed by
sonication, and cellular debris was removed by centrifugation. The
supernatant containing His6-SUMO-PP-Polθ-hel was loaded onto the
Ni-NTA agarose column (QIAGEN). The nickel column was extensively
washed with Buffer W (25mM tris-HCl, pH 8.5, 0.5M NaCl, 10% gly-
cerol, 40mM imidazole, 0.5mM TCEP). The His6-SUMO-tag was
cleaved by incubating with ~50 units of PreScission Protease in a one-
bed volume of Buffer L overnight. The Polθ-hel was eluted in three-bed
volumes of Buffer L and subjected to HiTrap Heparin HP affinity col-
umn (Cytiva). The proteins were eluted with a NaCl gradient of 0.2 to
2.0M. The eluted proteins were further purified using Superdex 200
Increase 10/300GL column equilibratedwith Buffer C (25mMtris-HCl,

pH 8.5, 0.8M NaCl, 0.5mM TCEP). The peak fraction was isolated,
concentrated, and stored at −80 °C for cryo-EM work.

Negative-stain EM
About 5 µl of 0.02mg/ml Polθ-hel sample was applied onto glow-
discharged ultrathin formvar/carbon supported copper 400-mesh
grids (Electron Microscopy Sciences), blotted and stained with 2.0%
uranyl acetate. Negative-stained grids were imaged on a Talos F200C
transmission electronmicroscope (Thermo Fisher Scientific) operated
at 200 kV.

Cryo-EM data acquisition
The purified 1.0mg/ml (10 μM) Polθ-hel and AB25583 were mixed by
1:1 molar ratio in Buffer C containing 2% DMSO and incubated on ice
for 10min. About 4 ul aliquots of Polq-hel/AB25583 mixture was
applied to UltrAu foil R1.2/1.3 gold 300-mesh grids (Electron Micro-
scopy Sciences). Grids were then blotted and vitrified in liquid ethane
using Vitrobot Mark IV (Thermo Fisher Scientific). Cryo-EM data of
Polθ-hel:AB25583 complex was collected in Glacios (Thermo Fisher
Scientific) equipped with Falcon-4 direct electron detector operated
at 200 kV in electron counting mode. Movies were collected at a
nominal magnification of 150,000× and a pixel size of 0.92 Å in EER
format. A total dose of 58 e-/Å2 permovie was usedwith a dose rate of

AB25583

AB25583

AB25583

Rac
het

hel
ix

Fig. 5 | Mechanistic models of inhibition by AB25583. a DNA-bound model of
Polθ-hel dimer. The bound-DNAwith 3′-overhang ssDNA (light anddark gray tubes)
was modeled from a homolog structure of HEL308 (PDB ID: 2P6R) by super-
imposition HEL308 to the Polθ-hel:AB25583 structure (see Supplementary Fig. 6a).
AB25583 is shown in spheres with carbon atoms in cyan. Duplex DNA is outside the
helicase ring channel, and the 3′-overhang ssDNA passes through the central-
channel. b Location of AB25583 in a DNA-boundmodel. AB25583 lies in the path of
the 3′-overhang ssDNA, which is predicted to block DNA translocation.
c Comparison of AB25583-bound cryo-EM structure (pink, this study) and the

inhibitor-free crystal structure of Polθ-hel (blue, PDB ID: 5AGA). The two structures
were superimposed based on the D4 subdomain that mediates the dimerization of
Polθ-hel. The largest displacement was observed for the D1 subdomain with up to
9Å shift in the main-chain atoms between the two structures. d The same com-
parison of the two structures around the AB25583-binding site as in panel-c, but
with a zoom-in view around the rachet helix. In the AB25583-bound structure
(pink), the R-helix containing two arginines (R193 and R200) in the D1 subdomain
shifted toward the ratchet helix in theD4 subdomain, resulting in tighter packing of
D1 and D4 subdomains than that in the inhibitor-free structure (blue).
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5–6 e-/Å2/sec. About 4500 movies were recorded by automated data
acquisition with EPU.

Cryo-EM data processing
A total of 4500 movies were imported into cryoSPARC software
package56 and subjected to patch motion correction and CTF estima-
tion in cryoSPARC. Reference-free manual particle picking in a small
subset of data was performed to generate 2D templates for auto-
picking. A total of 2,932,534 particles were picked initially, extracted,
and down-sampled by a factor of 4, on which 2D classification was
performed. 1,670,743 particles from 2D class averages with clear fea-
tures, including dimer- and tetramer-like shapes were selected. We
noticed that the tetramer-like classes were present in a subset of 2D
classes with low abundance. The particles were re-extracted with full
resolution. 3Dab initio reconstructionwas thenperformed to generate
eight initial volumes. To further classify the 3D volumes, hetero-
geneous refinement was performed with two copies of each initial
volume, yielding 16 classes. The top two classes, containing 40% of the
particles, showed a dimer form with clear secondary structure fea-
tures. Non-uniform refinement57 was then performed with
C2 symmetry to yield the final 3.0 Å resolution dimer map. Among 16
classes from the heterogeneous refinement, a single class containing
5% of the particles showing a tetramer shape, which resembles the
previously reported Polθ-hel tetramer, was identified. Non-uniform
refinement was then performed with D2 symmetry to yield the final
3.2 Å resolution tetramer map. All resolution evaluation was per-
formed based on the gold-standard criterion of the FSC coefficient at
0.14358.

Model building and refinement
An atomicmodel derived from crystal structures of Polθ-hel/AMP-PNP
complex (PDB ID: 5AGA)was docked into the cryo-EMmap usingUCSF
Chimera59. The model was refined with the phenix.real_space_refine
module in Phenix, with secondary structure restraints and geometry
restraints60,61. We then manually adjusted the protein side-chain con-
formation and, when necessary, moved the main chains to match the
density map using COOT62. The atomic models went through iterative
cycles of real-space refinement in Phenix63. The ligand model and
restrainswere generatedbyPhenix eLBOW64 anddocked into the cryo-
EM map in COOT and real-space refined with the restrains. The final
atomic models were validated using the comprehensive cryo-EM vali-
dation tool implemented in Phenix (Table 1)65. All structural figures
were generated with UCSF ChimeraX66.

Protein purification for biochemical assays
Recombinant Polθ-hel (residues 1–894) was purified as described18.
RECQL5 helicase was a gift from Dr. Erik Debler. A DNA fragments
encoding catalytic ATPase domains of human Werner syndrome DNA
helicase (WRN, residues 500 to 946) and Bloom’s syndrome DNA
helicase (BLM, residues 636–1298) were amplified from plasmids
pLX209-neo-active WRN (a gift from Francisca Vazquez, Addgene
plasmid # 125788; http://n2t.net/addgene:125788; RRI-
D:Addgene_125788) and pEGFP-BLM (a gift from Chris Kok-Lung Chan,
Addgene plasmid # 110299; http://n2t.net/addgene:110299; RRI-
D:Addgene_110299), respectively. The fragments were recloned into a
bacterial vector pE-SUMOstar expressing N-terminal 6HIS-SUMO tag-
ged protein versions. Recombinant WRN was purified as described
below. Briefly, the expression construct was transformed into
BL21(DE3) cells, freshly grown colonies were resuspended, added to
4 L of LB with 50μg/mL kanamycin, and grown at 37 oC until OD600

~0.5, then the shaker temperature was turned to 18 oC, and the cells
were growing for the next 1 h followed by addition of IPTG to a final
concentration of 0.2mM. The cells were further shaken overnight,
pelleted in a centrifuge at 4 oC (30min at 3000×g), and resuspended in
lysis buffer containing 50mM HEPES pH 8.0, 0.5M NaCl, 10mM

imidazole pH 8.0, 5mM βME, 0.1 % IGEPAL CA-630 supplementedwith
2mM PMSF and SIGMAFAST EDTA-free protease inhibitor cocktail
(Sigma). The cells were sonicated on ice and centrifuged for 60min at
25,000×g. The cleared lysate was loaded onto a 5mLHisTrap FF crude
column (Cytiva) and washed with lysis buffer with 30mM imidazole.
The bound protein was eluted with lysis buffer with 200mM imida-
zole. The fractions containing 6HIS-SUMO-WRN were pooled and
dialyzed against 1 L of dialysis buffer (50mM Tris-HCl pH 7.5, 0.4M
NaCl, 5%glycerol, 5mMimidazole, 5mMβME,0.005% IGEPALCA-630)
with the addition of 50 U of SUMOstar protease (LifeSensors) over-
night at 4 oC. The protein was then loaded onto a 5mL HisTrap HP
column (Cytiva), and the flow-through fractions containing SUMOstar
protease-cleaved untaggedWRNwere collected, pooled, concentrated
on a spin concentrator Amicon Ultra with 30,000 MWCO (Sigma),
aliquoted and frozen at −80 oC. Purification of BLM protein was per-
formed essentially as described for WRN.

DNA helicase IC50 determination assays
ADP-Glo kinase luminescence assay (Promega Corp) was applied to
determine IC50 of AB25583 against four human DNA helicases, Polθ-
hel, WRN, BLM, and RECQL5. All ATP hydrolysis reactions were per-
formed in 1x helicase reaction buffer (20mM tris-HCl, pH 7.5, 5mM
MgCl2, 30mM NaCl, 5% glycerol, 0.1mg/mL BSA, and freshly added
1mMDTT). Typically, reactions contained 5 nM enzyme, 50nM ssDNA
(RP316, 5′-TTTTTTTTTTTTTTTTTTTTTTTTTTTTT), 100 uM ATP, and
twofold serial dilutions of AB25583 in DMSO. Control low-signal
reactions contained DMSO only, and control high-signal reactions
contained an enzyme and DMSO (instead of AB25583). Reactions were
done according to themanufacturer’s procedure. First, serial dilutions
of the compound or DMSOwere added to amixture containing a 1.25x
concentration of an enzyme in a 1.25x helicase reaction buffer. After
5min incubation at room temperature, to initiate the reaction, a 5x
mixture of ssDNA and ATP (0.25 uM ssDNA and 0.5mM ATP) in water
were added to the tubes followed by 40–80min incubation at room
temperature, depending on the particular enzyme’s ATPase activity.
Next, a first kit reagent, ADP-Glo, was added to stop theATPase activity
of a helicase and to remove the remaining ATP from the reaction. After
60min incubation at room temperature, the second kit reagent,
Kinase Detection Reagent, was added to convert the generated ADP to
ATP and to provide an ATP-dependent luminescence reaction with the
luminescence signal directly proportional to the initial ADP con-
centration. After 60min incubation at room temperature, themixtures
were transferred to awhite solid 384-well plate (Greiner), and endpoint
luminescencemeasurements were performed usingmicroplate reader
CLARIOstar Plus (BMG LABTECH). The experiments were done in tri-
plicates and plotted as mean with ±s.d using GraphPad
Prism9 software. About 100, 400, or 600μM ATP were used to
determineAB25583 IC50 against Polθ-hel. Essentially the sameprotocol
was used to measure Novobiocin IC50 against Polθ-hel and WRN.
However, concentrations of Novobiocin used were significantly higher
than for testing IC50 for AB25583.

EMSA
About 160 nM of Polθ-hel and indicated concentrations of AB25583
were mixed in reaction buffer (25mM Tris-HCl pH 7.5, 5mM MgCl2,
30mM NaCl, 5% glycerol, 0.1mg/mL BSA, 1mM DTT) and incubated
10min at room temperature followed by the addition of 10 nM of
fluorescently labeled DNA substrates. After 5–10min incubation at
room temperature, the samples were resolved in non-denaturing 8%
PAAG with 0.5X TBE buffer, and DNA was visualized using Typhoon
PhosphorImager. Aurintricarboxylic acid (ATA) was used as a protein-
DNA binding inhibition control. The following DNA oligonucleotides
were used to obtain single-stranded (ssDNA), double-stranded
(dsDNA), or partially double-stranded (pssDNA) fluorescently labeled
templates (5′-to 3′ sequences): ssDNA (RP316, FAM-TTTTTTTTTT
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TTTTTTTTTTTTTTTTTTT); dsDNA (RP348, Cy3-CACTGTGAGCTTAG
GGTTAGAGCCGG/RP348c, CCGGCTCTAACCCTAAGCTCACAGTG);
pssDNA (RP348, Cy3-CACTGTGAGCTTAGGGTTAGAGCCGG/RP343,
CTAAGCTCACAGTG; RP469D, CTGTCCTGCATGATG/RP486, Cy5-CAC
TGTGAGCTTAGTCACATTTCATCATGCAGGACAG).

Cell lines
U2OS cells with MMEJ reporter (EJ2-GFP) was a kind gift from Dr. Jer-
emy Stark (City of Hope) and were generated and described in prior
studies67. They were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, GIBCO) supplemented with 15% fetal bovine serum (Cytivia),
2mM L-glutamine (Sigma), and penicillin/streptomycin (Sigma). DLD1
BRCA2 −/− and DLD1 Parental were obtained from Horizon Discovery,
Waterbeach, UK. HCT 116 BRCA2 −/− and HCT 116 Parental were
obtained fromCancertools, London, UK.MEF BRCA1 −/− (CC) andMEF
Parental (Wildtype) was a kind gift from Dr. Neil Johnson (Fox Chase
Cancer Center). MDA 436 BRCA1 mut and MDA 231 (used as wild-type
control for MDA 436) cells were obtained from ATCC, Manassas, VA.
DLD1 BRCA2 −/−, DLD1 Parental, MDA 436 BRCA1 mut and MDA 231
were cultured in RPMI supplemented with 10% fetal bovine serum,
2mM L-glutamine, non-essential amino acids, and penicillin/strepto-
mycin. HCT 116 BRCA2 −/−, HCT 116 Parental, MEF BRCA1 −/− and MEF
Parental, were cultured in DMEM supplemented with 10% fetal bovine
serum, 2mM L-glutamine, non-essential amino acids, and penicillin/
streptomycin.

Colony survival assays
About 800 cells/well of BRCA null, and 200 cells/well of wildtype were
plated forDLD1,HCT, andRPE-1 pair on 24-well plates.About 500cells/
well of MDA 436 and 100 cells of MDA 231 were plated on 24-well
plates. ForMEFs, 300 cells per well in a six-well plate were seeded. The
medium was replaced every 2 or 3 days until the colonies were ready
for staining. Colonies are typically ready for staining in 10–12 days. For
staining: Mediumwas removed from plates, and cells were rinsed with
PBS. Fixation was carried out with—Water: Ethanol: Acetic acid (5:4:1)
for 30min followed by staining of colonies with 0.5% crystal violet in
Water: Ethanol (3:2) for 2 h at room temperature. The plates were
rinsed with water and left for drying overnight at room temperature.
Colonies were then countedmanually, and response curves are shown
as mean colony formation ± S.E.M.

Immunofluorescence
Immunofluorescence of γH2AX. Cells were plated on six-well plates
with glass coverslips and treatedwith AB25583 a day after plating. Four
days after treatment, cells were fixed with 4% (v/v) paraformaldehyde
for 20min at 4 oC, washed with PBS, permeabilized with 0.5% (v/v)
TritonX for 10min andblockedwith PBS containing 3%BSA. Cellswere
incubated with primary antibody (rabbit anti-gamma H2AX [p Ser139]
antibody, Bethyl Lab #A700-053, 1:500 dilution in 1% BSA in PBS)
overnight at 4 oC followed by 3x washes with PBS and then 1 h incu-
bation with secondary antibody (Goat anti-Rabbit IgG (H + L) Second-
ary Antibody, DyLight 488 (Thermo #35552) 1:2000 dilution in 1% BSA
in PBS). After 3xwashing in PBS for 3min, slides weremounted in 20 ul
Prolong antifade with DAPI (LifeTechnologies) to counterstain the
nuclei. Cells were visualized and imaged using a Nikon A1R Confocal
microscope at a 63X objective magnification, and images were ana-
lyzedusing ImageJ software. For quantification, >50cellswere counted
for all conditions from three independent experiments.

Immunofluorescence of RAD51. Mouse embryonic fibroblasts (MEFs)
were incubated with DMSO or 10 µM AB25583 for 24 h. Cells were then
subject to 2Gy γ-irradiation (IR) and fixed at 0 and 6h post-IR. Immu-
nofluorescence microscopy was performed as follows. Cells were fixed
at room temp for 10min with 4% paraformaldehyde and treated for
10min with 1% Triton X-100 in PBS. Primary Rad51 antibody (Abcam,

ab133534) was incubated overnight at 4 °C in 5% goat serum in PBS.
Alexa Fluor 488 conjugated secondary antibody (Thermo Fisher Sci-
entific, A-11034) was incubated for 1 h at room temp and slides were
mounted using Vectashield antifademountingmedia with DAPI (Vector
Laboratories). Z-stack images were captured using a Stellaris 5 confocal
microscope, and projection images were generated. An ImageJ macro
was used for thequantification of foci-positive cells, whichwere defined
as nuclei containing more than 5 Rad51 foci. Percentage of foci-positive
cells are presented as mean and SEM from three independent experi-
ments with the average of each biological replicate shown by open
circle data points. A minimum of five images and 200 nuclei were col-
lected and analyzed per sample in each replicate.

MMEJ GFP reporter assay
The GFP MMEJ reporter assay was performed as described68. Briefly,
U2OS cells carrying one copy of the previously described E2J-GFP
MMEJ reporter cassette39 were sorted for GFP-positive cells, followed
by treatment with 20μM AB25583 for 24h before transfection. Pre-
treated cells were co-transfected with I-SceI cDNA, and dsRED-Mito
cDNA (control for transfection efficiency) using lipofectamine 2000.
Ninety-six hours post-transfection, GFP+ and dsRed+ frequencies were
analyzed by flow cytometer (Facscanto, BD). Transfection efficiency
was corrected using dsRed+ frequency and % MMEJ was calculated as
the ratio of GFP + /dsRed+ cells. Data represent the mean of three
biological replicates ± SD.

Statistical analysis and reproducibility
Data were expressed as mean ± SEM from at least three independent
experiments with triplicates for each condition unless stated other-
wise. A two-tailed unpaired t-test was used for conducting a compar-
ison between the two groups. Significance was assumed at p < 0.05.
Asterisks in the figures indicate significance, ∗p <0.05, ∗∗p <0.01,
∗∗∗p <0.001. Statistically significant p values and number of replicates
are indicated in the Figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic models have been deposited in the PDB with accession
codes: 9BP9 (Polθ-hel:AB25583 dimer) and 9BPA (Polθ-hel:AB25583
tetramer). The cryo-EM maps have been deposited in the EMDB with
accession codes: EMD-44765 (Polθ-hel:AB25583 dimer) and EMD-
44766 (Polθ-hel:AB25583 tetramer). Raw electron microscopy data
files have been deposited in the Electron Microscopy Public Image
Archive (EMPIAR) with accession code EMPIAR-11711. Source data are
provided with this paper.
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