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ABSTRACT: Listeria monocytogenes, a human foodborne pathogen
that causes listeriosis with high-rate mortality, has been reported to
be resistant to commonly used antibiotics. New antibiotics or
cocktails of existing antibiotics with synergistic compounds are in
high demand for treating this multi-drug-resistant pathogen.
Fosfomycin is one of the novel and promising therapeutic antibiotics
for the treatment of listeriosis. However, some L. monocytogenes
strains with the FosX gene were recently reported to survive from the
fosfomycin treatment. This work aims to identify FosX inhibitors
that can revive fosfomycin in treating resistant L. monocytogenes.
Since structures and activities of the FosX protein in L.
monocytogenes have been well studied, we used an integrated
computational and experimental approach to identify FosX
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inhibitors that show synergistic effect with fosfomycin in treating resistant L. monocytogenes. Specifically, automated ligand docking
was implemented to perform virtual screening of the Indofine natural-product database and FDA-approved drugs to identify
potential inhibitors. An in vitro bacterial growth inhibition test was then utilized to verify the effectiveness of identified compounds
combined with fosfomycin in inhibiting the resistant L. monocytogenes strains. Two phenolic acids, i.e., caffeic acid and chlorogenic
acid, were predicted as high-affinity FosX inhibitors from the ligand-docking platform. Experiments with these compounds indicated
that the cocktail of either caffeic acid (1.5 mg/mL) or chlorogenic acid (3 mg/mL) with fosfomycin (50 mg/L) was able to
significantly inhibit the growth of the pathogen. The finding of this work implies that the combination of fosfomycin with either
caffeic acid or chlorogenic acid is of potential to be used in the clinical treatment of Listeria infections.

B INTRODUCTION

Listeria monocytogenes is a Gram-positive, foodborne pathogen,
which could cause listeriosis disease, especially in immune-
compromised people.”” In particular, L. monocytogenes was
found to infect and adversely affect patients’ liver and
spleen.’ ™ In addition, L. monocytogenes can penetrate the
blood—brain barrier and blood—placenta barrier to harm the
central neural system of pregnant women and infants."”*
Unfortunately, L. monocytogenes can also grow in stress
conditions, such as under 4 °C, high salt, and low pH
conditions.”” This poses a big challen%e to the food
preservation in food processing industries.””” The ready-to-
eat (RTE) food is more likely to cause the outbreak of
listeriosis.”'” Based on the data posted by the Center for
Disease Control and Prevention (CDC), there was at least one
multistate listeriosis outbreak in the United States in the last 9
years."" Since L. monocytogenes is an intracellular pathogen, the
antibiotics used to treat listeriosis should be able to be
transported into host cells.”'>"® Penicillin, ampicillin, and
amoxicillin were the commonly used antibiotics in the
treatment of listeriosis.'> However, antibiotic resistance genes
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have been continuously found in Listeria strains. For example,
the strain that has resistance to penicillin G was isolated from
vegetables in 2016."'* To solve this problem, either new
antibiotics or the cocktails of existing antibiotics with inhibitors
of antibiotic resistance proteins should be explored.
Fosfomycin was found to be effective against clinical isolates
of L. monocytogenes and used as a novel therapeutic antibiotic
for clinical treatment of listeriosis.'> As a natural product,
fosfomycin is a broad-spectrum phosphonic acid antibiotic
produced by several Streptomyces and Pseudomonas species.
Fosfomycin acts as a phosphoenolpyruvate (PEP) analogue to
form a covalent bond with the active cysteine-115 side chain of
the MurA enzyme. This leads to the inhibition of the
biosynthesis of peptidoglycan, which further interferes with
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cell wall formation and leads to cell death.'® In addition,
fosfomycin is able to penetrate the blood—brain barrier and
reach clinically relevant concentrations. Thus, it has the
potential to eliminate L. monocytogenes, which causes neuron
damage."’

L. monocytogenes was previously reported with a limited
uptake of fosfomycin with certain in vitro standard
susceptibility assays.'® In contrast, further investigations
indicated that the pathogen highly expressed the virulence
gene prfA and thereby induced the uptake of fosfomycin
through an Hpt transporter in infection-mimic or in vivo
conditions.'”*” However, stronger fosfomycin resistance was
found in the L. monocytogenes isolates with fosfomycin
resistance proteins detected.”’ In particular, the resistant
gene FosX (LMO1702,402bp) was identified and expressed
in L. monocytogenes EGDe (strain ATCC BAA-679), a typical
well-studied strain.”” The FosX enzyme catalyzed the
hydrolysis of fosfomycin and resulted in fosfomycin resistance
in L. monocytogenes EGDe.””" Unfortunately, the FosX gene in
the EGDe strain would be transferred to other Listeria strains
via gene recombination (e.g., conjugation) in a short time
period.”> Few effective inhibitors have been found for
fosfomycin resistance proteins. Phosphonoformate (Foscarnet)
is one of the identified inhibitors for FosA, which belongs to
the same metalloenzyme superfamily as FosX.”* However, the
safety and eficacy of the compound was not approved for the
treatment of Listeria infection. Since there are many FDA-
approved natural compounds in the existing database,” it is
possible to find inhibitors against FosX. However, thorough
experimental screening for all of these compounds would be
time-consuming and costly. An efficient and affordable
approach is needed to address this issue.

Automated molecular docking is the most commonly used
computational approach that evaluates the binding of small-
molecule ligands like compounds to a target receg)tor with a
known three-dimensional (3D) crystal structure.”® Molecular
docking provides an avenue for a high-throughput virtual
screening of ligands, and it has been widely implemented in
drug discovery research for hit identification.”” ' Docking
programs have been improved recently to provide more
accurate prediction on ligand—target binding by optimizing
docking algorithms and scoring functions.”” Among these
existing docking programs, Molsoft ICM was evaluated with
93% accuracy in flexible docking and 90% successful rate in
covalent docking. This was significantly better than the
performance of Autodock, DOCK, FlexX, Gold, FITTED,
and MOE.*”**** Furthermore, ICM was ranked the first place
for docking pose and energy prediction in the drug desi%n data
resource (D3R) challenge for both 2017 and 2018.*7° The
ICM software has succeeded in identifying inhibitors of
pancreatic endoplasmic reticulum kinase, P300 HAT, STAT3
dimer, tumor marker AKRI1B10, and type-II kinase.*””~*
Molsoft ICM was thus used in this study to identify the
compounds that inhibit the FosX protein.

Generation of a docking receptor is a crucial step for virtual
screening; fortunately, crystal structures and the mechanism of
FosX protein in L. monocytogenes EGDe were well studied, in
which various ligands, e.g., sulfate ions, citric acid, or glycerol,
were co-crystallized with the protein.”” The enzyme is a
homodimer in a domain-swapped conformation and has two
identical catalytic sites formed by paired fafff motifs. The
H7 residue from one subunit joins H69 and E188 from the
opposite subunit to form a cup-shaped manganese ion-binding

7538

site.”> The enzyme adds water to the carbon-1 position of
fosfomycin, initiating the breaking of the epoxide ring, thereby
eliminating the activity of the antibiotic. The catalytic
mechanism is as follows: the Mn (II) ions provide electrophilic
assistance, and T9 supplies a proton to the oxirane oxygen and
E44 residues acting as a general base, resulting in addition of
water and breaking of the epoxide ring.”"”** Superimposition of
the structures of the FosX protein with various ligands (PDB
codes 2P7P, 2P7K, and 2P7L) indicates that ligand binding
might not initiate a global conformational change, particularly
in loop K94-G104 and the C terminal (Figure SI1A).
Furthermore, residues within the catalytic sites, e.g., E44, T9,
E118, Y108, Y67, H69, H7, and CSS, of the three co-crystal
complexes are conserved (Figure S1B). Therefore, the ligand-
bound receptor is rational for ligand—protein docking. In all,
the chain EF of the FosX-Mn(I1)-SO;~ complex (PDB code
2p7p), indicating no missing loops and conserved residues
(Figure S2), was modified as the receptor for virtual screening.
The top compounds were then validated by in vitro wet-lab
experiments.

B RESULTS

Caffeic Acid and Chlorogenic Acid Were Identified as
FosX Inhibitors by Virtual Screening. Among the 4821
compound candidates from the Indofine and FDA-approved
database, the top compounds that bound to the catalytic site of
the FosX protein and had a stronger binding affinity than
fosfomycin are listed in Table 1. It was hypothesized that
treating L. monocytogenes with fosfomycin and one of these
compounds should be able to eliminate the resistant Listeria
strain. Among these compounds, caffeic acid and chlorogenic
acid had the lowest scores (—21.1 and —17.9, respectively),
which indicated a relatively higher binding affinity than any
other compounds, including fosfomycin. Furthermore, both
caffeic acid and chlorogenic acid were expected to bind at the
catalytic site of the FosX protein. Figure 1 displays docking
conformations of caffeic acid and chlorogenic acid, in which
the two compounds occupy the fosfomycin-binding site and
overlap with the sulfate ion in the crystal structure 2p7p.
Caffeic acid was predicted to be interacting with Mn*" and
forming H-bonds with the T9 side chain and G104 backbone
on the FosX protein, thereby preventing the substrate
fosfomycin access. Chlorogenic acid might have further H-
bond binding with side chains of E96 and CSS. Therefore,
these two phenolic acid compounds could be potential
competitive inhibitors of the FosX enzyme. Considering the
solubility impact on the drug efficacy in the in vitro
susceptibility assay and the toxicity of the identified
compounds, only chlorogenic acid and caffeic acid were
further validated experimentally.

Minimum Inhibitory Concentrations (MICs) of Fosfo-
mycin, Chlorogenic Acid, and Caffeic Acid. The MIC of
fosfomycin for L. monocytogenes EGDe was determined to be
greater than 100 mg/L, which is consistent with a previous
study.” The tested strain was resistant to fosfomycin. Since
FosX is the only fosfomycin resistance gene that is proven to be
present in L. monocytogenes EGDe, the FosX gene should be
expressed.”’ The tested strain was used for further tests. The
MIC of chlorogenic acid was around 6 mg/mL. The MIC of
caffeic acid was around 2.25 mg/mL. Therefore, all of the
concentrations of chlorogenic acid and caffeic acid used in the
cell growth study were lower than the tested MICs of
fosfomycin.
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(B)

Figure 1. Docked conformation of caffeic acid/chlorogenic acid. (A) Caffeic acid (yellow sticks) docked within the catalytic site of the dimeric
FosX protein; (B) predicted ligand—residue interactions of caffeic acid (yellow) and the FosX protein; (C) chlorogenic acid (orange sticks) docked
in the catalytic site of the FosX protein; and (D) molecular interactions of chlorogenic acid (orange) with the FosX protein. Two subunits of the
FosX protein are colored distinctly (green and blue); the manganese ion is shown in purple. Hydrogen bonds are represented as black dashes.
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Figure 2. Cell growth test with chlorogenic acid and fosfomycin. (A) Comparison of the growth curves of L. monocytogenes under different chemical
treatment conditions. (B) Maximum growth rate normalized with the positive control of L. monocytogenes. CL: chlorogenic acid; triplicate samples;
error bar: standard deviation; and PC: positive control (L. monocytogenes overnight culture was diluted with 5% dimethyl sulfoxide (DMSO)).

genic acid gained substantial attention due to its various
biological and pharmacological effects, e.g., anti-diabetics, anti-
obesity, anti-oxidation, anti-inflammation, anti-hypertension,
antimicrobial activities, and metabolism regulation. It was
suggested that chlorogenic acid had bactericidal effects against
some pathogens through various mechanisms.*’ It has been
shown that the treatment of chlorogenic acid at the
concentrations of 2MIC or 4MIC could induce cell
constituents’ release, reduce intracellular ATP concentration,
and reduce the intracellular pH."> Furthermore, chlorogenic
acid could limit oxidation of polyunsaturated lipids and
delayed the growth of L. monocytogenes."* Besides L.
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monocytogenes, chlorogenic acid also had growth inhibitory
effects on other bacteria, such as Salmonella enteritidis and
Staphylococcus aureus.**® Similarly, caffeic acid was also shown
to have inhibitory effects on L. monocytogenes, S. aureus,
Escherichia coli, and Bacillus cereus.*>*°>* The compound can
increase membrane permeability, resulting in the release of cell
contents and access of hydrophobic antibiotics.*”>*

This study showed a general consistency in the growth
inhibitory effect of chlorogenic acid and caffeic acid with the
aforementioned findings. Furthermore, this study explored a
potential mechanism for these compounds to inhibit the FosX
protein and then eliminate the resistance of L. monocytogenes to

https://dx.doi.org/10.1021/acsomega.0c00352
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Figure 3. Cell growth test with caffeic acid and fosfomycin. (A) Comparison of the growth curves of L. monocytogenes under different chemical
treatment conditions. (B) Maximum growth rate ratio over the positive control of L. monocytogenes. CA: caffeic acid; triplicate samples; error bar:
standard deviation; and PC: positive control (L. monocytogenes overnight culture was diluted with 5% DMSO).

fosfomycin. Different from the traditional high-throughput
drug screening methods, computational docking was imple-
mented to identify the potential inhibitors of the target protein
FosX. Among the 4821 bioactive natural compounds or FDA-
approved drugs, chlorogenic acid and caffeic acid were
predicted by the ligand—protein docking to have the highest
affinity with the catalytic sites of the FosX protein. In
particular, they can outperform fosfomycin in binding to the
FosX protein. This enables fosfomycin to function properly as
an antibiotic to eliminate L. monocytogenes. Our experimental
results demonstrated that each of these two phenolic acids
showed a strong synergistic activity with fosfomycin to inhibit
the growth of L. monocytogenes EGDe resistant to fosfomycin.
The co-treatment of fosfomycin (50 mg/L) and chlorogenic
acid (3 mg/mL) was able to reduce the growth of L.
monocytogenes by 98% from the positive control conditions,
which was much higher than the sum of the growth reduction
rates of 22.7% (fosfomycin (5%) + chlorogenic acid (17.7%))
of monotreatment groups. Similarly, the cocktail of fosfomycin
(50 mg/L) and caffeic acid (1.5 mg/mL) reduced the growth
of L. monocytogenes by 85.2% versus 5% by fosfomycin and
42.16% by caffeic acid. Thus, both chlorogenic acid and caffeic
acid exhibited excellent synergistic effects with fosfomycin on
inhibiting the growth of fosfomycin-resistant L. monocytogenes.
Although there are a lot of studies on chlorogenic acid and
caffeic acid, no previous research indicated that these two
phenolic compounds had synergistic effects in combination
with fosfomycin against L. monocytogenes. The novel drug
combinations provide a potential medical treatment of Listeria
infection, particularly caused by fosfomycin-resistant strains.

The toxicities of the two compounds have been evaluated.
Based on the information provided by NIH, chlorogenic acid
and caffeic acid could be considered as relatively nontoxic.>*
Additionally, probiotic bacteria are not sensitive to chlorogenic
acid and thus it may be practically used as a natural safeguard
food additive to replace the synthetic antibiotics, thereby
reducing the medicinal cost.*’

While all of these experimental results imply the
effectiveness of chlorogenic acid and caffeic acid in eliminating
the resistance of L. monocytogenes to fosfomycin, mechanisms
other than their inhibitory effect on the FosX protein may
exist. The mechanism of the synergistic effect of chlorogenic
acid or caffeic acid with fosfomycin should be studied
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systematically using a transcriptomic study or phenotypic
microarray study. Furthermore, the kinetic study of FosX
under the treatment of identified FosX inhibitors could be
considered for future research to verify the protein—ligand
binding of caffeic acid and chlorogenic acid with the
fosfomycin resistance protein FosX."

B CONCLUSIONS

Chlorogenic acid and caffeic acid were predicted as potential
high-affinity inhibitors of the FosX protein through molecular
docking. In the in vitro bacterial growth test, chlorogenic acid/
caffeic acid and fosfomycin combinations had synergistic
effects against the growth of a fosfomycin-resistant L.
monocytogenes strain, L. monocytogenes EGDe. The mechanism
might be that the two compounds prevent degradation of
fosfomycin and thus contribute to maintaining its antibacterial
activity. Our study identified two compounds that might be
used together with fosfomycin against fosfomycin-resistant L.
monocytogenes in the future clinical use. The synergistic effect
of the combination in this study suggests more laboratory and
clinical studies to quantify the doses of drugs in the regimen
against L. monocytogenes.

B METHODS AND MATERIALS

Identification of FosX Protein Inhibitors using
Ligand—Protein Docking. The fosfomycin resistance gene,
FosX, in the L. monocytogenes EGDe strain was obtained from
UniPlot with ID Q8Y6I2. The X-ray structure of the FosX
protein was found in the Protein Data Bank with PDB code
2p7p and was chosen as the model for virtual screening
described in this study. Furthermore, the bound sulfate ion in
the structure predicts the position of fosfomycin or its
hydrolysate product, which is a good marker to evaluate the
accuracy of molecular docking.”> Molecular docking was
carried out using ICM-Pro 3.7b (Molsoft, San Diego, CA).
The FosX protein structure (2p7p) was input into ICM
through a PDB search tool. The E and F monomers of FosX
were modified as the receptor for virtual screening by deleting
A, B, C, and D monomers, sulfate ions, and water molecules.
The ligand-binding pocket was identified using pocket
prediction tools with tolerance 4.6 and selected to cover the
enzymatic active site. The default docking box and maps were
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generated around the pocket. The initial docking probe was
manually removed from the docking box. The FDA-approved
drug and Indofine database containing 4821 compounds were
docked into the pocket with highest docking effort 10. Ligands
with relatively lower scores and having overlap with the sulfate
ion were selected for the hit list. Additionally, the five Lipinski
rules have been used to filter library according to their
physicochemical properties in virtual screening, and chemical
solubility was considered as a very important factor in the
experiment.55

Bacterial Strain and Culture Conditions. The L.
monocytogenes EGDe strain used in this study was purchased
from American Type Culture Collection (ATCC, Manassas,
VA). Before each experiment, a single colony of L.
monocytogenes EGDe was cultured overnight in S mL of
brain heart infusion (BHI, Sigma-Aldrich Inc., St. Louis, MO)
broth at 37 °C with 200 rpm agitation.

Chemical Stock Solution Preparation and Storage.
The S0 mg/mL fosfomycin sodium (analytical standard,
Sigma-Aldrich Inc., St. Louis, MO) stock solution was
prepared by dissolving fosfomycin sodium in distilled water.
The chemicals, chlorogenic acid, and caffeic acid, were
identified by the ligand—protein docking (as shown in Section
3.1). The chlorogenic acid (>95%, Sigma-Aldrich Inc., St.
Louis, MO) stock solution was prepared by dissolving the
chemical in DMSO (Sigma-Aldrich Inc., St. Louis, MO) with a
final concentration of 60 mg/mL. The caffeic acid stock
solution was prepared by dissolving caffeic acid (>98%, Sigma-
Aldrich Inc., St. Louis, MO) in DMSO with the final
concentration of 50 mg/mL. All stock solutions were sterilized
using a 0.22 pm syringe filter and stored under —20 °C until
further use.

Bacterial Minimum Inhibitory Concentration (MIC)
Assay. The chemical stock solutions were diluted using a 2-
fold serial dilution method.”® Then, 10 uL of the diluted/
undiluted stock solution was placed in a 96-well plate with 190
uL of fresh BHI-diluted L. monocytogenes EGDe overnight
culture (1:1000 dilution). The plate was incubated in a
microplate reader (BioTek Instruments, Inc., Winooski, VT) at
37 °C with 0.0S linear agitation. The absorbance at 600 nm
(ODgo) was monitored by the microplate reader every hour
for 24 h. The lowest chemical concentration among the groups
that showed no increase of ODg, over 24 h was determined as
MIC.

Bacterial Cell Growth Study and Maximum Growth
Rate Calculation. The overnight culture of L. monocytogenes
was diluted 1000-fold in fresh BHI for the cell growth study.
The stock solution of fosfomycin, chlorogenic acid, and caffeic
acid was diluted to the concentrations that were 20-fold to the
final concentration of each well. In the co-treated group, 10 uL
of the diluted fosfomycin sodium solution and 10 uL of
chlorogenic acid/caffeic acid diluted solution were added into
the corresponding well in a 96-well plate. In the cocktail of
fosfomycin and chlorogenic acid/caffeic acid, 10 uL of the
diluted chlorogenic acid/caffeic acid solution and 10 uL of
BHI was added into each well. Then, 180 uL of diluted L.
monocytogenes overnight culture (1:1000 dilute in BHI) was
added into each experimental group. For the negative control
group, 10 uL of DMSO and 190 uL of fresh BHI were added
into each well. For the positive control group, 10 4L of DMSO,
10 uL of fresh BHI, and 180 uL of 0.1% L. monocytogenes
overnight culture were added into each well. The 96-well plate
holding negative control groups, positive control groups, and
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experimental groups was placed into a microplate reader and
incubated at 37 °C with 0.0S linear agitation. The ODj,, was
measured by the microplate reader and recorded by Gen §
software (version 3.00.19, BioTek Instruments, Inc., Winooski,
VT) every hour for 24 h. The growth reduction rate (i.e., r)
was calculated as follows

r = [AODyy, (PC) — AODy,, (experimental group)]

/AODg,, (PC) X 100% (1)
where PC stands for the positive control condition. The
maximum growth rate of each group was calculated and
recorded by Gen $ software. The maximum growth rate of the
positive control group was normalized to 1, and all growth
rates of other experimental groups were normalized based on
the growth rate of the positive control group.
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