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Abstract

Staphylococcus aureus is one of the most dangerous pathogens commonly associated with high levels of morbidity and
mortality. Sortase A is considered as a promising molecular target for the development of antistaphylococcal agents. Using
hybrid virtual screening approach and FRET analysis, we have identified five compounds able to decrease the activity of
sortase A by more than 50% at the concentration of 200 uM. The most promising compound was 2-(2-amino-3-chloro-
benzoylamino)-benzoic acid which was able to inhibit S. aureus sortase A at the ICs, value of 59.7 uM. This compound was
selective toward sortase A compared to other four cysteine proteases — cathepsin L, cathepsin B, rhodesain, and the SARS-
CoV2 main protease. Microscale thermophoresis experiments confirmed that this compound bound sortase A with Kp, value
of 189 uM. Antibacterial and antibiofilm assays also confirmed high specificity of the hit compound against two standard and
three wild-type, S. aureus hospital infection isolates. The effect of the compound on biofilms produced by two S. aureus
ATCC strains was also observed suggesting that the compound reduced biofilm formation by changing the biofilm structure
and thickness.

Introduction
Supplementary information The online version contains Staphylococcus aureus (S. aureus) is one of the most
supplementary material available at https://doi.org/10.1038/s41429- common nosocomial pathogens that causes a number of
022-00524-8. hospital-acquired diseases ranging from skin infections to
54 Galyna P. Volynets severe human infections associated with high levels of
g.p-volynets @gmail.com morbidity and mortality such as sepsis, endocarditis,

osteomyelitis, necrotizing pneumonia, etc [1-3].
Department of Medicinal Chemistry, Institute of Molecular The main problem of staphylococcal infections treatment
Biology and Genetics, the NAS of Ukraine, 150 Zabolotnogo St, p phy

03143 Kyiv, Ukraine is the increasing emergence of multidrug resistance.
Nowadays, methicillin- (MRSA) and vancomycin-resistant

Institute of Pharmaceutical and Biomedical Sciences, Johannes . . . .
S. aureus (VISA and VRSA) strains remain serious medical

Gutenberg-University of Mainz, Staudinger Weg 5, 55128

Mainz, Germany and public problems worldwide since the antibiotics of the
3 Biofilm study group, Institute of Molecular Biology and Genetics, ~ 1ast choice such as linezolid, teicoplanin and daptomycin
the NAS of Ukraine, 150 Zabolotnogo St, 03143 Kyiv, Ukraine are not always effective and have shown a tendency to lose
*  RECEPTOR.AL Boston, MA, USA their effectiveness due to resistance [4-8]. Therefore, the

L.V. Gromashevsky Institute of Epidemiology and Infectious development of novel types of antistaphylococcal agents is

Diseases NAMS of Ukraine, 5 Amosova St, 03038 Kyiv, Ukraine ~ ©f great importance.
Department of Functional Genomics, Institute of Molecular . Sortase A is recogmzed as a er)mlslng druggable éml_
Biology and Genetics, the NAS of Ukraine, 150 Zabolotnogo St, virulence target [9—12]. Sortase A is a membrane-localized

03143 Kyiv, Ukraine cysteine transpeptidase that catalyzes the attachment of
7 Research and Development Department, Scientific Services surface virulence proteins to the cell wall [13], which play
Company Otava Ltd, 150 Zabolotnogo St, 03143 Kyiv, Ukraine essential roles in infection processes by promoting bacterial

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-022-00524-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-022-00524-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41429-022-00524-8&domain=pdf
http://orcid.org/0000-0002-2209-8681
http://orcid.org/0000-0002-2209-8681
http://orcid.org/0000-0002-2209-8681
http://orcid.org/0000-0002-2209-8681
http://orcid.org/0000-0002-2209-8681
http://orcid.org/0000-0003-0315-450X
http://orcid.org/0000-0003-0315-450X
http://orcid.org/0000-0003-0315-450X
http://orcid.org/0000-0003-0315-450X
http://orcid.org/0000-0003-0315-450X
mailto:g.p.volynets@gmail.com
https://doi.org/10.1038/s41429-022-00524-8
https://doi.org/10.1038/s41429-022-00524-8

322

G. P. Volynets et al.

adhesion, biofilm formation, host cell entry, acquisition of
important nutrients from the host, immune evasion and
suppression [14, 15]. Sortase A is a promising target since it
is localized on the extracellular side of the cell membrane.
This enhances the bioavailability of the inhibitor due to
accessibility of the target with no requirement for penetra-
tion through the bacterial cell wall. Another advantage is
that the sortase A does not have human homologs hence
selective inhibitors of this enzyme should possess lower
toxicity. Sortase A is not crucial for bacterial growth and
viability, and therefore, the inhibition of this enzyme is
expected to cause lower selection pressure on resistance
development [15, 16].

To date, several chemical classes of sortase A inhibitors
have been reported among synthetic and natural compounds,
[12, 16-21] but none of them have entered clinical trials as
yet. Therefore, it is of great interest for medicinal chemistry to
discover novel chemical scaffolds of sortase A inhibitors.

Materials and methods
Molecular docking

The semi-flexible receptor-ligand docking was performed
with the DOCK package [22-25]. As a receptor, the crystal
structure of S. aureus sortase A with PDB accession
code:2MLM was used [26]. The ligands geometry was
calculated with YFF force field [27] and the partial atomic
charges were added using the Kirchhoff method [28].
Docking parameters were set as reported previously [29].
The spheres in the active site of SrtA were generated with
the DOCK sphgen program. Grid maps were built using the
grid program with grid spacing 0.3 A. The all-atom model
was used for protein representation. We selected “multiple
anchor” parameter for molecular docking and the minimal
number of atoms in the achor was 6 and the maximum
number of orientations was 1000.

Visual analysis of docking complexes was carried out
with Discovery Studio Visualizer 4.0 [30].

Pharmacophore modeling

Receptor-oriented pharmacophore models were generated
based on the two crystal structures of S. aureus SrtA with
the ligands. The first primary pharmacophore model was
built taking into account the intermolecular bonds of the
small-molecular inhibitor benzo[d]isothiazol-3-one with
SrtA (PDB ID: 2MLM) [26] and the second pharmacophore
model was developed based on the complex of polypeptide
substrate with SrtA (PDB ID: 2KID) [31]. The excluded
volumes were generated using the atoms of amino acid
residues in the active site of SrtA within 5 A of the ligand.

SPRINGER NATURE

These models were optimized in different ways: excluding
several pharmacophore features, changing the radii, and
scores of pharmacophore features. Therefore, a number of
derivative pharmacophore models were obtained. Pharma-
cophore model validation was performed by screening
towards a training set containing 173 known inhibitors of
SrtA (cutoff of activity was 30uM). As a result, nine
pharmacophore models, which correctly predicted active
and inactive compounds from the training set, were selected
for pharmacophore screenings of the OTAVA compound
collection [32].

Sortase A (SrtA) expression and purification

Expression of the S. aureus SrtA was mainly performed as
described previously [33]. The SrtA-sequence containing
pET23b expression construct was transformed into com-
petent cells of the Escherichia coli (E. coli) strain BL21-
Gold (DE3) (Agilent Technologies, Santa Clara, California)
and grown in 100 uM ampicillin containing LB medium at
37 °C until they reached an ODgg of ~0.6—0.8. Expression
was induced with addition of 1 mM isopropyl-p-thioga-
lactoside (IPTG) for 16h at 20 °C. After harvesting by
centrifugation (10 min, 10 krpm), cells were resuspended in
lysis buffer (20 mM Tris, pH 6.9, 300 mM NaCl, 0.1% (v/v)
Tritony_ 109, DNase, lysozyme) and lysed by sonication
(Sonoplus, Bandelin, Berlin, Germany). The cleared lysate
(45 min, 15 krpm) was subjected to IMAC (HisTrap HP 5
ml column, GE Healthcare, Chicago, Illinois) to crudely
isolate the protein. Eluted fractions containing protein were
subsequently administered to a gel-filtration (size exclusion
chromatography, SEC) step (HiLoad 16/60 Superdex 75
column, GE Healthcare) in the SEC/storage buffer (20 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM CaCl,). Purified SrtA
was shock frozen in liquid nitrogen and stored at —80 °C
until further use. Throughout all steps, protein concentrations
were measured via absorbance at 280 nm and sample purity
was assessed via SDS-PAGE.

In vitro Sortase A inhibition assay

Assays of S. aureus SrtA transpeptidation activity were
performed as previously described [12]. Briefly, recombi-
nantly expressed SrtA (final concentration: 1pM) was
incubated in assay buffer (50 mM Tris, 150 mM NaCl, 5
mM CaCl,, pH 7.5) with 25 uM of Abz-LPETG-Dap(Dnp)-
OH and 0.5mM H,N-(Gly);-OH. Inhibitors were added
from DMSO stocks. Assays were initiated by the addition
of SrtA and monitored for 30 min at 30 °C in an Infinite
M200 Pro plate reader with A, 320 nm/A¢,, 430 nm. Three
technical replicates were performed for each inhibitor in
flat-bottomed black 96-well plates. Enzyme inhibition was
analyzed as previously described [12].



Identification of novel small-molecular inhibitors of Staphylococcus aureus sortase A using hybrid... 323

Protease inhibition selectivity

Fluorometric assays for cathepsin B, cathepsin L, and rho-
desain were performed as described previously [12]. Cbz-
Phe-Arg-AMC was used as the fluorogenic substrate (100
uM for cathepsin B, 6.5 uM for cathepsin L, and 10 uM for
rhodesain). Fluorometric assays for SARS-CoV2 MP™ were
performed as described previously [34]. Dabcyl-
KTSAVLQSGFRKME-Edans was used as a FRET-
substrate at a final concentration of 20 pM.

Microscale thermophoresis

Purified S. aureus sortase A was labeled with the Monolith
Protein Labeling Kit RED-NHS according to the manu-
facturer’s instructions. MST sample preparation was con-
ducted as described by the manufacturer’s standard
protocols. Briefly, MST reaction mixtures consisted of 5 nM
labeled sortase A in MST buffer (50 mM Tris, 150 mM
NaCl, 5mM CaCl,, 0.05% (v/v) Tween-20, 10% DMSO,
pH 7.50) supplemented with a 1:1 dilution series of the hit
compounds (500-31 uM). MST measurements were per-
formed with a NanoTemper Monolith NT.115 instrument
(MST power of 50%, LED power of 70%, 20s laser-on
time, and 5s laser-off time) with NanoTemper Monolith
premium capillaries. Binding affinities (Kp) were deter-
mined with the Nanotemper MO Analysis Software v2.3.
Response evaluation was conducted at 10 s laser-on time.

Aggregation assessment by turbidimetry

To assess the aggregation potential of the identified hit
compounds, a turbidimetric analysis was conducted.
Therefore, the optical density (ODg;o) was measured over
time (assay buffer, no enzyme 200 uM compound con-
centration). Absorption measurements were conducted in 60
kinetic cycles of each 30 s with orbital shaking (300 rpm for
5 s before readout) using a Tecan Spark 10 M plate reader.
Compounds did not show significant absorbance at this
wavelength spectrum, thus, any increase in ODg;y was
assumed to be caused by precipitation of the hit compound.

Strains and culturing conditions

S. aureus ATCC 25923, S. aureus ATCC 43300, P. aeru-
ginosa PA 01, and K. pneumoniae ATCC 10031 (Ukrainian
National Collection) were used as model strains for testing
biofilm formation and free-living (planktonic) behavior
under different concentrations of the tested compound.
Biofilm responses to the compound were also determined
for three S. aureus isolates from Ukrainian hospitals,
including the multidrug (MDR) strains UHI 1, UHI 2, and
UHI 3. The Kirby-Bauer disc-diffusion assay was used to

determine the antimicrobial susceptibility of the S. aureus
strains. Susceptibility was then determined as the diameter
(mm) of inhibition or MIC value after incubation up two
days and interpreted according to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST) guide-
lines [35] for the rest of the antibiotics.

Antibiotic susceptibility of the S. aureus strains listed
in S2 Table. All strains were stored as frozen stocks in 25
(v/v) % glycerol at —80 °C.

Planktonic assay

Planktonic growth assays of S. aureus ATCC 25923, S.
aureus ATCC 43300, P. aeruginosa PA 01, K. pneumoniae
ATCC 10031 were assessed in loosely lidded 30 ml glass
microcosms which were incubated with shaking before
assay at 37 °C. The microcosms contained 5 ml Mueller-
Hinton broth and the corresponding concentration of the
tested compound or without. Aliquots of over-night culture
were added to replicate vials (n = 6) to ~5x 10° CFU ml!
and growth was determined after 16h incubation by
removing 200 ul samples which were transferred to a
polystyrene 96-well plate and OD620 measured using a
Multiskan ™ FC Microplate Photometer (Thermo Fisher
Scientific).

Biofilm assay

20 ul aliquots of over-night culture of S. aureus ATCC
25923, S. aureus ATCC 43300, P. aeruginosa PAO1, K.
pneumoniae ATCC 10031, and three UHI strains were used
to inoculate replicate wells (n =5 for each treatment) con-
taining 200 pl Mueller-Hinton with the appropriate con-
centration of the tested compound or without. Growth
(ODgyg) was determined after 24-48 h static incubation at
37°C using a Multiskan ™ FC Microplate Photometer
(Thermo Fisher Scientific).
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Fig. 1 Inhibitors of S. aureus sortase A. Chemical structure of hit
compounds identified after screening at 200 uM inhibitor concentra-
tion and FRET-quenching correction
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Confocal laser scanning microscopy (CLSM)

Biofilm samples were prepared in 30 ml glass microcosms
containing 5 ml Mueller-Hinton broth. The biofilm was
stained with 1 mM ethidium bromide (Sigma) and 3 mM
AmyGreen solution (own synthesis). No additional
washing was used in order to limit the physical disruption
of biofilm structures through liquid movement. The sam-
ples were not fixed, and a cover slip was placed over the

Fig. 2 S. aureus sortase A

pharmacophore models.

Mapping of compound 1 (a) and

compound 2 (b) to

corresponding pharmacophore

models. Pharmacophore features

matched with generated models

are labeled with green (H-bond

acceptor), cyan (hydrophobic),

and azure (aromatic feature ,
without vector) color. Excluded
volumes (labeled with gray %
color) were built on the atoms of

amino acid residues in the active

site of sortase A within 5 A

around the ligand
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stained samples before imaging. CLSM analysis was
undertaken using a Leica TCS SPE Confocal system with
coded DMi8 inverted microscope (Leica, Germany) and
Leica Application Suite X (LAS X) Version 3.4.1. Images
were acquired using excitation at 488 nm and emission
collected at 490-580 nm for AmyGreen, and excitation at
532nm and emission collected at 537-670 for ethidium
bromide. The total pixels were calculated by the above-
mentioned software.
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Fig. 3 The complexes of
compounds 3 (a), 4 (b), and 5
(¢) with amino acid residues in
the active site of S. aureus
sortase A, obtained with
molecular docking. The
hydrogen bonds are shown by
green dashed lines, n-alkyl
interactions are shown by yellow
dashed lines, and n-cation
interactions are indicated with
orange dashed lines
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Fig. 6 The level of planktonic bacteria biomass after treatment with
compound 5. The level of planktonic biomass of S. aureus (SA)
ATCC 25923 (MS), S. aureus (SA) ATCC 43300 (MR), P. aerugi-
nosa (PA) PA 01, K. pneumoniae (KP) ATCC 10031 formed in the
presence of compound 5 in a concentration of 25, 50, 75, 100 mg 1!
(which corresponds to 86 uM, 172 uM, 258 uM, 344 uM) or without
(control) following 24 h of incubation measured as the optical density
at 620 nm. Statistical significance compared to control. *p <0.05,
*¥p <0.01, ¥**¥p <0.005, ****p <0.001

Statistical analysis

Replicate data were processed using the statistical software
package OriginPro 7.0 and MS Excel for Windows. All
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250,000 compounds were performed. There were 96 com-
pounds selected for in vitro assays following the results of
virtual screenings including 39 compounds selected
according to the docking assay and 57 compounds selected
in the pharmacophore screening assay.

First, the 96 test compounds were screened for inhibition
of sortase A in a Forster resonance energy transfer (FRET)-
based enzyme assay using Abz-LPETG-Dap(dnp)-OH as a
substrate. For this purpose, an initial inhibitor concentration
of 200 uM was chosen in order to identify weaker inhibitors
also. The inhibition data (triplicates) for all 96 compounds
are available as supplementary material (Table S1). Of the
96 compounds, 17 showed inhibition of >50% at 200 uM
and were chosen for further characterization. There were a
number of visibly colored compounds that could potentially
interfere in the FRET-based enzyme assay. The potential
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quenching of the FRET-fluorophore (anthranilic acid) was
determined by measuring the fluorescence of variable con-
centrations of anthranilic acid (1.25-10 uM) with 200 uM of
each inhibitory compound. The inhibition caused by this
quenching of the fluorophore was subtracted from the
inhibition in the sortase A enzyme assay. As seen in
Table S1, 12 of the 17 primarily identified hits were actually
false-positives. However, 5 out of 96 compounds showed
>50% corrected inhibition at 200 pM. The chemical struc-
tures of these compounds are shown in Fig. 1.

The compounds 1 and 2 were found with pharmacophore
screening toward pharmacophore models generated based
on the crystal structure of S. aureus sortase A with PDB
accession code 2MLM [26]. The mapping of compounds 1
and 2 on corresponding pharmacophore models is shown in
Fig. 2.

The compounds 3, 4, and 5 were identified according to
molecular docking results. The complexes of these com-
pounds with amino acid residues in the active site of S.
aureus sortase A are presented in Fig. 3.

According to FRET analysis data, two compounds 4 and
5 demonstrated strong inhibition of > 95%. Concentration-
dependent inhibition series of these two compounds were
performed to calculate the ICsy values. The ICsy values for
compounds 4 and 5 were determined to be 12.1 uM and
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Fig. 7 The level of the total bacteria biofilm biomass after treatment
with compound 5. The level of total biofilm biomass of S. aureus (SA)
ATCC 25923 (MS), S. aureus (SA) ATCC 43300 (MR), P. aerugi-
nosa (PA) PA 01, K. pneumoniae (KP) ATCC 10031 formed in the
presence of compound 5 in concentrations of 50, 100, 150, 200, 250,
300 mg 17! (which corresponds to 172 uM, 344 uM, 516 uM, 688 uM,
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59.7 uM, respectively (Fig. 4). For the other compounds, the
inhibition at 200 pM was too low to determine an ICs, value
and testing at higher concentrations was limited by
solubility.

In order to show whether the inhibition is specific for
sortase A, these two compounds were tested on four addi-
tional cysteine proteases. This selectivity measurement was
performed against human cathepsin L (hCatL), cathepsin B
(hCatB), the cathepsin L-like parasite protease rhodesain,
and the severe acute respiratory syndrome coronavirus 2
main protease (SARS-CoV2MP®) at an inhibitor con-
centration of 25uM for compound 4 and 125uM for
compound 5. Only slight inhibition beyond the sortase A
target was found for the two inhibitors indicating selective
inhibition (Table 1).

As an orthogonal assay strategy, microscale thermophor-
esis (MST) experiments were performed with the identified
hit compounds at 500 uM inhibitor concentration (Fig. 5). A
change in the thermophoresis curves in the presence of inhi-
bitors suggests selective binding of the compounds to sortase
A. For compound 5, the thermophoresis response changed
significantly. For the other compounds, no thermophoresis
changes were observed, which is either because (1) these
substances do not bind selectively to sortase A or (2) the
binding does not lead to a sufficient change of the hydration
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w
ol
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Rokkk
| a***
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860 uM, 1032 uM) or without (control) following the first day (dark
grey, 24 h) and the second day (light grey, 48 h) of incubation mea-
sured as the optical density at 620 nm. a statistical significant differ-
ences of the second-day growth compared to the first day of
incubation; b statistically significant difference compared to control.
* p<0.05, ** p<0.01, *** p<0.005, **** p<0.001
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Fig. 8 The level of the total biofilm biomass of S. aureus strains after
treatment with compound 5. The level of the total biofilm biomass of
three S. aureus wild type UHI strains formed in the presence of
compound 5 in a concentration of 50, 100, 150, 200, 250, 300 mg 1!
(which corresponds to 172 uM, 344 uM, 516 uM, 688 uM, 860 uM,
1032 uM) or without (control) following the first day (dark grey, 24 h)

Biofilm thickness

5 - ﬁ
0

SA ATCC 25923 SA ATCC 43300

m Control ®m Compound 5
Fig. 9 The thickness of S. aureus biofilms. The average thickness of
the two-day-old biofilms produced by two S. aureus strains ATCC
25923 and ATCC 43300 was observed by confocal laser scanning

microscopy (CLSM). Statistical significance of compared to control.
*p<0.05, **p<0.01

shell, or (3) the inhibitor concentrations are too low compared
to the affinity. MST is also a sensitive method to identify
ligand-induced protein aggregation, as expressed by bumpy
thermophoresis curves. The thermophoresis curves demon-
strated that compound 4 is likely to be an aggregator. The
identified binder compound 5 was subsequently analyzed in a
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and the second day (light grey, 48 h) of incubation measured as the
optical density at 620 nm. a statistical significance of the second-day
growth compared to the first day of incubation; b statistical sig-
nificance compared to control. *p <0.05, **p<0.01, ***p <0.005,
*Hx¥p <0.001

1:1 dilution series, beginning with 500 uM by MST to
determine the Kp value. For compound 5, a Kp value of 189
UM was found (Fig. 5).

To investigate if any of the other hit structures is likely
to cause assay-interfering aggregation, all hit compounds
were subjected to a turbidimetry screening. The optical
density (ODg;o) was measured over time (assay buffer,
200 uM compound concentration). The optical density did
increase over time for compound 4, indicating that this
substance can form microscopic aggregates in a protein-
independent manner due to its high hydrophobicity. The
other four hit compounds did not cause precipitation
detectable by turbidimetry. These findings are in line with
our MST measurements, indicating the formation of
aggregates at higher concentrations of 4.

The effects of the hit compound S against S. aureus free-
living plankton and sessile attached biofilm-forming bacterial
cultures were determined. The direct antibacterial effect of
the compound 5 and its specificity against free-living bacteria
were studied using four typical strains, specifically,
methicillin-sensitive (MS) S. aureus ATCC 25923,
methicillin-resistant (MR) S. aureus ATCC 43300, Pseudo-
monas aeruginosa PA 01, and Klebsiella pneumoniae ATCC
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10031. Four concentrations, particularly, 25, 50, 75, and
100 mg 17! of compound 5 were used to evaluate antibacterial
effect against planktonic culture. The compound showed
statistically significant reduction in plankton growth for both
S. aureus strains for all the concentrations used. The lowest
concentration of 25mg1~! reduced the population of S.
aureus ATCC 25923 and S. aureus ATCC 43300 by 42%
and 33%, respectively (Fig. 6). The rest of the concentration
demonstrated 7- and 4-fold growth reduction for S. aureus
ATCC 25923 and S. aureus ATCC 43300. Interestingly,

Fig. 10 Biofilm structure of S. aureus strains. Biofilm structure of two
S. aureus strains, ATCC 25923 (a, b) and ATCC 43300 (c, d) fol-
lowing 2 days of incubation in the presence of compound 5 in a

there was no substantial effect of the compound onto P.
aeruginosa PA 01: only 20% growth decrease was observed
for 50, 75, and 100 mg 1™, It was also noticed that compound
S showed stimulative activity for K. pneumoniae ATCC
10031, increasing the growth by 14-16% whereas exposure
to 50 and 75 mg1~! had no effects. This suggests specificity
of compound 5 for the target, associated with free-living S.
aureus cells.

Bacteria colonize the econiche through biofilm formation
which is the dominant form of bacterial persistence [36].

concentration of 100 mg 1! (b, d) or without (a, ¢). Staining was
performed with ethidium bromide to visualize cells and AmyGreen to
visualize amyloids, CLSM

SPRINGER NATURE
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The bacterial strains used in the planktonic assay are well-
known biofilm producers [37]. The biofilm formation by
these four strains was measured at 24 and 48 h of incubation
in presence of compound § in varying concentrations (50,
100, 150, 200, 250, and 300 mg 1*1) to observe the dynamic
change in the biofilm biomass. Increase in biofilm mass was
measured as difference between 24- and 48-hour biofilm
biomass, measured spectrophotometrically (Fig. 7). In this
biofilm formation assay, the high specificity of compound §
for the S. aureus-associated target was also confirmed since
all tested concentrations effectively reduced or suppressed
biofilm formation in S. aureus. On the contrary, compound
5 did not suppress P. aeruginosa PA 01 biofilms and, as
before, showed stimulative activity on K. pneumoniae
ATCC 10031 stationary culture, resulting in a 4-fold
increase in biofilm formation. This might be explained by
differences in the surface proteins onto the outer surface of
K. pneumoniae cells, since sortase A is a transpeptidase
enzyme that is responsible for tagging many surface-
associated proteins. This, in turn, might inhibit some reg-
ulatory or metabolic pathways associated with biofilm for-
mation and disruption in K. pneumoniae. Indeed, we found
that class A sortase (SrtA) in K. pneumonia beares a high
homology to SrtA of S. aureus with an amino-acid sequence
identity of 40.5%. However, there are no available data on
how SrtA suppression might affect K. pneumoniae biofilm.
We hypothesized that there might be some stimulation of
the biofilm formation by K. pneumoniae when SrtA is
repressed by an unknown mechanism.

Since biofilm formation is exacerbates bacterial infec-
tion, we wondered how pathogenic wild type S. aureus
isolates might respond to compound 5. To study this, three
isolates from Ukrainian hospital (UHI1-3) were obtained.
These isolates had extended antibiotic resistances
(Table S2), which were -characterized according to
EUCAST (European Committee on Antimicrobial Sus-
ceptibility Testing) recommendations [35], and were used to
screen for antibiofilm activity of compound 5 (Fig. 8).

It was shown that the UHI were less sensitive than the
ATCC strains to compound 5, in general, with the biofilm
inhibitory activity starting from 50 mg1~" as before.

It was recently shown that SrtA inhibition may be
associated with biofilm suppression in Streptococcus
mutans, Streptococcus pneumoniae, and S. aureus [38—42].
Thus, we wondered how compound 5 could influence bio-
film development. For this, we measured the average
thickness of the biofilms, developed by S.aureus ATCC
strains in the presence of 100 mg 17! (344 uM) of compound
5 or without (Fig. 9). We noticed that the thickness of the
biofilms was reduced by compound 5 in both strains.

We also investigated the structure of biofilms produced
by two ATCC strains in the presence of the studied com-
pound (Fig. 10). As seen in the microscopy image, the
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Fig. 11 The cell/amyloid biomass ratio calculated from total pixels in
3D. The cell/amyloid biomass ratio calculated from total pixels in
CLSM imaging of 48 h old S.aureus (SA) ATCC 25923 and S. aureus
(SA) ATCC 43300 biofilms, formed in the presence of 100 mg/L (344
uM) of compound 5 or without (control). Statistical significance
compared to control. ***¥p <(0.001

spatial structure was substantially affected by the presence
of the compound.

In order to evaluate how compound 5 influenced func-
tional amyloid production of both S. aureus strains, we
calculated the ratio of the total amount of red and green
pixels in the 3D imaging obtained with CLSM above. Here,
the red signal corresponded to the total cell biomass
amount, following ethidium bromide staining whereas the
green signal, produced by the newly introduced amyloid-
specific stain, specifically visualized bacterial functional
amyloid fibers as we described before [37]. The ratio shows
that there was no effect of compound 5 on amyloid pro-
duction by the weaker biofilm-forming strain ATCC 25923
(Fig. 10a) whereas the other strain ATCC 43300, which
produced stronger biofilm (Fig. 10c), demonstrated a
reduction in amyloid production (Fig. 11).

Conclusions

Using a molecular docking approach, we identified the S.
aureus sortase A inhibitor 2-(2-amino-3-chloro-benzoy-
lamino)-benzoic acid (5), possessing an ICs, value of
59.7uM. This compound is selective towards SrtA,
compared to other four cysteine proteases—CatL, CatB,
rhodesain and the SARS-CoV2 MP®, Also, this compound
demonstrates S. aureus—specific antibacterial and anti-
biofilm effects by reducing planktonic cells and biofilm
thickness. Compound § shows good specificity since it
does not reduce P. aeruginosa and stimulates K. pneu-
moniae biofilms. This suggests that all potential SrtA
inhibitors should be tested against Gram-negative bacteria
due to the possibility of a stimulative effect.

Therefore, compound 5 can be a valuable candidate for
further chemical optimization and biological research.
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