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Abstract

Increasing antimicrobial drug resistance represents a global existential threat.

Infection is a particular problem in immunocompromised individuals, such as

patients undergoing cancer chemotherapy, due to the targeting of rapidly

dividing cells by antineoplastic agents. We recently developed a strategy that

targets bacterial nucleotide excision DNA repair (NER) to identify compounds

that act as antimicrobial sensitizers specific for patients undergoing cancer

chemotherapy. Building on this, we performed a virtual drug screening of a

�120,000 compound library against the key NER protein UvrA. From this,

numerous target compounds were identified and of those a candidate com-

pound, Bemcentinib (R428), showed a strong affinity toward UvrA. This NER

protein possesses four ATPase sites in its dimeric state, and we found that

Bemcentinib could inhibit UvrA's ATPase activity by �90% and also impair its

ability to bind DNA. As a result, Bemcentinib strongly diminishes NER's abil-

ity to repair DNA in vitro. To provide a measure of in vivo activity we discov-

ered that the growth of Escherichia coli MG1655 was significantly inhibited

when Bemcentinib was combined with the DNA damaging agent 4-NQO,

which is analogous to UV. Using the clinically relevant DNA-damaging anti-

neoplastic cisplatin in combination with Bemcentinib against the urological

sepsis-causing E. coli strain EC958 caused complete growth inhibition. This

study offers a novel approach for the potential development of new com-

pounds for use as adjuvants in antineoplastic therapy.
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1 | INTRODUCTION

De novo drug discovery requires significant investment of
time and funds with no insurance that an effective drug
will be derived (Schlander et al., 2021). This is especially
true of antibiotics, where the returns on decades of invest-
ments are not offset by financial gains of their sales lead-
ing to major pharmaceutical companies abandoning the
sector (McKenna, 2020). Furthermore, drugs currently
available are rapidly becoming ineffective due to the
global spread of antimicrobial drug resistance (AMR).
One-third of the reported Escherichia coli bloodstream
infections are caused by drug-resistant bacteria, which are
challenging to treat, resulting in an increased severity and
mortality (Global Antimicrobial Resistance and Use Surveil-
lance System (GLASS) report: 2021, 2021). In England,
cases of infection are steadily increasing over time;
between 2020 and 2021, there were reported almost 40,000
E. coli bacteraemia cases, more than 40% as urinary tract
infections (UTI) and nearly 20% were hospital-onset cases,
with 6000 people dying within 30 days of contracting the
disease (Public Health England, 2021). Furthermore, new
antibiotic resistant strains are constantly forming and iso-
lated contributing to the loss of effective therapeutic
options (J. Zhu et al., 2023), These facts are particularly
concerning for cancer patients who often suffer from
severe neutropenia induced by antineoplastic agents
compromising the immune system (Crawford et al., 2004).
Combined with enhanced pathogen penetration due to
the destruction of physical barriers, tumoral expansion,
and surgical procedures (Rolston, 2017; Zembower, 2014),
infections are often associated with death in cancer
patients (Nanayakkara et al., 2021; Zembower, 2014).

In addition to damaging the DNA of cancerous and
host cells, certain anticancer agents damage the genomes
of bacterial cells. Defending the bacterial genome are
numerous repair pathways, among which a key player is
Nucleotide Excision Repair (NER). This ATP-dependent,
multiprotein DNA repair system is mechanistically con-
served between eukaryotes and prokaryotes, but structur-
ally divergent (Petit & Sancar, 1999). In bacteria, NER
primarily repairs UV damage, but can also repair a wide
range of DNA-distorting lesions, including those caused
by alkylating agents such as cisplatin (Truglio
et al., 2006). NER is initiated by UvrA which binds to
DNA to locate the damage. Once UvrA locates a DNA
lesion, it initiates a cascade of events with the other
members of the pathway (UvrB, UvrC, and UvrD), culmi-
nating in the removal and the resynthesis of the damaged
oligonucleotide (Kad & Van Houten, 2012). Monomeric
UvrA (UvrA normally exists as a homodimer) possesses
two distinct ATPase sites (distal and proximal) connected
by a hollow channel that runs under the DNA binding

domain (Barnett & Kad, 2019). These ATPase sites work
cooperatively (Barnett & Kad, 2019; Case et al., 2019;
Kraithong et al., 2021); the distal ATPase is required for
checking for DNA lesions, activating the proximal
ATPase if damage is detected, which recruits UvrB (Kad
et al., 2010; Myles & Sancar, 1991; Stracy et al., 2016). We
have previously shown how the inhibition of these
ATPases could represent a target for an adjuvant antimi-
crobial that stalls replication in conjunction with a DNA-
damaging agent (Bernacchia et al., 2022) and how this
could be beneficial in therapy for the treatment of co-
infections in cancer patients (Bernacchia et al., 2023).

In this study, we deployed two strategies to facilitate the
discovery process: computational aided drug design and
drug repurposing (Ashburn & Thor, 2004; Tiwari &
Singh, 2022). To broaden the search while avoiding the pos-
sibility of finding unavailable or difficult-to-synthesize com-
pounds, we established an easy-to-use pipeline for virtual
screening to evaluate �120,000 diverse drug-like molecules
already reported active in vitro. These compounds were
docked against a computationally generated UvrA structure
(AF-P0A698-F1) (Jumper et al., 2021; Varadi et al., 2022), to
generate numerous potential leads. We selected one top hit
(Bemcentinib) and found it was able to inhibit UvrA's
ATPase, and using single molecule imaging, we also
showed the compound prevents DNA binding, confirming
the in silico results directly. These in vitro results indicate
potential disruption of the whole pathway. To confirm this,
we assessed Bemcentinib's ability to disrupt NER incision
with two different in vitro incision assays. Furthermore, we
assessed its ability to impair bacterial growth in vivo using
an efflux deficient strain (ΔtolC) and a reference DNA dam-
aging agent (4-nitroquinoline 1-oxide, 4-NQO; Bernacchia
et al., 2022). Having shown the potential of this drug for
combinatorial therapy, we suggest a real-world application
by demonstrating the compound's ability to sensitize bacte-
ria to the DNA-damaging agent cisplatin in the clinical iso-
late E. coli ST131 EC958, responsible for serious multi-drug
infections (Forde et al., 2014; Johnson et al., 2010; Lau
et al., 2008; Nicolas-Chanoine et al., 2008; Paitan, 2018).
Altogether, the results represent the first steps toward the
identification of a new compound for the treatment of
infections associated with DNA damaging chemotherapeu-
tics that cause neutropenia.

2 | RESULTS

2.1 | In silico screening identifies several
possible NER inhibitors

Nucleotide excision repair represents an attractive and
underexplored target because of its role in DNA repair
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following damage induced by several agents, including can-
cer chemotherapeutics. UvrA lies at the beginning of the
pathway, and its deletion impacts bacterial survivability
when exposed to genotoxic agents (Bernacchia et al., 2022).
Therefore, we implemented an in silico screening approach
that considered a computationally generated structure of
UvrA (AlphaFold) as rigid and probed a broad search space,
including both ATPase pockets and the channel connecting
them. We docked �120,000 unique compounds from a
library of chemicals reported active in vitro using AutoDock
Vina. This approach utilized multiple cores to increase the
docking speed (The Scripps Research Institute, 2020); how-
ever, depending on the molecule docked, an increase in the
number of CPUs allocated for that task did not represent a
significant improvement. Therefore, submitting different
molecules and allocating multiple jobs per CPU was a more
effective approach to reduce the screening time. We found
that with the eight cores available in our system, allocating
up to 32 jobs resulted in a �40% decrease in the total
screening time (Figure S1).

After a docking analysis, AutoDock Vina outputs the
computed binding energies of the screened compounds. The
resulting binding energies were plotted as a histogram
(Figure 1a). Using the ATPase site as a reference (Figure 1b),
we manually inspected the first 50 compounds in the list
searching for promising characteristics and accessibility.
Among these shortlisted compounds, we found phosphate
molecules such as cGAMP, Cyclic di-AMP, Myo-inositol tris-
pyrophosphate, and low specificity compounds like tetraco-
safluorophenanthrene. Furthermore, two of the hits
obtained N-(9-Fluorenylmethoxycarbonyl) Doxorubicin and

Hinokiflavone were analogues of compounds already
highlighted as possible NER inhibitors in our previous study
(Pirarubicin and Apigenin) (Bernacchia, 2023; Bernacchia
et al., 2023). Due to its availability and promising character-
istics, we progressed Bemcentinib for in vitro evaluation.

2.2 | Bemcentinib is an effective
antagonist of UvrA's ATPase activity
in vitro

To validate the virtual screening results, we tested Bem-
centinib's ability to inhibit purified recombinant UvrA's
ATPase activity in vitro using an NADH-linked ATPase
assay in the presence and absence of DNA. UvrA's homo-
dimeric complex has four ATP binding sites that commu-
nicate (Barnett & Kad, 2019; Case et al., 2019; Kraithong
et al., 2021). Figure 2 shows the reduction in kcat for ATP
when UvrA was titrated with the inhibitor in the pres-
ence and absence of pUC18 DNA. Both inhibition curves
fit well to a Hill relationship, allowing for the estimation
of the degree of cooperativity among the ATPase sites. In
the absence of DNA (Figure 2a), the fit provides a IC50 of
7.49 (± 0.69) μM with a Hill coefficient of �1.8, indicat-
ing positive cooperativity between two possible sites, con-
sistent with a previous study of ADP inhibition (Myles
et al., 1991). Interestingly, when DNA was added to the
solution to stimulate the ATPase activity (Barnett &
Kad, 2019; Bernacchia et al., 2022), we observed a
marked increase in cooperativity. The calculated Hill
coefficient was �3.6 with an IC50 for the compound to

FIGURE 1 In silico screening of UvrA. (a): Histogram showing the distribution of binding affinities from the compound screen. Both

ATP (�9.6 kcal/mol) as a reference and Bemcentinib (�12.3 kcal/mol) are shown. (b): Structure of monomeric UvrA (AlphaFold) showing

the search space used for the virtual screening and the docking conformations of ATP (magenta) and Bemcentinib (green) from the models

produced by AutoDock Vina.
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9.78 (± 0.23) μM, suggesting more ATPase sites were
involved (Figure 2b).

2.3 | Bemcentinib disrupts UvrA's ability
to bind to DNA in vitro

We have previously shown that a reduction in the
ATPase activity affects the ability of UvrA to bind DNA
(Barnett & Kad, 2019; Bernacchia et al., 2022;
Charman & Kad, 2022). We decided to use the C-trap
optical tweezer system to assess the effect of Bemcentinib
on the binding of UvrA-mNeonGreen to DNA. This sys-
tem allows the capture of double-stranded DNA between
beads (Figure 3a) and was used to assess DNA binding at
the single molecule level with and without Bemcentinib.
UvrA C-terminally tagged with mNeonGreen
(UvrA-mNG) was used to decorate DNA (Bernacchia
et al., 2022, 2023) and then challenged with 50 μM Bem-
centinib. This significantly decreased UvrA-mNG binding
to the DNA strand (Figure 3b). To quantify the inhibitory
effect of Bemcentinib, we reduced its concentration
2.5-fold to 20 μM to enable enough binding events to be
observed to calculate a relative binding affinity. Com-
pared to untreated samples we observed a reduction of
�90% in the number of binders per minute (Figure 3c).

2.4 | Bemcentinib inhibits NER incision

Having confirmed that Bemcentinib inhibits UvrA's
ATPase and its ability to bind DNA we evaluated its
action against the full NER system in vitro. Briefly, our

fluorescence-based incision assay (Bernacchia
et al., 2023) can measure the incision of a fluorescein-
modified oligonucleotide by tagging one strand with a
fluorophore and the other with a fluorescence-quenching
probe (Figure 4a). After NER has identified and con-
firmed the lesion, a sequential incision produces short
oligonucleotides that melt at 37�C. The separation of the
oligonucleotides de-quenches the fluorophore resulting
in a fluorescence enhancement proportional to the inci-
sion. The reactions were monitored in the presence and
absence of Bemcentinib for 16 h at 37�C (Figure 4a). The
untreated sample (UvrABC) shows the time evolution of
the de-quenched fluorescence. Surprisingly, when the
proteins were treated with 20 μM Bemcentinib, no
change compared to the untreated control was observed.
However, when the concentration of the inhibitor was
raised to 50 μM, a significant reduction in incision
was measured at 1.5, 2.5, and 16 h with up to 76.1% for
the last timepoint observed. To further confirm this
result, we measured the shift from supercoiled to open
circle DNA caused by incision (Figure 4b). This experi-
ment clearly showed that 50 μM of the compound signifi-
cantly inhibits incision.

2.5 | In vivo assessment of Bemcentinib's
adjuvant activity when combined with
DNA-damaging agents

After showing that Bemcentinib inhibits NER in vitro,
we set out to evaluate its in vivo activity. Firstly, we mea-
sured the minimal inhibitory concentration of Bemcenti-
nib in E. coli MG1655 ΔtolC and E. coli MG1655 ΔtolC

FIGURE 2 Bemcentinib inhibits UvrA's ATPase activity. A titration of Bemcentinib was and the ATPase activity was measured. (a):

ATPase rates measured in the absence of DNA, the green line represents a Hill curve fitted to the data (see Section 4) revealing a �1.8 Hill

coefficient and IC50 of 7.49 μM. (b): In the presence of pUC18 DNA the ATPase rate visibly appears more cooperative, leading to a fitted Hill

coefficient of �3.6 and IC50 of 9.78 μM. The experiments were repeated three times. The error bars represent the standard error of the

mean (n ≥ 3).

4 of 14 BERNACCHIA ET AL.



ΔuvrA. MIC values (Figure S2) for either strain were identi-
cal at 3.13 μg/mL, indicating that the compound does not
generate NER substrates. To detect if the compound can
affect bacterial growth in the presence of a DNA-damaging
agent, we used 4-NQO previously reported to create NER
substrates (Bernacchia et al., 2022; Ikenaga et al., 1975;
Kondo, 1977). When the ΔtolC strain was exposed to either
4-NQO or Bemcentinib at sub-MIC concentrations (com-
pare blue to black lines and green to black lines), no critical
changes in growth were observed. However, when the two
compounds were used together at sub-MIC concentration, a
major delay in cell division was measured, leading to mini-
mal growth after 20 hours of observation (Figure 5a; red
vs. black lines).

To bring our results closer to the clinic, we investi-
gated the inhibitory effects of Bemcentinib on a multi-
drug-resistant E. coli strain (EC958). Furthermore, we
used cisplatin, which is known to create NER substrates
and is already used in cancer chemotherapy (Dasari &
Bernard Tchounwou, 2014; Husain et al., 1985). Bemcen-
tinib showed an increased MIC in the clinical strain
(50 μg/mL) when compared to the wild-type MG1655
(25 μg/mL) (Figure S2). We have previously shown the
MIC of cisplatin for EC958 (Bernacchia et al., 2023), is
the same between the clinical and the wild type strains
(12.5 μg/mL) (Gupta et al., 2022). Combining these drugs

had a significant effect of the growth of EC958
(Figure 5b). When EC958 is treated with sub-MIC quanti-
ties of Bemcentinib alone (25 μg/mL, compare black to
blue line) or cisplatin alone (3.125 μg/mL, compare black
to green line), only a marginal delay in bacterial growth
is seen. However, complete inhibition of growth was
recorded when the two agents were combined (compare
black to red line).

3 | DISCUSSION

Advancements in antimicrobial treatments are needed to
replace and augment current therapies due to increased
bacterial resistance (O'Neill, 2016). Combination thera-
pies are used predominantly in cancer chemotherapy and
cardiovascular diseases (Bhatia et al., 2020; Chen &
Lahav, 2016; Guerrero-García & Rubio-Guerra, 2018),
however, such therapies can be also applied to antimicro-
bial treatments offering opportunities to breathe new life
or extend the reach of existing drugs (Evans et al., 2022;
Wang et al., 2022).

Here, we have developed a combined drug strategy
that enables the exploitation of a newly explored target,
UvrA (Bernacchia et al., 2022, 2023) to act as a sensitizer
to the antimicrobial effects of the cancer

FIGURE 3 Bemcentinib inhibits UvrA binding to DNA. (a): Schematic of the laser tweezer system. Beads coated in streptavidin are

captured within optical traps. Biotinylated lambda DNA is tethered to the beads and put under tension. Fluorescently labeled UvrA is free to

bind the unlabeled DNA. (b): DNA strand observed in channels containing UvrA-mNeonGreen in the absence or presence of 50 μM
Bemcentinib (three DNA strands were visualized for each condition). DNA tension was 50 pN and the flow pressure was 0.3 Pa for 5 min

prior to imaging. (c): Average binders per minute at 50 pN of tension during 10-min-long videos for untreated or treated samples with 20 μM
of Bemcentinib (n DNA strand = 6 for each condition, p-value ≤0.0006), the error bars represent the standard error of the mean

(n untreated: 824, n treated: 99) and the * indicated statistical significance (p-value ≤0.05).
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chemotherapeutics. Using in silico screening of a key pro-
tein (UvrA) essential for the efficient repair of a wide
spectrum of DNA damage types, we have identified a
number of compounds with high-predicted binding affin-
ities. Of these, we selected and studied Bemcentinib by
performing a series of biochemical tests that confirm its

inhibitory activity in vitro. Remarkably this compound,
in combination with the cancer chemotherapeutic cis-
platin, is effective in inhibiting the growth of the multi-
drug resistant E. coli strain EC958 in the presence of cis-
platin. This offers a promising new approach to tackle
cancer-chemotherapy related infections in the future.

FIGURE 4 DNA incision by NER is inhibited by Bemcentinib. (a): Bar chart showing the relative fluorescence units (RFU) for the

fluorescence-based incision assay (Bernacchia et al., 2023). Measurements were acquired over time in a plate reader at 37�C. “DNA”
indicates the quenched oligonucleotide without any NER enzymes present, providing the background fluorescence signal. “UvrABC” is
incision with all NER enzymes present without inhibitor as a positive control. “Bem. (20 μM)” shows that 20 μM of Bemcentinib cannot

efficiently inhibit incision. However, 50 μM of Bemcentinib (“Bem. 50 (μM)”) significantly reduces the incision of DNA at 1.5, 2.5, and 16 h

compared with untreated “UvrABC.” The fluorescence-based incisions were repeated three times with two technical replicates, the error

bars represent the standard error of the mean (n = 6). The p-values are considered significant (*) if the ≤0.05 when compared with the

untreated control. (b): Gel-based incision assay. The gel shows undamaged (DNA) and UV-damaged (DNA_D) at 37�C in the presence of

UvrA, UvrB, UvrC. Incision leads to a loss of super-coiled DNA (SC) to the nicked band (Ni). In the presence of 50 μM Bemcentinib no loss

of super-coiling is seen, confirming the inhibitory activity of Bemcentinib. This gel is representative of multiple independent measures.

FIGURE 5 Bemcentinib impairs E. coli survival when combined with genotoxic agents. (a): Growth curves acquired in a plate reader

show MG1655 ΔtolC in the presence and absence of 1.56 μg/mL Bemcentinib with and without 10 μM 4-NQO. Both Bemcentinib and

4-NQO have a negligible effect on growth, but when combined, they cause a significant delay in replication. (b): Growth curves show the

combinatorial effect of 25 μg/mL Bemcentinib and 3.125 μg/mL cisplatin (1/4 of its MIC) in the clinical isolate EC958. Both cisplatin and

Bemcentinib marginally delay the mid-exponential in growth but, when combined, show complete inhibition. It is likely the greater

concentration required to reach MIC underlies this difference. The growth curves were calculated with multiple technical and biological

replicates on independent days. The error bars represent the standard error of the mean (n ≥ 6).
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3.1 | Bioinformatics in drug discovery

In recent years, tremendous advancements in computa-
tional power and technological accessibility have played
a central role in the development of new in silico tools
for drug discovery. These include the use of artificial
intelligence for protein structure modeling (Jumper
et al., 2021), availability of free ultra-large chemical
library repositories (Irwin et al., 2020; Kim et al., 2021)
and the development of several accessible tools for bioin-
formatics (Bragina et al., 2022; Halgren et al., 2004;
O'Boyle, Vandermeersch, et al., 2011; Trott &
Olson, 2010). As a consequence, fast and inexpensive
molecular docking/modeling, binding site prediction and
virtual screening is now possible (Tiwari & Singh, 2022),
leading to numerous newly designed drugs (Cavasotto
et al., 2019; Clark, 2008; Cosconati et al., 2010; Talele
et al., 2010).

In this study, we used a Python code that allows for
fast virtual screening without demanding hardware
requirements based on the use of open-access AutoDock
Vina as the docking algorithm. Our tests show an
improved docking speed reducing the total run time by
approximately �40% when multiple jobs were submitted
simultaneously. It is important to note that the improve-
ments depend on the number of CPU's allocated for each
task, therefore, faster processing will be afforded by sys-
tems with more CPUs. Due to the intrinsic approxima-
tions and limits of the process (Gimeno et al., 2019; Scior
et al., 2012) we avoided the analysis of multiple docking
conformations, preventing a potential combinatorial
explosion in the number of results. No solution structure
of E. coli UvrA is available therefore we were able to use
an AlphaFold generated model for computational dock-
ing. From this, we restricted the time overhead in select-
ing promising compounds by limiting investigation to the
top 50 molecules identified in the screen, when sorted by
binding energy. Although there were other potentially
interesting compounds, due to limited availability, we
progressed Bemcentinib because it possessed a potential
use in cancer chemotherapy. In our previous study
(Bernacchia et al., 2022), we used in silico docking of an
inhibitor discovered using manual screening. Comparing
the approaches; manually screening �3000 compounds
took �5 months, versus this in silico approach using an
AI-generated UvrA structure that took �2 weeks to
screen 120,000 compounds. Therefore, based on the sim-
ple standpoint of rapid drug discovery, in silico offers a
wider-ranging capture of compounds in a shorter period
of time.

Bemcentinib is a tyrosine kinase (AXL) inhibitor is
involved in inhibiting tumor proliferation (Hong
et al., 2013; Sang et al., 2022; Zhang et al., 2018; C. Zhu

et al., 2019). As with other first in class AXL inhibitors,
the compound was designed to inhibit the kinase in its
active conformation by disrupting its ATPase activity
(C. Zhu et al., 2019). These promising compounds, that
are still under investigation for anti-cancer activity (Sang
et al., 2022) could also potentially target UvrA. Despite
the library screen containing numerous other tyrosine
kinase inhibitors, they scored poorly compared with
Bemcentinib. The top-scoring compound after Bemcenti-
nib was amuvatinib in ranked position 8188 with a bind-
ing energy of �9.9 kcal/mol (Bemcentinib �12.3 kcal/
mol, ATP �9.6 kcal/mol). Further down in the ranking,
we found other members of the same family, such as gil-
teritinib (pos. 13,652, �9.5 kcal/mol), crizotinib (pos.
15,557–9.4 kcal/mol), TP-0903 (pos. 24,585–9.1 kcal/
mol), and sunitinib (46,257–8.4 kcal/mol) (C. Zhu
et al., 2019). These results suggest Bemcentinib is UvrA-
specific, however further direct investigations would be
required, since binding energy in computational screens
does not provide a full picture of binding.

3.2 | Bemcentinib impairs NER both
in vitro and in vivo

To understand how Bemcentinib inhibits the multi-site
ATPase UvrA we titrated Bemcentinib and measured the
ATPase, fitting the results to a Hill curve (Holford &
Sheiner, 1981) for multi-site inhibition. We found Bem-
centinib could reduce the ATPase of purified recombi-
nant UvrA up to �90% with a good IC50 in the μM range
(�7.5–10 μM ± DNA). The titrations were sigmoidal and
fitted well with a Hill curve providing a Hill coefficient of
�1.8 which increased to �3.6 upon the addition of
pUC18 DNA, implying strong cooperativity between the
multiple ATP binding sites (Cliff et al., 1999; Holford &
Sheiner, 1981; Stefan & Le Novère, 2013). Hill coefficients
have been widely used to indicate the number of sites
involved, exemplified by the hemoglobin-oxygen binding
curve that possesses a near four-value for its coefficient
(Holford & Sheiner, 1981). Although this approach has
limitations (Holford & Sheiner, 1981), it provides the
starting point to speculate on the two different inhibition
profiles when Bemcentinib is in the presence or absence
of DNA.

The homodimer of UvrA possesses four distinct ATP
binding sites operating in concert to facilitate DNA bind-
ing and UvrB recruitment (Barnett & Kad, 2019; Case
et al., 2019; Jaciuk et al., 2011; Kraithong et al., 2021;
Myles et al., 1991). Importantly, it has recently shown
that the distal ATPase site on UvrA hydrolyses ATP
quickly whereas the proximal site has little activity in the
absence of DNA (Case et al., 2019). However, when DNA
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is introduced, both the distal sites and the proximal sites
get activated, resulting in a stimulation of the protein cat-
alytic activity through a complex system influenced by
structural modifications correlated to DNA binding
(Barnett & Kad, 2019; Case et al., 2019; Kraithong
et al., 2017). The strong cooperative effects, and their dif-
ferences in the presence of DNA argue that the distal
sites are responsible for the ATP turnover in the absence
of DNA, resulting in a principal effect on two sites and a
Hill coefficient of �2. However, upon introducing DNA,
the two proximal sites additionally contribute to the
ATPase activity raising Hill coefficient to 4. A schematic
representation of this mechanism is presented in
Figure 6.

Having confirmed the in silico results activity in vitro,
we set out to test its ability to disrupt DNA binding by
directly observing purified UvrA binding tethered DNA.
In agreement with the previously collected data, we mea-
sured a �90% inhibition in DNA binding ability in the
presence of 20 μM Bemcentinib. Furthermore, 20 μM
Bemcentinib reduced the UvrA lifetime on undamaged
DNA by �40% (Figure S3), implying that the majority of
the effect occurs through a reduced attachment rate.

After demonstrating the compound action against
UvrA, we investigated its ability to prevent incision when
in the presence of the entire complex. We found that
20 μM Bemcentinib could not effectively impair NER-
mediated incision. Although Bemcentinib has IC50 of
�10 μM (Figure 2) UvrA has been shown previously to
catalytically load UvrB onto lesions (Orren &
Sancar, 1989), therefore, even a few active molecules
would allow the reaction to proceed in vitro. However,
when the concentration was raised to 50 μM, inhibition
was much stronger supporting this hypothesis.

Having fully demonstrated Bemcentinib's ability to
inhibit NER in vitro, we evaluate its effect on E. coli.
Using the well-established NER activator 4-NQO (Bharati
et al., 2022; Ikenaga et al., 1975; Kondo, 1977) with Bem-
centinib at sub-inhibitory concentrations for both com-
pounds, we were able to measure significant growth
inhibition of E. coli MG1655 ΔtolC growth. To demon-
strate a possible real-life application following on from
our recent study (Bernacchia et al., 2023). We used the
anticancer drug cisplatin (Dasari & Bernard
Tchounwou, 2014), which causes DNA adducts that need
to be repaired by bacterial NER (Beck et al., 1985; Popoff
et al., 1987). Moreover, we extended the testing on a clini-
cally relevant strain, the multidrug-resistant E. coli ST131
(EC958), which is globally responsible for urinary infec-
tions (Totsika et al., 2011). When Bemcentinib was incu-
bated below its MIC with a nontoxic concentration of
cisplatin (1/4th its MIC (Bernacchia et al., 2023)) I the
multidrug-resistant strain did not grow.

Additional investigations and clinical testing will be
necessary to bring this compound to clinical use, despite
this our findings suggest that Bemcentinib could be
extremely valuable as a cisplatin sensitizer to target bac-
terial growth in patients receiving this type of anti-cancer
therapy, or as a backbone for further chemical alteration
to improve compatibility with the target UvrA.

3.3 | Bemcentinib's possible role in
therapy

One of the most severe problems for cancer chemother-
apy patients are infections making them the second lead-
ing cause of death among cancer patients (Nanayakkara
et al., 2021; Zembower, 2014). Moreover, the rise of
multi-drug resistant bacteria renders ineffective prophy-
lactic antibiotic therapy (Teillant et al., 2015). It is in this
area that the data presented in this study suggests that
Bemcentinib could offer most hope. We chose to study
this compound in combination with cisplatin against a
clinically relevant strain found in urinary tract infections
(UTIs) and bloodstream infections worldwide (Totsika
et al., 2011). Among other cancers, cisplatin is used to
treat bladder malignancies, and the compound is
excreted in the urine, where it tends to accumulate to
high concentrations after administration (Galsky
et al., 2012; Safirstein et al., 1984). This means that co-
treatment with Bemcentinib could potentially offer a via-
ble strategy for preventing or treating UTIs, minimizing
the need for additional antibiotics.

The advantages of using AXL inhibitors goes further
since it has been recently shown that AXL inhibitors
enhance chemosensitivity for cisplatin in different cancer
types, likely by reducing drug resistance (Hong
et al., 2013; Tian et al., 2021). These inhibitors are being
studied for lung cancer in which AXL tends to be overex-
pressed (Sang et al., 2022; Zhang et al., 2018), a disease
mainly treated with platinum-based compounds (Abrams
et al., 2003). Bemcentinib was optimized to specifically
target the human protein AXL (Zhu et al., 2019), there-
fore, the anticancer/Bemcentinib combination could be
simultaneously beneficial for infection and improving cis-
platin's effects on cancerous cells.

In conclusion, we have undertaken an in silico
approach using a computationally generated protein
structure used for the virtual screening, to identify an
effective molecule against purified UvrA which compro-
mises bacterial nucleotide excision repair. Treatment of
bacteria with the lead compound Bemcentinib sensitizes
cells to DNA-damaging agents, specifically cisplatin, even
in a multidrug-resistant strain responsible for globally
disseminated infections (EC958). We believe these results

8 of 14 BERNACCHIA ET AL.



demonstrate how Bemcentinib represents a promising
candidate both as it is and as a template for further
improvements for a new class of antimicrobial molecules
to be used in combination with anticancer drugs.

4 | MATERIALS AND METHODS

4.1 | Bacterial strains, media, and
compounds

We used the reference strains E. coli MG1655, E. coli
MG1655 ΔtolC, E. coli MG1655 ΔtolC ΔuvrA, BL21 ΔuvrA
ΔuvrB, and the clinical isolate E. coli ST131 EC958. The
mutant genes were prepared via P1 transduction using
the Keio collection (Baba et al., 2006; Bernacchia
et al., 2022). Bacteria were grown overnight before the
assay in LB Broth, Miller (ThermoFisher), then inocu-
lated in MOPS minimal medium supplemented with 0.4%
glucose (Neidhardt et al., 1974). 4-NQO (Merck) and

Bemcentinib (R428) (MedChemExpress) were dissolved
in 100% DMSO and stored at �80�C. Cisplatin (Merck)
was dissolved in 0.9% w/v in saline and stored at 4�C pro-
tected from light.

4.2 | Protein purification

The plasmids used in this study for recombinant UvrA,
UvrB, UvrC, and UvrA-mNeonGreen were designed as
previously described (Bernacchia et al., 2023). Bacteria
were grown in selective media (LB Miller) to mid-
exponential (OD600) with aeration (at 180 RPM) at 37�C.
0.5 mM IPTG was added to the suspension along with
fresh antibiotic and re-incubated at 18�C overnight. The
culture was then pelleted and resuspended in lysis buffer
containing 50 mM NaPO4 (pH 7.5), 20 mM imidazole,
500 mM NaCl, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and a protease inhibitor cocktail ((no EDTA)
Thermo Fisher Scientific). The cells were lysed with

FIGURE 6 Potential mechanism of

UvrA's ATPase inhibition by

Bemcentinib. In the absence of DNA

(left) only the distal sites (orange) are

responsible for the ATP turnover, the

inhibition therefore has a Hill coefficient

of �2. With DNA present (right), the

proximal sites (purple) contribute to the

total ATPase activity, doubling the

number of active sites. Bemcentinib is

now able to inhibit all of these sites

cooperatively resulting the Hill

coefficient to �4.
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100 μg/mL lysozyme and additional sonication. 50 μg/mL
DNAse I (Roche) was added to the solution for 30 min
just before centrifugation at 20,000 RPM at 4�C. The pro-
teins in the supernatant were then purified using a
Proteus “1-step batch” midi plus spin column (Protein
Ark column) containing a Ni-NTA resin (Thermo Scien-
tific™ HisPur™) equilibrated with 50 mM Na3PO4

(pH 7.5 for UvrA and B and pH 8 for UvrC), 20 mM
imidazole, 500 mM NaCl. Finally, the proteins were
eluted with increasing concentrations of imidazole, buff-
ered exchanged in storage buffer (50 mM Tris (pH 7.5)),
500/100/400 mM KCl (respectively for UvrA, UvrB,
UvrC), 0.1 mM EDTA, 2.5/2.5/5 mM DTT (respectively
for UvrA, B and C), 50% v/v glycerol and stored at
�20�C. The concentrations were estimated by reading
the absorbance at OD280. The lysate containing UvrA-
mNeonGreen for the optical trapping experiment was
prepared as previously described (Bernacchia
et al., 2023).

4.3 | In silico screening

For the in silico work, we used the open-access software
AutoDock Vina, OpenBabel, and AutoDock tools 1.5.7
(Forli et al., 2016; O'Boyle, Banck, et al., 2011; Trott &
Olson, 2010). Due to the lack of an available E. coli crys-
tal structure, the protein structure (UvrA: AF-
P0A698-F1) was retrieved from the AlphaFold Protein
Structure Database (Jumper et al., 2021; Varadi
et al., 2022). This was chosen due to its close alignment
to the Geobacillus structure (PDB: 3UX8). A collection of
drugs tested active in vitro and available for sale was
retrieved from ZINC15 (173,234 entries, among which
117,760 were unique) (Sterling & Irwin, 2015) and con-
verted in bulk into .pdbqt format using OpenBabel GUI.
The protein structure was prepared by the addition of
polar hydrogens and conversion in .pdbqt format using
AutoDock Tools 1.5.7. ATP was docked into the protein
with a maximized search space to verify the ability of the
algorithm to find the ATPases cassette. Then, appropriate
coordinates were used to define a search space covering
the ATPase cassettes and the tunnel connecting them. A
Python code was written to allow multiple job submis-
sions simultaneously to increase the speed of the screen-
ing and to print the results in a .csv file in ascending
order of binding energy for automatic and simplified sort-
ing (available on GitHub, please see data availability
statement below). Before performing the screening, a set
of 500 molecules and a set of 10,000 molecules were
tested, changing the level of parallelization to estimate
the fastest conditions. The first 50 unique compounds
were evaluated singularly.

4.4 | NADH-linked ATPase assay

Determining ATPase rates was performed as previously
described (Bernacchia et al., 2023), and in the presence
or absence of 0.1 ng/μL pUC18 DNA. Data were acquired
from multiple independent measurements, and the errors
are reported as the standard error of the mean. The data
were fitted in Excel, and the fitting was calculated using
Data Solver and SolvStat using the Hill equation:

Effect¼ kcat 0ð Þ 1� I½ �n
IC50½ �nþ I½ �n

� �

where kcat(0) is the uninhibited kcat, I is the Bemcentinib
concentration, IC50 is the half-maximal inhibitory con-
centration for Bemcentinib, and n is the Hill coefficient.
The equation was adapted from (Holford &
Sheiner, 1981).

4.5 | Single-molecule imaging

UvrA-mNeonGreen lysate was prepared as previously
described (Bernacchia et al., 2022, 2023), and the concen-
tration was estimated by absorbance at 506 nm. UvrA-
mNeonGreen was used at a concentration of 5 nM in ABC
buffer (50 mM Tris pH 7.5, 50 mM KCl, 10 mM MgCl2)
complemented with 1 mM ATP, 5 mM DTT, and protease
inhibitor mix (to a final concentration of 0.07 mg/mL)
((no EDTA) Thermo Fisher Scientific), with or without
the addition of 50 or 20 μM of Bemcentinib. To image
UvrA-mNeonGreen interactions with single DNA strands,
we used an optical trap system (C-trap; Lumicks,
Netherlands), which allows for the capture of silica beads
coated with streptavidin. End-biotinylated Lambda DNA
strands can be tethered between these beads and were
used as a substrate for imaging. Imaging was performed at
30% laser power (488 nm), 200 ms exposure at a frame rate
of 2 Hz. Exposure to Bemcentinib was performed by mov-
ing the DNA strand under 50 pN of tension into a channel
with or without Bemcentinib. Flow was applied at 0.3 Pa
for 5 min, before the lasers and camera were turned on for
imaging. The third frame of the resulting video was used
to illustrate the inhibition displayed in Figure 3b. To quan-
tify this effect, the assay was repeated in the absence of
flow and videos were recorded for 10 min and analyzed
using the TrackMate plugin of ImageJ.

4.6 | Incision assays

Two methods were used to determine the incision capacity
of the system: (1) a fluorescence-based incision assay and
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(2) a gel-based incision assay. Both assays were performed
as previously described (Bernacchia et al., 2023). The data
were collected in multiple independent measurements, and
the error bars represent the standard error of the mean.

4.7 | Survival assay

Clinical and Laboratory Standards Institute (CLSI) guide-
lines were adapted to evaluate survivability in different
strains as previously described (Bernacchia et al., 2022;
Cockerill et al., 2012). Briefly, bacteria were inoculated in
fresh LB and grown overnight at 37�C while shaking.
Before the experiment, the culture was re-inoculated in
sterile MOPS minimal medium (Neidhardt et al., 1974)
supplemented with 0.4% glucose to a final OD625 of 0.001
for the assay. The experiments were repeated multiple
times with independent measurements. The error bars
represent the standard error of the mean, calculated from
both the technical and the biological replicates.

AUTHOR CONTRIBUTIONS
Lorenzo Bernacchia: Conceptualization; investigation;
writing – original draft; methodology; formal analysis;
writing – review and editing. Antoine Paris: Methodol-
ogy; investigation; writing – review and editing; formal
analysis. Arya Gupta: Investigation; formal analysis.
Robert J. Charman: Resources. Jake McGreig:
Resources; software. Mark N. Wass: Resources. Neil M.
Kad: Conceptualization; formal analysis; supervision; pro-
ject administration; writing – review and editing; writing –
original draft; funding acquisition; validation.

ACKNOWLEDGMENTS
The authors thank the members of the Kad research group
for all the helpful discussions. We would like to thank Dr
Gary Robinson for the helpful discussions and Dr Mark
Shepherd for providing the clinical isolate strain for this
study. We also thank the National Institute of Genetics,
Japan, for access to their excellent collection of materials.

DATA AVAILABILITY STATEMENT
Additional code is available here: https://github.com/
Kad-Lab/Bemcentinib_data.

ORCID
Arya Gupta https://orcid.org/0000-0002-0873-4565
Neil M. Kad https://orcid.org/0000-0002-3491-8595

REFERENCES
Abrams TJ, Lee LB, Murray LJ, Pryer NK, Cherrington JM.

SU11248 inhibits KIT and platelet-derived growth factor

receptor beta in preclinical models of human small cell lung
cancer. Mol Cancer Ther. 2003;2(5):471–8. https://www.ncbi.
nlm.nih.gov/pubmed/12748309

Ashburn TT, Thor KB. Drug repositioning: identifying and develop-
ing new uses for existing drugs. Nat Rev Drug Discov. 2004;
3(8):673–83. https://doi.org/10.1038/nrd1468

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, et al.
Construction of Escherichia coli K-12 in-frame, single-gene
knockout mutants: the Keio collection. Mol Syst Biol. 2006;2:
2006.0008. https://doi.org/10.1038/msb4100050

Barnett JT, Kad NM. Understanding the coupling between DNA
damage detection and UvrA's ATPase using bulk and single
molecule kinetics. FASEB J. 2019;33(1):763–9. https://doi.org/
10.1096/fj.201800899R

Beck DJ, Popoff S, Sancar A, Rupp WD. Reactions of the UVRABC
excision nuclease with DNA damaged by diamminedichl
oroplatinum(II). Nucleic Acids Res. 1985;13(20):7395–412. https://
doi.org/10.1093/nar/13.20.7395

Bernacchia L. Exploiting prokaryotic nucleotide excision repair as a
novel antimicrobial target for combinatorial therapies in cancer
patients. University of Kent. 2023.

Bernacchia L, Gupta A, Paris A, Moores AA, Kad NM. Developing
novel antimicrobials by combining cancer chemotherapeutics
with bacterial DNA repair inhibitors. PLoS Pathog. 2023;19(12):
e1011875. https://doi.org/10.1371/journal.ppat.1011875

Bernacchia L, Paris A, Gupta AR, Moores AA, Kad NM. Identifica-
tion of the target and mode of action for the prokaryotic nucle-
otide excision repair inhibitor ATBC. Biosci Rep. 2022;42(6).
https://doi.org/10.1042/BSR20220403

Bharati BK, Gowder M, Zheng F, Alzoubi K, Svetlov V,
Kamarthapu V, et al. Crucial role and mechanism of
transcription-coupled DNA repair in bacteria. Nature. 2022;
604(7904):152–9. https://doi.org/10.1038/s41586-022-04530-6

Bhatia K, Bhumika, Das A. Combinatorial drug therapy in
cancer—new insights. Life Sci. 2020;258:118134. https://doi.
org/10.1016/j.lfs.2020.118134

Bragina ME, Daina A, Perez MAS, Michielin O, Zoete V. The Swiss-
Similarity 2021 web tool: novel chemical libraries and addi-
tional methods for an enhanced ligand-based virtual screening
experience. Int J Mol Sci. 2022;23(2):811. https://doi.org/10.
3390/ijms23020811

Case BC, Hartley S, Osuga M, Jeruzalmi D, Hingorani MM. The
ATPase mechanism of UvrA2 reveals the distinct roles of proxi-
mal and distal ATPase sites in nucleotide excision repair.
Nucleic Acids Res. 2019;47(8):4136–52. https://doi.org/10.1093/
nar/gkz180

Cavasotto CN, Aucar MG, Adler NS. Computational chemistry in
drug lead discovery and design. Int J Quantum Chem. 2019;
119(2):e25678. https://doi.org/10.1002/qua.25678

Charman RJ, Kad NM. Single molecule iSCAT imaging reveals a
fast, energy efficient search mode for the DNA repair protein
UvrA. Nanoscale. 2022;14(13):5174–84. https://doi.org/10.1039/
d1nr06913f

Chen S-H, Lahav G. Two is better than one; toward a rational
design of combinatorial therapy. Curr Opin Struct Biol. 2016;
41:145–50. https://doi.org/10.1016/j.sbi.2016.07.020

Clark DE. What has virtual screening ever done for drug discovery?
Expert Opin Drug Discovery. 2008;3(8):841–51. https://doi.org/
10.1517/17460441.3.8.841

BERNACCHIA ET AL. 11 of 14

https://github.com/Kad-Lab/Bemcentinib_data
https://github.com/Kad-Lab/Bemcentinib_data
https://orcid.org/0000-0002-0873-4565
https://orcid.org/0000-0002-0873-4565
https://orcid.org/0000-0002-3491-8595
https://orcid.org/0000-0002-3491-8595
https://www.ncbi.nlm.nih.gov/pubmed/12748309
https://www.ncbi.nlm.nih.gov/pubmed/12748309
https://doi.org/10.1038/nrd1468
https://doi.org/10.1038/msb4100050
https://doi.org/10.1096/fj.201800899R
https://doi.org/10.1096/fj.201800899R
https://doi.org/10.1093/nar/13.20.7395
https://doi.org/10.1093/nar/13.20.7395
https://doi.org/10.1371/journal.ppat.1011875
https://doi.org/10.1042/BSR20220403
https://doi.org/10.1038/s41586-022-04530-6
https://doi.org/10.1016/j.lfs.2020.118134
https://doi.org/10.1016/j.lfs.2020.118134
https://doi.org/10.3390/ijms23020811
https://doi.org/10.3390/ijms23020811
https://doi.org/10.1093/nar/gkz180
https://doi.org/10.1093/nar/gkz180
https://doi.org/10.1002/qua.25678
https://doi.org/10.1039/d1nr06913f
https://doi.org/10.1039/d1nr06913f
https://doi.org/10.1016/j.sbi.2016.07.020
https://doi.org/10.1517/17460441.3.8.841
https://doi.org/10.1517/17460441.3.8.841


Cliff MJ, Kad NM, Hay N, Lund PA, Webb MR, Burston SG, et al.
A kinetic analysis of the nucleotide-induced allosteric transi-
tions of GroEL. J Mol Biol. 1999;293(3):667–84. https://doi.org/
10.1006/jmbi.1999.3138

Cockerill FR, Wikler MA, Alder J, Dudley MN, Eliopoulos GM,
Ferraro MJ, et al. Methods for dilution antimicrobial susceptibil-
ity tests for bacteria that grow aerobically: approved standard-
ninth edition. Clinical and Laboratory Standard Institute, 32(2).
2012.

Cosconati S, Forli S, Perryman AL, Harris R, Goodsell DS,
Olson AJ. Virtual screening with AutoDock: theory and prac-
tice. Expert Opin Drug Discovery. 2010;5(6):597–607. https://
doi.org/10.1517/17460441.2010.484460

Crawford J, Dale DC, Lyman GH. Chemotherapy-induced neutrope-
nia: risks, consequences, and new directions for its management.
Cancer. 2004;100(2):228–37. https://doi.org/10.1002/cncr.11882

Dasari S, Bernard Tchounwou P. Cisplatin in cancer therapy:
Molecular mechanisms of action. Eur J Pharmacol. 2014;740:
364–78. https://doi.org/10.1016/j.ejphar.2014.07.025

Evans J, Hannoodee M, Wittler M. Amoxicillin clavulanate. In Stat-
Pearls. StatPearls Publishing. 2022 https://www.ncbi.nlm.nih.
gov/pubmed/30844191

Forde BM, Ben Zakour NL, Stanton-Cook M, Phan M-D,
Totsika M, Peters KM, et al. The complete genome sequence of
Escherichia coli EC958: a high quality reference sequence for
the globally disseminated multidrug resistant E. coli O25b:
H4-ST131 clone. PLoS One. 2014;9(8):e104400. https://doi.org/
10.1371/journal.pone.0104400

Forli S, Huey R, Pique ME, Sanner MF, Goodsell DS, Olson AJ.
Computational protein-ligand docking and virtual drug screen-
ing with the AutoDock suite. Nat Protoc. 2016;11(5):905–19.
https://doi.org/10.1038/nprot.2016.051

Galsky MD, Chen GJ, Oh WK, Bellmunt J, Roth BJ, Petrioli R,
et al. Comparative effectiveness of cisplatin-based and
carboplatin-based chemotherapy for treatment of advanced
urothelial carcinoma. Ann Oncol. 2012;23(2):406–10. https://
doi.org/10.1093/annonc/mdr156

Gimeno A, Ojeda-Montes MJ, Tom�as-Hern�andez S, Cereto-
Massagué A, Beltr�an-Deb�on R, Mulero M, et al. The light and
dark sides of virtual screening: what is there to know? Int J
Mol Sci. 2019;20(6):1375. https://doi.org/10.3390/ijms20061375

Guerrero-García C, Rubio-Guerra AF. Combination therapy in the
treatment of hypertension. Drugs Context. 2018;7:212531.
https://doi.org/10.7573/dic.212531

Gupta A, Bernacchia L, Kad NM. Culture media, DMSO and efflux
affect the antibacterial activity of cisplatin and oxaliplatin. Lett
Appl Microbiol. 2022;75(4):951–6. https://doi.org/10.1111/lam.
13767

Halgren TA, Murphy RB, Friesner RA, Beard HS, Frye LL,
Pollard WT, et al. Glide: a new approach for rapid, accurate
docking and scoring. 2. Enrichment factors in database screen-
ing. J Med Chem. 2004;47(7):1750–9. https://doi.org/10.1021/
jm030644s

Holford NH, Sheiner LB. Understanding the dose-effect relation-
ship: clinical application of pharmacokinetic-pharmacodyn
amic models. Clin Pharmacokinet. 1981;6(6):429–53. https://
doi.org/10.2165/00003088-198106060-00002

Hong J, Peng D, Chen Z, Sehdev V, Belkhiri A. ABL regulation by
AXL promotes cisplatin resistance in esophageal cancer.

Cancer Res. 2013;73(1):331–40. https://doi.org/10.1158/0008-
5472.CAN-12-3151

Global Antimicrobial Resistance and Use Surveillance System
(GLASS) Report: 2021. (2021). WHO. https://www.who.int/
publications/i/item/9789240027336

Husain I, Chaney SG, Sancar A. Repair of cis-platinum-DNA adducts
by ABC excinuclease in vivo and in vitro. J Bacteriol. 1985;163(3):
817–23. https://doi.org/10.1128/jb.163.3.817-823.1985

Ikenaga M, Ishii Y, Tada M, Kakunaga T, Takebe H. Excision-repair
of 4-nitroquinolin-1-oxide damage responsible for killing,
mutation, and cancer. Basic Life Sci. 1975;5B:763–71. https://
doi.org/10.1007/978-1-4684-2898-8_54

Irwin JJ, Tang KG, Young J, Dandarchuluun C, Wong BR,
Khurelbaatar M, et al. ZINC20-a free ultralarge-scale chemical
database for ligand discovery. J Chem Inf Model. 2020;60(12):
6065–73. https://doi.org/10.1021/acs.jcim.0c00675

Jaciuk M, Nowak E, Skowronek K, Tañska A, Nowotny M. Struc-
ture of UvrA nucleotide excision repair protein in complex with
modified DNA. Nat Struct Mol Biol. 2011;18(2):191–8. https://
doi.org/10.1038/nsmb.1973

Johnson JR, Johnston B, Clabots C, Kuskowski MA,
Castanheira M. Escherichia coli sequence type ST131 as the
major cause of serious multidrug-resistant E. coli infections in
the United States. Clin Infect Dis. 2010;51(3):286–94. https://
doi.org/10.1086/653932

Jumper J, Evans R, Pritzel A, Green T, Figurnov M,
Ronneberger O, et al. Highly accurate protein structure predic-
tion with AlphaFold. Nature. 2021;596(7873):583–9. https://doi.
org/10.1038/s41586-021-03819-2

Kad NM, Van Houten B. Chapter 1—Dynamics of lesion processing
by bacterial nucleotide excision repair proteins. In: Doetsch PW,
editor. Progress in molecular biology and translational science.
Volume 110. Amsterdam, Netherlands: Elsevier; 2012. p. 1–24.
https://doi.org/10.1016/B978-0-12-387665-2.00001-8

Kad NM, Wang H, Kennedy GG, Warshaw DM, Van Houten B.
Collaborative dynamic DNA scanning by nucleotide excision
repair proteins investigated by single- molecule imaging of
quantum-dot-labeled proteins. Mol Cell. 2010;37(5):702–13.
https://doi.org/10.1016/j.molcel.2010.02.003

Kim S, Chen J, Cheng T, Gindulyte A, He J, He S, et al. PubChem
in 2021: new data content and improved web interfaces.
Nucleic Acids Res. 2021;49(D1):D1388–95. https://doi.org/10.
1093/nar/gkaa971

Kondo S. A test for mutation theory of cancer: carcinogenesis by
misrepair of DNA damaged by 4-nitroquinoline 1-oxide. Br J
Cancer. 1977;35(5):595–601. https://doi.org/10.1038/bjc.1977.93

Kraithong T, Channgam K, Itsathitphaisarn O, Tiensuwan M,
Jeruzalmi D, Pakotiprapha D. Movement of the β-hairpin in
the third zinc-binding module of UvrA is required for DNA
damage recognition. DNA Repair. 2017;51:60–9. https://doi.
org/10.1016/j.dnarep.2017.02.003

Kraithong T, Sucharitakul J, Buranachai C, Jeruzalmi D,
Chaiyen P, Pakotiprapha D. Real-time investigation of the roles
of ATP hydrolysis by UvrA and UvrB during DNA damage rec-
ognition in nucleotide excision repair. DNA Repair. 2021;97:
103024. https://doi.org/10.1016/j.dnarep.2020.103024

Lau SH, Reddy S, Cheesbrough J, Bolton FJ, Willshaw G,
Cheasty T, et al. Major uropathogenic Escherichia coli strain
isolated in the northwest of England identified by multilocus

12 of 14 BERNACCHIA ET AL.

https://doi.org/10.1006/jmbi.1999.3138
https://doi.org/10.1006/jmbi.1999.3138
https://doi.org/10.1517/17460441.2010.484460
https://doi.org/10.1517/17460441.2010.484460
https://doi.org/10.1002/cncr.11882
https://doi.org/10.1016/j.ejphar.2014.07.025
https://www.ncbi.nlm.nih.gov/pubmed/30844191
https://www.ncbi.nlm.nih.gov/pubmed/30844191
https://doi.org/10.1371/journal.pone.0104400
https://doi.org/10.1371/journal.pone.0104400
https://doi.org/10.1038/nprot.2016.051
https://doi.org/10.1093/annonc/mdr156
https://doi.org/10.1093/annonc/mdr156
https://doi.org/10.3390/ijms20061375
https://doi.org/10.7573/dic.212531
https://doi.org/10.1111/lam.13767
https://doi.org/10.1111/lam.13767
https://doi.org/10.1021/jm030644s
https://doi.org/10.1021/jm030644s
https://doi.org/10.2165/00003088-198106060-00002
https://doi.org/10.2165/00003088-198106060-00002
https://doi.org/10.1158/0008-5472.CAN-12-3151
https://doi.org/10.1158/0008-5472.CAN-12-3151
https://www.who.int/publications/i/item/9789240027336
https://www.who.int/publications/i/item/9789240027336
https://doi.org/10.1128/jb.163.3.817-823.1985
https://doi.org/10.1007/978-1-4684-2898-8_54
https://doi.org/10.1007/978-1-4684-2898-8_54
https://doi.org/10.1021/acs.jcim.0c00675
https://doi.org/10.1038/nsmb.1973
https://doi.org/10.1038/nsmb.1973
https://doi.org/10.1086/653932
https://doi.org/10.1086/653932
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/B978-0-12-387665-2.00001-8
https://doi.org/10.1016/j.molcel.2010.02.003
https://doi.org/10.1093/nar/gkaa971
https://doi.org/10.1093/nar/gkaa971
https://doi.org/10.1038/bjc.1977.93
https://doi.org/10.1016/j.dnarep.2017.02.003
https://doi.org/10.1016/j.dnarep.2017.02.003
https://doi.org/10.1016/j.dnarep.2020.103024


sequence typing. J Clin Microbiol. 2008;46(3):1076–80. https://
doi.org/10.1128/JCM.02065-07

McKenna M. The antibiotic paradox: why companies can't afford to
create life-saving drugs. Nature. 2020;584(7821):338–41. https://
doi.org/10.1038/d41586-020-02418-x

Myles GM, Hearst JE, Sancar A. Site-specific mutagenesis of con-
served residues within Walker A and B sequences of Escheri-
chia coli UvrA protein. Biochemistry. 1991;30(16):3824–34.
https://doi.org/10.1021/bi00230a004

Myles GM, Sancar A. Isolation and characterization of functional
domains of UvrA. Biochemistry. 1991;30(16):3834–40. https://
doi.org/10.1021/bi00230a005

Nanayakkara AK, Boucher HW, Fowler VG Jr, Jezek A,
Outterson K, Greenberg DE. Antibiotic resistance in the patient
with cancer: escalating challenges and paths forward. CA Cancer
J Clin. 2021;71(6):488–504. https://doi.org/10.3322/caac.21697

Neidhardt FC, Bloch PL, Smith DF. Culture medium for enterobac-
teria. J Bacteriol. 1974;119(3):736–47. https://doi.org/10.1128/
jb.119.3.736-747.1974

Nicolas-Chanoine M-H, Blanco J, Leflon-Guibout V, Demarty R,
Alonso MP, Caniça MM, et al. Intercontinental emergence of
Escherichia coli clone O25:H4-ST131 producing CTX-M-15.
J Antimicrob Chemother. 2008;61(2):273–81. https://doi.org/10.
1093/jac/dkm464

O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch T,
Hutchison GR. Open babel: an open chemical toolbox. J Chem.
2011;3:33. https://doi.org/10.1186/1758-2946-3-33

O'Boyle NM, Vandermeersch T, Flynn CJ, Maguire AR,
Hutchison GR. Confab—systematic generation of diverse low-
energy conformers. J Chem. 2011;3:8. https://doi.org/10.1186/
1758-2946-3-8

O'Neill J. Tackling drug-resistant infections globally: final report
and recommendations. London, UK: Review on Antimicrobial
Resistance. 2016 https://amr-review.org/sites/default/files/
160525_Final%20paper_with%20cover.pdf

Orren DK, Sancar A. The (A)BC excinuclease of Escherichia coli has
only the UvrB and UvrC subunits in the incision complex. Proc
Natl Acad Sci U S A. 1989;86(14):5237–41. https://doi.org/10.
1073/pnas.86.14.5237

Paitan Y. Current trends in antimicrobial resistance of Escherichia
coli. Curr Top Microbiol Immunol. 2018;416:181–211. https://
doi.org/10.1007/82_2018_110

Petit C, Sancar A. Nucleotide excision repair: from E. Coli to man.
Biochimie. 1999;81(1–2):15–25. https://doi.org/10.1016/s0300-
9084(99)80034-0

Popoff SC, Beck DJ, Rupp WD. Repair of plasmid DNA damaged
in vitro with cis- or trans-diamminedichloroplatinum(II) in
Escherichia coli. Mutat Res. 1987;183(2):129–37. https://doi.org/
10.1016/0167-8817(87)90055-1

Public Health England. Annual epidemiological commentary:
gram-negative bacteraemia, MRSA bacteraemia, MSSA bacter-
aemia and C difficile infections, up to and including financial
year April 2020 to March 2021. 2021 https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachme
nt_data/file/1016843/Annual_epidemiology_commentary_Apr
il_2020_March_2021.pdf

Rolston KVI. Infections in cancer patients with solid tumors: a
review. Infect Dis Ther. 2017;6(1):69–83. https://doi.org/10.
1007/s40121-017-0146-1

Safirstein R, Miller P, Guttenplan JB. Uptake and metabolism of
cisplatin by rat kidney. Kidney Int. 1984;25(5):753–8. https://
doi.org/10.1038/ki.1984.86

Sang YB, Kim J-H, Kim C-G, Hong MH, Kim HR, Cho BC, et al.
The development of AXL inhibitors in lung cancer: recent pro-
gress and challenges. Front Oncol. 2022;12:811247. https://doi.
org/10.3389/fonc.2022.811247

Schlander M, Hernandez-Villafuerte K, Cheng C-Y, Mestre-
Ferrandiz J, Baumann M. How much does it cost to research
and develop a new drug? A systematic review and assessment.
Pharmacoeconomics. 2021;39(11):1243–69. https://doi.org/10.
1007/s40273-021-01065-y

Scior T, Bender A, Tresadern G, Medina-Franco JL, Martínez-
Mayorga K, Langer T, et al. Recognizing pitfalls in virtual
screening: a critical review. J Chem Inf Model. 2012;52(4):867–
81. https://doi.org/10.1021/ci200528d

Stefan MI, Le Novère N. Cooperative binding. PLoS Comput Biol.
2013;9(6):e1003106. https://doi.org/10.1371/journal.pcbi.1003106

Sterling T, Irwin JJ. ZINC 15—ligand discovery for everyone.
J Chem Inf Model. 2015;55(11):2324–37. https://doi.org/10.
1021/acs.jcim.5b00559

Stracy M, Jaciuk M, Uphoff S, Kapanidis AN, Nowotny M,
Sherratt DJ, et al. Single-molecule imaging of UvrA and UvrB
recruitment to DNA lesions in living Escherichia coli. Nat Com-
mun. 2016;7:12568. https://doi.org/10.1038/ncomms12568

Talele TT, Khedkar SA, Rigby AC. Successful applications of com-
puter aided drug discovery: moving drugs from concept to the
clinic. Curr Top Med Chem. 2010;10(1):127–41. https://doi.org/
10.2174/156802610790232251

Teillant A, Gandra S, Barter D, Morgan DJ, Laxminarayan R.
Potential burden of antibiotic resistance on surgery and cancer
chemotherapy antibiotic prophylaxis in the USA: a literature
review and modelling study. Lancet Infect Dis. 2015;15(12):
1429–37. https://doi.org/10.1016/S1473-3099(15)00270-4

The Scripps Research Institute. Autodock Vina Manual. Center for
Computational Structural Biology. 2020, December 5 https://
vina.scripps.edu/manual/

Tian M, Chen X-S, Li L-Y, Wu H-Z, Zeng D, Wang X-L, et al. Inhibi-
tion of AXL enhances chemosensitivity of human ovarian cancer
cells to cisplatin via decreasing glycolysis. Acta Pharmacol Sin.
2021;42(7):1180–9. https://doi.org/10.1038/s41401-020-00546-8

Tiwari A, Singh S. Chapter 13—Computational approaches in drug
designing. In: Singh DB, Pathak RK, editors. Bioinformatics.
Cambridge, Massachusetts: Academic Press; 2022. p. 207–17.
https://doi.org/10.1016/B978-0-323-89775-4.00010-9

Totsika M, Beatson SA, Sarkar S, Phan M-D, Petty NK,
Bachmann N, et al. Insights into a multidrug resistant Escheri-
chia coli pathogen of the globally disseminated ST131 lineage:
genome analysis and virulence mechanisms. PLoS One. 2011;
6(10):e26578. https://doi.org/10.1371/journal.pone.0026578

Trott O, Olson AJ. AutoDock Vina: improving the speed and accu-
racy of docking with a new scoring function, efficient optimiza-
tion, and multithreading. J Comput Chem. 2010;31(2):455–61.
https://doi.org/10.1002/jcc.21334

Truglio JJ, Croteau DL, Van Houten B, Kisker C. Prokaryotic nucle-
otide excision repair: the UvrABC system. Chem Rev. 2006;
106(2):233–52. https://doi.org/10.1021/cr040471u

Varadi M, Anyango S, Deshpande M, Nair S, Natassia C,
Yordanova G, et al. AlphaFold protein structure database:

BERNACCHIA ET AL. 13 of 14

https://doi.org/10.1128/JCM.02065-07
https://doi.org/10.1128/JCM.02065-07
https://doi.org/10.1038/d41586-020-02418-x
https://doi.org/10.1038/d41586-020-02418-x
https://doi.org/10.1021/bi00230a004
https://doi.org/10.1021/bi00230a005
https://doi.org/10.1021/bi00230a005
https://doi.org/10.3322/caac.21697
https://doi.org/10.1128/jb.119.3.736-747.1974
https://doi.org/10.1128/jb.119.3.736-747.1974
https://doi.org/10.1093/jac/dkm464
https://doi.org/10.1093/jac/dkm464
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.1186/1758-2946-3-8
https://doi.org/10.1186/1758-2946-3-8
https://amr-review.org/sites/default/files/160525_Final%20paper_with%20cover.pdf
https://amr-review.org/sites/default/files/160525_Final%20paper_with%20cover.pdf
https://doi.org/10.1073/pnas.86.14.5237
https://doi.org/10.1073/pnas.86.14.5237
https://doi.org/10.1007/82_2018_110
https://doi.org/10.1007/82_2018_110
https://doi.org/10.1016/s0300-9084(99)80034-0
https://doi.org/10.1016/s0300-9084(99)80034-0
https://doi.org/10.1016/0167-8817(87)90055-1
https://doi.org/10.1016/0167-8817(87)90055-1
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1016843/Annual_epidemiology_commentary_April_2020_March_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1016843/Annual_epidemiology_commentary_April_2020_March_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1016843/Annual_epidemiology_commentary_April_2020_March_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1016843/Annual_epidemiology_commentary_April_2020_March_2021.pdf
https://doi.org/10.1007/s40121-017-0146-1
https://doi.org/10.1007/s40121-017-0146-1
https://doi.org/10.1038/ki.1984.86
https://doi.org/10.1038/ki.1984.86
https://doi.org/10.3389/fonc.2022.811247
https://doi.org/10.3389/fonc.2022.811247
https://doi.org/10.1007/s40273-021-01065-y
https://doi.org/10.1007/s40273-021-01065-y
https://doi.org/10.1021/ci200528d
https://doi.org/10.1371/journal.pcbi.1003106
https://doi.org/10.1021/acs.jcim.5b00559
https://doi.org/10.1021/acs.jcim.5b00559
https://doi.org/10.1038/ncomms12568
https://doi.org/10.2174/156802610790232251
https://doi.org/10.2174/156802610790232251
https://doi.org/10.1016/S1473-3099(15)00270-4
https://vina.scripps.edu/manual/
https://vina.scripps.edu/manual/
https://doi.org/10.1038/s41401-020-00546-8
https://doi.org/10.1016/B978-0-323-89775-4.00010-9
https://doi.org/10.1371/journal.pone.0026578
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1021/cr040471u


massively expanding the structural coverage of protein-
sequence space with high-accuracy models. Nucleic Acids
Res. 2022;50(D1):D439–44. https://doi.org/10.1093/nar/
gkab1061

Wang N, Luo J, Deng F, Huang Y, Zhou H. Antibiotic combination
therapy: a strategy to overcome bacterial resistance to amino-
glycoside antibiotics. Front Pharmacol. 2022;13:839808. https://
doi.org/10.3389/fphar.2022.839808

Zembower TR. Epidemiology of infections in cancer patients. Can-
cer Treat Res. 2014;161:43–89. https://doi.org/10.1007/978-3-
319-04220-6_2

Zhang G, Wang M, Zhao H, Cui W. Function of Axl receptor tyro-
sine kinase in non-small cell lung cancer. Oncol Lett. 2018;
15(3):2726–34. https://doi.org/10.3892/ol.2017.7694

Zhu C, Wei Y, Wei X. AXL receptor tyrosine kinase as a promising
anti-cancer approach: functions, molecular mechanisms and
clinical applications. Mol Cancer. 2019;18(1):153. https://doi.
org/10.1186/s12943-019-1090-3

Zhu J, Lv J, Zhu Z, Wang T, Xie X, Zhang H, et al. Identification of
TMexCD-TOprJ-producing carbapenem-resistant gram-

negative bacteria from hospital sewage. Drug Resist Updat.
2023;70:100989. https://doi.org/10.1016/j.drup.2023.100989

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Bernacchia L, Paris A,
Gupta A, Charman RJ, McGreig J, Wass MN, et al.
Identification of a novel DNA repair inhibitor
using an in silico driven approach shows effective
combinatorial activity with genotoxic agents
against multidrug-resistant Escherichia coli. Protein
Science. 2024;33(4):e4948. https://doi.org/10.1002/
pro.4948

14 of 14 BERNACCHIA ET AL.

https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.3389/fphar.2022.839808
https://doi.org/10.3389/fphar.2022.839808
https://doi.org/10.1007/978-3-319-04220-6_2
https://doi.org/10.1007/978-3-319-04220-6_2
https://doi.org/10.3892/ol.2017.7694
https://doi.org/10.1186/s12943-019-1090-3
https://doi.org/10.1186/s12943-019-1090-3
https://doi.org/10.1016/j.drup.2023.100989
https://doi.org/10.1002/pro.4948
https://doi.org/10.1002/pro.4948

