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ABSTRACT: Bacterial quorum sensing (QS) is anticipated as a new potential
target for the development of antimicrobial drugs. An anti-QS substance against
Chromobacterium violaceum CV026 and Pseudomonas aeruginosa PA01 has been
isolated and purified from the crude extracts of the marine fungus Penicillium
chrysogenum DXY-1, and the accurate structure was identified as cyclo(L-Tyr-L-
Pro). This cyclic dipeptide at sub-minimum inhibitory concentration can
decrease the QS-regulated violacein production of C. violaceum CV026 by 79%
and QS-mediated pyocyanin production, proteases, and elastase activity of P.
aeruginosa PA01 by 41%, 20%, and 32%, respectively. In addition, it can also
destroy the biofilm formation and decrease QS gene expression of P. aeruginosa
PA01. Molecular docking was further performed, and the obtained data indicated
that this dipeptide blocks the effect of QS autoinducers through competitive
binding to the same pocket of the receptor proteins. We expect this anti-QS
cyclic dipeptide to be a potential pro-drug treating drug-resistant P. aeruginosa
infections, and these findings could relieve the alarming problem of microbial resistance to antimicrobial drugs.

■ INTRODUCTION
Antimicrobial resistance1 is one of the greatest health threats
that humans face now and will face in the future.2 Tackling this
increasingly serious antimicrobial resistance is a primary global
concern.3,4 Currently used antibiotics can prevent infection by
directly killing or inhibitingmicroorganisms. However, theymay
stimulate bacteria quickly developing resistance via changing the
targets of antibiotics. Due to the self-evolution of bacteria,
employing the conventional antibacterial screening strategies to
solve the problem of drug-resistant bacterial infection is
challenging.5 Therefore, it is exceptionally urgent to discover
new targets and develop novel antimicrobial agents using
nonconventional antibacterial screening approaches.6 In recent
decades, the quorum sensing (QS) system, able to regulate the
survivability and pathogenicity of microorganism, has been an
appealing target for the development of new antimicrobial
drugs7 and has attracted interest of pharmacologists and
chemists. In contrast to conventional antibiotics that kill or
inhibit bacterial growth, QS inhibitors (QSIs) can prevent
bacterial infection by manipulating the pathogenic processes
regulated by QS,8,9 such as virulence factor expression, biofilm
formation, bacterial migration, and secretion regulation. Since
these inhibitors put less selective pressure on bacteria, thus
barely inducing drug resistance mutations, QSIs have been
proposed as novel antibacterial compounds.10

Ocean-dwelling organisms can secrete marine natural
products representing a highly diverse reserve of bio-actives
because of their adaptation to extreme conditions characterized
by high pressure and salt concentration, low temperatures, low

nutrient, and low dissolved oxygen.11,12 A great deal of QSIs has
been found in many kinds of marine microbes, including
bacteria, fungi, algae, mosses, corals, and sponges. These QSIs
have been reported to be active against various pathogens of
Gram-negative and Gram-positive bacteria. Among the natural
and artificial synthetic QSIs, the most intensively studied group
is analogs and derivatives of N-acyl homoserine lactones, a kind
of QS autoinducer in Gram-negative bacteria.13,14 In our
previous work, a QSI against both Chromobacterium violaceum
CV026 and Pseudomonas aeruginosa PA01 was isolated from a
marine bacterium named Rheinheimera aquimarisQSI02, and its
structure was finally identified as a cyclic dipeptide cyclo(L-Ser-
L-Trp).15 Our recent work found that crude extracts of a marine
fungus Penicillium chrysogenum DXY-116 discovered from
marine sediments surrounding the Taiwan Strait (East Sea,
Fuzhou, China) can inhibit the violacein production of the C.
violaceum CV026, and a tyrosol has been identified as a QSI
suppressing the QS-mediated virulence factor production and
biofilm formation of P. aeruginosa PA01.
In this work, further tests and purification of the crude extracts

of P. chrysogenum DXY-1 were accomplished and a cyclic
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dipeptide cyclo(L-Tyr-L-Pro) was identified as another active
content. As reported, this cyclic dipeptide has been isolated from
various microbial metabolites17−19 and was proven as an
extracellular QS signal molecule produced by bacteria that can
compete with the autoinducer C6HSL.

20,21 However, a detailed
study of this cyclic dipeptide suppressing the QS system of P.
aeruginosa PA01 has not been reported. We first discovered this
cyclic dipeptide from P. chrysogenum and evaluated its inhibitory
ability against the QS system of C. violaceum CV026 and P.
aeruginosa PA01. Besides inhibition of virulence factors and
biofilm formation, its effect on QS gene (lasI, lasR, rhlI, and
rhlR) expression of P. aeruginosa PA01 was also investigated.
Also, further molecular docking data indicated that this cyclic
dipeptide can bind the receptor protein competitively with the
autoinducer, resulting in the inhibition of the QS system.

■ RESULTS AND DISCUSSION
Cyclic dipeptides, widely biosynthesized by nonribosomal
peptide synthetases and cyclic dipeptide synthetases in kinds
of organisms, have been reported exhibiting various biological
activities and regarded as one of the promising building blocks of
drug candidates.22−24 Since they consist of endogenous amino
acids, peptide drugs always show some advantages over
nonpeptide drugs for their high activity and low toxicity.
However, there are also some disadvantages like short half-life
and low oral bioavailability. The superiority of the cyclic
dipeptides to linear oligopeptides is their stability and oral
bioavailability due to the lack of target bounds for exopeptidases.
Among the cyclic dipeptides isolated from secondary

metabolites, prolyl-containing peptides make up a large
proportion22,25 because of their bis-ring forming favor. Aromatic
residues such as Phe and Tyr are also common in natural
bioactive cyclic dipeptides.26 Rowley and co-workers reported

the isolation of cyclo(L-Tyr-L-Pro) from Bacillus cereus D28 and
its activity as an antagonist of bioluminescence against Vibrio
harveyi.17 McCormick and colleagues disclosed that cyclo(L-
Tyr-L-Pro), cyclo(L-Tyr-D-Pro), and cyclo(L-Phe-L-Pro) from
human vaginal isolate Lactobacillus reuteri RC-14 were able to
interfere with the agr-mediated QS system of Gram-positive
bacteria Staphylococcus.27

Isolation and Structure Confirmation of Cyclo(L-Tyr-L-
Pro). P. chrysogenum DXY-1 was cultured and treated as a
previous protocol,16 and the crude extracts were separated with a
silica gel column in different eluents, Sephadex LH-20, and
preparative HPLC successively (Figure 1b). QSI activity of
constituents during purification was monitored with C.
violaceum CV026. As a result, cyclo(L-Tyr-L-Pro) (Figure 1a)
was identified as a principle active compound. In combination
with a comparison to the previously published literature,28 the
structure was confirmed by various analytical methods, such as
UV, ESI-MS, and NMR. Detailed NMR data are shown in the
Supporting Information.

Minimum Inhibitory Concentrations of Cyclo(L-Tyr-L-
Pro). Minimum inhibitory concentrations (MICs) of isolated
cyclo(L-Tyr-L-Pro) against C. violaceum CV026 and P.
aeruginosa PA01 were 3.0 and 6.2 mg/mL, respectively. To
investigate whether the trace impurity generated during the
separation process interfere with the bioactivity and if the
stereochemistry of this cyclic dipeptide influences its activity, we
tested the antimicrobial activity of chemically synthesized
cyclo(L-Tyr-L-Pro) and its isomers against P. aeruginosa PA01.
The MICs of different cyclic dipeptides are listed in Table 1; the
MIC of synthetic cyclo(L-Tyr-L-Pro) was similar to that of the
isolated one. However, the other synthetic isomers all showed
less activity than the natural one, which only contains natural
amino acid residues.

Figure 1. (a) Structure of QS inhibitor cyclo(L-Tyr-L-Pro). (b) Isolation route of the crude extracts. (c) HPLC analysis of the obtained compound
(gradient 5%−100%methanol in H2O for 40 min). (d) Effects of different concentrations of cyclo(L-Tyr-L-Pro) on the growth of C. violaceumCV026
and the production of violacein. MeOH (1% v/v) was used as a negative control.
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Anti-QS Activity of Cyclo(L-Tyr-L-Pro). The violacein
production of C. violaceum CV026 was only activated by adding
the exogenous C6HSL as an inducer into the medium because of
a lack of signal molecule synthase gene cviI. Spectrophotometric
analysis data indicated that the violacein production decreased
after adding cyclo(L-Tyr-L-Pro) to this medium. Furthermore,
the inhibitory efficacy correlated positively with the concen-
tration of cyclo(L-Tyr-L-Pro) (Figure 1d). Also, at a concen-
tration of 0.5 mg/mL, it can inhibit the production of violacein
of C. violaceum CV026 by 79%.
P. aeruginosa can cause disease in plants, animals, and human

beings and exhibit multidrug resistance.29 The QS system in P.
aeruginosa regulates the biofilm formation and production of
virulence factors such as pyocyanin, elastase, and proteases.30

Inhibition of QS-controlled virulence in P. aeruginosa may be a
novel strategy in treating infection caused by this bacterium.31

After treatment with different concentrations of cyclo(L-Tyr-L-
Pro), the changes in the production of virulence factors of P.
aeruginosa PA01 were analyzed by a quantitative chemical assay.
Statistical analysis was performed using a one-way ANOVA test.
As shown in Figure 2a, after being treated with this cyclic
dipeptide, the production of pyocyanin and activities of
proteases and elastase were inhibited dose dependently.

Synthetic cyclo(L-Tyr-L-Pro) showed the same anti-QS
tendency as the isolated one (Supporting Information, Figure
S4). Also, at a concentration of 0.5 mg/mL cyclo(L-Tyr-L-Pro),
which is lower than one-tenthMIC, the production of pyocyanin
was inhibited by 41%, and activities of proteases and elastase
were decreased by 20% and 32%, respectively. Also, significance
analysis results indicated that they are significantly different
versus control. Although the positive control 50 μg/mL AZM
exhibited excellent inhibitory activity on the virulence factor
production, it also severely affected the bacterial survival (Figure
2b), which further increased the antimicrobial resistance of P.
aeruginosa. We also investigate the anti-QS activity of synthetic
cyclo(Tyr-Pro) isomers and find that at the concentration of
sub-MIC, they can also inhibit the production of QS-regulated
virulence factor and biofilm formation dose dependently
(Supporting Information, Figure S5). Meanwhile, the three
isomers were less active than cyclo(L-Tyr-L-Pro), which were
consistent with the MIC results.
Then, the isolated dipeptide was tested for its reduction of P.

aeruginosa PA01 swarming. As shown in Figure 2c, after being
treated with 0.5 mg/mL cyclo(L-Tyr-L-Pro), the swarming
motility migration diameter was ∼1.0 cm, which is smaller than
the colony diameter recorded in the control group (∼1.2 cm).
Also, the color of the colonies treated with the isolated cyclic
dipeptide was light compared with that of the untreated one.

Inhibitory Effects on Biofilm Formation. The impact of
cyclo(L-Tyr-L-Pro) on P. aeruginosa PA01 biofilm formation was
detected through a crystal violet assay method. The data showed
that the treatment with 0.5 mg/mL cyclo(L-Tyr-L-Pro) resulted
in the biofilm formation reducing to 48% compared with
negative control (Figure 3a). SEM results indicated that, under
the treatment with cyclo(L-Tyr-L-Pro), the bacterial cells were
entirely in the form of short rods, but the biofilm was destroyed,

Table 1. MICs of Cyclic Dipeptides against P. aeruginosa
PA01

cyclic dipeptide MIC (mg/mL)

cyclo(L-Tyr-L-Pro)i 6.2
cyclo(L-Tyr-L-Pro)s 6.4
cyclo(L-Tyr-D-Pro) 12.8
cyclo(D-Tyr-L-Pro) 12.8
cyclo(D-Tyr-D-Pro) 12.8

Figure 2. (a) Inhibitory effects of cyclo(L-Tyr-L-Pro) on the virulence factor production in P. aeruginosa PA01 at different concentrations. (b) Growth
curve of P. aeruginosa PA01 under treatment with cyclo(L-Tyr-L-Pro). (c) Swarmingmotility of P. aeruginosa PA01. AZM (50 μg/mL) andMeOH (1%
v/v) were used as positive and negative controls, respectively. Values are presented as mean ± SD (n = 3). Statistical analysis was performed using a
one-way ANOVA test. *P < 0.05, * *P < 0.005, ***P < 0.0005 (vs control).
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leaving the bacteria naked and exposed (Figure 3b). These
results supported the fact that cyclo(L-Tyr-L-Pro) did not
damage bacterial cells, only inhibited the QS-regulated
pathogenic behavior of P. aeruginosa.
Inhibitory Effects of Cyclo(L-Tyr-L-Pro) on QS Gene

Expression. Fluorescence real-time quantitative PCR was
performed to investigate the effects of cyclo(L-Tyr-L-Pro) on
QS gene expression of P. aeruginosa PA01. As shown in Figure 4,
0.5 mg/mL cyclo(L-Tyr-L-Pro) reduced expression of lasI, lasR,
rhlI, and rhlR significantly by 43%, 46%, 54%, and 64%,
respectively. For lasR and rhlR, the inhibition ratio was superior
to AZM (50 μg/mL).

Molecular Docking Analysis. To investigate the possible
mechanism of how cyclo(L-Tyr-L-Pro) quenches the QS system
in P. aeruginosa PA01, the interaction between cyclo(L-Tyr-L-
Pro) and the QS receptor CviR of C. violaceumCV026 and LasR
of P. aeruginosa PA01 was evaluated by molecular docking.
Crystal structures of CviR (PDB ID, 3QP1) and LasR (PDB ID,
2UV0) were used for the docking calculation (Figure 5). The
natural ligands C6HSL and 3-oxo-C12HSL were docked back
into their corresponding protein structures as a control, and the
credible docking methods were established simultaneously. The
control docking results were consistent with the reported X-ray
structures.32,33 The docking results suggested that cyclo(L-Tyr-
L-Pro) interacted with receptor proteins at the same pockets as
natural ligands (Figure 5A,B). The binding energy for cyclo(L-
Tyr-L-Pro) with CviR was −8.47 kcal/mol, which was lower
than that for the autoinducer C6HSL (−6.65 kcal/mol).
Hydrogen bonds were formed between cyclo(L-Tyr-L-Pro)
and Ser155 and Met135 in CviR (Figure 5C). According to the
data, the carbonyl oxygen of the Tyr moiety of the cyclic
dipeptide interacted with the H species of the hydroxyl group of
Ser 155, forming a hydrogen bond with the bond length ∼2.1 Å.
At the same time, the H species on phenolic hydroxyl interacted
with the carbonyl oxygen of Met135, forming a hydrogen bond
with the bond length ∼1.8 Å. The key hydrophobic interactions
with nearby residues are shown in Figure 5E. For LasR protein,
there are four similar chains in 2UV0. Therefore, we chose the H
chain as the target in docking, the binding energy for this cyclic
dipeptide (−8.22 kcal/mol) was proximate with the natural
ligand (−8.20 kcal/mol). Hydrogen bonds formed at Tyr93
(with phenolic hydroxyl, ∼2.1 Å), Thr75 (with carbonyl oxygen
of Tyr moiety, ∼2.2 Å), Asp73 (with hydrogen of amide, ∼2.0

Figure 3. (a) Inhibition of biofilm formation under treatment of cyclo(L-Tyr-L-Pro) assessed by crystal violet staining. Values are presented as mean±
SD (n = 3). Statistical analysis was performed using a one-way ANOVA test. *P < 0.05, **P < 0.005, * **P < 0.0005 (vs control). (b) SEM images of P.
aeruginosa PA01 biofilms treated with 1% MeOH, 0.5 mg/mL cyclo(L-Tyr-L-Pro), and 50 μg/mL AZM.

Figure 4. Effects of cyclo(L-Tyr-L-Pro) on P. aeruginosa PA01 QS gene
expression. Values are presented as mean ± SD (n = 3). Statistical
analysis was performed using a one-way ANOVA test. *P < 0.05, * *P <
0.005 (vs control).
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Å), and Arg61 (with carbonyl oxygen of Pro moiety, ∼2.1 and
2.5 Å) (Figure 5D). The key hydrophobic interactions between
cyclo(L-Tyr-L-Pro) and surrounding residues are illustrated in
Figure 5F. It is concluded that cyclo(L-Tyr-L-Pro) achieved the
inhibition of the QS system in P. aeruginosa PA01 by competing
with the natural ligand of binding to the same amino acid sites in
LasR; such a competitive binding results in a possible change in
the conformation of receptor protein that led to the loss of the
corresponding physiological functions.
However, we must point out that cyclo(L-Tyr-L-Pro) seems

less active against both model bacteria in comparison with

cyclo(L-Ser-L-Trp)15 involved in our previous work. We
speculated that less bindable groups and the rigid structure of
the N-bridged heterocycle accounted for this. To elucidate the
structure and activity relationship inside, further study on the
interaction between receptor proteins and dipeptides as well as
the structural modification is undergoing.

■ CONCLUSIONS

A cyclo(L-Tyr-L-Pro) was isolated and identified from the crude
extracts of marine fungus P. chrysogenum DXY-1 and had shown
a prominent QS-regulated virulence inhibiting effect on model

Figure 5. (A, B) Docked conformation of natural ligand C6HSL (left) and 3-oxo-C12HSL (right) with cyan sticks and cyclo(L-Tyr-L-Pro) with pink
sticks into the active site of 3QP1 and 2UV0 receptor proteins respectively. The hydrogen bonds between cyclo(L-Tyr-L-Pro) and (C) 3QP1 or (D)
2UV0 are shown with dotted yellow lines. (E, F) Ligplot of cyclo(L-Tyr-L-Pro) bound to the 3QP1 (left) and H chain of 2UV0 (right) showing the key
hydrophobic interactions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.1c00020
ACS Omega 2021, 6, 7693−7700

7697

https://pubs.acs.org/doi/10.1021/acsomega.1c00020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00020?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00020?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00020?ref=pdf


bacteria C. violaceum CV026 and P. aeruginosa PA01.
Furthermore, this cyclic dipeptide inhibited the QS-mediated
pathogenicity via competitively binding to the active pocket of
receptor protein to block the activation of downstream genes
required for virulence factor expression in these two indicator
strains. The results obtained in this study will provide a
theoretical basis for the molecular design of QS oriented
multitarget antimicrobial peptides and the development of novel
short peptide antibiotics in order to alleviate bacterial multidrug
resistance and virulence. This study will lead to better
antimicrobial drug design and provide a theoretical basis for
the synthesis of QS inhibitors, offering promising antipathogenic
drugs.

■ MATERIALS AND METHODS
Bacterial Strains.C. violaceumCV026, (mini-Tn5mutant of

C. violaceum ATCC 31532), and P. aeruginosa PA01 were used
as QS indicator strains in this study. Each strain was cultured for
12 h with Luria Bertani (LB) broth containing yeast extract
(0.5% w/v), peptone (1% w/v), and NaCl (1% w/v) in 100 mL
of distilled water. The medium was solidified with 1.2% agar and
supplemented with appropriate antibiotics (C. violaceum
CV026, 50 μg/mL kanamycin) when required.
Chemical Agents and Instruments. All commercial

organic solvents and salts (Sigma Aldrich, TCI, Adamas, J&K,
Energy, etc.) were used without further purification. Cyclic
dipeptides were purchased from GL Biochem (Shanghai) Ltd.
Azithromycin was purchased from Macklin, and kanamycin
sulfate was purchased from Sangon Biotech. Flash chromatog-
raphy was performed using a 200−300 or 100−200 mesh silica
gel (Qingdao Haiyang Chemical Co., Ltd.). Preparative HPLC
separations were performed using Shimadzu LC-20AR semi-
preparative solvent delivery units and a Shimadzu SPD-20A UV
detector equipped with a Shimadzu C18 column (5.0 μm, 20 ×
250 mm) at a flow rate of 10 mL/min. NMR spectra were
acquired using a Bruker 400 MHz, and d6-DMSO (J&K) was
used as the solvent during NMR analysis. Optical density (OD)
was recorded on a microplate reader SpectraMax Plus 384
(Molecular Devices, USA). Fluorescence real-time quantitative
PCR was done on a real-time system (Bio-Rad Laboratories,
Hercules, CA).
Isolation and Structural Elucidation.A 30 L fermentation

broth of marine-derived fungus P. chrysogenum DXY-1 was
treated with a homogenizer to disrupt the mycelia and then
extracted three times with EtOAc as previous work. Sub-
sequently, the crude extract was separated on a silica gel with
CH2Cl2/MeOH (v/v, 10:1) as an eluent, yielding eight fractions
(A1−A8). Using the agar well diffusion method, each fraction
was tested using C. violaceum CV026 as a monitor strain to
identify the target fraction with an anti-QS activity. The target
fraction was purified by ordinal chromatographic methods
including column chromatography over Sephadex LH-20 and a
silica gel and finally semipreparative RP-HPLC using a C18
column to obtain the pureQSI (gradient 5%−100% ofMeOH in
H2O in 40 min, >95% purity by HPLC). The pure QSI was
further identified employing different analytical techniques like
UV−vis, MS, 1H NMR, 13C NMR, and 2D NMR.
Violacein Assay. The effect of separated fractions and pure

QSI compound on the production of violacein was quantified via
the following procedure. In summary, 400 μL of C. violaceum
CV026 was grown in 20 mL of LB broth containing different
concentrations of components, 20 μL (50 μg/mL) of kanamycin
sulfate, and 100 μL of C6HSL, and the broth was allowed shaking

at 150 rpm at 28 °C for 12 h. Then, from each flask, 1 mL of
culture was removed, placed to a 1.5 mL Eppendorf tube, and
centrifuged at 12000 rpm for 10 min to obtain insoluble
violacein. Afterward, the supernatant was discarded, and 1mL of
DMSO was added to the deposit. The solution was centrifuged
again at 12,000 rpm for 10 min, and the supernatant was
collected to measure the absorbance at a wavelength of 585 nm
using a microplate reader (SpectraMax Plus 384, Molecular
Devices, USA). The harvested bacterial cells were resuspended
in ddH2O (1 mL) to determine the cell growth through
measurement of the optical density at a wavelength of 600 nm
(OD600).

Pyocyanin Assay. P. aeruginosa PA01 was grown to the
logarithmic phase and inoculated into LB medium, containing
different concentrations of QSI compound, 1% MeOH, and 50
μg/mL azithromycin (AZM), at an initial OD600 of 0.05, and the
medium was allowed shaking for 12 h at 37 °C. After
centrifugation, the broth (5 mL) was extracted with CHCl3 (3
mL), and the organic layer was acidized with 0.2MHCl (1 mL).
The resulting solution was centrifuged, and the aqueous layer
was collected tomeasure its absorbance at 520 nm. The decrease
in pyocyanin production was calculated based on the percent
change in absorbance. P. aeruginosa ATCC 27853 was used as
the quality control strain, which required MICs that
approximated therapeutic concentrations, and was stable and
reproducible.

Proteolytic Activity Assay. Proteolytic activity was
investigated using a modified protocol previously reported.15

First, 0.1% activated P. aeruginosa PA01 was cultured in LB
media containing different concentrations of QSI compound,
1%MeOH, or AZM (50 μg/mL) at 37 °C and 150 rpm for 12 h.
After centrifugation, the supernatant (100 μL) was filtered using
a 0.22 μm nylon filter and then diluted with 400 μL of buffer (50
mM K2HPO4, 0.8% azocasein, pH 7.0). After incubation at 30
°C for 3 h, HCl (1.5 M) was added to the solution and the
mixture was reacted at 0 °C for 10 min. Immediately after
centrifugation, NaOH solution (0.5 M) was added to the liquid
supernatant. The sample was centrifuged again to collect the top
layer, and its optical density at 440 nm was measured. The
percent change in absorbance was then calculated to determine
the proteolytic activity.

Elastase Activity Assay. P. aeruginosa PA01 was activated
and cultured in the conditions as described above in Proteolytic
Activity Assay. After centrifugation, the top layer (100 μL) was
filtered using a 0.22 μm nylon filter and added to 900 μL of
Na2HPO4 buffer (pH 7.0) with 10 mg elastin-Congo red
(Elastin Products). After incubation at 37 °C for 2 h, the samples
were centrifuged at 10,000g for 10 min. The absorbance of the
top layer was measured at 495 nm to calculate the elastase
activity.

Swarming Motility of P. aeruginosa PA01. Swarming
motility of P. aeruginosa PA01 was investigated in 35 × 10 mm
Petri dishes containing 2 mL of agar medium [glucose (10 mg/
mL), agar (5 mg/mL), tryptone (5 mg/mL), and yeast extract
powder (2 mg/mL)] with control solution, cyclo-dipeptide (0.5
mg/mL), and AZM (50 μg/mL). A filter paper (diameter 2.0
mm) soaked in 2 μL of bacterial suspension (OD600 = 0.05) was
centered on each dish and incubated at 37 °C for 48 h. After
incubation, colony diameters were measured to test the
swarming motility of bacteria.34

Biofilm Assay. The biofilm assay was conducted in 96-well
plates as a previous protocol.35 In brief, P. aeruginosa PA01 was
inoculated into LB medium at an initial OD600 of 0.05 and
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cultured with the QSI compound, 1% MeOH, or AZM at 37 °C
for 24 h. The plates were washed with PBS three times to remove
the broth, then dried at room temperature for 20 min, and
stained with 1% crystal violet for 5 min. The stained biofilms
were washed with PBS followed by the addition of 200 μL of
95% ethanol. The absorbance was read at a wavelength of 545
nm (SpectraMax Plus384, Molecular Devices, USA). To further
confirm the QS inhibitory effect of the extract compound, the
suspension of P. aeruginosa PA01 (OD600 = 0.05) with
appropriate concentration of extracted QSI and control agents
were cultured in a six-well plate containing sterile slide glasses
placed at the bottom of the wells, and the plates were then
incubated at 37 °C for 2 days. After incubation, the slide glasses
were fixed with 2.5% glutaraldehyde and sputter-coated with
gold for SEM observations and photomicrography.
Fluorescence Real-Time Quantitative PCR. Expression

of P. aeruginosa PA01 QS genes was investigated following the
reported protocol36 using a real-time system (Bio-Rad
Laboratories, Hercules, CA). The reaction conditions in this
study were as follows: 95 °C for 3 min followed by 40 cycles of
95 °C for 3 s and 60 °C for 30 s. The relative fold changes of
mRNA levels were measured using the comparative cycle
threshold (ΔΔCq) method for gene expression. The experi-
ments were repeated independently three times using different
RNA samples.
Docking Studies. Molecular docking studies were per-

formed to identify the conformational changes in the protein
structure due to the interaction of the QSI compound with the
receptor proteins CviR and LasR. The energies of the isolated
QSI and autoinducers were minimized with ChemBio3D Ultra
14.0, and the structures were saved as PDB form. The crystal
structures of C. violaceum CviR (Protein Data Bank (PDB) ID:
3QP1, resolution of 2.0 Å) and P. aeruginosa LasR (PDB ID:
2UV0, resolution of 1.8 Å) were downloaded from the RCSB
PDB website, and the co-crystal organic moiety was removed.
Docking was accomplished using AutoDockTools-1.5.6 follow-
ing a general protocol that we previously reported15 The visual
graphics of the interaction between small molecules were output
via PyMol and LigPlus.
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