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Abstract

The RecA/LexA axis of the bacterial DNA damage (SOS) response is a promising, yet non-
traditional drug target. The SOS response is initiated upon genotoxic stress, when RecA, a DNA
damage sensor, induces LexA, the SOS repressor, to undergo autoproteolysis, thereby de-
repressing downstream genes that can mediate DNA repair and accelerate mutagenesis. As genetic
inhibition of the SOS response sensitizes bacteria to DNA damaging antibiotics and decreases
acquired resistance, inhibitors of the RecA/LexA axis could potentiate our current antibiotic
arsenal. Compounds targeting RecA, which has many mammalian homologs, have been reported;
however, small-molecules targeting LexA autoproteolysis, a reaction unique to the prokaryotic
SOS response, have remained elusive. Here, we describe the logistics and accomplishments of an
academic-industry partnership formed to pursue inhibitors against the RecA/LexA axis. A novel
fluorescence polarization assay reporting on RecA-induced self-cleavage of LexA enabled the
screening of 1.8 million compounds. Follow-up studies on select leads show distinct activity
patterns in orthogonal assays, including several with activity in cell-based assays reporting on SOS
activation. Mechanistic assays demonstrate that we have identified first-in-class small molecules
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that specifically target the LexA autoproteolysis step in SOS activation. Our efforts establish a
realistic example for navigating academic-industry partnerships in pursuit of anti-infective drugs,
and offer starting points for dedicated lead optimization of SOS inhibitors that could act as

adjuvants for current antibiotics.
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The bacterial SOS response is best known as the coordinated network of genes involved in
DNA repair and mutagenesis in response to DNA damage (Figure 1A).1 The response is
initiated by the interaction of two proteins, RecA, a DNA damage sensor, and LexA, a dual-
functional repressor-protease. In the absence of stress, intact LexA binds to the promoters of
SOS genes and blocks their transcription. Upon DNA damage, RecA polymerizes along
exposed single-stranded DNA, forming activated nucleoprotein filaments (referred to as
RecA*). RecA* functions as an allosteric effector, that promotes a latent serine protease
activity within LexA that results in LexA self-cleavage (autoproteolysis). Autoproteolysis
causes LexA to lose its repressor function, leading to the induction of genes involved in a
host of adaptive processes, including nucleotide excision repair, error-prone translesion
DNA replication, activation of mobile genetic elements, and cell division arrest.2:3
Expression of these SOS genes enables bacteria to survive and adapt to various genotoxic
stresses in the environment, such as UV radiation, reactive oxygen species, and, importantly,
antimicrobials.

In recent years, studies demonstrating a strong association between the SOS response and
antimicrobial evasion have reinvigorated interest in this historically well-studied system.4-6
Numerous classes of antimicrobials, particularly DNA damaging agents, can trigger the SOS
pathway.’~10 Genetically inactivating the RecA*/LexA axis can attenuate the SOS response
and has been shown to result in both decreased antibiotic-associated mutagenesis and
increased activity of DNA damaging antibiotics (decreased MIC), with recent evidence even
demonstrating re-sensitization of resistant strains.’~12 Furthermore, tempering the SOS
response can compromise multiple adaptive phenotypes, including persistence and biofilm
formation, the activation of integron genes that mediate horizontal gene transfer of resistance
elements, and the expression of resistance elements, such as gnrB fluoroquinolone-resistance
genes (Figure 1A).13-17
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Given these genetic precedents, inhibiting the SOS response has been proposed as a
therapeutic strategy to potentiate current and future antibiotics.*° Small molecule SOS
antagonists have been pursued both as tools to probe the SOS response or as intermediates
toward potential antibiotic adjuvants. To date, reported inhibitors of the SOS response are
confined to RecA antagonists: compounds that prevent the formation of ssSDNA/RecA
filaments or the protein’s ATP-dependent activities have been isolated as natural products or
from screening based approaches.18-24 From a therapeutic perspective, however, specifically
targeting RecA in bacteria poses a challenge due to the homology of the protein to the large
and essential eukaryotic Rad51 family.2> By contrast, LexA does not possess eukaryotic
homologs, and no prior /n vitro screening efforts with LexA autoproteolysis as an endpoint
have been reported in the literature. The absence of small molecules inhibiting LexA may be
related in part to the challenges posed by this target, including the intramolecular nature of
self-cleavage and the lack of insights into the interface between LexA and RecA*.

To broaden the pursuit of small molecule antagonists targeting the RecA/LexA axis, we
considered the potential virtues of a different model for screening and inhibitor discovery: an
academic-industry partnership. Academic institutions can provide in-depth knowledge of a
given area of investigation and offer fresh paradigms for targets, while industry offers the
infrastructure and expertise needed for large-scale library screening and translational efforts
that can be important with non-traditional targets or those where a low hit-rate is anticipated.
While such partnerships are increasingly common,25-29 their logistics are less commonly
reported in the literature, despite the need for the description of precedents on issues ranging
from work-flow to intellectual property to help template future efforts. Here, we report our
collaborative effort with GlaxoSmithKline (GSK) to screen for inhibitors of the RecA*/
LexA axis. We describe the identification of first-in-class inhibitors of LexA autoproteolysis
and offer our experience as an example of navigating academic-industry partnerships to
address the rising tide of antibiotic resistant bacteria.

RESULTS AND DISCUSSION
Design of the HTS FIAsSH assay

Since LexA self-cleavage has been classically tracked by low-throughput, gel-based
analysis, we (the UPenn team) first aimed to apply our biochemical understanding of LexA
to devise an assay to directly monitor autoproteolysis in a manner amenable to screening.
Many protease inhibitor discovery campaigns have employed synthetic peptide substrates
containing fluorophore-quencher pairs flanking the cleavable peptide bond in their screening
assays.30 However, the lack of LexA cleavage activity on peptide substrates /i trans required
us to devise an alternative strategy.

LexA exists as a homodimer in solution, with each monomer consisting of an N-terminal
repressor domain (NTD) that binds DNA and a C-terminal domain (CTD) with serine
protease activity. LexA autoproteolysis occurs within this CTD when a large conformational
change positions the scissile bond (Ala84-Gly85 in £. coli LexA) for attack by the catalytic
Ser (S119).31:32 A direct interaction between the activated RecA nucleoprotein filaments
(RecA¥) is believed to stabilize the cleavable conformation, thereby ensuring that LexA
cleavage occurs rapidly in the presence of DNA damage. The /n vivo cleavage reaction can
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be reconstituted /in vitro with purified LexA and RecA* (RecA*-dependent cleavage).
Importantly, in the absence of RecA*, a very low level of basal LexA hydrolysis also occurs
at physiological pH (RecA*-independent cleavage), and this reaction can be accelerated by
activation of the protein’s serine-lysine catalytic dyad at alkaline pH /n vitro.33:34

Early work on the LexA of £. coli (LexA£g) suggested that tryptic removal of large portions
of the NTD has no impact on the self-cleavage ability of the protease domain.3® Building on
this observation and using existing LexA crystal structures as a guide,3132 we further
truncated the NTD to Gly75 for LexAg; (or Gly81 in the LexA from Pseudomonas
aeruginosa) and attached an N-terminal tag containing a tetracysteine CCPGCC motif,
which was specifically labeled with the biarsenical fluorophore, FIAsH-EDT, (Figure 1B).36
Upon stimulation of autoproteolysis by filamentous RecA (RecA*), release of the short
FIAsH-containing N-terminal peptide from this FIAsH-LexA construct resulted in a
significant drop in fluorescence polarization (FP), allowing cleavage to be monitored either
continuously or as an endpoint measurement after quenching with EDTA (Figure 1C);
changing the catalytic Ser to Ala abolishes cleavage. The truncated LexA constructs mirror
the behavior of the full-length protein in that alkaline-mediated cleavage occurs at
comparable rates (Figure S1).

To develop the screening approach, we performed a small-scale screen of the Microsource
Spectrum library (2560 compounds) using the FIAsH-LexA of £ aeruginosa (FIAsH-
LexAp,). We screened compounds on two separate days at a fixed concentration of 16 uM in
a single endpoint assay, according to standard screening procedures at our local screening
facility. Across measurements, the average Z’-factor relative to the control reactions lacking
RecA* was 0.77 on Day 1 and 0.65 on Day 2 (Figure S2). The independent replicates across
two days showed a strong linear correlation (R% = 0.93). While one of our goals was to focus
on the inhibition of LexA autoproteolysis as the endpoint, we note that the design of our
assay could identify compounds that target LexA, RecA, or their interface. In line with this
possibility, one of the compounds identified in this pilot screen was suramin, which had been
identified in prior RecA-focused screening efforts,37-38 but also shows concerning
promiscuity as can often emerge from commercial library screening.3%-41 Overall, the pilot
screen indicated that the assay was robust and well-suited for advancing to high-throughput
screening.

Engagement of collaboration with GSK

With a robust HTS assay available, but with screening capabilities limited to smaller,
commercially-available libraries at our academic site, we considered whether a partnership
with a pharmaceutical company could offer a means to utilize the HTS assay to its greatest
effect. Such a partnership would permit access to a large, well-curated compound library and
leverage drug discovery expertise — an important consideration since we anticipated that the
intramolecular self-cleavage reaction of the LexA protease would likely present a difficult
molecular target. To this end, we entered our concept of targeting LexA into the inaugural
GSK Discovery Fast Track Challenge. The selection process proceeded in two stages.
During the initial stage, we presented the therapeutic hypothesis without disclosure of
confidential intellectual material, such as our FP-based HTS assay. Out of 140 applications,
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the LexA project was selected as one of 15 finalists to give a detailed presentation of the
target background, availability of primary and secondary assays, and potential clinical
applications. This finalist phase proceeded under a confidentiality disclosure agreement,
which included a non-use clause prohibiting the unauthorized use of the disclosed material
by GSK. At the end of the selection process, our group was among eight chosen for
collaboration. Four of the eight groups selected involved anti-infective targets, highlighting
the potential strengths of partnership approaches in this therapeutic area. The partnership
terms stated that we would remain blinded to compound structures during the HTS process.
Upon completion of the HTS screen, both we and the GSK team would have the right to
decide whether to continue to advance the project. If we wished to proceed and GSK did not,
GSK committed to releasing a limited number of compound structures (including their
associated composition of matter rights), and both groups agreed to revenue sharing if leads
advanced to therapeutics.

HTS screening campaign

The high-throughput screening campaign was designed to leverage the resources and
expertise of both sides of the partnership (Figure 2A). Initial discussions resulted in the
decision to use £. coliFIAsH LexA (FIAsH-LexA ) in the screen (Figure S1). Although P
aeruginosais a more pressing drug-resistant threat, both groups agreed that the genetic tools
established in £. colistrains at UPenn would accelerate downstream validation steps (see
below). We transferred assay reagents to the GSK team, who miniaturized the assay to a
1536-well format and performed a preliminary screen on ~9800 compounds in triplicate to
independently validate the screen on the GSK platform (Figure S3). The statistics of the
validation screen are summarized in Table S1.

Following validation, the screening proceeded to the full GSK discovery library of
approximately 1.8 million compounds. Compounds were analyzed at a concentration of 10
UM per the screening practices of GSK. The screen (Table 1) was of high quality with an
average Z’-factor of 0.72 and the average 3SD cutoff being ~16% inhibition and consistent
results across batches (Figure 2B, Figure S4). Using these criteria, the screening campaign
yielded 5,544 compounds selected for confirmation, corresponding to a hit rate of 0.31%.
Re-testing of the initial hits identified 396 compounds with consistent activity in duplicate
testing, following the removal of 111 auto-fluorescent compounds. The reconfirmation rate
of 7.1% is consistent with many hits being close to the 3SD cutoff in initial screening. The
396 compounds were subjected to a dose-response analysis, which yielded a preliminary list
of 245 compounds exhibiting >50% inhibition at the highest compound concentration of 200
UM. Analyzing the total fluorescence intensity values as a function of compound
concentration and magnitude of inhibition enabled the GSK team to exclude 101 compounds
with potential confounding fluorescence interference. Overall, the HTS earmarked 144
compounds for further biochemical studies. The GSK team clustered these compounds by
visual inspection into seven chemotypes (families A-J) with multiple representatives and 12
singleton compounds (S1-S12). The singleton compounds and representatives from the
different chemotypes — 32 compounds in total — were transferred via an MTA agreement to
the UPenn team for further cell-based analysis. Though we remained blinded to the
structures of the compounds during this screening and triage process, GSK shared
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descriptions of each compound’s physicochemical properties, potential reactive
functionality, and other data obtained in the course of the HTS to foster collaborative
decisions.

Secondary screening of candidates with cell-based assays

We then tested the transferred compounds for evidence of activity inside cells, using a well-
established cell-based SOS reporter assay.842 In this assay, an £. colistrain with a deletion
of the fo/C efflux gene (Ato/C) is transformed with a SOS-inducible reporter plasmid, which
harbors GFP under the control of the recA promoter. Under ciprofloxacin stress (128 ng/
mL), LexA repression on the recA promoter is relieved and a ~50-fold increase in GFP
fluorescence over the unstressed control can be detected by flow cytometry at 2 hours
(Figure 3A). Initially, compounds were assayed at a single dose (50 uM) for their ability to
inhibit GFP expression (Figure 3B, S5, & S6A). Following this initial assay, we advanced
those compounds that displayed at least 25% inhibition of GFP expression and/or exhibited
the greatest decrease in GFP expression from each chemotype. Employing these criteria, we
selected ten compounds (A3, B2, C1, D1, 12, J2, S2, S5, S10, and S12) for additional
analysis, and observed dose-dependent inhibition of GFP expression (Figure 3C and S6B).
To examine whether the alterations in GFP expression could be due to non-specific effects,
we tested the most promising leads in two other conditions where GFP expression was either
constitutively expressed or repressed. In the constitutively expressed condition, the Afo/C
strain was transformed with a reporter plasmid with a reversed LexA binding site, rendering
it active independent of the SOS response; in the constitutively repressed condition, the
regular reporter plasmid was introduced into a Afo/C strain with the inactivating S119A
mutation in the /exA gene. In both conditions, we observed minimal impacts on GFP
expression up to 100 uM, with the exception of J2 (Figure S7). With J2, we observed a dose-
dependent reduction in GFP fluorescence in both reporter strains, suggesting a direct
interference with GFP expression or fluorescence. From these cell-based assays, the most
promising compounds were earmarked for potential disclosure from GSK to UPenn, as
described in the next section.

Decision to advance leads and disclosure of structures of select compounds

Upon completion of the HTS campaign and cell-based assay, both groups independently
decided if advancement of the leads was desirable for their goals. Due to their micromolar
potency and the projected challenges associated with optimizing the inhibitors, GSK decided
not to proceed with the partnership and agreed to disclose compound structures to us to
pursue independently. Both sides participated in joint meetings to review the combined data
and select the best-suited compounds for disclosure. Although we remained blinded to
compounds structures at this point, the GSK team provided opinions on the synthetic
tractability of each compound to assist with our decision about which leads to select for
disclosure. A significant criterion we used for selection was activity in the in vivo SOS
reporter assay, as optimizing cell-based activity often serves as a major bottleneck in
advancing lead compounds in the antibacterial area. With added consideration for synthetic
tractability, we therefore selected compounds that showed sigmoidal dose-response activity
in the cell-based assay, C1, D1, and S5; Furthermore, we chose A3 because it represented
the most populous chemotype among the HTS hits. GSK disclosed one additional potential
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biochemical tool compound, S8, which did not show activity in cells, but did show activity
in an assay focused on RecA polymerization only (described below). The structures of the
compounds are shown in Figure 4 and their disclosed properties, including cytotoxicity in

mammalian cells (see supplemental methods), are summarized in Table 2.

Characterization of leads with mechanistic assays

To build on results from the HTS screening, we next examined lead compounds using
additional assays that could both validate their activities and reveal their mechanisms of
action. We first assayed compounds using a non-fluorescence-based assay containing full-
length £. coli LexA to account for fluorescence interference and perturbations caused by
using a truncated reporter protein. In this assay, we monitored for dose-responsive inhibition
of RecA*-stimulated cleavage of an N-terminally 32P-labelled LexA (Figure 5A & S8).33
Under these conditions, compounds C1, D1, and S5 inhibited LexA self-cleavage with ICgg
values of 60, 10, and 9 uM, respectively (Table 2). Compound A3 did not display any
detectable levels of inhibition. Compound S8 showed weak, incomplete inhibition in the
RecA*/32P-LexA assay.

Despite its low throughput, a notable strength of using 32P-LexA is that the construct can be
used to examine LexA autoproteolysis that occurs independent of RecA*. Traditionally, this
has been examined by quantifying the first-order kinetics of LexA self-cleavage under
alkaline conditions, which could perturb compound stability and reactivity.33:3% Given the
sensitivity afforded by 32P-LexA, we repurposed the assay to report on LexA autoproteolysis
under conditions analogous to those studied in the HTS assay (pH 7), but excluding RecA*
(Figure 5B). 32P-LexA was incubated at 37 °C for 4 hours in the presence or absence of
compound and self-cleavage was quantified. When tested with this assay, the lead
compounds display distinct features. Both D1 and S5 exhibited dose-dependent inhibition of
LexA self-cleavage, with D1 showing an I1Csq of 13 uM and S5 an ICsq of 79 uM (Figure 5B
& S8). Notably, D1’s potency in the RecA*-independent assay closely resembles its ICgq in
the RecA*/32P-LexA assay, whereas S5°s potency in the RecA*-independent assay dropped
by approximately 9-fold. The three remaining compounds A3, C1, and S8 did not show
detectable levels of inhibition. Thus, these results suggest that D1 specifically targets LexA,
while compounds C1 and S5, which show activity in the FIAsH-LexA and RecA*/32P-LexA
assays, could potentially interfere with the RecA*/LexA interface.

To gain further support for specificity in the mode of action and demonstrate that our leads
were not false-positive, pan-assay interference compounds (PAINS),*3 we examined whether
the compounds were specifically inhibiting LexA autoproteolysis. First, since proteolysis is
mediated by the CTD, we reasoned that DNA binding activity, primarily mediated by the
NTD, should be unaffected. Compounds were examined for any impact on LexA binding to
operator DNA.32 To quantify DNA binding, we performed electrophoresis mobility shift
assays that monitor LexA binding to fluorescently-labeled operator DNA in the presence or
absence of compound (Figure 5C). In the presence of the five lead compounds at 50 pM, no
significant change was observed in the ability of LexA to bind to operator DNA (Figure 5C
& S9). To further examine selectivity, two compounds, C1 and D1, were selected to estimate
the specificity for inhibition of LexA autoproteolysis over inhibition for other proteases. The
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compounds were tested against two serine proteases (HCV1a protease and DPP4), an
aspartyl protease (renin) and a cysteine protease (caspase 3). No inhibition was observed
with D1 for all four proteases. C1 showed no activity against renin and the HCV1a protease,
and only 31% and 26% inhibition at the highest concentration analyzed (100 uM) for DPP4
and caspase3, respectively (Table S2). Given the data indicating that D1 could inhibit LexA
alone, we also performed a thermal shift assay with this pair. In this assay, D1 displayed
stabilization of the LexA melting temperature, indicative of a direct binding interaction
between the compound and the protein (Figure S10), a shift not observed with C1. As a
complement to our biochemical assays, GSK noted that the Inhibition Frequency Indexes
(defined as how often a given compound exhibited >50% inhibition in GSK screens
conducted prior to ours) for C1, D1, and S5 are 1, 0 and 3 percent, respectively, suggesting
an overall low promiscuity of these compounds (Table 2). Thus, we conclude that these leads
show specificity for targeting the RecA*/LexA axis.

To further establish the target protein, the impact of the compounds on RecA alone was also
investigated. Following completion of the main HTS campaign, the transferred compounds
were subjected to a previously validated assay, which measures disruption of pre-formed
RecA* filaments on fluorescently labeled single-stranded DNA by fluorescence polarization.
19 Using this RecA*-only assay, one compound, S8, inhibited RecA polymerization, with a
potency that was similar to that observed in the full HTS assay (ICsq = 95 pM); none of the
remaining 31 compounds, including the other four disclosed leads, displayed detectable
activity (Figure S11). The accumulation of data from the mechanistic assays suggest that of
the compounds selected, D1 likely acts on LexA alone, C1 and S5 interfere with the RecA*/
LexA interface, S8 weakly targets RecA, and A3 may be an anomalous hit.

Potential for advancement of tool compounds

At the conclusion of our HTS efforts, in a forward-looking manner, we next sought to assess
the barriers in translating these leads from tool compounds for probing the SOS pathway to
potential therapeutics. In this regard, we focused on analysis of C1 and D1, the two most
potent compounds in established assays and with significant potential for downstream
optimization through medicinal chemistry efforts. We focused on characterizing C1 and D1
with regards to three potential barriers: permeability and efflux, breadth of activity against
pathogens, and synergy with DNA damaging antibiotics. To first address permeability, we
examined C1 and D1 using our P ,.4-GFP reporter assay, now utilizing £. co// with an intact
tolC efflux pump. The level of SOS induction was monitored after inducing DNA damage
with ciprofloxacin in the presence of C1 and D1. Consistent with expectations, both
compounds reduce SOS induction in the cells in a dose-dependent manner, although not as
potently as seen in Afo/C strains (Figure S12), indicating that they are subject to active efflux
to some extent. To next assess activity against a different pathogen, we turned our attention
back to LexA from £ aeruginosa (LexApz). We expressed, purified, and labeled full-length
PKA-tagged LexAp, and evaluated C1 and D1 under both RecA*-dependent and
independent conditions using 32P-LexA s, (Figure S13). In RecA*-dependent cleavage, C1
and D1 display ICsq’s of ~150 and 135 pM (Table 2). In RecA*-independent cleavage
assays, C1 did not inhibit full-length LexA g, while D1 exhibited an 1C5q of 63 pM (Table
2). Thus, C1 and D1 both show activity against LexA p, but with lower potency than against
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LexA £, and the pattern of inhibition of C1 and D1 in mechanistic assays remained
consistent across the two LexA species. Finally, we tested whether C1 and D1 displayed
antibiotic activity in combination with other DNA damaging agents. We subjected Afo/C E.
coli strains to increasing levels of ciprofloxacin in the presence of 200 uM of either C1 or
D1 (Figure S14) and measured the number of surviving cells at 1 hour following treatment.
In the absence of ciprofloxacin, neither C1 nor D1 affected the survival of Afo/C E. coli,
relative to the DMSO carrier, and minimal impact on survival was observed at lower
ciprofloxacin concentration. At elevated levels of ciprofloxacin (between 125 and 250 ng/
mL), while surviving cells were detectable with ciprofloxacin alone, these were consistently
diminished in the presence of C1 or D1. This phenotype suggests that the two compounds
are weakly active inside cells, and underscores the need for further medicinal chemistry
efforts to improve the potency of these lead compounds.

In summary, by devising an HTS assay focusing on LexA cleavage as an endpoint we have
identified novel inhibitors of the SOS response that displayed specific mechanisms of action.
Our identification of D1 as a small molecule inhibitor active against LexA alone is
significant, as to date, only high levels of non-specific, pan-protease inhibitors or lariat
peptide inhibitors have been shown to inhibit LexA autoproteolysis.**45 Both C1 and D1
also show inhibition against LexA of P, aeruginosa, albeit with higher 1Cgqy’s, suggesting that
these compounds can be used to study the RecA*/LexA axis of different bacterial species.
The altered potency has prompted ongoing current work exploring modifications that could
enhance species-specific targeting or show broad spectrum anti-SOS activity.

Our /n vivoreporter and survival assays suggest a need for further medicinal chemistry
efforts to improving the cell permeability of both C1 and D1. Notably, genetic analysis using
E. coliwith a hypoactive LexA that reduced the rate of self-cleavage by ~5-fold showed that
the MIC of £. colito genotoxic agents (e.g. ciprofloxacin) was not altered; reduced viability
only became evident only when the LexA was fully inactivated by an S119A mutation.®
Thus, as opposed to some more conventional targets where partial inhibition can lead to
antibacterial effects, an added barrier to targeting the SOS response appears to be that
compounds targeting the RecA/LexA axis must display a high level of in-cell potency and
produce near complete SOS inhibition. C1 and D1 are amenable to serving as stepping
stones for medicinal chemistry efforts aimed at generating compounds with higher efficacy,
revealing structure-activity relationships (SAR), and improving activity in cells. For
example, compound C1, with a central triazole ring linked to two flanking phenyl rings is
accessible from fragments via a Huisgen Cycloaddition. Notably, the central 1,4-connected
1,2,3-triazole ring of the molecule has been reported to provide a geometry that is similar to
that of the B-turn,*6 and LexA’s cleavage loop is known to organize into a -turn in the
cleavable conformation. For D1, compounds with similar structures have been identified and
crystalized with the EthR repressor, implicated in ethionamide resistance in Mycobacterium
tuberculosis*” With regard to planned SAR studies, one limitation of our collaboration was
that the terms of the relationship excluded the disclosure of additional compounds to UPenn.
SAR trends within the chemotypes could not be readily disclosed by GSK without
effectively releasing data on additional compounds. However, GSK provided reassurance
that evidence of SAR was apparent in the initial HTS with the chemotypes of greatest
interest (C and D).
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Discovery in the anti-infective realm via academic-industry partnerships

Addressing the problem of antimicrobial resistance requires both novel targets and different
models for drug discovery. The scientific challenges and economic disincentives, spanning
discovery and marketing processes, have been documented as barriers to antibiotic discovery
in industry.#8:49 This problem is further compounded by competition, as well as a so-called
“herd-mentality” that focuses attention on well-trodden targets.>% On the academic side,
studies in the past decades have highlighted the potential of non-classical targets that could
help stem the tide of resistance, including quorum sensing, stress responses, and virulence
factors.51 However, to date, these insights have not yet yielded therapeutics for patients. This
result is likely due in part to the limited practical experience of academic laboratories with
the requirements for drug development, and also due to the regulatory challenges of
advancing agents as adjuvants. Partnership models that both encourage the pursuit of novel,
less validated targets in industry and help academic laboratories navigate the drug discovery
landscape can help stimulate the antimicrobial discovery field.28

Our experience offers examples of the strengths and challenges associated with one such
model for both partners. From the industry perspective, the GSK Discovery Fast Track
Challenge process helps to mitigate the risks and costs associated with identifying novel
targets, such the RecA*/LexA axis of the SOS response. Partnerships can often benefit from
having established systems for validation in academia, exemplified in our case by our
various cell-based reporter assays or strains with specific perturbations in the SOS pathway.
Although the cost and scale of the HTS we performed is significant, the volume of screening
in industry helps distribute these costs. From the academic perspective, libraries maintained
by industry, in addition to often being larger than those at academic centers, have been
highly curated to remove PAINS and other compounds with high false positive rates.*3 In
our case, the low hit rate of our assay made the scale of the screening critical, and
discussions with GSK helped make us cognizant of the downstream challenges in clinical
trial design with pursuing an adjuvant strategy. Enthusiasm and trust fostered by our
interactions helped in finding compatible solutions to questions of intellectual property and
material transfers, but we also faced limitations by being blinded to compounds along the
screening process and in the number of structures which could be ultimately disclosed.

In our study, we have isolated novel small molecule inhibitors of the SOS response,
including “first-in-class” agents that show direct inhibition of LexA self-cleavage. These
compounds offer critical, and needed, tool compounds to probe the relevance of the SOS
response to antibiotic evasion and starting points for ongoing medicinal chemistry efforts
geared towards achieving drug-like potency and properties in cell-based assays. Having
navigated our partnership towards this stated goal, we suggest that continued innovation in
the models for relationships between academia and industry are highly justified, not only in
lead identification but also in the many different phases needed to discover and develop new
anti-infectives.
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Protein Constructs

The FIAsH-LexA g, construct was made by appending the following in sequence: an N-
terminal maltose binding protein, a TEV-protease recognition site, a FLAsH-binding
sequence (CCPGCC), a truncated version of £. coli LexA (residues 75-202), and a C-
terminal poly-His tag in a pET41 expression vector backbone. An analogous construct with
LexA from £ aeruginosawas generated using LexA p, residues 81-204. Corresponding
control constructs with a mutation of the catalytic serine residue (S119A for £. coli, S125A
for P. aeruginosa) were also prepared. Expression and purification of FIAsH-LexA variants,
full-length LexA, and RecA proteins are described in the supplemental methods, along with
fluorescent and radioactive labeling methods.

LexA cleavage assay conditions and plate setup

The assay setup for the pilot screen with FIASH-LexA p; is described in the supplemental
methods. For the FIAsH-LexA £, HTS screen, reactions were optimized to volumes suited
for 1536-well plates. Each well contained 50 nM FIAsSH-LexA g, 133 nM RecA, 5 uM
ssDNA (SKBT25: 5'-GCG TGT GTG GTG GTG TGC-3"),%25 uM ATPS in 100 mM
Tris-HCI, pH 6.5, 150 mM NaCl, 5 mM MgCl», 0.01% (w/v) BSA, 0.1 mM TCEP, and
0.01% (w/v) Pluoronic-F127. The controls, utilized for the Z” and S/B calculation, were
located in the last two columns of the plate and included all components of the assay listed
above except for the RecA. Compounds or DMSO carrier were stamped onto the plates with
an Echo 555 Liquid Handler (LabCyte). Reaction components were added as 2 pL additions
of RecA* solution (ATP+yS, ssDNA, and +/- RecA) and 2 pL of FIAsH-LexA g using a
Combi liquid handler (Thermo-Fisher). Reactions were centrifuged for 1 minute at 500 rpm
and incubated for 30 minutes at room temperature. Reactions were quenched with a 2 uL
addition of 45 mM EDTA, pH 8.0, and plates were read on ViewLux imagers (PerkinElmer).
The final assay conditions resulted in a 100-120 mP difference between the uncleaved and
cleaved control wells, representing an approximately 60 percent cleavage of the FIAsH-
LexA £, For each plate, the Z’-score was calculated from the cleaved and uncleaved control
wells according to standard procedures.

HTS validation set

To assess the robustness of the FIASH-LexA assay, an established set of 9722 compounds
(the GSK validation set) was tested at 10 uM in triplicate. The Z” score, the standard
deviation of the sample population, false positive/negative rates, and statistical active rate
were determined using a potency cut-off defined as the mean plus three standard deviations
(3SD). The results are summarized in Figure S3 and Table S1.

Full HTS campaign

The full GSK diversity library (~1.8 million compounds) was tested at 10 uM in a 1536-well
format. Batch screening was standardized to a volume of 96 plates (~135K compounds) and
performed once or twice a day for a 2-week period, with a total of 1,376 plates tested.

Compounds that displayed a percent inhibition of greater than or equal to 16% were selected
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for retesting in duplicate. Retested compounds that displayed auto-fluorescent properties
were eliminated. The remaining compounds were tested in duplicate for dose-response in 2-
fold serial dilutions with a top concentration of 200 uM and a total of 11 dose response
points. Compounds that displayed dose-dependent changes in intrinsic fluorescence were
also eliminated. The remaining compounds were then grouped by chemical family.

Cell-based SOS reporter assays

E. coli K12 MG1655 strain with or without the fo/C transporter (Ato/C)>3 was transformed
with a reporter plasmid where gfp expression is under the control of the recA promoter
(pPMS201 P o.4-GFP).42 To generate the S119A/Ato/C strain, MG1655 strains with the
S119A mutation in the /exA gene8 were transduced with a P1,;, lysate derived from the to/C
knockout strain of the KEIO collection.>3 For the control strain with a constitutively
repressed SOS pathway, the S119A/Afo/C strain was transformed with P .4 GFP plasmid.
For the control strain with a constitutively expressed reporter, the MG1655 Afo/C strain was
transformed with a reporter plasmid containing GFP under the control of the recA promoter
where the sequence of the LexA binding box in the recA promoter was reversed (pMS
P,,E.cA(,E.,,)_GFP).8 Overnight cultures of the reporter strains were diluted 100-fold in M9
minimal media supplemented with 50 pg/mL of kanamycin and grown at 37 °C with
agitation to an ODsgg of ~0.6. 100 UL of culture were then added to a dilution series of
compound in 96-well deep-well plates and 100 pL of 256 ng/mL ciprofloxacin (in M9 media
with kanamycin) was added to the wells (final conditions: ODsg5 ~0.3 and ciprofloxacin 128
ng/mL). Cultures were incubated at 37 °C with agitation for 2 hours, after which the cells
were fixed by adding 200 pL of phosphate buffer saline containing 4% paraformaldehyde.
Fixed cells were analyzed using flow cytometry (BD FACSCalibur, EX/Em: 488 nm/530 nm)
and the mean fluorescence of 20,000 cells in each condition was recorded. Population
histograms were analyzed with the FlowJo software. Additional details for the control cell-
based SOS reporter assays are provided in the supplemental material.

32p_|exA cleavage assay

LexA was engineered with a RRXS phosphorylation site for protein kinase A on the N-
terminus of full-length LexA. The construct was purified and labeled with 32P as described
in the supplemental material. Labeled LexA was incubated with a 2-fold dilution series of
compound, with the highest concentration being 200 uM. Cleavage assays were performed
under the following conditions: 100 nM 32P-LexA, 200 nM of RecA, 66 nM of SKBT25
sSDNA, 10 pM of ATP-yS, 5 mM MgCl,, 70 mM Tris-HCI, pH 7.0. Reactions were
incubated for 15 minutes at room temperature, stopped with the addition of 2X Laemmli
Buffer, and separated using 15% SDS-PAGE gels. For the RecA*-independent cleavage
assay, 32P-LexA was subjected to the identical compound concentrations and buffer
conditions as above, except without RecA, ssDNA, and ATP-yS. Reaction aliquots were
removed at 0, 2, and 4 hours. For both assay approaches, the protein bands were visualized
with phosphorimaging and the compound 1C5q was determined.

LexA electrophoresis mobility shift assay

Full-length, catalytically-inactive LexA g+-S119A was purified according to previously
published protocols.833 Increasing concentrations (0 to 1000 nM) were mixed with 10 nM
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of SOS operator DNA dual-labeled with Cy3 and Cy5 in EMSA running buffer (70 mM
Tris-HCI pH 7.5, 10 mM MgCls,, 150 mM NaCl, 5 mM DTT, 0.1 mg/ml BSA, 10 ng/uL
ssDNA, 5% glycerol, 0.04% bromophenol blue) in the presence of 50 uM of compound or
DMSO carrier. After incubation at room temperature for 30 minutes, 20 uL of each reaction
was run on 6% native PAGE gels at room temperature. Gels were visualized on a Typhoon
Imager using default fluorescence filter settings for Cy5. To obtain binding curves, gel bands
were quantitated in ImageJ to determine the fraction of bound DNA for each LexA
concentration. Data for each compound were fit to a variable-slope sigmoidal dose-response
curve.

Protease assays

Compounds were submitted to BPS Bioscience to test their activities on dipeptidyl peptidase
4, caspase 3, HCV1a protease, and renin. Assays were performed in accordance with
company practices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeting LexA and RecA to inhibit the bacterial SOS response
(A) Intact LexA (blue) acts as the DNA binding repressor for the SOS response. In the

normal stress response, exposure to antibiotic stress triggers RecA polymerization along
exposed, damaged single-stranded DNA, forming RecA* (red ovals). Formation of RecA*
induces the autoproteolysis of the LexA repressor-protease, leading to the induction of SOS
genes. Inhibition of the SOS response can increase antibiotic susceptibility by decreasing the
proficiency of DNA repair or by preventing the development of antibiotic tolerant states.
Inhibition of the response can also suppress acquired antibiotic resistance by inhibiting pro-
mutagenic DNA repair mechanism or decreasing horizontal gene transfer (HGT). (B) Design
of the FIAsH-LexA HTS assay. Structural images shown here are derived from existing £.
coli LexA crystal structures (Full-length LexA: PDB 1JSO; Truncated LexA: PDB 1JHE).
The N-terminal DNA binding domain of LexA was replaced with the short hexapeptide
motif CCPGCC, which specifically binds to FIASH-EDT,. (C) Incubation of 100 nM
FIAsH-LexA £, with 300 nM RecA* induces autoproteolysis, resulting in the release of the
small labeled peptide and an associated FP signal change (top panel). Mutation of the
catalytic serine (S119) to an alanine abrogates self-cleavage (bottom panel). Data points
represent the average values of five independent measurements and the error bars represent
standard deviation.
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Figure 2. Partnership between the University of Pennsylvania (UPenn) and GSK to screen for

SOS inhibitors

(A) Contributions of UPenn and GSK are colored with blue and red, respectively. The panels
on the left summarize the major milestones in the partnership, while the right panels provide
details on the HTS screen and the secondary screens. Despite the division of labor, methods
and results were openly discussed between the two groups whenever appropriate. (B)
Response distribution of the HTS screen. Plotted is a histogram of the responses (% activity)
observed across 1.8 million compounds, grouped into 179 bins. The mean value of inhibition
(0.99%) is noted and the 15.95% response cutoff is highlighted in purple, leading to 5544
statistical actives after primary screening.
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Figure 3. Cell-based SOS reporter assay
(A) E. coli AtolC strains transformed with a GFP-based SOS reporter plasmid. Exposure of

this strain to ciprofloxacin stress induces the SOS response and GFP expression. Inhibitors
that block SOS induction would cause a reduction in GFP fluorescence. (B) Representative
population histograms of the SOS reporter strain. Mid-log phase cell populations stressed by
ciprofloxacin (+ FQ) are shown in blue, while non-stressed cells (No stress) are shown in
red. Cells treated with 50 pM of compound are in green (+ FQ, + compound). Population
histograms of all compounds are shown in Figure S4. (C) Dose response of compounds in
the cell-based assay. The left panel shows a representative population histogram of MG1655
E. coli AtolC cells treated with increasing levels of compound C1. The right panel shows
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dose response curves of compounds C1, D1, and S5 in the reporter assay. The percent
inhibition was calculated relative to fluorescence of cells not exposed to ciprofloxacin. Each
data point represents the mean of two independent measurements and the error bars
represent the range of values. Dose responses of all compounds are shown in Figure S5 and
assay of C1 and D1 with WT MG1655 are shown Figure S12.
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Figure 4. Structures of the compounds released after HTS
The five compounds were selected based on available biochemical and cell-based data, and

subjected to additional validation and mechanistic assays.
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Figure 5. Orthogonal biochemical assays examining compound activity against LexA
(A-B) Representative gels of compound D1 and dose response curves of compounds C1,

D1, and S5 are shown across the two assays. Gel images and dose response curves of all five
compounds are in Figure S7. (A) The RecA*/32P-LexA cleavage assay. Radiolabeled LexA
was incubated with compound and self-cleavage was stimulated by adding RecA*. (B) The
RecA*-independent cleavage assay identifies compounds that inhibit on LexA
autoproteolysis alone. Radiolabeled LexA was incubated with compound and the progress of
basal self-cleavage at neutral pH was monitored over 4 hours. Inhibition can be observed
based on the decreased accumulation of labeled LexA NTD as a function of increasing
compound. Given the longer exposure time, a minor contaminating band can be seen
running above the NTD in the RecA*-independent assay, but not the RecA*/32P-LexA
cleavage assay. (C) The LexA/DNA binding assay. Representative gels of C1, D1, and S5
are shown. EMSA gels of all five compounds are found in Figure S8.
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Screening statistics

Total HTS compounds screened 1,814,611
Predicted hit rate, %4 0.14
Predicted 3SD cutoff, %2 15.10
No. primary 1536 assay plates 1376
Average Z' (SD) 0.72 (0.03)
Average robust 3SD cutoff, % 15.95
Average hit rate, % 0.31
Number robust actives in primary screen 5544
Statistical actives upon replicate screening 396
Potency bins (pICsg) earmarked compounds

<5 125

5-6 17

6-7 2

>7 0

aBased on data obtained in the validation set (see Table S1)
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