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Creating adjuvant antimicrobials

Abstract

Cancer chemotherapeutics kill rapidly dividing cells, which includes cells of the immune system. The
resulting neutropenia predisposes patients to infection, which delays treatment and is a major cause
of morbidity and mortality. Here we have exploited the cytotoxicity of the anti-cancer compound
cisplatin to screen for FDA-approved drugs that impair bacterial nucleotide excision DNA repair (NER),
the primary mechanism bacteria use to repair cisplatin lesions. Five compounds have emerged of
which three possess ideal antimicrobial properties including cell penetrance, specific activity for NER,
and the ability to kill a multi-drug resistant clinically relevant E. coli strain. Targeting NER offers a new
therapeutic approach for infections in cancer patients by combining antimicrobial activity with cancer

chemotherapy.
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Introduction

The fundamental therapeutic approach for cancer chemotherapy is to target fast replicating cells by
virtue of their need to replicate DNA (1). However, this approach causes neutropenia by off-target
killing of circulating immune cells (2). Coupled with the chemotherapy-induced degradation of physical
barriers such as mucous membranes, pathogen penetration is also enhanced (3, 4), further
contributing to bacterial infection, the second most common cause of death in cancer patients (5).
Therefore, the deployment of antimicrobials is required, these target a series of cellular processes
ranging from cell wall synthesis to protein synthesis and DNA metabolism (6). However, prolonged
exposure and drug overuse has led to the development of antimicrobial resistance through de novo
mutation or gene swaps (7). Despite expanding development and approval of pharmaceuticals (8),
antimicrobial development has lagged behind other treatments (9). This slow research pipeline means
current antimicrobials are losing effectiveness against new microbial variants, exacerbating the need

to develop new antimicrobial drugs (10).

The first platinum based anti-cancer drug, cisplatin (cis-Diaminodichloroplatinum, CIS), was
discovered fortuitously to inhibit cell division in Escherichia coli (11), stalling replication through the
formation of DNA adducts with inter- and intra- strand crosslinks (12). Since its target is DNA, it was
subsequently found to similarly inhibit human cell proliferation and therefore was exploited to treat
a variety of cancer types (13). In both bacterial and mammalian cells, cisplatin adducts are repaired by
the specific activity of enzymes in the nucleotide excision DNA repair (NER) pathway (14, 15). Here the
similarities end, bacterial NER uses fewer enzymes and has little homology to its human counterparts
(16). In bacteria, NER removes a variety of damage types including cisplatin adducts (17) but is
primarily deployed to resolve UV-induced DNA damage. It begins with recognition and verification of
DNA distorting lesions by UvrA,UvrB,, followed by recruitment of an endonuclease (UvrC) that nicks
the DNA on the same strand either side of the lesion. This damage-containing oligonucleotide is

removed by a helicase (UvrD), before DNA pol | restores the correct DNA (18). Therefore, with
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impaired NER, bacteria would not be able to repair the damage caused by cisplatin during cancer

chemotherapy (14, 19).

Inhibition of NER alone does not kill bacteria (19, 20), therefore, in this study, we identified a series of
NER inhibitors by screening a library of FDA-approved compounds that kill E. coli only in the presence
of a sub-lethal dose of cisplatin; since cisplatin causes DNA damage that is normally repaired by NER.
We have further triaged the pool of hits using a series of in vivo, in vitro, in silico and single-molecule
assays, to confirm the mechanism of action for our lead candidates as inhibition of NER. These findings
represent a new mode for antimicrobial action as an adjuvant to cisplatin. We anticipate that these
compounds could be administered directly to patients receiving cisplatin-based cancer chemotherapy,
thereby protecting them from chemotherapy-induced bacterial infection. To provide initial
confirmation that these drug combinations may be useful in patients, we have successfully verified
the activity of a subset of these compounds against a multidrug resistant clinical isolate of E. coli,

responsible for the majority of the hospital acquired infections.

The drugs repurposed in this study offer a significant step forward in the battle against co-infection
during cancer treatment, which leads to delays in chemotherapy treatment, and directly risks patients’
health. In addition, by defining bacterial NER as a new drug target, this opens the door to adjuvant
antimicrobials that work alongside DNA damaging agents, for wider application against multi-drug

resistant bacteria.
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Results

Screening for growth inhibitors in E. coli

The screening protocol used identifies FDA-approved compounds that inhibit the viability of E. coli in
the presence of cisplatin. These compounds undergo a series of further tests to narrow down the
mechanism of action as NER inhibition (Figure 1A). To ensure that drug efflux is not a barrier for drug
action, thereby maximising the number of hits from our screen of compounds, we created a drug
efflux pump (tolC) knockout strain of E. coli MG1655 (MG1655 AtolC). However, to understand the
role of efflux, all screens were performed in parallel with WT MG1655 and MG1655 AtolC. The
concentration of cisplatin (4 pg/mL) used in the screen was just below the minimal inhibitory
concentration (MIC) we recently determined for these strains (19), and all FDA-approved compounds
were used at 20 uM. Growth inhibition was determined through the colorimetric resazurin assay
(Figure 1B), which relies on active metabolism to convert the blue coloured resazurin to pink resorufin
(20). A screen of 2731 compounds revealed 172 potential NER inhibitors. To provide further certainty
that we were targeting NER, we subsequently screened these hits using UV exposure. NER is the
primary mechanism bacteria use to protect from UV-irradiation, therefore, we exposed both our E.
coli strains to a sub-MIC dosage of 75 J/m? at 254 nm (20) before introducing the reduced panel of
compounds in the absence of cisplatin. This second step resulted in 34 hits (in MG1655 and MG1655
AtolC, combined). Based on availability we proceeded to further characterise the best 5 of these hits.
Among these, two were directly evaluated for their ability to inhibit UvrA binding to DNA at the single
molecule level. The final three lead compounds possessed the ability to kill bacteria with cisplatin and

evade the drug efflux pump TolC.
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Figure 1: Screening pipeline. Phenotypic screening of FDA approved compounds was performed in
the presence of cisplatin using E. coli strains MG1655 and the efflux pump knock-out MG1655 AtolC.
The latter was used to increase the search area for active compounds. A) Shows a schematic of the
screening strategy, starting at finding compounds with antimicrobial activity in the presence of
cisplatin and then confirming their activity towards NER using a series of mechanistic assays. Activity
against the clinical isolate EC958 identified 3 lead compounds from the original 2731. Collections | and
Il include a number of potential antimicrobials for future exploration. B) Growth inhibition assays in
the absence (top) and presence (bottom) of cisplatin. These assays use the colour change of resazurin
to indicate bacterial growth (pink) or its inhibition (blue). The appearance of new blue wells in the
bottom plate indicates drug activity only in the presence of cisplatin. Dual replicate controls are shown
on the right lane (top to bottom) for no drug, sub-lethal cisplatin dose with no drug but containing
2.5% DMSO, and a lethal dose of cisplatin.
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We firstly established the toxicity of the compounds without cisplatin for both WT MG1655 and
MG1655 AtolC, using resazurin survival assays. With this information, we were able to define the

range over which to perform 2-dimenisonal survival assays also known as checkerboards.
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106  Figure 2: Inhibitory activity of selected hits against MG1655 Ato/C and MG1655 in the presence and
107  absence of cisplatin. A) A representative checkerboard assay plate for 9-aminoacridine using MG1655
108  AtolC in combination with cisplatin, drug concentration is decreased left to right and [cisplatin]
109  decreases bottom to top. The yellow arrow indicates the greatest decrease in MIC for cisplatin (16-
110  fold) and for the drug (8-fold) this is shown as the green arrow (U = untreated sample). B) Bar chart
111 representation of the median fold decrease in MIC for MG1655 Ato/C when the drug and cisplatin
112  were combined (as shown by the arrows in figure A). C) Same as (B) but for MG1655. Data points are
113 derived from three independent replicates and error bars are the standard error of the mean.

114

115  An example checkerboard assay is shown in Figure 2A, here the bottom row corresponds to the MIC
116  for cisplatin (the last spot that is blue i.e., 12.5 mg/L) and the leftmost column corresponds to the MIC
117  for the drug (6.25 mg/L). As the drug concentration is raised (right to left in columns) the MIC for
118  cisplatin markedly drops to a maximum effect close to the drug MIC (yellow arrow), this indicates the
119 drug and cisplatin cooperatively inhibit bacterial growth. Each step is a two-fold change in
120 concentration; therefore, the yellow arrow indicates a 16-fold reduction in cisplatin MIC. Similarly,
121 increasing cisplatin (from bottom to top) identifies the maximum cooperative effect on drug dosing
122 (green arrow), for 9-aminoacridine this corresponds to an 8-fold reduction in MIC. The maximum
123 reduction in MIC for cisplatin or drug is shown in Figures 2B & C. All the compounds tested in MG1655
124  AtolC (Figure 2B) showed a minimum two-fold decrease in MIC due to drug/cisplatin cooperativity.
125 Figure 2C shows the effects of the compounds that showed activity in TolC-containing WT MG1655;
126 Mitoxantrone, 9-aminoacridine and Pirarubicin all showed 2-fold or greater increases in MIC. As with
127  AtolC 9-aminoacridine once again showed the strongest effects with an increase in antibacterial

128  activity of 8-fold and increase in cisplatin activity of 4-fold in WT MG1655.
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129  Validating NER as the inhibitor target

130  The above data clearly show that the final set of inhibitors work in combination with cisplatin to inhibit
131 bacterial growth. However, to confirm the mechanism of action we performed a series of studies

132  directly testing efficacy against NER in vitro and in vivo.

133 Firstly, we tested for DNA incision in the presence of drug in vitro. This crucial step occurs after damage
134  recognition by UvrAB and precedes the resolution aspects of repair and is therefore highly specific for
135 NER. The standard approach for testing incision uses gel-based incision assays (21), however, these
136  are not scalable to high throughput screening and are poorly quantitative. Therefore, we developed a
137  new fluorescence based assay for incision (Figure 3A), which is less prone to photobleaching than
138 another recently developed method (22). A complementary oligonucleotide pair with a 3’ Cy5 on one
139  strand and 5’ black-hole quencher (BHQ) on the other is minimally fluorescent. By placing a fluorescein
140 adducted thymidine 14 nt away, but on the same strand as the Cy5, results in an NER-based incision
141 10 nt from the Cy5-strand end. This leads to the 10 nt fragment leaving the duplex and an increase in
142  fluorescence (Figure 3A). We expressed and purified UvrA, UvrB and UvrC to quantify the incision
143 reaction using this fluorescence-based assay (Figure 3B), but in parallel confirmed the validity of this
144  approach using a standard gel-based assay (Figure 3C). Pirarubicin (max inhibition of ~97% after 0.5h
145  of incubation), Mitoxantrone (max inhibition of ~82% after 16h of incubation) and 9-aminoacridine
146  (max inhibition of ~49% after 2.5h of incubation) exhibited significant reduction in NER activity,
147  whereas Dienestrol (max inhibition of ~25% after 16h of incubation) showed only partial inhibition of
148  the pathway. L-thyroxine did not show inhibition in the fluorescence assay, but in the gel-based assay,

149  when incubated for a shorter period (15 minutes), did show inhibition (Figure 3C marked 7).

150 To provide a second test that the drugs were targeting NER, we transformed bacteria with a UVC
151 damaged pUC18 plasmid (254 nm at 200 J/m?), carrying the ampicillin selection marker. We reasoned
152  that inhibition of the NER pathway would prevent recovery of transformants on selective agar. As

153  expected, all of the compounds impaired recovery (Figure 3D).
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Figure 3:In vitroand in vivo tests for nucleotide excision repair inhibition. A) Schematic
representation of the fluorescence incision assayto assess inhibition of NER activity using one
oligonucleotide with an engineered damaged sites (F = fluorescein) and a reporter (Cy5
= fluorophore); the second complementary oligonucleotide possessed a black hole quencher (BHQ) to
guench the Cy5 fluorescence until the top oligonucleotide is nicked by the NER system proteins UvrA,
UvrB and UvrC (UvrABC). B) Results from the fluorescence incision assay (A). UvrABC is the control
with no drug, and DNA has no drug or UvrABC. The progress was checked at the time points indicated
and error barsrepresent the standard error ofthe mean. * = p<0.05(n24replicates)
compared with UvrABC. (C) Confirmation of the fluorescence assay with a classical gel-based incision
assay demonstrating the inhibition of NER, U is undamaged pUC18, D is the assay in the presence of
drug and UV indicates the plasmid is damaged with 200 J/m? UVC (data derives from >2 independent
replicates) T = 15 minutes incubation. (D) Inhibition of plasmid DNA repair in vivo. The percent
recovery of transformants of pUC18 DNA carrying ampicillin resistance when damaged with 200 J/m?
UVC (n = 3) after plating onto ampicillin agar is shown on a scale relative to repair-efficient controls
(See figure S1 and S2). Although L-thyroxine substantially reduced repair activity, it remained on the
borderline of statistical significance (p = 0.051). Error bars represent the standard error of the mean.
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175 Drug interactions with the molecules of NER

176 Having validated that the 5 compounds inhibit NER activity, we sought to investigate how these
177  function on a molecular scale. Upon locating damage UvrA hydrolyses ATP, leading to the loading of
178 UvrB (23—-26). We directly measured the rate of purified UvrA’s ATP turnover with and without DNA
179  using an in vitro NADH-linked assay (20). When UvrA was incubated with 20 uM of each shortlisted
180 compound, four were found to significantly affect the ATPase (Figure 4A). Among those, Pirarubicin,
181 Mitoxantrone, Dienestrol and L-thyroxine all inhibited the ATPase, with the latter two drugs having

182 the strongest effect.

183  Toinvestigate how the most potent ATPase inhibitors could interact with UvrA we performed in silico
184 docking using Autodock Vina (27). ATP was used as a control to validate the complete UvrA surface
185 exploration; both of UvrA’s ATP binding sites were successfully located based on comparison with
186 crystal structures (28). The docking precision was underlined by specific interactions being identified
187  with residues K37 (proximal ATP site) and K646 (distal ATP site); these residues have previously been
188  shown to be essential to UvrA’s ATPase activity (23). Each docking predicted a binding energy for ATP
189  of -9.2 kcal/mol and -9.6 kcal/mol, at the proximal and distal sites, respectively. The higher binding
190  affinity of ATP predicted for the C-terminal site confirms the outcomes from a recent study (29), again
191  validating the approach. The strongest affinities are shown as binding energies for each compound in
192 Figure 4C (further data can be found in Table S1). Two compounds showed interaction only with the
193  ATP binding sites; Pirarubicin, which had a stronger affinity than ATP at the proximal site (-9.8
194  kcal/mol), and Mitoxantrone, which had a preference for the proximal site over the distal, although
195  the binding energy of -7.5 kcal/mol was lower than that of ATP. The docking also revealed two
196  previously unidentified allosteric binding pockets (Figure 4B). Allosteric site ‘BP1’ bound Dienestrol
197  strongly (-8.7 kcal/mol), and the second allosteric site ‘BP2’ close to the proximal ATPase cassette

198 bound L-thyroxine (-7.0 kcal/mol).
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199  To understand if the allosteric binding sites directly affected UvrA binding to DNA we turned to single
200  molecule visualization. Based on our previous data indicating C-terminal fusion of a fluorescent
201 protein to UvrA does not affect function (24), we constructed and expressed C-terminally fused UvrA-
202 mNeonGreen (UvrA-mNG). Both L-thyroxine and Dienestrol bind to allosteric sites and have the
203  strongest reduction in ATPase, and unlike Mitoxantrone and Pirarubicin have not been identified as
204 DNA intercalators (30, 31). In this assay, we suspended a single molecule of DNA between two beads
205  caught in optical traps using the Lumicks C-trap system. Using microfluidics, we established a stream
206 of UvrA alone or UvrA with drug, and the DNA was moved between these streams using the laser
207  tweezers. In the absence of drug, UvrA binds well to the DNA (Figure 4A top), however with either 20
208  uM L-thyroxine or 20 uM Dienestrol we observed a huge reduction in UvrA binding to the DNA (Figure
209  4A middle and bottom). Quantification of these interactions by measuring the number of binders per
210  minute over a 10-minute acquisition enabled us to demonstrate a statistically significant reduction in

211 binding.

10
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214  Figure 4: Inhibition of E. coli UvrA binding to DNA by selected hits. A) NADH-coupled ATPase assay
215 showing the effect of the hits on UvrA’s ATPase activity expressed as percentage of that in the absence
216  of drug (dotted line). The error bars represent the standard error of the mean. Asterisks mark
217  significance: p £0.05, n = 3 independent replicates. B) The Alphafold-calculated structure of the E. coli
218 UvrA monomer showing the best docking conformation of the compounds with the greatest effect
219 on UvrA’s ATPase activity. The zoomed in image clearly shows ATP (red), Pirarubicin
220 (magenta), Dienestrol (blue) Mitoxantrone (green), L-thyroxine (yellow) docking. Remarkably L-
221 thyroxine and Dienestrol bind to previously undetected locations on the surface of UvrA. C) The
222 minimum binding energy for each compound reveals a range of affinities, although the absolute
223 understanding of these affinities is not clear the values are close or exceed that of ATP (-9.6 kcal/mol).
224 D) Using the C-trap binding of UvrA-mNG to a single molecule of DNA could be observed. In the
225  absence of any compounds the average combined fluorescence image from a 10-minute video of DNA
226  shows clear decoration with UvrA (top). In the presence of L-thyroxine (middle) or Dienestrol (bottom)
227  very few molecules bind DNA. (E & F) Quantification of DNA binding was provided by the number of
228  binders per minute. This revealed the number of UvrA molecules bound to DNA is significantly reduced
229  in presence L-thyroxine (n=6 strands, p<0.05) or in the presence of Dienestrol (n=6 strands, p<0.05).
230

231 Activity against a clinically relevant multi-drug resistant E. coli strain

232 We determined if our successful hits exhibited antibacterial activity against the multidrug-resistant
233 urosepsis-causing E. coli clinical isolate, EC958 (32). Since EC958 retains an active TolC pump we only
234  used those compounds effective against WT MG1655. Cisplatin’s MIC (Figure 5A) was identical to that
235 previously reported for WT MG1655 (19), further supporting the use of this approach against multi-
236  drug resistant bacteria. Remarkably, all three drugs showed enhanced activity with cisplatin, for
237 Pirarubicin we observed a 16-fold enhancement of cisplatin MIC and 8-fold for the drug itself. 9-
238  aminoacridine and Mitoxantrone showed an equal improvement for both cisplatin and drugs of 2-fold

239  and 4-fold respectively (figure 5B).
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241 Figure 5:Antibacterial activity of Pirarubicin, 9-aminoacridine and Mitoxantrone against the
242 urosepsis-causing isolate, EC958. As in figure 2 we determined MIC values and performed
243  checkerboard assays. A) The cisplatin MIC for EC958 +/- DMSO was determined, and shows DMSO
244  protects EC958 cells from cisplatin. B) Checkerboards in EC958 showing the decrease in MIC when
245 combined, the yellow line indicates 2-fold improvement in cisplatin activity per well, the green line
246  indicates 2-fold improvement in drug activity per well. Each plate was replicated three times and these
247  are representative of the repeats. The checkerboards show clear activity and synergy with cisplatin
248  forall of the tested compounds. The panel was limited to these drugs because of their ability to evade
249  the efflux pump TolC.

250

251  Discussion

252  Adjuvant anti-microbials offer a unique approach to tackle infection in immunocompromised cancer
253  chemotherapy patients. Particularly concerning is the abundance of nosocomial infection as patients
254  with a high potential susceptibility to infection are admitted to hospital. In this study we have
255 developed an approach to the discovery and testing of adjuvant anti-microbials that only possess anti-
256 bacterial activity in the presence of the cancer chemotherapy drug cisplatin. The anti-microbials were
257  soughtto target nucleotide excision DNA repair and using a number of evaluation stages, our approach
258  has yielded five final compounds, three of which were shown to possess activity against the E. coli

259 clinical isolate, EC958.

260  All the compounds were validated to target NER both in vivo and in vitro, providing strong evidence
261  that they function to impair NER in bacteria, allowing cisplatin to kill the cells. To date, there have
262 been a very limited number of studies aimed towards the development of NER inhibitors in bacteria.
263  Of these, a seminal 2011 study screened ~40k compounds from a general library for effects against
264  mycobacterial NER, using UV as the adjuvant (33). This study identified a single effective compound,
265 however its clinical application is limited because of its poor solubility (20), and problems with using
266 UV as the adjuvant. Therefore, using cisplatin as the DNA damaging agent and screening with an FDA-
267  approved library offers the potential to rapidly progress to the clinic. The compounds thus discovered

268  are currently used in a number of applications ranging from endocrinology to antineoplastic agents.
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269  The latter application is not surprising, since the overlap between antimicrobials and antineoplastics
270  has been well established due to the intention to kill rapidly dividing cells (34, 35). As a consequence,
271  thisraises the tantalizing prospect that simply changing the anti-cancer drug treatment regimen might

272 have immediate benefits to patients in terms of reducing infection.

273  The three lead compounds used against clinical isolates offer the possibility of rapid advancement to
274  the clinic. We also showed these compounds can traverse the bacterial cell membrane and are not
275 efficiently removed by the drug efflux pump, TolC. 9-aminoacridine is used as an externally applied
276 antiseptic, however its use as an antineoplastic agent has recently been proposed due to its action on
277 PI3K (36) . Interestingly, 9-aminoacridine has also been used to derivatize cisplatin for improved DNA
278  damaging capabilities (37). It is therefore possible that 9-aminoacridine functions with cisplatin to
279  severely damage the DNA, which overwhelms NER. This would be consistent with the lack of effect on
280 UvrA’s ATPase, however, the clear reduction in incision could equally derive from effects on the other
281 NER proteins. Both Mitoxantrone and Pirarubicin are antineoplastic topoisomerase inhibitors and the
282 mechanism of action for these compounds includes DNA intercalation, although the anthracycline
283 Pirarubicin additionally functions through the generation of reactive oxygen species (38). Although it
284  is easy to imagine the effective drug properties of these compounds mediates through DNA
285 intercalation, we demonstrated that both Mitoxantrone and Pirarubicin directly inhibit UvrA’s ATPase
286  activity in the presence and absence of DNA. The latter point is extremely important, since inhibition
287 is seen without DNA, indicating that intercalation cannot be the sole mechanism of action.
288 Furthermore, we found no inhibition of NER using a Mitoxantrone analogue and members of the

289  Camptothecin family which intercalate DNA (Figure S3).

290 Using in silico docking we were also able to show direct interactions between the compounds and
291 UvrA. Interestingly, two of the compounds, Dienestrol and L-thyroxine had strong affinity for two
292 binding pockets distinct from the ATPase cassette for which they only possessed moderate affinity

293 compared with ATP. These compounds reduced the ATPase activity of UvrA by >70% in the absence

14


https://doi.org/10.1101/2023.03.17.532951
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.17.532951; this version posted March 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

294  of DNA and ~60% in the presence of DNA; using single molecule imaging it was possible to show this
295 led to severely disrupted DNA binding. These previously unidentified allosteric binding pockets offer
296  potentially new druggable targets on UvrA, and investigations into these new sites are on-going. In
297 this study, we found that L-thyroxine and Dienestrol, two compounds that are not known to
298 intercalate or inhibit bacterial growth, could impair the survival of bacteria when combined with
299  cisplatin and UV radiation. This finding indicates that these compounds may have some synergistic
300 effects with these treatments and opens up the possibility of finding more active analogues based on

301 their chemical scaffold.

302 The incidence of infection in cancer patients is significantly elevated due to neutropenia and
303 exacerbated by time spent in hospitals leading to nosocomial infection (39, 40). Since the
304 administration of drugs in this study requires the presence of cisplatin, this limits the period over when
305 the drugs will be active. The pharmacokinetics of both drugs will define the therapeutic window,
306 however, the synergy of the combination, as shown in the checkerboard assays, means that lower
307 than MIC drug concentrations are required. This has the effect of lengthening the therapeutic window
308 because as the drugs are excreted, they are still effective at lower concentrations. At present, we are

309 engaged with further understanding the combined pharmacokinetics as a precursor to clinical trial.

310 In summary, here we have developed a screening strategy to find existing compounds that work in
311 combination with the anticancer therapeutic, cisplatin, which opens up huge potential for the
312  development of new antimicrobials. Screening in combination with other DNA damaging agents will

313  develop NER as a target; potentially offering a much-needed new class of antimicrobial.
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