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Abstract

Antibacterial adjuvants are of great significance since they allow to lowering the therapeutic dose
of conventional antibiotics and to reduce the impact of antibiotic resistance. Herein we report that
O-acetylserine sulfhydrylase (OASS) inhibitors can be used as colistin adjuvants to treat infections

caused by Gram-positive and Gram-negative pathogens. A compound that binds OASS with nM



dissociation constant was tested as adjuvant of colistin against six critical pathogens responsible for
infections spreading worldwide, Escherichia coli, Salmonella enterica serovar Typhimurium,
Klebisiella pneumoniae, Staphylococcus aureus, methicillin resistant Staphylococcus aureus and
Staphylococcus pseudintermedius. The compound showed promising synergistic and additive
activities against all of them. Knock-out experiments confirmed the intracellular target engagement
supporting the proposed mechanism of action. Moreover, compound toxicity was evaluated by
means of its haemolytic activity against sheep defibrinated blood cells, showing a good safety
profile. The 3D structure of the compound in complex with OASS was determined at 1.2 A resolution
by macromolecular crystallography providing for the first time structural insights about the nature
of the interaction between the enzyme and this class of competitive inhibitors. Our results provide
a robust proof of principle supporting OASS as a potential non-essential antibacterial target to
develop a new class of adjuvants and the structural basis for further structure-activity relationship

studies.
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INTRODUCTION

The discovery of antimicrobial drugs made possible significant scientific progresses in medicine and
agricultural fields in the past century.! Unfortunately, the misuse and overuse of antibiotics have
led to the emergence of multidrug resistant (MDR) and extensively drug resistant (XDR) bacteria.?
Infections caused by resistant pathogens are difficult to treat and often require more costly and

toxic alternatives to drugs commonly used in therapy.® The expectations for the future are not



encouraging and issues related to antimicrobial resistance (AMR) are expected to increase if greater
efforts will not be made to preserve currently available drugs and to intensify the search for new
antimicrobial agents.? In this regard, a promising strategy is the use of combination therapies aimed
at lowering the required antibiotic dosage, and, in turn, leading to the reduction of the occurrence
of adverse events and of the development of resistance. It has already been proven that the use of
antibiotic adjuvants is a winning strategy in (i) fighting MDR and XDR bacteria and (ii) improving the
safety profile of antibiotics endowed with narrow therapeutic window, allowing for the preservation
of the already existing antibacterial drug arsenal.* Adjuvants are molecules with weak or absent
antimicrobial activity that, when used in association with antibiotics, can lead to an enhancement
of the antibiotic activity by minimizing or blocking resistance and/or by reducing the clinical dosage
at which the therapeutic effects is obtained.> Among others, one of the most successful examples
is the combination of amoxicillin and clavulanic acid, which led to the commercialization of co-
amoxiclav.b Another relevant example is the association of sulfamethoxazole and trimethoprim
which are both antimetabolites and exert their action by decreasing the synthesis of the essential
metabolite folic acid.” Bacterial metabolic pathways represent a still underexploited reservoir of
potential targets for enhancers of antimicrobial therapy. The non-essentiality of such targets for
microbial survival outside the infection setting ®° would in principle reduce the risk of the
emergence of resistance. In this context, among new possible pathways endowed with non-
essential targets described in literature,!? the cysteine biosynthesis pathway, also known as sulfur
assimilation pathway, turned out to be of great interest.!! In the past 10 years our group **7*° and
others 2%21 have developed inhibitors of the biosynthesis of cysteine in bacteria and mycobacteria
for application as antibiotics/enhancers of antibiotic therapy. Cysteine is a building block for all
sulfur-containing biomacromolecules that are crucial for living organisms and is produced by

bacteria and plants through the reductive sulfate assimilation pathway using inorganic sulfur



(mainly sulfate and thiosulfate).?? Mammals produce cysteine from the essential amino acid
methionine and lack all the enzymes of the sulfur assimilation pathway.?® The last two steps of
cysteine biosynthesis in bacteria are catalyzed by the enzymes serine acetyltransferase (SAT) and O-
acetylserine sulfhydrylase (OASS), respectively. The first enzyme catalyzes the activation of serine
to O-acetylserine (OAS), which is then converted to cysteine by the enzymatic activity of OASS.
These two enzymes can assemble in the so-called “cysteine synthase complex” (CSC) that is
stabilized through the interaction between the C-terminal sequence of SAT and the active site of
OASS.24-26

In most bacteria, at least two OASS isoforms exist, showing a high level of homology and peculiar
functional and structural properties: OASS-A, encoded by cysK, and OASS-B, encoded by cysM. In
bacteria, both isozymes use OAS as the first substrate and bisulfide as a sulfur source. In addition to
bisulfide, OASS-B can also use thiosulfate. OASS-A and OASS-B are differently expressed under
aerobic/anaerobic conditions; however, little is known about their respective roles under infection
conditions. For this reason, the identification of small-molecules able to inhibit the activity of both
OASS isoforms is of great interest.?’

In our previous works we have initiated a program directed to the design and synthesis of novel
substituted cyclopropane-carboxylic acids, aimed at improving their activity toward both OASS-A
and OASS-B isoforms. In particular, we were pleased to notice that, to the best of our knowledge,
UPAR415 (Figure 1) has been found as the most potent inhibitor towards both isoforms with a Kp
in the low nanomolar range 127151828

One of the most interesting results reported in literature about the phenotypic effects of the
inhibition of bacterial biosynthesis of cysteine is the effect on antibiotic resistance. Investigations
on deletion mutants of this pathway in Salmonella enterica serovar Typhimurium led to the

conclusion that unpaired oxidative stress response, due to inactivation of cysteine biosynthesis,



causes a decrease in antibiotic resistance in both vegetative and swarm cell populations, and, most
interestingly, conventional antibiotics are effective at lower doses.?® These findings suggest that
inhibitors of cysteine biosynthesis could enhance the efficacy of antibiotic treatment, decreasing
the spreading of resistance and allowing the use of antibiotics at a lower dosage. Based on such
observation, it is plausible that chemical inhibition of OASS isoforms represents a good approach
for the development of enhancers of antibiotic therapy.

Among the antibiotics belonging to the drug arsenal used to treat resistant bacterial infections,
colistin is considered a last-resort molecule, used to treat severe infections caused by MDR and XDR
bacteria.?® In this frame, colistin is viewed by the World Health Organization (WHO) as the last-
resort treatment to deal with serious antimicrobial resistant infections in patients in critical
conditions.

Colistin, together with polymyxins, belongs to the class of glycopeptide antibiotics that is produced
by Bacillus polymixa var. colistinus.®* The colistin bactericidal effect is reached through the
interaction with components of the outer membrane of Gram-negative bacteria.3? Indeed, by
binding to lipopolysaccharides (LPSs) and phospholipids of the outer cell membrane it competitively
displaces divalent cations (Ca?* and Mg?*) from the phosphate groups of membrane lipids. This leads
to disruption of the outer cell membrane, leakage of intracellular contents and bacterial death.33
Due to its mechanism of action, colistin is not devoided of severe adverse effects, including
nephrotoxicity and neurotoxicity, which hampered its clinical use.3* Indeed, after almost a decade
since its discovery, colistin was replaced by other antibiotics. Nevertheless, the spreading of MDR
and XDR bacteria, especially those belonging to the ESKAPE group, has led to the renaissance of the
worldwide colistin clinical use.?

We thus decided (i) to challenge UPAR415 as potential colistin adjuvant against different pathogenic

bacteria in vitro, (ii) to provide, by using cysK and cysM knock-out S. Typhimurium strains, a proof



of principle that UPAR415 exerts its in-vitro activity through the inhibition of both OASS isoform:s,

and (iii) to disclose the structural details underlying OASS inhibition by X-ray crystallography.

RESULTS AND DISCUSSION
The bacteria chosen for testing the potential application of UPAR415 (Figure 1) as a colistin adjuvant
were: E. coli, S. Typhimurium, K. pneumoniae, S. aureus, methicillin resistant S. aureus (MRSA) and

S. pseudintermedius.

o™

(15,25)-1-(4-methylbenzyl)-2-phenylcyclopropanecarboxylic acid
UPAR415

Figure 1. Chemical structure of UPAR415.

This choice was dictated by the following reasons: (i) they are important, worldwide distributed,
human opportunistic pathogens which often cause resistant infections; (ii) some of them are part
of the ESKAPE group and the antibiotic treatments for these infections are usually aggressive, toxic,
and largely inefficient; (iii) according to the literature and to our previous works in this field, there
is evidence that the enzymes of the sulfur assimilation pathway, and in particular OASS, are
expressed in the aforementioned pathogens and might be involved in the mechanisms of antibiotic
resistance. The existence of the genes coding for the enzymes involved in sulfur assimilation has
been confirmed for all the six pathogens either by published studies®>3® or by homology in
UniProtkB and Kegg Pathways databases.3” However, whereas in Gram-negative bacteria the two

OASS-A and OASS-B isozymes are present, in Gram-positive the existence of isozymes with distinct



substrate preferences or expression patterns has never been thouroughly investigated. In S. aureus
an O-acetylserine sulfhydrylase with higher sequence identity to CysK but able to use thiosulfate as
substrate has been described. 3® In Figure 2 the sequence alignment of Salmonella CysK with
homologs from Gram-positive and Gram-negative bacteria is shown. The active site residues are
strictly conserved, except for le230 that, however, underwent a conservative substitution to
leucine in Staphylococcus spp. This indicates that molecules developed against Salmonella CysK
should in principle bind with comparable affinity to the orthologs from different species.

Indeed, while S. Typhimurium was considered as a model for computational studies, target
engagement validation and crystallographic investigations, in most cases the results obtained could

be expanded to other pathogens of great clinical interest.
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Figure 2. The alignment of the amino acid sequences of CysK from Gram-negative (Salmonella, StCysK; E. coli, EcCysK;

K. pneumoniae, KpCysK) and Gram-positive (S. aureus, SaCysK; MRSA, MRSACysK; S. pseudintermedius, SpCysK) bacteria.



Alignment was performed using the Clustal Omega program®® (running on UniProtKB). Similarity scores were calculated
by the ESPript program* using the Blosum62 matrix set at default global score. Residues of the active site are marked
with a blue dash below the alignment. The active site lysine is marked with a star. The secondary structure elements

depicted on the top of the alignment are taken from PDB entry 10AS.

Inhibition activity profiling on pathogen cells growth in-vitro

We decided to test UPAR415 into a multi-step pipeline. We firstly evaluated the activity of UPAR415
alone against six representative pathogens (Table 1). In a rich medium, where cysteine is largely
available and its biosynthesis is thus inhibited, OASS is a dispensable enzyme and its chemical
inhibition should not affect bacterial cell growth and survival. On the other hand, testing OASS
inhibitors in a rich medium would be of poor significance for the purpose of this study. In fact, the
cysteine present in the growth medium would be transported inside the cells, thus reversing the
inhibition of its biosynthesis. Therefore, minimal inhibitory concentrations (MICs) were evaluated
both in conventional Miller-Hinton broth (MHB) and in minimal media (20% LB) with a limited
amount of nutrients, where cysteine is present at a lower concentration, and thus the effect of
inhibiting its biosynthesis would lead to growth-inhibiting effects. In line with this reasoning, the
data reported in Table 1 show that UPAR415, used alone, does not possess bactericidal or
bacteriostatic effects on most of the tested strains and only negligible effects on S. aureus and S.

pseudintermedius in both media.

Bacterial strains MIC (pg/ml)
MHB 20% LB
E. coli ATCC25922 >256 >256
S. Typhimurium ATCC14028 >256 >256

K. pneumoniae ATCC13883 >256 >256




S. aureus 128 107

MRSA >256 >256

S. pseudintermedius 111 136

Table 1. MIC of UPARA415 tested alone against six different pathogens. MIC was measured on MHB broth or 20% LB.

In order to rule out the possibility that these data are due to a likely possibility that UPAR415 does
not pentretate into Gram-negative cells, we used PMBN as a non-antibiotic membrane
permeabilzer. To this purpose, UPAR415 was used in combination with Polimixin B nonapeptide
(PMBN),** a membrane destabilizer, lacking of antibacterial activity. Even in this case, no
appreciable MIC is observed (See Supplementary Table S1), supporting the notion that (/) UPAR415
has no antibactierial activity per se, and (ii) the lack of activity of UPAR415 in cells growing in vitro
is not linked to penetration/accumultion issues but rather to the fact that the compound exerts its
activity only as colistin adjuvant. Instead, when administered as colistin adjuvant, UPAR415 reduces
the level of cell growth, in some cases even at the lower concentrations tested.

Having thus excluded that UPAR415 behaves as an antibacterial agent in its own, we decided to
further evaluate it as an adjuvant in combination with colistin, to get clues about their potential

synergistic, additive, or antagonistic interactions.

Combination with Colistin

UPARA415 was tested in combination with colistin at different concentrations on both MHB and 20%
LB, to assess any effect of cysteine availability.

A strong effect can be observed when UPAR415 is used at 32 pug/ml and 64 pg/ml in association
with colistin on K. pneumoniae cells growing in vitro. In this condition the MIC of colistin becomes

seven times lower with respect to when administered alone. It is possible to see the same trend



with the other Gram-negative bacteria tested, indeed a 2.5-fold decrease in MIC is observed in E.
coli when colistin is tested in the presence of UPAR415 at 64 pg/ml. In the case of Salmonella the

MIC in the presence of 32 ug/ml UPAR415 decreases more than 4-fold.
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Figure 3. Y Axis: MIC (ug/ml) values of colistin alone or in combination with UPAR415 as an adjuvant, in Gram-negative
and in Gram-positive bacteria, in both MHB and 20% LB broths. X Axis: Gram-negative and Gram-positive bacteria.
Growth was assessed using optical density measurements at 540 nm and percent growth inhibition was calculated in

comparison with cells incubated in a medium added with solvent alone (1% DMSO). The results are presented as the



average of three independent experiments, each carried out in triplicate, £ standard deviation (*p < 0.05, **p < 0.01,

***p < 0.001, between colistin alone and colistin + UPAR415 64 ug/ml, as determined by ANOVA).

The results of the growth of bacterial strains in 20% LB broth are similar to those in MHB (Figure 3).
It is also possible to notice that the considered bacterial strains are more resistant to colistin effect
in 20% LB medium and, especially in Gram-negative bacteria, the MIC value of colistin is higher than
in MHB. These results are in agreement with the fact that the MIC for colistin is higher in 20% LB
than in MHB for all Gram-negative bacteria tested, which might indicate that for these bacteria
nutrient deprivation mimicks a stress condition, possibly similar to the one found under infection
conditions that is often associated with an increased tendency to develop resitance. On the other
hand, the MIC for colistin is higher all Gram-positive bacteria. In this case, it should be noted that
colistin has a very limited potency on Gram-positive bacteria and produces a bactericidal effect only
at high concentrations, both in 20% LB and MHB, when administered alone. The results in Figure 3
show how, in Gram-positive bacteria, the MIC of colistin decreases when UPAR415 is co-
administered at 64 pg/ml.

These results are very promising for Gram-positive bacteria because they show that, using this
combination, it is possible to widen the spectrum and the use of colistin reducing the dosage of such

antibiotic.

Fractional Inhibitory Concentration (FIC) index determination

The Fractional Inhibitory Concentration (FIC) index is used to quantitatively determine the
synergistic interaction between antibiotics and adjuvants. The FIC index method is one of the most
accurate means for determining synergistic interactions when two inhibitors are studied in various
combinations. A synergistic effect is assumed when the FIC index value of the compound of interest

is < 0.5. Previous research has also shown that the ratio in which an antibiotic and its adjuvant are



combined could influence the type of their interaction.*? In Table 2 is it possible to see the FIC index
of the most potent combinations of UPAR415 and colistin, both in MHB and 20% LB broths.
Regarding the Gram-negative bacteria, the FIC index is consistently lower than or equal to 0.5, a
value that indicates a syngergic interaction, except for of E. coli, for which the FIC index indicates an
additive activity. Of notice, the FIC index is smaller when calculated for combinations in 20% LB,
which indicates a more pronounced synergism. Regarding Gram-positive bacteria, the results
indicate an additive activity for all the evaluated strains. These observations suggest that using an

inhibitor of the cysteine biosynthetic pathway as an adjuvant in combination with colistin is a

promising strategy to fight AMR.

Bacterial strains MHB 20% LB
UPAR415 MIC colistin FIC Index MIC colistin FIC Index
(ng/ml) (ng/ml) (ng/ml)
E. coli 64 0.17 £0.07 0.56 0.21+0.06 0.28
(Additivity) (Synergy)
S. Typhimurium 64 0.23+0.08 0.48 0.14+0.01 0.17
(Synergy) (Synergy)
K. pneumoniae 64 0.03+0.01 0.26 0.08 £0.04 0.16
(Synergy) (Synergy)
S. aureus 64 16.00 £10.45 0.75 7.00+1.85 0.61
(Additivity) (Additivity)
MRSA 64 2133 +£8.00 0.58 8.57+3.60 0.52
(Additivity) (Additivity)
S. 64 0.23+0.04 0.58 0.23+0.04 0.62
pseudintermedius (Additivity) (Additivity)




Table 2. FIC index of the most potent combinations of UPAR415 with colistin.

St CysK and CysM profiling and comparison with UPAR415 chemical inhibition

To establish the target engagement inside the bacterial cell of UPAR415 and to prove that the
phenotypic observation is linked to the chemical inhibition of OASS-A and/or OASS-B, target
engagement experiments were performed. The DW378 mutant strain of S. Typhimurium, in which
OASS-A and OASS-B were inactivated®® , was used to demonstrate that administration of UPAR415
leads to phenotypic manifestations matching those observed in the wild type bacterium. We
measured the MIC of both UPAR415 and colistin on the DW378 strain, to be compared with the
values obtained on the WT strain. The effect on the MIC for colistin of the combination with 64

ug/ml UPAR415 in the DW378 strain was also measured (Table 3).

Bacterial strain MIC MIC UPAR415 MIC Colistin
UPAR415 Colistin (ug/ml)  (pg/ml) (ng/ml)
(ng/ml)
S. Typhimurium ATCC14028 >256 0.71+0.21 64 0.23 +0.08
S. Typhimurium DW378 >256 0.14 +0.09 - 0.14+0.09
64 0.14+0.07

Table 3. UPAR415 tested in combination with colistin in S. Typhimurium wild type and mutant strains.

UPAR415 alone does not exert any bactericidal effect on the Salmonella DW378 strain, as observed
for the WT strain. On the other hand, when the MIC assay was performed on the mutant strain, the
MIC value of colistin was 5-fold lower than for the wild-type strain, a result in line with those
obtained with the association of colistin and UPAR415 in WT cells. To demonstrate that the

synergistic effect is due only to the combined action of UPAR415 and colistin in cells, a MIC assay



was performed using UPAR415 at 64 pug/ml in combination with different concentrations of colistin
in the DW378 strain. It is worth to notice that there is no change in colistin MIC in the presence of
UPARA415 in the OASS-inactivated strain. To further support the mechanism of action of UPAR415
similar experiments were performed in M9 minimal media, deprived of relevant metabolites,
including cysteine. The results are reported in Table 4, showing that UPAR415 alone again does not
show any antibacterial activity, while colistin alone has a MIC of 16 ug/ml, which is significantly
reduced by 64-fold when UPAR415 is co-administered . Noteworthy, the synergistic effect of
UPARA415 is slightly counteracted when a 0.02 mM Cys replenishment is provided**.

These results are in line with the hypothesis that the effect on bacterial cell viability is mainly due

to the synergy of action between colistin and OASS inhibition.

COLISTIN COLISTIN

COL +UPAR 64 ug/ml COL +UPAR 32 ug/ml COL + UPAR 16 ug/ml

Figure 4. Left: Y Axis: MIC (ug/ml) values of colistin in S. Thyphymurium, in M9 (blue) and in M9 + 0.02 mM cysteine
(orange) broths. Right: Y Axis: MIC (pg/ml) values of colistin for S. Thyphymurium, in M9 (blue) and in M9 + 0.02 mM
cysteine (orange) broths. X Axis: association of colistin with different concentrations of UPAR415. Growth was assessed
using optical density measurements at 540 nm and percent growth inhibition was calculated in comparison with cells
incubated in a medium added with solvent alone (1% DMSO). The results are presented as the average of three

independent experiments, each carried out in triplicate, + standard deviation

Evaluation of UPAR415 toxicity
To evaluate the toxicity against eukaryotic cell membrane, the effect of UPAR415 and
UPAR415/colistin combination was evaluated at different concentrations for their ability to exert

haemolytic activity against sheep defibrinated blood cells. Moreover we evaluated the toxicity of



the combination also as the viability of cells derived from a kidney of a normal adult bovine (MDBK)
growing in-vitro after the treatment of colistin/UPAR415 or UPAR415 alone. The results
demonstrated that after 16 hours of incubation, negligible haemolytic activity (<1%) was observed
in control wells, as well as at 24 hours (Table 5). Very low haemolytic activity compared with
controls (not greater than 2%) was observed at 32 and 64 while at 256 pg/ml it was around 5%. Also
in MDBK cell lines UPAR415 did not show toxicity (Figure 5), indicating a safe profile of either the
compound alone or in association with colistin. Hemolytic activity was only detectable when a high
colistin concetration (256 ug/ml) has been used, likely highlighting safety issues linked to colistin.
Such colistin concentration is significantly higher than the concentration required to exert the
synergistic effect (Table 5 vs. Table 2), supporting the notion that the UPAR415/colistin combination

has no toxic effect on eukaryotic cells.

UPAR415/Association % Emolysis % Viability of
MDBK cells

UPAR415 16 pg/ml 0.255% 71.76 £9.78%
UPAR415 16 pg/ml + colistin 0.125 pg/ml 0.151% 74.85 +10.39%
UPAR415 16 pg/ml + colistin 256 pg/ml 0.288% 67.13 +16.82%
UPAR415 32 pg/ml 0.514% 85.97 £ 6.88%

UPAR415 32 pg/ml + colistin 0.125 pg/ml 0.442% 81.74 +£9.80%
UPAR415 32 pg/ml + colistin 256 pg/ml 0.546% 66.86+11.87%
UPAR415 64 pg/ml 1.206% 80.14 +9,68%
UPAR415 64 pg/ml + colistin 0.125 pg/ml 0.837% 91.53+12.50%
UPAR415 64 pg/ml + colistin 256 pg/ml 0.748% 73.52 £ 7.24%
UPAR415 256 pg/ml 5.07% 93.67 £9.75%

colistin 0.125 pg/ml - 87.99 £7.29%
colistin 256 pug/ml - 52.95+16.77%

PC + DMSO 1% - 117 £18.38%

PC 100% 100%

Table 5. Evaluation of the toxicity of UPAR415 alone and in association with colistin as haemolytic activity and as viability
of MDBK cells growing in-vitro. Growth was assessed using optical density measurements at 620 nm and percent growth
inhibition was calculated in comparison with cells incubated in a medium added with solvent alone (1% DMSO). The
results are presented as the average of three independent experiments, each carried out in triplicate, + standard

deviation. PC means positive control.



Structure of UPAR415 in complex with OASS

The promising results obtained in microbiology with UPAR415 encouraged further investigations to
understand the molecular details of the interaction of the inhibitor with the enzyme. To confirm the
functional data suggesting a competitive binding mechanism with respect to the first substrate of
the enzyme, OAS,® the crystal structure of Salmonella OASS-A was determined in complex with
UPAR415 at 1.2 A resolution. Notably, the only available structure of OASS-A from Salmonella
complexed with a small organic molecule was obtained in 1999 when a purification-derived
methionine was found bound in the active site of a K41A mutant (PDB id: 1D6S).% The structure of
OASS-A from Salmonella was also determined in the unligated form (PDB id: 10AS) % and in the
inhibited form; the latter had a sulphate bound in the active site and a chloride ion bound in an
allosteric site (PDB code: 1FCJ).*” In a structure of Haemophilus influenzae OASS-A in complex with
a decapeptide that mimics the C-terminus of SAT (PDB code: 1Y7L),%?* only the four C-terminal amino
acids (NLNI) where visible while the rest of the sequence was disordered. This structure was
originally used as a starting point for the design of peptidic!®!®4® and non-peptidic inhibitors of OASS
that led to the identification of UPAR415.'> Using a modification of the crystallization protocol by
Burkhard*® we obtained well-diffracting crystals of OASS-A bound to UPAR415. Crystals belonged
to the space group P2;2:2; with unit cell parameters a = 56.67 A, b = 122.87 A, ¢ = 127.52 A,
a=B=y=90° and contained one dimer per asymmetric unit. Detailed data collection statistics are
shown in Table 4. The three-dimensional structure of the dimer is represented in Figure 5, panel A.
The overall final model contains a well-defined electron density for the entire main chain of each
polypeptide in the dimer, except for the last C-terminal residues. The protein adopts the fold of a

type Il pyridoxal 5’-phosphate (PLP)-dependent enzyme with each protomer having the PLP cofactor



linked as an internal aldimine to Lys41 (residues are numbered as in 10AS). No significant
differences are observed among the dimer chains, that superimpose well with rmsd of 0.12 (aligned
in Pymol).

UPARA415 density was clearly identified near the PLP cofactor (Figure 5, panel B), with the two
aromatic substituents on the cyclopropane ring pointing towards the active site entrance (Figure 5,
panel A) and forming hydrophobic interactions with residues lining the pocket (Phel43, lle229,
Ala231, Figure 5, panel C). The carboxylate group of UPAR415 forms hydrogen bonds with the side
chains of Thr68, Thr72 and Glu142, with the main chains of Asp71 and Thr72, and with a water
molecule, and inserts deeply into the active site occupying a position close to the one occupied by

the carboxylate group of methionine in the 1D6S structure (Figure 5, panel D).
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Figure 5. Three-dimensional structure of the complex between OASS-A and UPAR415. Panel A: OASS-A dimer is
represented, with one monomer shown in ribbon and one monomer shown in surface mode. The PLP cofactor is shown
in yellow and UPAR415 in green. Both ligands are shown in stick mode. Panel B: UPAR415 modeled inside the electron
density is represented in stick mode. Panel C: LigPlot showing the residues involved in the interaction with UPAR415 in
the active site of OASS-A. Panel D: superposition of 6Z4N (PDB code of this entry) with 1D6S and 1Y7L. The protein
structure has been removed from the representation and only PLP and ligands are shown. Ligands are as follows: Met



(pink) bound as an external aldimine to PLP (from 1D6S); NLNI tetrapeptide (purple) (from 1Y7L); UPAR415 (Cmpl,
green) (from 6Z4N).

Even more relevant is the almost perfect overlap between the carboxylate group of UPAR415 and
the C-terminal carboxylate of the NLNI peptide (Figure 5, panel D). The observation that the
carboxylate of UPAR415 occupies the same position of the carboxylate group of both peptidic and
non-peptidic ligands of the protein suggests that it should bind to the same carboxylate subsite of
the active site that was identified as essential for anchoring the ligand to the enzyme.*® This subsite
was identified for the complex between OASS-A and methionine (1D6S) and its occupation is
considered key for triggering a movement of the so-called asparagine loop (also known as substrate-
binding loop, SB loop) that pulls a whole subdomain of the N-terminal domain of the protein, thus
leading to the closure of the active site entrance. In the presence of methionine the stable structure
of OASS-A is indeed a closed state, where the N-terminal subdomain has undergone a rotation
moving by 7 A towards the active site entrance. On the other hand, the structure in the presence of
NLNI peptide is in the open form, demonstrating that, in this case, ligand binding does not trigger
active site closure. We thus superimposed the UPAR415/0ASS-A structure with the open (10AS),
intermediate/inhibited (1FCJ) and closed (1D6S), structures in their dimeric form. The structural
alignments resulted in rmsd of 0.576, 0.607, and 1.081 for open intermediate and closed structures,

respectively. The superpositions are shown in Figure 6.
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Figure 6. Superposition of the the open, inhibited and closed structures of OASS-A in complex with UPAR415. Panel
A: structural alignement of the UPAR415 inhibited OASS-A (6Z4N, green) to the open unligated form (10AS, yellow), to
the intermediate-allosterically inhibited form (1FCJ, blue), and to the closed-methionine bound form (1D6S, magenta).
The relative cofactor and ligands are represented as stick and bond, while the Cl ions are as blue spheres. Panel B: close-

up view of the binding site region, where the movement of helix 3-SB loop-helix 4 is visible.

Based on this analysis UPAR415 is able to induce only a partial closure of the active site, and thus
locks the enzyme in an almost open conformation resembling the 10AS unligated structure as well
as that of the allosterically inhibited structure of 1FCJ. We further explored this feature and
compared the position of the SB loop and nearby regions in the present and in the closed structure
(Figure 7). The SB loop moves toward the cofactor in the closed structure and contributes to the
narrowing of the active site. This large movement is not triggered by UPAR415, probably because
the loop would clearly clash with the tolyl substituent of the cyclopropane in the closed
conformation. Notably, the electron density for some residues belonging to the SB loop and helix 4
can be fitted to two alternative conformations, with about 50% occupancy each, suggesting that

this strech of the sequence is not stabilized by the ligand in a defined conformation.
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Figure 7. Detail of the superposition of the structure of OASS-A in complex with UPAR415 with the closed structure of

OASS-A in complex with methionine.



Conclusions

UPAR415 was tested as an adjuvant in combination with colistin at different concentrations,
revealing a synergistic or additive effect against all the bacterial species considered in this study.
Moreover, the use of S. Typhimurium DW378 strain, in which the genes encoding for OASS-A and
OASS-B were inactivated, revealed that the phenotypic effect due to chemical inhibition of the
enzymes is overlapping the phenotypic effects observed in the cysK and cysM inactivated S.
Typhimurium strain, supporting the notion that UPAR415 acts in the cell by inhibiting both OASS-A
and -B isoforms. The specific mechanism by which UPAR415 exherts its synergy with colistin is still
to be determined. It can be speculated, however, that while at sub-MIC concentration, colistin starts
stressing the bacteria which respond to the stressful event by activating cytoplasmatic pathways. If
these pathways -including the cysteine biosynthetic pathway— are inhibited, then the antibiotic
activity of colistin appear to be evident at lower concentration.

UPARA415 resulted to be non-toxic in haemolysis tests, highlighting that such compound does not
disrupt biological membranes.

Finally, the 3D structure of UPAR415 in complex with OASS-A was resolved by X-ray diffraction
studies confirming that the ligand binds in the active site and competes with the amino acidic
substrate. Furthermore, the ligand is able to elicit only a modest closure of the active site, likely as
a consequence of steric clashes between the tolyl substituent and the SB loop in the completely
closed conformation. This result is very relevant for the design of better ligands of OASS and will
pave the way for further cycles of medicinal chemistry optimization in the context of the
multiparametric optimization process.

Our results suggest that it is possible to identify compounds able to selectively target the microbial

reductive sulfur assimilation pathway by interfering with both OASS isoforms, providing a good



starting point supporting OASS as potential pharmaceutical target to develop a new class of

antimicrobial adjuvants.

EXPERIMENTAL SECTION

MIC test

MIC values were evaluated following the CLSI guidelines with some modifications (CLSI, 2018b).#
Reference bacterial strains were inoculated in sterile Muller Hinton Broth (MHB) and incubated
overnight at 37 °C. The bacterial suspension was centrifuged 20 min at 2000 rpm and 4 °C, then the
pellet was resuspended in phosphate buffer. The turbidity of the bacterial suspension was
immediately measured and adjusted by spectrophotometry. At 600 nm, the OD range 0.08-0.13 was
considered to correspond to a bacterial concentration of 108 CFU/ml. The obtained suspension was
further diluted 1:100 in appropriate medium to obtain a final bacterial concentration of 106 CFU/ml|,
and inoculated within 30 min.

MIC assay was performed in 96 wells microtiter plates by incubating colistin at concentrations
ranging from 256 pg/ml to 0.5 pg/ml with a final concentration of 5x10°> CFU/ml of bacterial
suspension in a volume of 100 ul. Growth and sterility controls were performed.

For each test, three independent experiments, with three replicates each, were performed.

After 24 hours of incubation, MIC value was evaluated as the arithmetic average of the lowest
concentration of colistin that completely inhibited the bacterial growth as detected by the unaided
eye. Standard deviation from average MIC value was also calculated. Quality control organism (E.
coli ATCC 25922) was tested periodically to validate the accuracy of the procedure.

OD plate readings were performed at 620 nm.



Checkerboard assay

Associations between colistin as antibiotic and UPAR415 as adjuvant were evaluated by
checkerboard assay.

96 wells microtiter plates were prepared with serial dilutions of colistin in MHB from MIC
concentration with 10 twofold dilutions, in order to have the final concentration in 100 pl. In each
well of the same replicate 1 ul of UPAR415 in DMSO has been added, at a fixed concentration 100
times higher than the final concentration desired. Plates were finally incubated with a bacterial
suspension of 5x10° CFU/ml, adjusted spectrophotometrically as reported above.

Each plate was incubated overnight at 37 °C in aerobic atmosphere.

To evaluate the antimicrobial effect of two molecules in association, the Fractional Inhibitory
Concentration (FIC) index was calculated #°. MIC of each of the two molecules tested individually
and in combination with each other was evalued. The results have been included in the following
formula:

MICA in combination MICB in combination

FIC =
MIC, MIC,

On the basis of the FIC index value, the antimicrobial activity of the associations could be synergistic,
additive, indifferent or antagonistic. In particular the molecules are synergic if FIC is < 0.5; additive
if FIC is included between 0.5 and 1; indifferent if FIC is included between 1 and 4; antagonist if FIC

is>4.

Hemolysis assay

Sheep defibrinated blood was purchased from Thermofisher Diagnostics, lot n. 36889400.



In a U bottomed 96 wells sterile plate 50 pl of sheep defibrinated blood were incubated with 49 pl
of sterile saline and 1 ul of UPAR415 at variable concentrations for 24 hours at room temperature.
Positive (100% haemoglobin release) and negative (0% haemoglobin release) controls were
respectively set up with sterile water and sterile saline added to 1% of sterile DMSO. After
incubation, the test plate was centrifuged at 1400 rpm for 15 min and, after transferring the
supernatant in a sterile plate, haemolysis was measured at 450 nm. Haemolysis percentage was

calculated as follows:

[1 - (Acomp - ANC )/ (APC - ANC )] x 100
where Acomp represents the optical density of the samples at 450 nm, Apc the optical density of the

positive control and Anc the optical density of the negative control.

Citotoxicity on MDBK cells assay

One microliter of UPAR 415 in DMSO at different concentrations was added in each well of 96-wells
plates containing 100 pl of MDBK cells in DMEM medium. Plates were incubated for 24 hours at 37
°C in the presence of 5% CO,. After incubation, 10 ul of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide) were added to each well and incubated at 37 °C for 6 hours. At
the end of the incubation, 100 pl of the solubilization solution (10% SDS in 0.01 M HCI) were added
to each well and then incubated overnight. The yellow tetrazolium MTT salt is reduced in
metabolically active cells to form insoluble purple formazan crystals, which are solubilized by the
addition of a detergent. After incubation plates were read with a spectrophotometer (620 nm).
Positive and negative controls were performed for each plate.®® Three replicates for two

independent experiments were performed for each assay.

Antibiotics:



Colistin was purchased from Sigma-Aldrich, MO, USA, lot n. 049M-4836V.

All the stock solutions were stored in small aliquots at — 80 °C until use.

Bacterial strains:

The following reference strains were tested:

Salmonella enterica subsp. enterica serovar Typhimurium ATCC 14028,

Staphylococcus aureus ATCC 25923,

Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300,

Escherichia coli ATCC 25922,

Klebsiella pneumoniae ATCC13883,

Staphylococcus pseudintermedius ATCC21284

The Salmonella Typhimurium DW378 strain defective for OASS-A and OASS-B (genotype: trpC109,
cysK1772, cysM1770) was used to confirm target engagement. DW378 is auxotroph for cysteine and
L-tryptophan and azaserine-resistant®®. The strain was identified in a study aimed at the isolation
of strains lacking OASS-B in the genetic background of the TK181 strain lacking OASS-A. In the
original paper the DW378 strain is reported to completely lack O-acetylserine sulfhydyrlase activity,
but no ultimate proof of the molecular origin of this phenotype is given. We demonstrate that OASS-
A is expressed at comparable amounts in the wild-type and DW378 strains, whereas OASS-B
expression is undetectable both in the wild type and in the DW378 strains (Supplemental Material
and Figure S1). Therefore, cysteine auxotrophy is due to inactivation of the enzyme but not to

complete deletion of the coding gene.

UPAR415

UPAR415 has been synthesized and characterized as reported by Pieroni et al.®



UPAR415 was dissolved in DMSO to a stock solution of 25.6 mg/ml, then tested at a final

concentration comprised in the range of 256-0.5 pug/ml, containing a maximum of 1% DMSO.

Crystallization and data collection
Crystallization and data collection
OASS-A was produced from E. coli expression and purified as described in Franko et al.?

Crystallization was performed by hanging drop vapor diffusion at similar conditions as described in

Burkhard et al.*® Drops contained 1 pL of 20 mg/mL StOASS-A mixed with 1 pL of reservoir solution
containing 30-31% PEG4000 (w/v), 130 — 180 mM Li;SO4 (Fluka), 100 mM Tris base pH 7.0. Crystals
grew within 5 days at 25 °C as monoclinic plates of 1.1 mm x 0.4 mm x 0.1 mm dimension. The
crystals were soaked for 2 hours at RT in a solution containing 1 mM UPAR415, 32% PEG 4000 (w/v),
150 mM LiSO4, 100 mM Tris pH 7.0 and 5% glycerol (as cryoprotectant agent) and subsequently flash
frozen in liquid nitrogen to be measured.

Diffraction data were collected at the Elettra XRD1 beamline (Trieste, Italy) using Pilatus 6M

(Dectris) detector and processed by XDS program.>!

Structure determination and refinement

The structure was solved by molecular replacement direct fft using the structure of (PDB code 10AS)
by rigid body procedure, implemented in PHASER of the CCP4 software suite.> Flexible loops of the
protein, PLP cofactor and water molecules were removed from the initial model to exclude model
bias during the first round of refinement. The UPAR415 molecule [DRG] manually fitted in the FoFc
electron density map. The model was improved using manual rebuilding with COOT>3 and maximum
likelihood refinement using REFMAC5.>* The final step of the structure refinement was performed

to 1.2 A with Ruork of 15.9% and Riree of 18.2% (Table 4). Structural alignments were calculated using



GESAMT algorithm>®, structure analyses were performed using COOT and PyMOL(TM) 2.0.6,

Schrodinger, LLC (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.)

The structure has been submitted to the Protein Data Bank with PDB code 6Z4N.

Wavelength

Resolution range

Space group

Unit cell

Total reflections

Unique reflections
Multiplicity

Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

cc*

Reflections used in refinement
Reflections used for R-free

R-work

OASS-UPARA415

1
46.6 - 1.2 (1.243 -1.2)
P212:12;

53.261 96.275 140.835 90 90 90
409172 (22602)

214538 (14933)

1.9 (1.5)

94.35 (65.85)

10.89 (0.72)

10.08

0.0286 (0.5601)

0.04044 (0.7921)

0.0286 (0.5601)

0.999 (0.569)

1(0.852)

213161 (14736)

10571 (747)

0.1596 (0.2977)



0.1824 (0.3058)

R-free
CC(work) 0.942 (0.402)
CC(free) 0.918 (0.466)
Number of non-hydrogen atoms 6208
macromolecules 5156
ligands 103
solvent 949
Protein residues 639
RMS(bonds) 0.016
RMS(angles) 1.95
Ramachandran favored (%) 97.48
Ramachandran allowed (%) 2.52
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 1.40
Clashscore 10.02
Average B-factor 17.90
macromolecules 16.91
ligands 18.19
solvent 23.22

Table 6. Data collection and refinement statistics. Values in parentheses are for the highest resolution shell. CCy; is
the Pearson’s correlation coefficient calculated for Imean by splitting the data randomly in half by AIMLESS/SCALA.>®
Statistics for the highest-resolution shell are shown in parentheses.
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