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Abstract: Sortase A (SrtA) is a membrane-associated enzyme that anchors surface-exposed
proteins to the cell wall envelope of Gram-positive bacteria such as Staphylococcus aureus. As SrtA
is essential for Gram-positive bacterial pathogenesis but dispensable for microbial growth or
viability, SrtA is considered a favorable target for the enhancement of novel anti-infective
drugs that aim to interfere with key bacterial virulence mechanisms, such as biofilm formation,
without developing drug resistance. Here, we used virtual screening to search an in-house
natural compound library and identified two natural compounds, N1287 (Skyrin) and N2576
((4,5-dichloro-1H-pyrrol-2-yl)-[2,4-dihydroxy-3-(4-methyl-pentyl)-phenyl]-methanone) that inhibited
the enzymatic activity of SrtA. These compounds also significantly reduced the growth of S. aureus
but possessed moderate mammalian toxicity. Furthermore, S. aureus strains treated with these
compounds exhibited reduction in adherence to host fibrinogen, as well as biofilm formation. Hence,
these compounds may represent an anti-infective therapy without the side effects of antibiotics.

Keywords: anti-biofilm activity; sortase A inhibitor; Staphylococcus aureus; MRSA; fibrinogen;
molecular docking; virtual screening; natural products; skyrin

1. Introduction

Antibiotic resistance is a major global health threat to the effective combat of infections caused by
bacteria. Most recent reviews on antibiotic resistance have specified an urgent need of antimicrobial
arsenals to curb these superbugs, if not it might lead to the death of more than 10 million people per year
by 2050, with a healthcare burden of 100 trillion USD [1,2]. To tackle this rising problem, it is important
that novel treatments be developed to substitute the current broad-spectrum antibiotics, for example
by selectively targeting and eliminating disease causing bacteria without altering the community
organization of the neighboring microbiota [3–6]. These novel curatives contain both anti-virulence
compounds that hinder bacterial pathogenesis and perseverance, along with novel bactericidal or
bacteriostatic compounds that act towards very limited numbers of infective pathogens [3]. Several
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Gram-positive bacteria are prominently widespread and liable for deaths due to bacterial infections
globally. Staphylococcus aureus is a primary human commensal and opportunistic Gram-positive
pathogen and causes a wide variety of human diseases such as endocarditis, pneumonia, septic shock,
necrotizing fasciitis, osteomyelitis and blood infections [7–9]. This pathogen is also one of the primary
causes of both hospital and community-acquired infectious diseases [10]. The significance of S. aureus
has been augmented due to the prevalence of multidrug-resistant (MDR) S. aureus, which causes
deaths and currently is a medical challenge with limited therapeutic options [11,12]. S. aureus and
other Gram-positive pathogenic bacteria interact with host cells and tissues via surface proteins
and/or pili proteins which play a crucial role throughout the infection process. These surface proteins
could also stick to the hosts or deliver some means for the bacteria to flee from the host’s immune
response [13]. Therefore, an alternative potential way to treat infections produced by S. aureus and other
Gram-positive pathogens is to target their surface proteins, which often work as virulence factors [14].
S. aureus and other Gram-positive bacteria use sortase enzymes to adhere surface proteins to their cell
walls [15–17]. In S. aureus, 25 diverse LPXTG surface proteins known as MSCRAMMs (microbial surface
components recognizing adhesive matrix molecules) are attached to the cell wall by the sortase A (SrtA)
enzyme [18]. SrtA recognizes and cuts the LPXTG recognition design amongst the threonine (T) and
glycine (G) residues of the surface proteins and consequently activates amide bond formation between
the C-terminal end of the surface protein and the peptidoglycan cross-bridges of the cell wall [19,20].
SrtA mutants have deficits in the expression of surface proteins with different LPXTG motifs, leading
to a reduced capability to infect the host [21]. Moreover, SrtA inhibition in S. aureus causes significant
attenuation in its bacterial virulence, including binding activity to fibronectin, fibrinogen and lgG,
as well as reduced stages of biofilm establishment in some Staphylococcal strains [22,23]. Since SrtA is
not necessary for microbial growth and viability, inhibition of SrtA would be expected to enforce a
reduced selection force for both the rise and extent of the resistance mechanism [24]. Therefore, SrtA has
been well regarded as a vital target of anti-virulence drugs that are alternatives to broad-spectrum
antibiotics [25–27].

Several approaches have been engaged to hunt for SrtA inhibitors. These approaches include
high-throughput screening (HTS) of natural or synthetic compound libraries, virtual screening,
and rational design of synthetic peptides and small molecules [23–27]. Natural products have been
considered as an enduring source of novel drug leads. They have functional variability and are being
conquered for an array of novel bactericidal or anti-virulence agents against bacterial infections [28,29].
In the present study, we performed virtual screening of compounds from the A*STAR Natural
Organism Library (NOL) [29] to identify inhibitors of SrtA. Eleven compounds identified by virtual
screening against the crystal structures of S. aureus SrtA were further evaluated by FRET enzyme
assay. Two compounds, N1287 and N2576, displayed SrtA inhibition along with reduced adherence
to fibrinogen as well as interfered with biofilm formation. These two compounds also possess
anti-staphylococcus activity.

2. Results

2.1. Virtual Screening and Validation of SrtA Inhibitors

To be an inhibitor of sortase A (SrtA), the compound must have higher binding affinity towards
the catalytic domain of this enzyme than the LPETG peptide. We therefore applied this principle in a
virtual screening process to find potential inhibitors of SrtA in our Natural Organism Library (NOL).
Firstly, the 2600 compounds derived from the NOL were docked to each of the three SrtA structures
(PDB ID: 1T2P, 1T2W, and 1T2W_C184, see Materials and Methods) and ranked by their docking
scores independently. Secondly, compounds were prioritized if their rankings were in the top 500 from
at least two of the three docking runs (consensus hits), and also in the top 200 from at least one of
the three docking runs. Finally, we manually selected eleven compounds from these consensus hits
for experimental testing, taking into account their intermolecular hydrophobic interactions, and the
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number of polar atoms from the ligands that are satisfied/unsatisfied (Table 1) [30]. The chemical
structures of these eleven ligand candidates are shown in Figure 1.

Table 1. Summary of the eleven natural products picked for experimental validation, comparing to
curcumin and chlorogenic acid.

Compounds

Docking Scores/Ranks from 3 Different Sortase A Structures

1T2P 1T2W 1T2W_C184

Score Rank Score Rank Score Rank

N51 −44.39 41 −39.14 97 −36.86 139
N563 −35.85 410 −37.95 141 −36.83 143
N942 −40.61 142 −41.59 33 −42.19 11
N1048 −36.9 330 −38.10 135 −39.76 4
N1287 −41.87 88 −36.01 322 N/A N/A
N1321 −38.63 233 −37.60 158 −38.15 85
N1791 −40.29 164 −35.15 372 −36.33 176
N1871 −46.58 12 −40.03 67 −40.31 35
N2238 −45.30 25 −45.93 8 −50.42 2
N2450 −38.36 251 −39.76 76 −42.81 9
N2576 −34.61 464 −33.88 435 −36.65 156

Curcumin −47.53 10 −35.85 339 −31.24 491
Chlorogenic acid −28.19 >500 −32.24 >500 −28.19 >500

N/A—No docking results were generated when N1287 was docked to 1T2W_C184.
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Figure 1. Structures of eleven in silico predicted natural compounds.

We evaluated these eleven in silico hits on their capability to hinder the enzymatic activity
of S. aureus SrtA using commercially available enzymes and two different FRET substrates,
DABCYL-LPETG-EDANS and 5-FAM/QXL (Table 2). The fluorescence of 5-FAM is less interfered by
the autofluorescence of components in natural and investigation samples and thus acts as an activity
confirmation assay. The 5-FAM/QXL FRET substrate is more susceptible to SrtA cleavage than the



Int. J. Mol. Sci. 2020, 21, 8601 4 of 18

traditionally used DABCYL/EDANS substrate, and could detect activity of SrtA inhibitors within 10 min
of substrate addition. On the other hand, the enzymatic reaction with the DABCYL/EDANS substrate
required incubation for at least 4 h in order to achieve sufficient signal-to-background ratios. We also
tested two reported natural inhibitors, curcumin and chlorogenic acid, and one synthetic inhibitor,
p-hydroxymercuribenzoic acid (p-HMB), for activity comparison. The results are summarized in
Table 2. Representative dose-responsive curves of two in silico hits and known inhibitors are shown in
Figure 2. Two of the in silico hits, N1287 and N2576, inhibited the enzymatic activity of SrtA with IC50

less than 50 µM (Figure 2A,B). Curcumin exhibited autofluorescence (Figure 2C) but showed a stable
dose response profile after 24 h incubation in the dark (Figure S1A) with an IC50 of 7.9 ± 1.0 µM and
23 ± 1.0 µM, respectively, for the DABCYL/EDANS and 5-FAM/QXL FRET substrates. The inhibitory
activity of chlorogenic acid increased gradually with time for the FAM/QXL assay and showed moderate
activity with IC50 of 103 ± 31 µM after 24 h of enzymatic reaction (Figure 2D and Figure S1B). N1287
and N2576 were found to be more active than chlorogenic acid. The IC50 values of the known SrtA
inhibitor, p-hydroxymercuribenzoic acid, were within the reported range (Table 2 and Figure 2E).

Table 2. Mean sortase A IC50 values of eleven in silico hits, two reported natural inhibitors (curcumin
and chlorogenic acid), and a synthetic inhibitor p-hydroxymercuribenzoic acid. IC50 denotes the half
maximal inhibitory concentration of the compound, as determined from GraphPad Prism software.

Compound ID Compound Name
Sortase A IC50 (µM)

(DABCYL-LPETG-EDANS
Substrate; 4 h)

Sortase A IC50 (µM)
(5-FAM/QXL Substrate;

10 min)

N51 Puromycin hydrochloride >200 >200
N563 Paxilline >200 >200
N942 6,8-diprenylgenistein >200 >200

N1048 Auriculasin >200 >200
N1287 Skyrin 24 ± 2.1 31 ± 0.3
N1321 Ascochlorin >200 >200
N1791 Demethyl asterriquinone >200 >200
N1871 Antibiotic F 13459 >200 >200
N2238 Chryscandin >200 >200
N2450 Asticolorin B >200 >200

N2576
(4,5-dichloro-1H-pyrrol-2-yl)-[2,4
-dihydroxy-3-(4-methyl-pentyl)-

phenyl]-methanone
47 ± 4.2 32 ± 6.3

Curcumin 7.0 ± 1.8 107 ± 16
Chlorogenic acid 88 ± 5.6 144 ± 16

p-hydroxymercuribenzoic
acid (p-HMB) 0.20 ± 0.07 0.18 ± 0.08

2.2. Structure Analysis of SrtA-Ligand Complexes

In the apo structure of SrtA (PDBID 1T2P), a V-shaped pocket is formed by the β4, β7 and β8
strands on one side of the β-barrel, together with three surrounding loops. The left side of the pocket is
a hydrophobic tunnel formed by Ala92, Ala104, Ala118, Val161, Pro163, Val166, Val 168, Ile182, Val193,
Trp194, Ile199, and Val201, along with two putative catalytic residues Cys184 and Arg197 [31]. The right
side of the pocket consists of several polar residues Glu105, Asn114, Ser116, and Thr180. The docking
poses of the two confirmed SrtA inhibitors N1287 and N2576 are illustrated in Figure 3 (Figure 3A–D).
The docking poses of two known SrtA inhibitors, curcumin and chlorogenic acid, are also provided for
comparison (Figure 3E–H). All four inhibitors form a hydrogen bonding interaction or salt bridge with
the guanidinium moiety of Arg197. N1287, N2576, and curcumin form extensive interactions with
residues in the hydrophobic tunnel. In particular, the aromatic moiety from N1287 and N2576 forms a
cation-π interaction with Arg197. N1287, N2576, and chlorogenic acid also form hydrogen bonding
interactions with polar residues on the right side of the pocket, such as Asn114 and Ser116.
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Figure 2. Dose response of hit compounds and known inhibitors on sortase A. Inhibition of Sortase
A (SrtA) activity was measured at 10 min or 4 h using two sortase A substrates. N1287 (A), N2576
(B), curcumin (C), chlorogenic acid (D) and p-HMB (E). The results are mean values and SE of
three replicates.
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Figure 3. Docking poses of four compounds, namely (A,B), N1287, (C,D) N2576, (E,F), curcumin,
and (G,H) chlorogenic acid. The compounds are shown as stick. The ligand binding site in the SrtA
apo structure (PDB ID: 1T2P) is shown as surface in the panels on the left side (A,C,E,G), and as cartoon
in the panels on the right side (B,D,F,H) with the sidechains of the binding residues highlighted as
stick. These figures are generated by PyMOL [32].
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2.3. In Silico Hits Affect S. aureus Growth and Have Moderate Mammalian Toxicity

We assessed the growth inhibitory activity of both N1287 and N2576 on S. aureus using the
modified microbroth dilution assay. Both compounds inhibited the growth of S. aureus with a minimum
inhibitory concentration (MIC) of 5–8 µM (Table S2; Figure 4 and Figure S2). These two compounds
also inhibited the growth of methicillin resistant S. aureus (MRSA) with an MIC of 25–80 µM (Table S1
and Figure S3). However, the two reported SrtA inhibitors, curcumin and chlorogenic acid, did not
inhibit the growth of S. aureus at 200 µM. Both N1287 and N2576 also displayed moderate toxicity
(IC50 60–90 µM) against A549 and HepG2 cells (Table S1; Figure 5).
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2.4. In Silico Hits Reduce Biofilm Formation

Bacteria develop their ability to fight antibiotics and other antimicrobial agents by establishing
biofilms [33–35]. Previous studies revealed that SrtA played a significant role in biofilm formation.
To determine whether our natural SrtA inhibitors N1287 and N2576 hindered biofilm formation,
S. aureus biofilm formation was determined by a crystal violet staining (CV) assay, with or without
these two compounds. Natural inhibitor curcumin and synthetic inhibitor p-HMB were included for
comparative study. As anticipated, the results showed that S. aureus biofilm formation was inhibited
by all four compounds. Quantitative investigation showed that N1287 and N2576 inhibited biofilm
formation by >90% at concentrations 23 and 4.4 µM, respectively (Figure 6A,B). Moreover, N2576
demonstrated >90% inhibition on preformed biofilms at 17 µM (Figure 7B). IC50 (concentration at 50%
inhibition) values of 2.9 and 10 µM correspond to the inhibitory effect of N2576 on biofilm formation
as well as pre-formed biofilms, respectively. The IC50 of N1287 on S. aureus biofilm formation is 12 µM
(Table S1). The known SrtA inhibitors, curcumin and p-HMB showed >90% inhibition on biofilm
formation at the concentrations of 174 and 22 µM, respectively (Figure 6C,D), and IC50 values of,
respectively, 51 and 12 µM (Table S1). Furthermore, we evaluated the biofilm inhibitory activity of
N1287 and N2576 on drug resistant S. aureus (MRSA). N2576 displayed >90% inhibition on MRSA
biofilm formation and preformed biofilms (Figures S4B and S5) at 70 and 280 µM, respectively, while
N1287 exhibited inhibitory activity on MRSA biofilm formation but not against pre-formed biofilms
(Figures S4A and S5). Both N1287 and N2576 displayed better biofilm inhibitory activity compared to
known inhibitors. Compound N2576 is more effective than N1287, p-HMB and curcumin.
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Figure 6. Effect of the known inhibitors of SrtA and selected hits on S. aureus (strain Newman) biofilm
formation. Inhibition of S. aureus biofilm formation was determined using CV assay. N1287 (A),
N2576 (B), curcumin (C) and p-HMB (D). The results are presented as the mean percentage of biofilm
formation ± S.E of six replicates (two independent experiments) relative to the untreated control (wild
type). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Furthermore, we evaluated the anti-biofilm activity by another method using PrestoBlue cell
viability reagent. The results demonstrated that the concentrations that showed a >90% reduction in
the viability of the biofilm, were nearly the same as the concentrations that caused the same effect in
the CV assay (Figure S6). However, compounds N1287 and N2576 showed a greater inhibitory effect
on the growth of S. aureus Newman strain, with MIC values less than the SrtA IC50 values (Table S1
and Table 1). In both methods these two compounds displayed better anti-biofilm activity against
S. aureus. Hence, the compounds N1287 and N2576 disturbed the biofilm structure by inhibiting the
growth, as well as activity, of SrtA of S. aureus. We further examined whether the two compounds
display any effect on the biofilm formation of Gram-negative bacterium and found that these two
compounds (N1287 and N2576) did not show any effect on E. coli ATCC 25,922 biofilm formation
(Figure S7). Similar results were observed with known SrtA inhibitors curcumin and p-HMB on E. coli
biofilm formation (Figure S7). Therefore, these two compounds exhibited a biofilm inhibitory effect
only on Gram-positive bacterial biofilms (S. aureus).
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Figure 7. Effect of the known inhibitors of SrtA and selected hits on pre-formed biofilms of S. aureus
cells (strain Newman). Inhibition of S. aureus pre-formed biofilm formation was determined using
crystal violet staining (CV) assay. N1287 (A), N2576 (B), curcumin (C) and p-HMB (D). The results
are presented as the mean percentage of biofilm formation ± S.E of six replicates (two independent
experiments) relative to the untreated control (wild type). * p < 0.05, ** p < 0.01, *** p < 0.001 and
**** p < 0.0001.

2.5. In Silico Hits Reduce the Adherence of S. aureus to Fibrinogen

Several different surface proteins in S. aureus are covalently attached to the cell wall by the
transpeptidation reaction catalyzed by sortase A [36,37]. Surface proteins such as fibrinogen binding
protein, fibronectin-binding proteins, clumping factors and ClfB are vital for the pathogenesis of
S. aureus. Mutants that lack SrtA activity were futile in making surface proteins and are faulty in
the establishment of infections [21]. To assess whether our SrtA inhibitors have a similar impact on
S. aureus surface protein formation, we conducted a fibrinogen-binding assay which quantified the
adherence of S. aureus cells to fibrinogen coated plates. The amount of S. aureus cells bound to the
fibrinogen coated plates was determined by absorbance measurement after staining with crystal violet.
The results revealed a significant reduction in the binding of S. aureus to fibrinogen. The compounds
N1287 and N2576 displayed ≥90% prevention of S. aureus Newman adherence to fibrinogen at 46
and 17 µM, respectively (Figure 8A,B), compared to untreated wildtype strain. The known SrtA
inhibitors curcumin and p-HMB exhibited a ≥90% reduction in adhesion to fibrinogen binding protein
at >170 µM (Figure 8C,D). As expected, the ∆SrtA strain had reduced (30–35%) adhesion to fibrinogen
due to the loss of its fibrinogen-binding activity (Figure 8).
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control (wild type). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3. Discussion

The rise and widespread occurrence of multiple-drug-resistant S. aureus (MRSA) represents a
huge medical challenge in the treatment of clinical S. aureus infections [38,39]. Therefore, it is essential
to develop alternative strategies to combat S. aureus infections. Probing new virulence inhibitors is one
of the alternative strategies to treat infections initiated by multidrug resistant bacteria [40]. S. aureus
uses the sortase A (SrtA) enzyme to display cell surface virulence factors involved in the establishment
of various infections [22,23]. Hence, in the present study we searched for SrtA inhibitors from natural
products as an alternative approach for treating S. aureus infections.

Natural products are of great variety with chemical, as well as biological diversity; they are a
key source of therapeutic agents for infectious diseases [28,29]. Computational approaches have been
facilitating the investigation of natural products to accelerate the early stage of drug discovery by
efficiently identifying new leads and repurposing known natural ligands [41,42]. In the present study,
we applied the structure-guided virtual screening approach to a database of natural products that are
available in our Natural Organism Library [29]. In particular, we used an ensemble docking strategy,
targeting multiple structures of sortase A (SrtA) and selecting consensus hits for experimental testing.
Using this approach, we successfully identified two potential SrtA inhibitors N1287 and N2576 that
exhibited SrtA inhibitory activity against S. aureus with an IC50 between 5.8–7.3 µM. N1287 (Skyrin) is
a fungal metabolite characterized by a bisanthraquinone structure with two trihydroxyanthraquinone
molecules (emodin) connected by a single C-C bond at position four. It was reported to be a promising
drug candidate for cancer and diabetes treatment [43,44]. The docking pose of N1287 shows that the
two anthraquinone moieties are T-shape stacked and occupy the majority of the V-shape ligand binding
pocket, thus explained skyrin’s potency against SrtA (Figure 3A,B). Pyrrolomycins are a family of
potent natural product antibiotics active against Gram-positive bacteria, yet with an elusive mechanism
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of action [45]. In a recent study, a number of pyrrolomycins were shown to have inhibitory activity
toward SrtA, possessing IC50 values ranging from 130 to 300 µM [46]. In comparison to these reported
pyrrolomycins, our analogue N2576 has an isohexane tail added on the phenyl ring. This modification
allows N2576 to form a hydrophobic cluster with several surrounding valine residues (Figure 3C,D) in
the catalytic domain of SrtA, and probably contributed to the observed enhanced potency. Our finding
therefore provided a possible direction for future optimization of pyrrolomycin.

We also found that these two natural compounds reduced the biofilm formation, as well as biofilm
viability (Figures 6 and 7 and Figures S4–S6), and decreased the adhesion of S. aureus to fibrinogen
(Figure 8). Additionally, these two compounds reduced MRSA biofilm formation (Figures S4 and S5).
As expected, these two compounds did not show any inhibitory effect on Gram-negative bacterial (E. coli
ATCC 25922) biofilms (Figure S7), which lack transpeptidase SrtA. Some earlier reports revealed that
highly selective SrtA inhibitors do not cease bacterial growth and viability [21]. Very interestingly, these
two SrtA inhibitors N1287 and N2576 exhibited antibacterial, as well as cytotoxic activity (Table S1).
Furthermore, N2576 showed significant inhibition of the pre-formed biofilm formation. Previous
studies on natural and synthetic pyrrolomycin analogues against S. aureus strains demonstrated
anti-staphylococcal activity with a minimum inhibitory concentration (MIC) ranging from 0.004 to
25 µM [46,47]. The compounds N2576 and N1287 displayed potent anti-staphylococcal activity against
S. aureus strains (ATCC 25,923 and Newman) with MICs between 5 and 8 µM, whereas they are less
active against MRSA with MICs between at 25 and 80 µM in the present study. However, the MIC values
of N1287 and N2576 were lower than their IC50 values for SrtA, suggesting that these two compounds
inactivate additional processes important for cell viability apart from SrtA inhibition. Similarly, some
antibacterial compounds with potent MIC values were reported to show SrtA inhibition [48–51].

Our results have revealed the potential of these two natural compounds N1287 and N2576
as anti-proliferation—as well as anti-biofilm—agents for treating S. aureus infection. Further
mode-of-action studies will be necessary to determine the mechanism of inhibitory effect of these two
compounds on bacterial growth. However, these two SrtA ligands (compounds), could be further
optimized to achieve higher specificity and lower toxicity, and then used as lead compounds for
drug development.

4. Materials and Methods

4.1. Reagents, Bacterial Strains and Cell Lines

Recombinant S. aureus sortase A (SrtA) and the two SrtA FRET substrates; DABCYL-Leu
-Pro-Glu-Thr-Gly-EDANS (Bacterial Sortase Substrate I) and 5-FAM/QXL™ 520 sortase substrate
were purchased from AnaSpec (Fremont, CA, USA). The standard inhibitor compounds:
p-hydroxymercuribenzoic acid, gentamicin, puromycin, curcumin and chlorogenic acid were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals were acquired from Sigma-Aldrich unless
otherwise specified.

Reference bacterial strain Staphylococcus aureus subsp. aureus ATCC 25923, ATCC 33591 (MRSA),
E. coli ATCC 25922, human lung carcinoma cells A549 ATCC CCL185 and human liver carcinoma
cells HepG2 ATCC HB8065 were obtained from American Type Culture Collection (Manassas, VA,
USA). Staphylococcus aureus Newman and its ∆SrtA-Newman strain were supplied by Professor Simon
Foster as a gift. They were cultured at 37 ◦C in Tryptic soya broth (TSB) which was supplemented with
erythromycin at 5µg/mL whenever necessary. Cation-adjusted Mueller Hinton (BD BBL, Sparks, MD,
USA) broth and agar were used as growth media for the other S. aureus. A549 cells were cultivated in
Dulbecco’s modified Eagle Medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and HepG2
cells were grown in minimum essential medium Eagle (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) with Earle’s balanced salts and non-essential amino acids. Both media were supplemented
with 4 mM l-glutamine, 2 mM sodium pyruvate, 10% fetal bovine serum, 100 U/mL penicillin and
100 µg/mL streptomycin. Both cell cultures were used between passages 18 and 20.
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4.2. Chemical Compounds

The 11 selected compounds used for evaluation of the virtual screen results were isolated in-house
and deposited in the NOL compound library [29], stored at −20 ◦C. The pureness of the 11 compounds
were further confirmed by 1H NMR analysis (purity greater >90%) before submitted for assays testing.

4.3. Virtual Screening

The 3D structures of SrtA used for docking were taken from Protein Data Bank (PDB) (PDB ID:
1T2P and 1T2W) [31]. 1T2P and 1T2W are crystal structures of S. aureus (SrtA) determined at 2.1 Å and
1.8 Å resolution, respectively. 1T2P is a ligand-free (apo) structure while 1T2W is in complex with a
peptide ligand with the sequence LPETG. The A chain from 1T2P and 1T2W was independently used as
the receptor structure and prepared for docking using Dock 3.6 [52]. For 1T2W, the binding pocket used
in docking was determined by the bound peptide. For 1T2P, we superposed it on 1T2W and employed
the same binding pocket as that in 1T2W. Because 1T2W has one mutation C184A, we mutated residue
Ala-184 back to wildtype Cys and optimized neighboring residues with SCWRL4 (1T2W_C184) [53].
In total three SrtA structures (1T2P, 1T2W, 1T2W_C184) were used in the virtual screening of 2521
compounds from NOL [29]. The docked compounds were categorized by the docking energy function,
that is the sum of van der Waals, Poisson–Boltzmann electrostatic, and ligand desolvation penalty
terms [54].

4.4. SrtA Enzyme Inhibition Assay

The effect of in silico hits on the enzymatic activity of S. aureus SrtA (AnaSpec AS-72229) was
determined using two different FRET substrates, DABCYL-LPETG-EDANS (AnaSpec, San Jose,
CA, USA) and 5-FAM/QXLTM 520 (AnaSpec, San Jose, CA, USA. The latter substrate is a novel
internally quenched fluorogenic peptide and the enzymatic activity of SrtA results in the release of
5-FAM fluorescence, which can be observed at Ex/Em = 490 nm/520 nm. The extended wavelength
fluorescence of 5-FAM is less affected by the autofluorescence components in biological and test samples.

The enzymatic reactions were carried out in black, low-binding polystyrene 384 well plates
(Greiner Bio-One). Test compounds were assayed in triplicate as an 8-point, 2-fold dilution series
starting from concentrations where no precipitation could be observed. SrtA was pre-incubated in
the reaction buffer with compounds for 1 h at room temperature prior to the addition of the FRET
substrate. Assays were performed in 50 µL reactions with 50 ng of S. aureus sortase A and 25 µM of
DABCYL-LPETG-EDANS substrate or 1 µM of 5-FAM/QXLTM 520 substrate. The inhibitory activity
of the compounds was determined by monitoring the rise in fluorescence intensity over 24 h at
Ex/Em = 336 nm/490 nm for the DABCYL/EDANS substrate and Ex/Em = 490 nm/520 nm for the
5-FAM/QXL 520 substrate on a Tecan Infinite M1000 Pro reader. Compounds were tested in the absence
of fluorophore to measure compound autofluorescence since strongly autofluorescent compounds
may give false results. The synthetic compound, p-hydroxymercuribenzoic acid and natural sortase
inhibitors, curcumin and chlorogenic acid were used as reference inhibitors.

Raw fluorescence data were corrected for autofluorescence before computing percentage inhibition
values. These percentage inhibition values were plotted against compound concentration using
GraphPad Prism version 8.0 by nonlinear regression analysis using least squares fit method for IC50

determination. Testing was performed twice to ensure reproducibility of results.

4.5. S. aureus Whole Cell Assay

Minimum inhibitory concentration (MIC) tests were performed according to procedures of the
Clinical Laboratory Standards Institute (CLSI) with minor changes using the microbroth dilution
technique in a 384-well setup. Inoculum of each S. aureus strain was prepared by suspending segregated
colonies in sterile saline to a 0.5 McFarland standard. An inoculum of 2–8 × 105 CFU/mL was incubated
with the compounds for 24 h at 37 ◦C. Gentamicin (data not shown) was incubated in the same manner
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as the test compounds and served as a positive control. The effect of the compounds on bacterial
growth was calculated by quantifying the optical density at 600 nm on on a microplate reader (Tecan,
Infinite M1000, Salzburg, Austria). Dilutions of the inoculum were cultivated on agar to verify the
validity of the inoculum seeding density and absence of contamination. All tests were executed in
triplicate during two separate experiments.

4.6. Biofilm Inhibitory Assay

The effectiveness of SrtA inhibitors in reducing biofilm formation and growth was assessed using
the crystal violet (CV) biofilm assay with the following modifications [55]. TSB with 2% glucose (TSB
without glucose for E. coli) was inoculated with 105 CFU/mL of S. aureus and E. coli overnight cultures.
A total of 90µl of this cell suspension was then dispensed into 96-well microtiter plates containing
10 µL of different concentrations of the SrtA inhibitors. After 24 h growth at 37 ◦C the plates were
washed with PBS to remove unbound cells and heat fixed at 60 ◦C for 30 min. Next, the wells were
stained with 0.1% crystal violet solution for 15 min at room temperature. At the completion of the
incubation plates were washed 3 times with PBS and dried. Then the crystal violet dye from the
biofilm was solubilized with 200 µL of DMSO. A total of 100 µL of this solution was then moved to a
new microtiter plate for absorbance measurement at 595 nm. For pre-formed biofilm assay, the plates
were prepared and incubated as mentioned earlier, without SrtA inhibitors. After 24 h incubation,
the culture supernatant was removed gently and biofilm carefully washed with sterile PBS. Next, 10 µL
of different concentrations of SrtA inhibitors with 90 µL of TSB with 2% glucose were added carefully
into the wells and incubated at 37 ◦C for 24 h. The amount of crystal violet staining of biofilm was
measured as described above. The results were reported as percent inhibition normalized to the wild
type control. Two independent experiments were performed in triplicate to ensure reproducibility.

4.7. Assessment of Biofilms Metabolic Activity

For this assay, 96-well microtiter plate was prepared as specified in the above biofilm assay.
This assay was performed with the following modifications [56]. After 24 h incubation, culture
supernatant was removed carefully and wells washed with sterile PBS. The metabolic activity of
the biofilms was determined by adding 1:10 dilution of the PrestoBlue cell viability reagent (Life
Technologies, Carlsbad, CA, USA) in PBS and incubated for 30 min at 37 ◦C. After incubation, the
fluorescence was studied at 560 nm and 590 nm (excitation and emission, respectively) in a microplate
reader. For pre-formed biofilm assay, the plates were prepared and incubated as mentioned earlier
and the metabolic activity measured as described above. The outcome was defined as percent
inhibition normalized to the wild type. Two independent experiments were performed in triplicate to
ensure reproducibility.

4.8. Fibrinogen Binding Assay

Fibrinogen binding assay was completed as described but with slight revision [57]. A flat-bottom
96-well plate was covered with fibrinogen protein by adding 50 µL of 20 µg/mL of fibrinogen protein
from bovine plasma diluted in saline and incubated at 4 ◦C for 24 h. The coated plates were gently
rinsed twice with PBS and blocked for 60 min with 4% bovine serum albumin (BSA). The plates
were then washed 3 times with PBS. For this assay, S. aureus Newman strain was cultivated in
TSB at 37 ◦C to exponential phase (OD600 = 0.5) and then the bacterial culture was incubated
with various concentrations of test compound or control for 2.5 h. Then the cells were pelleted by
centrifugation at 10,000× g for 10 min, the supernatants were removed and the cell pellets stored at
−20 ◦C. The following day, cell pellets were suspended in PBS and dispersed in 100 µL aliquots to
distinct wells of fibrinogen-coated 96-well plates. After 2 h of growth at 37 ◦C, the bacterial supernatant
was discarded and the wells were rinsed gently with 150 µl PBS. Then the bacterial cells were fixed with
2% (v/v) glutaraldehyde and incubated for 30 min at 25 ◦C. After a wash with PBS, bound cells were
stained with 0.1% crystal violet dye for 15 min. Plates were rinsed twice again with PBS, enclosed with
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aluminum foil, then stored at room temperature to dry overnight. On the next day absorbance was
measured at 570 nm. The results were described as the percent of adhesion inhibition normalized to the
wild type control. Two independent experiments were performed in triplicate to ensure reproducibility.

4.9. Mammalian Cell Cytotoxicity Assay

A549 and HepG2 cells were seeded at 1500 and 2500 cells per well, respectively, in 384-well
microplates and incubated at 37 ◦C in the presence of 5% CO2. The next day, cells were treated with
compounds then incubated for an additional 72 h. To assess the cytotoxic effect of the compounds
PrestoBlue cell viability reagent (Life Technologies, Carlsbad, CA, USA) was used. After the 72 h
incubation with compounds, the 384-well assay plates were incubated with this viability indicator dye
for 2 h (A549) and 4 h (HepG2) before fluorescence reading at Ex/Em = 560 nm/590 nm on the Tecan
Infinite M1000 Pro reader. Puromycin (data not shown) was used as the positive control against both
cell lines. All tests were executed in triplicate on two separate experiments.

4.10. Statistical Analysis

All graphs were constructed using GraphPad PRISM 8.0. Comparisons were done using one-way
ANOVA. p < 0.05 was considered to be statistically significant.

Supplementary Materials: The following dose-responses data are available online at http://www.mdpi.com/1422-
0067/21/22/8601/s1, Figure S1: Dose response of known inhibitors, curcumin (A) and chlorogenic acid (B), on
sortase A. Inhibition of SrtA activity was measured at 24 h using two SrtA substrates. The results are mean values
and SE of three replicates. Figure S2: Effect of hit compounds and known inhibitors on the growth of S. aureus
ATCC 25923: N1287 (A), N2576 (B), curcumin (C), and chlorogenic acid (D). The results are mean values and SE
of three replicates. Figure S3: Effect of hit compounds and known inhibitors on the growth of S. aureus ATCC
33591 (MRSA): N1287 (A), N2576 (B), curcumin (C), and p-HMB (D). The results are mean values and SE of three
replicates. Figure S4. Effect of the known inhibitors of SrtA and selected hits on S. aureus ATCC 33591 (MRSA)
biofilm formation and pre-formed biofilms. Inhibition of S. aureus biofilm formation was determined using CV
assay. N1287 (A), N2576 (B), curcumin (C) and p-HMB (D). Figure S5: Crystal violet assay to assess the antibiofilm
activity of selected hits and known inhibitors of SrtA on S. aureus ATCC 33591 (MRSA) biofilm formation (A) and
pre-formed biofilms (B). Figure S6: Dose-response of the known inhibitors of SrtA and selected hits on S. aureus
ATCC 33591 (MRSA) biofilm formation and pre-formed biofilms. Inhibition of S. aureus biofilm was determined
using PrestoBlue cell viability reagent. N1287 (A), N2576 (B), curcumin (C), and p-HMB (D). Figure S7: Effect of
the known inhibitors of SrtA and selected hits on E. coli ATCC 25922 biofilm formation. Inhibition of E. coli ATCC
25922 biofilm formation was determined using CV assay. N1287 (A), N2576 (B), curcumin (C) and p-HMB (D).
Table S1: Biological activity of selected hits and standard inhibitors.
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BSA bovine serum albumin
CFU colony-forming unit
CV Crystal violet
DMSO dimethyl sulfoxide
FRET fluorescence resonance energy transfer
p-HMB p-hydroxymercuribenzoic acid
IC50 half maximal inhibitory concentration
MDR multidrug-resistant
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MIC minimum inhibitory concentration
PBS Phosphate buffer saline
SrtA sortase A
TSB Tryptic soya broth
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