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of a natural phenolic compound,
3-p-trans-coumaroyl-2-hydroxyquinic acid against
the attachment phase of biofilm formation of
Staphylococcus aureus through targeting sortase A

Yan-Ping Wu, a Xiao-Yan Liu,a Jin-Rong Bai, a Hong-Chen Xie,b Si-Liang Ye,c

Kai Zhong,a Yi-Na Huangb and Hong Gao*a

The antibiofilm activity and molecular mechanism of a natural phenolic compound, 3-p-trans-coumaroyl-

2-hydroxyquinic acid (CHQA) against Staphylococcus aureus were investigated in this study. Crystal violet

staining and XTT reduction assay demonstrated that CHQA could prominently prevent the biofilm

formation of S. aureus accompanied with decrease in metabolic activity of biofilm cells. Meanwhile,

microscopic observations revealed that CHQA caused a huge collapse on the architecture of S. aureus

biofilm. Moreover, CHQA specifically inhibited the initial attachment phase of biofilm development and

reduced S. aureus adhesion to fibrinogen. Fluorescence resonance energy transfer assay and molecular

simulation showed that CHQA inhibited the activity of S. aureus sortase A (SrtA) through binding to the

active region via non-covalent interactions. Additionally, CHQA efficiently reduced S. aureus attachment

to stainless steel. Hence, these results suggested CHQA as a potential bacterial biofilm inhibitor which

achieved antibiofilm activity through affecting the attachment phase of biofilm formation by targeting SrtA.
1. Introduction

Staphylococcus aureus is a signicant foodborne pathogen
which causes various diseases of high morbidity and mortality
worldwide.1,2 S. aureus can adapt and survive in a wide variety of
stress conditions, such as high temperature, high salt concen-
tration, low pH, and dessication.1 The presence of S. aureus in
food processing environments poses a serious risk of food
contamination, leading to food poisoning among consumers.3

Foodborne diseases provoked by S. aureus are still a pressing
and challenging issue facing the food industry.

Biolm formation is important for the survival of S. aureus
in food processing environments, and is a main cause of the
occurrence of foodborne outbreaks.4,5 Biolms are complex
microbial aggregates adhering to biotic or abiotic surfaces
embedded by a self-secreted extracellular polymeric matrix.6,7

A particular characteristic of biolms is that they confer
favorable growth environments to pathogens and are highly
resistant to antimicrobials and disinfectants.3,8 Undesirable
bacterial biolms formed on food processing contact surfaces
, College of Biomass and Engineering and
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caused many problems, including production of virulence
factor, persistence of bacterial pathogens, and recurrent cross
contamination, resulting in substantial health risks for
consumers.5,9 Control of S. aureus biolm remains tenuous
with commercial available disinfectants, preservatives, and
even single antibiotic7,10 Moreover, the potential negative
effects of synthetic sanitizers on human health are receiving
growing attention. Therefore, it is imperative to search for safe
and efficient biolm inhibitors with novel targets to combat
foodborne pathogens.

Adhesion to host surface is a crucial initial step for biolm
formation. S. aureus secreted a formidable array of cell wall-
anchored proteins that associated with binding host matrix
components to initiate bacterial adherence and biolm devel-
opment.11 Part of surface proteins share a typical sorting signal
with a conserved C-terminal LPXTG motif and have a direct role
in biolm formation.12,13 Importantly, the anchoring of LPXTG
proteins to the bacterial cell wall is reliant on a membrane
transpeptidase sortase A (SrtA) which recognizes the LPXTG
motif and catalyzes the covalent attachment of these proteins to
cell wall peptidoglycan.14 A previous study has indicated that
srtA knockout mutants of S. aureus failed to display surface
proteins and were defective in the establishment of infections.15

Further research revealed that loss of SrtA reduced biolm
phenotype in S. aureus,16 and inhibition of SrtA activity atten-
uated the biolm formation of S. aureus.17 In addition, it was
demonstrated that overexpression of SrtA resulted in increased
RSC Adv., 2019, 9, 32453–32461 | 32453
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levels of biolm formation in some staphylococcal strains.18

Therefore, SrtA appears to be a promising target for identifying
biolm inhibitors due to its important role in S. aureus biolm
formation.12

Plant secondary metabolites are main sources of antibacte-
rial and antibiolm agents. Numerous polyphenols have been
demonstrated to signicantly inhibit the biolm formation of
pathogens,19,20 and many of them showed a potent inhibitory
activity against SrtA of S. aureus, such as morin, myricetin,
quercetin,21 chlorogenic acid,22 kaempferol,10 and isovitexin.23

Previously, we have reported a novel phenolic compound, 3-p-
trans-coumaroyl-2-hydroxyquinic acid (CHQA, Fig. 1A) from
pine needles of Cedrus deodara, which exhibited strong anti-
bacterial activity against S. aureus through damaging bacterial
cell membrane and disturbing cellular functions.24,25 In the
present study, we evaluated the inhibitory effect of CHQA on the
biolm formation by S. aureus, and further elucidated that the
primary antibiolm mechanism of CHQA might be due to the
inhibition of the attachment phase of biolm formation by
targeting S. aureus SrtA.
2. Materials and methods
2.1. Materials, bacterial strain and culture conditions

CHQA (HPLC $ 98%) was puried from pine needles of C.
deodara according to our previous reported method.26 A stock
solution of CHQA in Milli-Q water was prepared for use in all
experiments. S. aureus ATCC 29213 was obtained from the
China Medical Culture Collection Center (Beijing, China). S.
aureus was cultured in tryptone soy broth (TSB) supplemented
with 1% glucose at 37 �C overnight to obtain the logarithmic
phase cells for biolm assay.
2.2. Measurement of biolm biomass and bacterial growth

The prevention efficacy of CHQA on the bacterial growth and
biolm formation of S. aureus was assessed as a previous re-
ported method.6 In brief, logarithmic phase S. aureus bacterial
suspension was prepared in TSB with 1% glucose at a density of
1� 106 CFUmL�1. Aliquots of 100 mL of serial twofold dilutions
Fig. 1 (A) Chemical structure of 3-p-trans-coumaroyl-2-hydroxyquinic
and biofilm metabolic activity of S. aureus. *p < 0.05, **p < 0.01.

32454 | RSC Adv., 2019, 9, 32453–32461
of CHQA in TSB with 1% glucose were added into a sterile 96-
well microplate, followed by addition of 100 mL of the bacterial
suspension. The plate was incubated at 37 �C for 24 h to allow
biolm formation. Aer incubation, the optical density at
600 nm wasmeasured to determine the inhibitory percentage of
CHQA on the bacterial growth of S. aureus with a microplate
reader (Spectra MAX-190; Molecular Devices Co., Sunnyvale,
USA).

To evaluate the prevention efficacy on biolm formation, the
bacterial suspension was decanted and the planktonic S. aureus
was removed by washing the wells twice with PBS (0.01 M, pH
7.2). The biolm formed on the well bottom was stained with
200 mL of 0.4% crystal violet solution for 5 min, and washed
twice with distilled water. Then, 200 mL of 20% glacial acetic
acid was added to each well to dissolve the stained biolm for
30 min and the biolm biomass was quantied by recording the
absorbance at 570 nm. The inhibition percentages of growth
and biolm were calculated as the following formulas,
respectively.

Growth inhibition percentage (%) ¼ [1 � (treated OD600 nm/

control OD600 nm)] � 100

Biofilm inhibition percentage (%) ¼ [1 � (treated A570 nm/control

A570 nm)] � 100

2.3. Assessment of metabolic activity of biolm cells

The 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide sodium salt (XTT) reduction assay was per-
formed to evaluate the metabolic activity of S. aureus biolm
cells as previously reported.3 Biolm of S. aureus was formed in
the absence or presence of CHQA by the procedure described
in the biolm biomass measurement assay. Aer removal of
planktonic cells, 120 mL of a fresh mixed solution of XTT
(Sigma Aldrich Co., St. Louis, USA) and phenazine metho-
sulfate (Sigma Aldrich Co., St. Louis, USA) prepared in PBS was
added to each well to keep the nal concentrations at 100 mg
mL�1 and 10 mg mL�1, respectively. The plate was incubated in
acid (CHQA). (B) Effect of CHQA on the cell growth, biofilm formation

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05883d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:3

8:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the dark at 37 �C for 3 h. The absorbance at 492 nm was
measured by the microplate reader referred above. The inhi-
bition percentage of metabolic activity was calculated by the
following formula.

Inhibition percentage (%)¼ [1� (treated A490 nm/control A490 nm)]

� 100.

2.4. Observation of S. aureus biolm

Biolm of S. aureus was grown on glass slides for the light
microscopic observation.27 Briey, sterile round glass sides (f
14 mm) were placed in each well of a 24-well microplate. Then,
500 mL of different concentrations of CHQA in TSB with 1%
glucose and 500 mL of logarithmic phase S. aureus inoculum
were added to the microplate, and incubated at 37 �C for 24 h.
Subsequently, the glass slides were washed thrice with PBS and
stained with 0.4% crystal violet. Aer 5 min, the slides were
washed again with distilled water to remove the excess stain and
air dried. The stained biolms were observed with a light
microscope (Nikon Eclipse E200, Tokyo, Japan).

The effect of CHQA on the biolm architecture was further
analyzed by a scanning electronic microscope (SEM) with
a slightly modied method.3 In brief, the biolms of S. aureus
were developed on glass slides as described above. Then, the
glass slides were placed in 24-well microplate, submerged with
2.5% glutaraldehyde at 4 �C for 3 h, and gently rinsed with PBS.
Subsequently, the biolms on the slides were dehydrated in
a graded ethanol series of 25%, 50%, 70%, 90% and 100% at
4 �C for 10 min each. Aer a further critical-point drying, the
specimen was sputter-coated with gold and examined under
a SEM (JSM-7500, JEOL, Tokyo, Japan).

2.5. Preformed biolm disruption assay

The disruption ability of CHQA on the preformed biolm of S.
aureus was evaluated according to a previous reported method.28

In brief, aliquots of 100 mL of logarithmic phase S. aureus
suspension (1 � 106 CFU mL�1) were inoculated to each well of
a 96-well microplate and incubated at 37 �C. Aer 24 h, the
planktonic S. aureus was discarded and the established one-day-
old biolms were washed with PBS. Then, different concentra-
tions of CHQA prepared in TSB with 1% glucose were added to
the wells and further incubated for 24 h. The biomass of biolm
formed on the well bottom was assessed by crystal violet staining
method according to the procedure described above.

2.6. Analysis of inhibition phase of biolm formation

The inhibitory effect of CHQA on the different phase of biolm
formation by S. aureus was explored according to a previous
reported method with minor exceptions.10 Briey, 100 mL of S.
aureus suspension was prepared in TSB supplemented with 1%
glucose at a cell density of 1 � 106 CFU mL�1 and added to each
well of a 96-well microplate. Then, CHQA was added to the wells
at 0, 1, 2, 3, 4, 8 and 12 h respectively to keep the nal
concentration of 2.5 mg mL�1. Aer incubation at 37 �C for
This journal is © The Royal Society of Chemistry 2019
a total of 24 h, the biolm biomass was quantied by crystal
violet staining assay as described above.

2.7. Fibrinogen binding assay

Adhesion of S. aureus to immobilized brinogen was measured
by brinogen binding assay as previously reported with few
modications.10 In brief, logarithmic phase S. aureus (1 � 106

CFU mL�1) was cultured in the presence or absence of CHQA
with shaking at 37 �C for 5 h. The bacteria were collected by
centrifugation at 3000 rpm for 5 min, washed and resuspended
in PBS to an OD600 nm of 0.35. Each well of polystyrene 96-well
plate was coated with 200 mL of 100 mg mL�1 bovine brinogen
at 4 �C overnight. The plate was washed with PBS, and 100 mL of
the bacterial suspension was added and incubated for 1 h at
37 �C. Then, the supernatant was removed, and the cells were
washed with PBS and xed with 25% formaldehyde for 30 min.
The biomass of the adherent S. aureus cells was determined by
the crystal violet staining method as already described. The
inhibition percentage was calculated according to the adher-
ence rate compared to the control by the following formula.
Inhibition percentage (%) ¼ 100 � (C � T)/C, where C and T
were the absorbance values of the control and CHQA treated
group, respectively.

2.8. Measurement of sortase A activity

Sortase A activity was measured by a uorescence resonance
energy transfer method as reported previously with some
modications.10 The assay was performed in the wells of a 96-
well black plate. The synthetic uorescent peptide Dabcyl-
QALPETGEE-Edan (GL Biochem Ltd., Shanghai, China) was
used as a model substrate. Recombined SrtADN59 was puried
from E. coli and the enzyme purity was examined by SDS-PAGE.
Briey, different concentrations of CHQA were added to the
reaction buffer (50 mM Tris$HCl, 150 mM NaCl, 5 mM CaCl2,
pH 7.5) containing 10 mM SrtADN59 in a nal volume of 300 mL.
The plate was incubated at 37 �C for 30 min. Subsequently, 10
mM of substrate peptide was added and keep a further incuba-
tion at 37 �C for 1 h. The uorescence intensity was measured at
495 nm with an excitation wavelength of 350 nm using
a microplate reader (PE envision, PerkinElmer Co., Waltham,
USA), and the uorescence changes were used to calculate the
inhibitory rates.

2.9. Molecular modeling of CHQA and sortase A

The potential bindingmode of CHQA to S. aureus sortase A was
explored by a molecular docking method performed on Auto-
Dock 4.0.2 The starting crystal structure of S. aureus SrtA was
obtained from the Protein Data Bank (PDB code: 1T2P). The
co-crystallized water molecules and counterions were removed
from SrtA structure and polar hydrogen atoms were added
using the AutoDock Tools. The structure of CHQA for docking
was prepared by dening rotatable bonds and merging non-
polar hydrogen atoms. Standard docking procedure for
a rigid protein and a exible ligand was performed. Subse-
quently, the complex structure obtained from molecular
docking was used as the original structure to perform the
RSC Adv., 2019, 9, 32453–32461 | 32455
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molecular dynamics simulation with Gromacs 2018.4
package29 using the Charmm2730 all-atom force eld
combining the TIP3P water model.31 The SrtA-CHQA system
was run for 20 ns of molecular dynamics simulation with
a time step of 2 fs. Energy decomposition was calculated by
Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) method.32 Analysis of the trajectories was performed
on VMD and Gromacs tools.
2.10. Stainless steel model assay

Stainless steel 304 coupons (2 cm � 2 cm � 1 mm thickness)
were used for biolm development as previously described
method.5 Aer cleaning and sterilization, coupons were
immersed in S. aureus bacterial suspension and incubated at
37 �C for 2 h. Each coupon with adherent cells was gently
washed with 0.1% peptone water and submerged in different
concentrations of CHQA for 10 min. Following the treatment,
coupons were washed again to remove excess CHQA, immersed
in 10 mL of 0.1% peptone water and sonicated at 55 kHz for
10 min. Coupons treated with 0.1% peptone water were served
as the negative control. S. aureus in the sonicated samples were
counted as the adherent cells by serial dilution and plating
method.
2.11. Statistical analysis

All experiments were conducted in triplicate. One-way analysis
of variance was performed on SPSS 19.0 soware (IBM Co.,
Armonk, USA) using LSD or Games–Howell test according to the
homogeneity of variances test. Data differences were considered
statistically signicant at p < 0.05.
3. Results and discussion
3.1. CHQA prevented the biolm formation of S. aureus
without affecting bacterial growth

Biolm biomass was determined by crystal violet staining
assay to evaluate the effect of CHQA on S. aureus biolm
formation. As shown in Fig. 1B, CHQA signicantly (p < 0.01)
prevented the biolm formation of S. aureus in a dose
dependent manner. The reduction in biolm biomass ranged
from 53% to 88% when the concentrations of CHQA were
increased from 0.3125 to 2.5 mg mL�1. Since an ideal anti-
biolm inhibitor is expected to exert no pressure on bacterial
growth, the antibacterial activities of all tested concentrations
of CHQA were assessed. The results showed that all tested
concentrations of CHQA hardly affected the growth of
planktonic S. aureus, causing a minor (<10%) and no signi-
cant (p > 0.05) decrease when compared to the control. It was
consistent with our previous report that the minimum
inhibitory concentration of CHQA against S. aureus ATCC
29213 was 5 mg mL�1.24 These results demonstrated that the
inhibitory effect of CHQA on the biolm formation of S.
aureus was mainly attributed to the antibiolm activity rather
than dependent on the inhibition of planktonic bacterial
growth.
32456 | RSC Adv., 2019, 9, 32453–32461
3.2. CHQA decreased the metabolic activity of S. aureus
biolm cells

The inhibitory efficacy of CHQA on the biolm formation of S.
aureus was further veried by measuring the metabolic activity
of S. aureus biolm cell. The results indicated that CHQA
signicantly (p < 0.01) reduced the cellular metabolic activity of
S. aureus biolm by 22%, 42% and 57% at concentrations of
0.625, 1.25 and 2.5 mg mL�1, respectively (Fig. 1B). Numerous
phytochemicals have been reported to prevent biolm forma-
tion of pathogens accompanied with reduction in metabolic
activity of biolm, such as gallic acid, caffeic acid, chlorogenic
acid, and morin.3,6 It is noteworthy that the reduction
percentage of metabolic activity was lower than the inhibition
rate of biolm formation at same concentration of CHQA,
suggesting that CHQAmight inhibit S. aureus biolm formation
through other mechanism besides decreasing the metabolic
activity of bacterial cells in biolm.
3.3. Light microscope and SEM images of S. aureus biolm

To visually disclose the impact of CHQA on S. aureus biolm,
the changes in morphology and architecture of biolm were
observed by light microscope and SEM (Fig. 2). The light
microscope images captured aer crystal violet staining dis-
played the overall morphology of S. aureus biolm, which
revealed that CHQA caused a huge collapse on the biolm and
a remarkable decrease in the number of adherent S. aureus
cells. Furthermore, SEM analysis with higher magnication
clearly showed that CHQA dramatically disrupted the architec-
ture of S. aureus biolm. Biolms in the control group exhibited
typical complex structure with multilayered cell clusters
embedded in an extracellular polymeric substance. In contrast,
S. aureus exposed to CHQA produced scant biolms organized
by small bacterial clumps or even single cell. Additionally, part
of S. aureus cells were damaged and some debris was loosely
attached to the glass surface. Formation of characteristic bio-
lm architecture is an important step in development of
complicated biolm with extracellular polymeric matrix that
prevented antibiotics from reaching the bacteria and enhanced
pathogenicity and resistance of S. aureus.33 As a consequence,
the suppressed production and loosed architecture of S. aureus
biolm caused by CHQA would ultimately attenuate the resis-
tance of bacteria.
3.4. CHQA had no disruption effect on the preformed
biolm of S. aureus

The elimination efficacy of CHQA on the preformed one-day-old
S. aureus biolm was further investigated. Unfortunately,
removal of S. aureus established biolm was not achieved by
CHQA even at high concentration of 10 mg mL�1 (Table 1). This
is probably because bacteria that reside in biolm were more
resistant to antimicrobial agents through robust extracellular
matrix, metabolic dormancy, and molecular persistence
program.34 It could be speculated that CHQA exhibited inhibi-
tory effect on S. aureus biolm production by disturbing cell–
surface interaction and cell–cell interaction, thereby impacting
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Light microscope images (A) and scanning electron micrographs (B and C) of S. aureus biofilm formed on glass slides in the presence and
absence of CHQA.
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the adherence of planktonic S. aureus cell. These results were
coincident with a previous study which reported that morin
failed to disrupt the mature biolms of Listeria monocytogenes
although it prominently inhibited the biolm formation.6

Bacterial adhesion to the surface changed from reversible to
irreversible and consequently formed persistent biolm.35 So,
these ndings suggested that prevention of bacterial adhesion
is critical for combating biolm as it was difficult to eradicate
once biolm formed.
3.5. CHQA inhibited the attachment phase of S. aureus
biolm formation

It was recognized that bacterial biolm development consists of
three sequential phases: attachment of cells to a surface,
accumulation of cells to formmicrocolonies and differentiation
of biolm into a mature structure.11,35 The preceding results
showed that CHQA markedly prevented S. aureus biolm
formation when co-cultured with bacteria, whereas it could not
destroy the established biolm. So, addition of CHQA at
different time points during biolm formation was performed
to clarify which phase of biolm development was affected by
CHQA. As illustrated in Fig. 3A, compared with the control
group, CHQA signicantly (p < 0.01) reduced the biolm
Table 1 Effect of CHQA on the one-day-old preformed biofilm of S. au

Groups Control

3-p-trans-Coumaroyl-2-hydroxyq

10 5

A570 nm 1.28 � 0.15 1.33 � 0.12 1.24 � 0

a Each value was expressed as a mean � standard deviation (n ¼ 3). There
CHQA treated group at all tested concentrations.

This journal is © The Royal Society of Chemistry 2019
biomass of S. aureus when added immediately and aer incu-
bation for 1 h. However, aer S. aureus was incubated for 2, 3, 4,
8, and 12 h, respectively, the addition of CHQA had no effect
and the biolms were completely resistant to CHQA. Similar
observations were reported for kaempferol that specically
inhibited the attachment phase of biolm formation of S.
aureus.10 Aer attached to surfaces, bacterial would proliferate,
aggregate and recruit cells from the surrounding to form and
differentiate into biolm,36 thus the preventive effect of CHQA
on the attachment phase of S. aureus would undoubtedly hinder
the subsequent biolm development. These ndings were in
accordance with the observations obtained in the preformed
biolm disruption assay, which further revealed that CHQA
prevented S. aureus biolm formation by acting at the initial
attachment stage of biolm development.
3.6. CHQA reduced S. aureus adhesion to brinogen

The binding of S. aureus surface anchored proteins to the host
matrix proteins initiated cell adherence, which mediated the
attachment phase of biolm formation.11,37 Some of the LPXTG
surface proteins of S. aureus can recognize different host matrix
components, such as brinogen, bronectin, collagen and
cytokeratin.11 Accordingly, we used brinogen as a substrate for
reusa

uinic acid (mg mL�1)

2.5 1.25 0.625

.06 1.39 � 0.09 1.47 � 0.31 1.46 � 0.20

was no signicance (p > 0.05) between the A570 nm values of control and
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Fig. 3 (A) Effect of CHQA on the different phases of S. aureus biofilm development. (B) Effect of CHQA on the adhesion of S. aureus to
fibrinogen. *p < 0.05, **p < 0.01.
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bacterial adhesion to explore the inuence of CHQA on the
adhesion capacity of S. aureus. As expected, CHQA signicantly
(p < 0.05) inhibited the adhesion of S. aureus to brinogen
(Fig. 3B). The inhibition percentage of S. aureus adhesion was
approximately 62% with treatment of CHQA at 2.5 mg mL�1.
These results were consistent with previous studies that re-
ported many natural products exerted inhibitory effect on the
adhesion of S. aureus to brinogen.2,23,38,39 Hence, it can be
inferred that CHQA might inhibit the attachment phase of
biolm formation by affecting the adhesion of S. aureus to host
surface, eventually lead to weak biolm formation.

3.7. CHQA inhibited the activity of S. aureus SrtA

Since sortase A plays a vital role in the adhesion of S. aureus to
host matrix components and subsequent biolm formation, we
further evaluated the effect of CHQA on the activity of S. aureus
SrtA. As shown in Fig. 4, inhibition of SrtA activity was caused by
CHQA in a dose dependent manner. The activity of S. aureus
SrtA was inhibited by 74% aer treated with 156.25 mg mL�1 of
CHQA, and the IC50 value was detected to be 57.05 mg mL�1.
Chlorogenic acid, a structural analogue of CHQA, has also been
Fig. 4 Inhibitory effect of CHQA on the activity of S. aureus SrtA in
vitro. **p < 0.01.

32458 | RSC Adv., 2019, 9, 32453–32461
demonstrated to exhibit potent inhibitory activity against S.
aureus SrtA.2 Notably, lower concentrations of CHQA were
required to achieve comparable inhibitory efficacy on SrtA
activity compared with that used in the brinogen binding
assay or biolm inhibition assay. The discrepant results are
possibly because the puried SrtA enzyme was more susceptible
to CHQA in vitro. These ndings indicated that CHQA interfered
the anchoring of surface proteins and adhesion of S. aureus by
inhibiting SrtA activity, so as to prevent the bacterial biolm
formation. However, further research was required to explore
the molecular interaction mode between CHQA and S. aureus
SrtA.
3.8. Binding mode of CHQA with S. aureus SrtA

Based on the results of SrtA activity inhibitory assay, molecular
docking and molecular dynamics simulation were performed to
investigate whether CHQA could bind directly to S. aureus SrtA
and clarify the potential bindingmechanism. Root mean square
deviation (RMSD) values of the backbone atoms of the SrtA-
CHQA system were calculated to determine the dynamic
stability of the model (Fig. 5A), which indicated that the
complex achieved equilibrium at 10 ns and the structure was
stabilized during the simulation. As shown in Fig. 5B, CHQA
localized to the catalytic pocket of SrtA via hydrogen bonds and
hydrophobic interactions as important driving forces. In detail,
the negatively charged carboxyl group on the cyclohexane of
CHQA was oriented to the positively charged region of SrtA, and
formed two hydrogen bonds with Arg197 residue. Moreover,
a hydrogen bond between the C-4 hydroxyl group on the cyclo-
hexane of CHQA and Val168 was also present, while the
aromatic ring of CHQA extended into the groove of SrtA and
formed a hydrogen bond with the backbone of Gln113 residue.
The surrounding residues of Val166, Leu169, Lys173, Gln178,
Thr180 and Val201 were involved in hydrophobic interactions
with CHQA. In addition, the total binding free energy for the
SrtA-CHQA complex was calculated to be �47.2 kJ mol�1,
implying that CHQA had a strong ability to bind to S. aureus
SrtA.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The binding mode of CHQA to S. aureus SrtA based on molecular dynamics simulation. (A) The root mean square deviation (RMSD) of the
backbone atoms of the SrtA-CHQA system as a function of time. (B) The 3D structure of SrtA-CHQA complex and the interaction of CHQA with
the key residues of SrtA. (C) Decomposition of the binding energy on a per-residue basis at the binding sites of SrtA-CHQA complex.
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To better understand the contribution of each residue to the
binding system, the DEMM (bond, angle and dihedral interac-
tions, van der Waals and electrostatic interactions energy),
DEpol (polar solvation energy), DEapol (nonpolar solvation
energy), and DEtotal (total energy) were calculated. As shown in
Fig. 5C, residues Gln113, Val168 and Arg197 that were involved
in hydrogen bonding contributed more to the binding energy
with DEtotal values of �7.9, �10.5, and �24.3 kJ mol�1, respec-
tively. The results indicated that these three residues might be
critical for the binding of CHQA to SrtA. Previous studies have
demonstrated that many SrtA inhibitors could interact with
Arg197 residue which was recognized as one of the residues of
active site triad of S. aureus SrtA.22,38,40,41 Substitution of Arg197
residue results in complete loss of catalytic activity of SrtA,42

thus the two strong hydrogen bonds between Arg197 and CHQA
might affect the activity of SrtA. Therefore, it was suggested that
CHQA inhibited the enzymatic activity of S. aureus SrtA through
binding to the active region via non-covalent interactions.
Fig. 6 Effect of CHQA on the population of S. aureus cells adhered to
stainless steel. **p < 0.01.
3.9. CHQA reduced S. aureus attachment to stainless steel

Stainless steel is widely used throughout the food industry,
whereas its hydrophilic property usually favors bacterial
attachment and biolm formation.5 Considering the promising
antibiolm activity of CHQA against biolms in food industry,
adhesion of S. aureus to food-grade stainless steel was con-
ducted to simulate food processing environments. As shown in
Fig. 6, cell density of adhesive S. aureus on the stainless steel
was 6.51 log CFU mL�1 aer incubation for 2 h. However, the
populations of adherent cells were signicantly (p < 0.01)
This journal is © The Royal Society of Chemistry 2019
reduced to 5.56, 4.75, and 3.14 log CFU mL�1 aer treatment
with CHQA at concentrations of 2.5, 5, and 10 mg mL�1,
respectively. The results revealed that CHQA could inhibit S.
aureus attachment to stainless steel aer a short contact time of
10 min, suggesting a potential of CHQA to control of bacterial
biolm in food industry. Nevertheless, in food processing
plants, food contact surfaces are complex with the presence of
food residues which lead to changes in surface properties and
bacterial attachment. Therefore, underestimated results might
be obtained in the stainless steel model assay, and the inhibi-
tory efficacy of CHQA against biolms formed by pathogens in
real food premises need to be further investigated.
RSC Adv., 2019, 9, 32453–32461 | 32459
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4. Conclusions

In the present study, the antibiolm activity of CHQA against S.
aureus was evaluated and the potential molecular mechanism
was further elucidated. The results revealed that CHQA effi-
ciently prevented the biolm formation of S. aureus without
affecting the bacterial growth, leading to a reduction in the
metabolic activity of biolm cells and a huge collapse on the
biolm architecture. Moreover, it was found that CHQA
inhibited the biolm formation by affecting the initial attach-
ment phase of biolm development, whereas it had no
disruption effect on the established one-day-old S. aureus bio-
lm. Further results showed that CHQA signicantly inhibited
the activity of S. aureus SrtA through binding to the active region
via hydrogen bonds and hydrophobic interactions, so as to
cause weak bacterial adhesion and subsequent inhibition of
biolm formation. In addition, CHQA exhibited a potent ability
to reduce the number of sessile S. aureus cells adhered on
stainless steel aer a short contact time. All these ndings
suggested that CHQA might be a promising candidate to
combat bacterial biolm in the food processing environments.
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