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Effect of genistein on MRSA efflux protein expression
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Abstract: [Objective] To study the effect of genistein on methicillin-resistant Staphylococcus aureus (MRSA)
efflux proteins. [Methods] Combined drug sensitivity test was used to detect the effect of genistein on the
sensitivity of MRSA to ciprofloxacin. The isobaric tags for relative and absolute quantitation (ITRAQ) technology
were used to detect the change of bacterial cell protein expression after genistein was applied to MRSA41577. The
bioinformatics method was used to analyze the significantly different proteins. qPCR and Nile Red efflux assay
were used to explore the mechanism of drug resistance-related proteins mediating bacterial resistance. [Results]
Combined drug sensitivity test showed that genistein enhanced the sensitivity of MRSA to ciprofloxacin. A total of
129 significantly different proteins were detected by iTRAQ technology, including 60 proteins with up-regulated
expression and 69 proteins with down-regulated expression. Bioinformatics analysis showed that there were about
14 proteins related to bacterial resistance, of which PstB, PstS and other proteins mainly mediated bacterial
resistance through the active efflux system. qPCR results showed that compared with the control group, PstB and
PstS gene expression decreased by 51.6% and 78.6%, respectively. Nile Red efflux assay showed there was a
competitive relationship between genistein and Nile Red, so that genistein was a competitive inhibitor of
MRSA41577. [Conclusion] Genistein reverses bacterial resistance by reducing mRNA expression of the efflux
genes pstB and pstS, and affected the expression of efflux proteins PstB and PstS of MRSA41577. Besides,
genistein is also a competitive efflux inhibitor of MRSA41577 and plays antibacterial effect by competing with
substrates for efflux, which makes antibacterial drugs stay in the bacteria.
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Infectious diseases caused by MRSA spread which seriously threatening human health and
all over the world, and MRSA is one of the global public health security’®. MRSA has become
pathogens which cause the highest incidence of a focus of world attention due to its multiple drug

hospital infection and community infection!' ™, resistance, complex drug resistance mechanism,
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high infection rate and high fatality ratel®”.

Previous studies have shown that the active efflux
system and biofilm formation of MRSA are the
main reasons leading to multiple drug
resistance!' ', Efflux pump inhibitor (EPIs) is
active to inhibit MRSA efflux system and reverse
its drug resistance. In the early stage, from 8 plant
monomer compounds, genistein, an efflux pump
inhibitor with better effect, was screened out by
combined drug sensitivity test, double plate method
and fluorescence spectrophotometry. Genistein is a
naturally occurring isoflavone that has been shown
to have anti-inflammatory, antibacterial,
effects!'?!.

regulatory mechanism of genistein on the active

anti-cancer However, the specific
efflux system is still unclear. It has been shown that
bacterial drug resistance caused by the active efflux
system is related to the bacterial drug resistant
proteins. These efflux proteins can pump out
antimicrobial agents that are unfavorable to
bacteria, enhance the survival ability of bacteria
under the pressure of antimicrobial drug selection,
and enable bacteria to show multi-drug
resistance!'®.  Also, studies have reported that
related proteins in phosphate specific transport
systems, such as PstB and PstS, are also related to
paper,
iTRAQ technology was used to detect the changes

bacterial resistance. Therefore, in this
in the expression level of bacterial protein after the
action of genistein on MRSA, and bioinformatics
methods were used to analyze the mechanism of
drug resistance-related proteins inhibiting the
active efflux system of MRSA.

1 Materials and methods

1.1 Materials

MRSA41577 was obtained from the Dalian
Municipal Central Hospital (Dalian, Liaoning,
China). S. aureus ATCC25923 was provided by the
Medical
National Center for Medical Culture Collections

Chinese Culture Collection Center,

China;
Nile red and genistein were purchased from

(Beijing, www.cmccb.org.cn/cmccbnew).
Novozymes Biotechnology Co., Ltd. (Shenyang,
China). Primers and Real-Time PCR reagents were
purchased from TaKaRa Biotechnology Co., Ltd.
(Dalian, China). Spin Column Bacteria Total RNA
Purification Kit was purchased from Sangon
Biotech Co., Ltd. (Shanghai, China).

1.2 Combined drug sensitivity test to detect
genistein restoring the sensitivity of MRSA to
ciprofloxacin
Antimicrobial activities of genistein and
ciprofloxacin were determined according to a
standardized broth microdilution method (Clinical
and Laboratory Standards Institute (CLSI)
document M27-A2)!""). Add 100 pL of bacterial
CFU/mL) and 10 pupL of

ciprofloxacin (CIP) with different concentrations

suspension (10

(final concentrations: 8-256 pg/mL) in a 96-well
plate. Then, 10 pL of
concentrations (final concentrations: 64—16 pg/mL)

genistein at different

were added. The plates were incubated at 37 °C and
40xg for 24 h, then aqueous 2,3,5-triphenyl
tetrazolium chloride (TTC) solution (0.2%, 20 pL)
was added to indicate the viability of bacteria. After
4 h of incubation in the dark, the results were
observed. The test was carried out in triplicate with
genistein as the control group and 20 pg/mL
reserpine as the positive control. Red means
bacterial growth, transparent means no bacterial
growth. MIC values were determined as the lowest
concentration of the ciprofloxacin capable of

inhibiting visible microorganism growth.

1.3 Determination of the effect of genistein on
MRSAA41577 protein expression

The MRSA41577 broth cultured at 37 °C
overnight was inoculated to a 20 mL fresh LB
liquid medium for 16 h to log phase at a ratio of 1%.
Then, genistein was added as a final concentration
of 32 pg/mL (Our previous results showed that
32 ug/mL genistein had the best effect on restoring

http://journals.im.ac.cn/actamicrocn
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the drug resistance sensitivity of MRSA41577), and
continue to incubate at 37 °C for 16 h to log phase
with no drug group as a blank control. The two
groups of bacteria cultured grown up to log phase
were centrifuged at 4000xg for 5 min at 4 °C to
collect the cells. Wash 3 times with pre-cooled
phosphate buffer solution (pH 7.4), mix 200 pg of
the lysate (20 mmol/L Tris, pH 8.0, 50 pg/mL
lysostaphin, 30 U nuclease) per 100 pg cells and
incubate at 37 °C for 1 h. Add 700 pL of protein
lysate (2 mol/L thiourea, 7 mol/L urea, 4% CHAPS,
0.5% ampholyte) and incubate at room temperature
for 3 h, then collect the supernatant by
centrifugation at 2000xg at 4 °C. The iTRAQ
technique was used to detect the differential protein
blank
experimental group. This experiment was carried

between the control group and the

out by Dalian Sato Biotechnology Co., Ltd.

1.4  Analysis of the effect of genistein on
MRSA41577 protein expression

The iTRAQ method was used to screen for
differentially expressed proteins. The peptides were
tagged with iTRAQ, SCX graded, desalted and
analyzed by lc-msms mass spectrometry. About
80 pg sample peptides were taken from each group
and labeled according to the instructions of the AB
company kit: iTRAQ Reagent-8plex Multiplex Kit
(AB SCIEX). About 36 fractions of eluted fractions
were collected and combined into 6 fractions
according to the SCX chromatogram, and the Cig
Cartridge was desalted after lyophilization. The raw
data of the mass spectrometry analysis were RAW
files. The software Mascot 2.2 and Proteome
Discoverer 1.4 were used to identify and quantify
the library. The database used is the Uniprot-
Staphylococcus-aureus-123969.  fasta  database.
Gene Ontology Analysis (Quick Go) was used to
analyze the biological processes involved in the
differential
molecular

proteins, cell composition and
differential

involved in the analysis were analyzed by the

functions; the proteins

actamicro@im.ac.cn

Kyoto Encyclopedia of Genes and Genomes
(KEGG); Functional protein association networks
(STRING) was used to analyze the network
differential

functional annotation of the differential proteins

pathways between proteins. The
was combined to find proteins related to the efflux

of MRSA41577.

1.5 Assessment of the effect of genistein on
MRSA41577 pstB and pstS genes expression

levels

MRSA41577 (10° CFU/mL) was cultured in
the absence or presence of 32 pg/mL genistein at
37 °C to the log phase. The total RNA was
extracted using Total RNA Purification Kit, and the
template cDNA was synthesized by a two-step
inversion method. cDNA was used as the template
to conduct quantitative gene amplification
according to pstB gene and pstS gene primers, and
16S rRNA was used as the internal reference gene
to determine the effect of genistein on gene
expression by real-time fluorescence qPCR. The
primer sequence is as follows:

pstB (F: 5'-TTGCAGCGCCACGTAATGAT-3";
R: 5-AGGTCCATCTGGTTGTGGCA-3");

pstS (F: 5'-CAGCCGCAGCATCTACATCTCC
-3'; R: 5" ACCACCAACGGCATACACATTAG C-3").

In the qPCR instrument, all genes were
amplified under the following conditions: 95 °C
30 s; 95 °C 55, 53 °C 30 s, 40 cycles; 95 °C 15 s,
60 °C 30s, 95 °C 15 s.

1.6  Determination of competition between
genistein and MRSA41577 efflux substrates!'®

Nile red is a lipophilic fluorescent dye which
can emit strong fluorescence binding to lipid
substances (such as lipids on cell membranes) when
it enters bacterial cells. Measuring the intensity of
fluorescence can reflect the content of Nile Red in
cells. Carbonyl cyanide m-chlorophenylhydrazone
(CCCP) is an efflux pump energy inhibitor that
causes cells to lose their energy source. Therefore,
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Nile Red can attach to bacterial cells to express the
corresponding fluorescence intensity.

highest
concentration of fluorescence intensity of cells
attached to Nile red. MRSA41577 was inoculated
in a liquid medium at 2% inoculum and incubated
at 50xg overnight at 37 °C for 14—16 h (ODgg
normally reached a plateau). The cells were
1500xg for 10 min at room
temperature and centrifuged and resuspended once

First, ~we  investigated  the

centrifuged at

were centrifuged with
(pH 7.0) (PPB)
containing a final concentration of 1 mmol/L

the bacterial colonies

potassium phosphate buffer

MgCl, at 20 mmol/L. Adjust ODgs to 1.0 with PPB.

Divided into 10 small test tubes, room temperature
for 15 min. Then add CCCP at a final concentration
of 10 pmol/L to the tube. Take the mother liquor as
5 mmol/L nylon, diluted to 10, 9, 8, 7, 6, 5, 4, 3, 2,
1 umol/L concentration gradient in turn into the test
tube. 50xg at 37 °C for 3 h. Room temperature for
60 min, 1500xg centrifugation 5 min, discard the
supernatant, the liquid on the wall with cotton all
dry. 0.2 mL of cell suspension plus 1.8 mL of PPB
was added to the quartz cup with a gap width of
10 nm, an excitation wavelength of 552 nm and an
emission wavelength of 636 nm. The fluorescence
intensity of 100s cells was measured.

After determining the optimum fluorescence
intensity of Nile red. Take 10 mL overnight
incubated MRSA41577 and ATCC25923 bacterial
solution, centrifuged at 1500xg for 10 min at room
temperature, 20 mL of the final concentration of

20 mmol/L PPB, centrifuged and resuspended again.

Adjust ODgg to 1.0 with PPB. At room temperature
for 15 min, MRSA41577 bacterial solution by
adding 5 pmol/L CCCP, ATCC25923 by adding
5 umol/L CCCP. After 15 min resting, packing,
adding different concentrations of genistein, and
then resting for 15 min. The final concentration of
4 umol/L Nile red was added and cultured at 37 °C
for 3 h with shaking at 37 °C. Room temperature
for 60 min, 1500xg centrifugation 5 min, discard

the supernatant, the liquid on the wall with
absorbent cotton all dry. Each group of cells was
resuspended in 2 mL of PPB containing a final
concentration of 0, 16, 32, 64 pg/mL of genistein
and 10, 20 pg/mL of reserpine. The 0.2 mL cell
suspension was rapidly added to 1.8 mL of PPB and
added to a quartz cup. The fluorescence wavelength
was 10 nm, the excitation wavelength was 552 nm,
and the emission wavelength was 636 nm. The
fluorescence intensity of 100s cells was measured.
After adding 100 pL of 1 mol/L glucose, the
detection was continued for 200 s. Record the
change in fluorescence intensity.

1.7 Statistical analysis

Data were analyzed by using SPSS 13.0 and
Microsoft Excel 2010 software. One-way analysis
Multiple
Comparison test, was carried out on data obtained

of variance, wusing the Dunnett

from three independent assays performed in
duplicate for each sample. Levels of statistical

significance at P<0.05 and P<0.01 were used.

2 Results

2.1 Genistein enhances ciprofloxacin sensitivity
of MRSA

The results of the combined drug sensitivity test
showed that genistein could significantly enhance
ciprofloxacin sensitivity of MRSA (Table 1).
Among them, 32 pg/mL genistein combined with
ciprofloxacin can reduce the MIC of ciprofloxacin
by MRSA from 128 pg/mL to 32 pg/mL, a 4-fold
reduction. The effect is consistent with the positive
control reserpine.

Table 1. The synergistic effect of genistein and CIP
Concentration/(pg/mL) 256 128 64 32 16
Ciprofloxacin (CIP) - -+ o+

CIP+16 genistein - - - +

CIP+32 genistein - - -
CIP+64 genistein - - - =
CIP+20 reserpine - - - =
+: bacterial growth; —: no bacterial growth.

+ o+ + + +
+ o+ + A+ 4|
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2.2 Determination of the effect of genistein on
MRSA41577 protein expression

A total of 1312 proteins and 6553 peptides
were detected. There were 129 proteins express
significant differences (difference protein P<0.05,
the difference in appearance between groups was
more significant than 1.2 or less than 0.833),
including 60 up-regulated proteins and 69 down-
regulated proteins.

2.3  Analysis of the effect of genistein on
MRSA41577 protein

The bioinformatics analysis results were as
follows: The GO analysis included the analysis of

Biological process

biological processes involved in differential
proteins, cell composition, and molecular function.
The results of GO analysis (Figure 1) showed that
the 129 differential proteins affected by genistein
were involved in 13 biological processes, eight
cellular components, and six molecular functions.
The biological processes in which these differential
proteins are involved are mainly metabolic processes,
accounting for 80%, followed by single organism
processes (58%) and cellular processes (65%). The
distributions in cell locations are cell types (46%),
cell component category (44%), cell membrane
(22%), and cell membrane component (18%).

Cell component Molecular function
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Figure 1. Gene ontology analysis. GO annotation of differentially regulated protein (ratio: >1.2 or <0.833)

functions. Y-axis represented the number of identified proteins in each GO category.
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The differential
functions, including 63% of catalytic activity, 44%

proteins perform molecular

of binding molecules, and 10% of transport activity.

Based on the results of comprehensive GO analysis,
it is speculated that the components present in the
cell membrane of the cell and the differential
proteins that perform the transport activity function
may be related to the active efflux system of
MRSA41577. The KEGG pathway database
(Figure 2) showed that the
129 differential proteins affected by genistein

analysis results
involved four significant pathways: Metabolism,
Genetic Information Processing, Environmental
Information Processing, and some unknown paths.
GO analysis speculates that proteins involved in
membrane transport may be included in active
efflux systems. In the membrane transport pathway
represented by the CA, there are eight differential
proteins in the ABC transport pathway. There is a
differential

system pathway; there is a differential protein in

protein in the phosphotransferase
the bacterial secretion pathway, a two-component
transport system. There are seven differential
proteins in the path, so it is speculated that these 17
differential proteins may be related to the active
efflux system of MRSA41577. STRING analyzes
the network pathways of the interactions between
the differential proteins (Figure 3). Each circle
represents a protein, and the marginal distance of
the ring depicts the correlation with the predicted
protein function.

The above biological information analysis
results showed that out of the 129 differential
related to MRSA41577
resistance were identified. Five differential proteins

proteins, 19 proteins

were associated with disease infection, 14
differential proteins are involved in
substrate-specific transmembrane transport,

including six up-regulated and eight down-regulated
proteins. It was shown that PstB, PstS, etc. mainly
mediate bacterial resistance through active efflux
systems.

2.4 Effect of genistein on the expression of pstB
mRNA and pstS mRNA

The results showed that compared with the
control group, the mRNA expression levels of the
PstB and PstS were
significantly decreased (Figure 4), and the gene

down-regulated proteins

expression levels were reduced by 51.6% and
78.6%, respectively (P<0.01).

2.5 Competition between
MRSA41577 efflux substrate

The results showed that the optimal
concentration of Nile red attached to MRSA41577
bacterial cells was 4 pmol/L, and the fluorescence
intensity was the highest (Figure 5). With the
increase of strength, the fluorescence intensity is

genistein and

reduced, presumably may be spontaneously
quenched in the cell membrane. So we chose
4 umol/L for the experimental concentration of Nile
red. Nile red is a lipophilic dye when it is in aqueous
solution, the fluorescence is very weak, but in a
non-polar environment, it will issue a vigorous
fluorescence intensity. The results showed that the
fluorescence intensity of the ATCC25923 was lower,
and the fluorescence intensity of the MRSA41577
was higher (Figure 6). The fluorescence intensity of
the MRSA41577 was higher indicates the presence
of the efflux pump and quickly pump the Nile red
out of the body. Similar to the positive control drug
reserpine, the treatment of MRSA41577 with
genistein increased the fluorescence intensity of
Nile red in a dose-dependent manner. This result
indicates that genistein inhibits the efflux of Nile red
in a dose-dependent way in MRSA41577 cells
(Figure 7). Reserpine is a competitive efflux pump
inhibitor that competes with the efflux substrate to
bind to the active site of the effluent pump, allowing
the efferent substrate to remain in the cell. Similar to
reserpine, genistein inhibits Nile red efflux by
MRSA41577 cells. It is hypothesized that there is a
competitive relationship between the effluent lignin
and Nile red, a competitive inhibitor of MRSA41577.
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2588

Mingzhu Sun et al. | Acta Microbiologica Sinica, 2020, 60(11)

Microbial metabolism in diverse environments
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Proteins involved in KEGG pathways.



INIEREE | YR, 2020, 60(11)

2589
; cysE
o
pyrC
rE
O—ea”
5
SAV2544 VD552 @ g V2390
= SAV1801 SAVI1845
SAV2173 @ e purl ® @ SAV1480
- SAV1425 - S W
SAVI213 @ SAV1012 SAVI1054 o
= o/ (@) m moaD
. gevH - =/ (]
SAV2329 SAVOS10 () fadA SAV0702
8 (=) ~ & €2 SAV2318
~ s @ - - e
odh v pgl
asavire gttt (i o P
- = Q@ e @® T
@ G\WR > SAV1609 gy AV 1608
= & gtfl o
- SAV0582 % - )
ms/\vzms it SAV00T4', @Si\i%
: @SAvos0s 8 _ SAV248
SAV1985 sasH )
) i sbi esaA
8" g .
SAVI3I2 -
¢
- sdrD
R _IyrA
SAVI282 N isaB ®”
3 - e e
L -
ﬂ)capc SAV2510
s o2
o sT i
SAV1625 5SAVOI70 A4 TfP /\/ o
@ b stpC SAV09s
cam$ &/ N\ olpF SAV1847
@ SAV0843 SAVOTY3 meck (N P
|~ SAV0972 £ @ s
sAVIsos  ((A—
e & SAV0243 &»
- I
@ @ b @ o L
\'_/ & mnhDI1 e = -
’qlrxA SAVI103 Q b
</ - fer rsbV -
gatA E‘\-\ &
-, putP P~ f\ polC oy ay S’A\VISSZ
< 57 es/\vzm @SAV2655 SAV2644
recN
£y
LSSy
Figure 3. Protein-protein interaction analysis. The network of significantly differentially expressed proteins

(ratio: >1.2 or <0.833 fold) was analyzed by String. Small nodes represent protein of unknown 3D structure;
large nodes represent some 3D structure is known or predicted. Colored nodes represent query proteins and first
shell of interactors; white nodes represent second shell of interactors. The blue lines represent database evidence;
the purple lines represent experimental evidence; yellow lines represent text mining evidence; the black lines
represent coexpression evidence; and green lines represent neighborhood evidence.
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3 Discussion

Methicillin-resistant Staphylococcus aureus
(MRSA) has a multi-drug resistance to various
antibacterial agents, which severely affects human
life and health!"” 2%, Studies have shown that the
active efflux system of MRSA is one of the main
reasons for its multi-drug resistance!*'. The active
efflux system is associated with drug resistance

proteins. The difference in expression of MRSA

actamicro@im.ac.cn

bacterial proteins after the teeatment of genistein
showed that 129 proteins were detected, including
60 proteins with up-regulated expression and
69 proteins with down-regulated expression.
Further bioinformatics analysis obtained 14 drug
resistance-associated proteins, among which PstB,
PstS and other proteins can mediate bacterial
resistance through an active efflux system. The
expression levels of PstB and PstS protein genes
were detected by qPCR method, and the results
showed that genistein could inhibit the transcription
and expression of bacteria gene pstB and pstS in
vitro, and decrease the content of efflux protein
PstB and PstS. The results of the Nile Red efflux
assay showed that genistein competed with the
substrate for efflux, ensuring the accumulation of
drug in MRSA41577 to carry out bacteriostatic
effect as a competitive EPL.

Also, AVI Neznansky et al. showed that when
the pstS gene was knocked out, the ability to form a
biofilm (BF) was significantly reduced or the
expression of invasive genes such as hil4 was
reduced to alleviate pathogenic bacteria infection to
host cells!®*?*!. Therefore, PstS protein can also
MRSA

formation of bacterial BF.

mediate resistance by affecting the

inhibit the

expression of efflux protein PstB and PstS protein.

In summary, genistein can

At the same time, it can inhibit the active efflux
system of MRSA41577 by
antibacterial drugs and allowing antibacterial drugs

competing with

to remain in the bacteria to exert antibacterial
action, thereby reverse the multi-drug resistance of
MRSA.
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SRR ZTT MRSA SMNHEE B RIEIR M
e, EWMWM, T, BIE, BHEA
LTI KA R i b, L TEEYFAR S0 TP A ESERZE, 07 KiE 116081

[ B9 ] BFGE G AR N FH 4R PG ARG 65 3 4 3K I (MRS A)VSMIE R ET g S o [ ik ] il Bk
B SIS I YRR 252 MRSA X IR DI V0 5L A SRk 5 1) 45 2[R 2 240 25 A X o B 11 o
H2EGTRAQME A, MYkl R E M MRSA41577 G EIAE ARB R, EdAdYE Bk
Xf 24 5 BE W E T R G T 18 qPCR FIJE B LI AMIESZE, BRI 24 41 ¢ 1Y 28 (1 A 3 40 B i 24
IVERABLE . [ 4550 ] RS 2 BUR A R EoR, JURPR R GBI R MRSA X IR A 0 U 5 dl
iTRAQ H AR 3 25 55 18 2 8 (1A 129 4>, HE 60 b LI E A 69 NFRB N MKYEN; 4
WG B s R BoR, SHE 25 CHE N AA 14 4, Hrb, il Fa5MER AN AR 245
B8 E A PstB. PstS %5; qPCR &5/, SXTHRAIMEL, PstB. PstS AYFEFE Rk m il TR T
51.6%F1 78.6%; JEFLIAMESLI AR TN, REAR RV LA ZMFIETES KR, N MRSA41577
BT At o [ 4518 ] JeRiR K Al 1 R MRSA41577 SMERED pstB Fl pstS 1) mRNA Fik,
HEMISZA PstB . PstS SMHFAE [ 1R FL MR T 25 5 IbAh, YRR RILSE MRSA41577 (35 M 4h
HEMRIR), AT SR e A SRR O 2, PR 25 B R B IR N R AR BUE MR

KR M PR S AR, SRS, EERZES T, [FALERARICH XL E
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