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Increasing incidence of multi-drug resistant bacterial pathogens, especially in clinical settings, has been
developed into a grave health situation. The drug resistance problem demands the necessity for alterna-
tive unique therapeutic policies. One such tactic is targeting the quorum sensing (QS) controlled viru-
lence and biofilm production. In this study, we evaluated a marine steroid Siphonocholin (Syph-1)
isolated from Siphonochalina siphonella against Chromobacterium violaceum (CV) 12472, Pseudomonas
aeruginosa (PAO1), Methicillin-resistant Staphylococcus aureus (MRSA) and Acinetobacter baumannii
(BAA) for biofilm and pellicle formation inhibition, and anti-QS property. MIC of Syph-1 against MRSA,
CV, PAO1 was found as 64 mg/mL and 256 mg/mL against BAA. At selected sub-MICs, Syph-1 significantly
(P � 0.05) decreased the production of QS regulated virulence functions of CV12472 (violacein) and PAO1
[elastase, total protease, pyocyanin, chitinase, exopolysaccharides, and swarming motility]. The Syph-1
significantly decreased (p = 0.005) biofilm formation ability of tested bacterial pathogens, at sub-MIC
level (PAO1 > MRSA > CV > BAA) and pellicle formation in A. baumannii (at 128 mg/mL). Molecular dock-
ing and simulation results indicated that Siph-1 was bound at the active site of BfmR N-terminal domain
with high affinity. This study highlights the anti-QS and anti-biofilm activity of Syph-1 against bacterial
pathogens reflecting its broad spectrum anti-infective potential.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Infectious diseases are the most critical problem related to
health and are the cause of increased morbidity and mortality
among the human population (Ahmad et al., 2000). The bacterial
infection is considered one of the most serious global health issues
in the 21st century (Morris & Masterton, 2002). Bacteria have
evolved to evade the action of antibiotics, leading to the rise and
emergence of multiple drug-resistant bacterial strains. With
increasing resistance of pathogens to antibiotics, there is a public
health priority for exploring and developing alternative and effec-
tive anti-infective agents (Thanigaivel et al., 2015). Targeting viru-
lence factors production and biofilm-forming ability of pathogens
is one of the most promising and comparatively safer alternatives
that has been under recent scientific attention (Husain et al., 2017).
The majority of virulence genes, including those involved in vari-
ous steps of biofilm formation, are under the control of quorum
sensing (QS) networks in bacteria. Thus, targeting QS networking
pathways in the bacteria has been focused on the development
of novel anti-infective agents. There is growing interest in finding
natural products/lead compounds capable of either blocking or
modulating QS signaling pathways in bacteria (Husain et al., 2018).

Natural products frommarine plants represent a wide variety of
secondary metabolites which are used either directly as precursors
or as lead compounds in the pharmaceutical industry (Shokeen
et al., 2009). Many naturally occurring compounds obtained from
marine plants have been studied and found to be effective in their
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Fig. 1. Chemical structure of Siph-1.
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potential role as antimicrobial agents against pathogenic microor-
ganisms (Cowan, 1999; Juneja et al., 2012). These compounds may
inhibit bacteria through different mechanisms than the conven-
tional antibiotics and therefore be of clinical value in the treatment
of microbial infections (Saad et al., 2012). Several biologically
active compounds with varying degrees of action, such as antitu-
mor, anticancer, antimicrotubule, antiproliferative, cytotoxic, pho-
toprotective, as well as antibiotic and antifouling properties, have
so far been isolated from marine sources. Among marine organ-
isms, the sponges (Phylum Porifera) continue to be a rich source
of novel secondary metabolites with diverse and unique biological
activities. They are even considered to be the more prolific produc-
ers of new marine natural products (Bergmann & Feeney, 1951;
Villa & Gerwick, 2010; Mayer et al., 2011; Blunt et al., 2011). Until
now, more than 5000 different compounds have been isolated
from about 500 species of sponges (Müller et al., 2004). Species
of the red sea sponge belonging to genus Siphonochalina are dis-
tributed throughout the Gulfs of Aqaba and Suez. Siphonochalina
siphonella, a grey colonial tube-like sponge, is one of the few
sponges known to produce squalene-derived cyclic ether triterpe-
nes (Kashman et al., 2001). So far, about thirty compounds belong-
ing to four different skeletal, namely, the sipholanes (Carmely &
Kashman, 1983), siphonellanes (Carmely et al., 1983), neviotanes
(Carmely & Kashman, 1986) and dahabanes (Kashman et al.,
2001) have been reported from S. siphonella along with marine
steroid Siphonocholin (ergosta-5-ene-3-ol; Siph-1; Fig. 1). How-
ever, little efforts have been made to evaluate the anti-infective
potential of these compounds. The basic structure of the present
study to search for a potential non-antibiotics theurapetic agents
which interefere with secreation of numerous QS regulated viru-
lence factors in pathogenic bacteria. Thus, this study was planned
to evaluate the quorum-sensing controlled virulence and biofilm
production attenuation property of Siph-1 against the Chromobac-
terium violaceum (CV) 12472 strain, Pseudomonas aeruginosa
(PAO1), MRSA and Acinetobacter baumannii (BAA). An attempt has
also been made to predict the mode of action of the compound
using in silico molecular modelling.
2. Materials and methods

2.1. Bacterial strains

The bacterial strains under study were Pseudomonas aeruginosa
(PAO1), Chromobacterium violaceum ATCC 12472, Methicillin-
resistant Staphylococcus aureus ATCC 43,300 (MRSA) and Acineto-
bacter baumannii ATCC BAA747 (BAA). All strains were maintained
on the Luria Bertani (LB) broth solidified with 1.5% agar (Oxoid).
2.2. Isolation of Siphonocholin (Siph-1) from S. siphonella

The marine sponge (S. siphonella; 95g) was collected from
Sharm Obhur (Jeddah, Saudi Arabian red sea coast), freeze-dried,
and macerated using ethanol (70%) at room temperature. The
obtained extract was filtered, and the solvent was evaporated
under reduced pressure using rotavapour at 40 �C. The dried etha-
nol extract (30 g) was then suspended in water and partitioned
(successively) with n-hexane, dichloromethane, and n-butanol to
collect the corresponding extracts. All the extracts (n-hexane,
dichloromethane, and n-butanol) were merged based on their
close similarity on TLC. The combined extracts were purified by
applying it on the top of a silica gel packed column (Merck) and
eluted with n- hexane. The mobile phase polarity was progres-
sively increased with ethyl acetate and with 25% ethyl acetate
and direct crystallization of the obtained fraction afforded com-
pound Syph-1 (125 mg). The structure was established by using
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1D-NMR, 2D-NMR, IR, HREIMS, and compared with the result pub-
lished by Ge et al., 2010. The compound was reconstituted in
DMSO, and final concentration experimental mixture was main-
tained at 0.1% of DMSO.

2.3. Determination of minimum inhibitory concentration (MIC) of
Syph-1

The MIC of Syph-1 against all the bacterial pathogens was
determined by using the CLSI microbroth dilution method (Al-
Shabib et al., 2016). Concentrations below the MICs were consid-
ered sub-inhibitory and were further used to study the anti-QS
and biofilm inhibitory properties. Growth of tested bacteria was
also evaluated at different concentration of Syph-1 by observing
the OD at 600 nm.

2.4. Screening of syph-1 for quorum sensing inhibition

Biosensor strain C. violaceum (CV)12472 was inoculated to in
Erlenmeyer flasks containing Luria broth (LB) and the test agent.
The flasks were incubated at 27 �C with 150 rev/min agitation for
24 h in a shaking incubator. Violacein production by CV12472 in
the presence and absence of Syph-1 was studied using the method
described by (Husain, 2015a). Azithromycin was used as positive
control (Data not shown).

2.5. Effect on sub-MIC of Syph-1 on QS-regulated virulence

Effect of Sub-MICs of Syph-1 on virulence factors of P. aerugi-
nosa PAO1 such as LasB elastase, protease, pyocyanin, chitinase,
EPS production, and quantification was determined using protocols
described previously (Al-Shabib et al., 2016). Swarming motility
was determined as described earlier (Husain & Ahmad, 2013).
Briefly, an overnight culture of test pathogen was point inoculated
at the center of the LB medium consisting of 0.5% agar with or
without various sub-inhibitory concentrations of the test com-
pound. Additionally, Azithromycin was used as positive control
(Data not shown).

2.6. Assessment of pellicle formation

Pellicle formation in A. baumanii and P. aeruginosa was assayed
using the method described by Marti et al. 2011. Treated and
untreated bacteria were incubated for 72 h at 25 �C and 35 �C.
The amount of pellicle was determined by removing the pellicle
and suspending it in phosphate buffer saline. OD was taken at
600 nm. The results presented are the averages of at least three
experiments performed independently.

2.7. Biofilm inhibition assay

The effect of Syph-1 on biofilm formation wasmeasured using the
polyvinyl chloride biofilm formation assay (O’Toole & Kolter, 1998).
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Briefly, overnight cultures of test pathogens were re-suspended in
fresh LB medium in the presence and absence of the test compound
and incubated at 30 �C for 24 h. The biofilms were stained with a
crystal violet solution and quantified by solubilizing the dye in etha-
nol and measuring the absorbance at OD470. For biofilm inhibitory
activity also we have also incorporated Azithromycin as positive con-
trol (Data not shown).
2.8. Molecular docking and molecular dynamics simulation

Molecular docking of Siph-1 with proteins involved in the viru-
lence of different pathogens was performed using different mod-
ules of Schrodinger suite-2018 (Schrodinger, LLC, NY, USA) as
described earlier (Rehman et al., 2019; Rehman et al., 2014). The
structure of ligand (Siph-1) was drawn on 2D sketcher, and a max-
imum of 32 conformations of Siph-1 were generated pH 7.0 ± 2.0
using Epik (Schrodinger, LLC, NY, USA). The energies of all the pos-
sible conformations of Siph-1 were minimized using OPLS3e force-
field. The X-ray crystal structures of LasR (Pdb Id: 3IX4), Vfr (Pdb
Id: 2OZ6), PqsA (Pdb Id: 5OE3), QscR (Pdb Id: 3SZT) and BfmR
(Pdb Id: 6BR7) were downloaded from RCSB database. Prior to
molecular docking structures of proteins were optimized by
removing any non-essential heterogeneous molecule, including
crystal water molecules, optimizing hydrogen bonding network
by adding hydrogen atoms and minimizing the complete structure
using OPLS3e forcefield. Grid maps were generated by selecting the
centroid of the ligand-bound (if any) in the X-ray structure of the
respective protein or using the SiteMap (Schrodinger, LLC, NY,
USA) to generate the most probable binding site. The dimensions
of grid box for LasR, Vfr, PqsA, QscR, and BfmR were
72 � 72 � 72 Å, 64 � 64 � 64 Å, 64 � 64 � 64 Å,
72 � 72 � 72 Å, and 80 � 80 � 80 Å respectively. Glide (Schrodin-
ger, LLC, NY, USA) was used to perform molecular docking between
Siph-1 and different virulence proteins. The docking affinity (Kd) of
Siph-1 towards various virulence proteins was calculated using the
following relation, as described previously (Rehman et al., 2016).
DG ¼ �RTlnKd
where R and T were Boltzmann’s constant (=1.987 cal mol�1 K�1)
and temperature (=298 K), respectively.

The stability of protein–ligand interaction was accessed by per-
forming molecular dynamics simulation using Desmond (Schro-
dinger, LLC, NY, USA). The simulation was performed in an
orthorhombic box for 25 ns at 298 K and 1 atm pressure using
NPT assemble. Boundaries of the simulation box were at least
10 Å away from the protein–ligand complex. TIP3P water model
was employed to solvate the system, and proper counter-ions were
added to neutralize the system. The physiological conditions were
mimicked by adding 150 mM NaCl. The temperature and pressure
were maintained using Nose-Hoover Chain thermostat and
Martyna-Tobias-Klein barostat, respectively. All the trajectories
were analyzed, and final figures were prepared in Maestro (Schro-
dinger, LLC, NY, USA).
2.9. Statistical analysis

All experiments were performed in triplicates, and the data
obtained from experiments were presented as mean values, and
the difference between control and test were analyzed using stu-
dent’s t-test.
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3. Results and discussion

3.1. Determination of MIC

Minimum inhibitory concentration (MIC) was determined for
the Syph-1 against the test microorganisms viz. MRSA, C. violaceum
(CV12472), P. aeruginosa (PAO1), and A. baumanii (BAA) (Table 1).
Additionally, growth kinetics of each bacterium has been evaluated
under the effect of their respective sub-MICs. No significant
decrease in growth of bacteria under the affect of selected concen-
tration of Syph-1 was observed (Fig. 2).
3.2. Quorum sensing (QS) inhibition assay of Syph-1

In this study, Syph-1 was found to inhibit the production of vio-
lacein in CV12472 strain (wild type) in a dose-dependent manner
without affecting the bacterial growth. It is clearly evident from
Fig. 3(A) that the maximum reduction of violacein production
(58%) was achieved at 32 mg/mL of Siph-1 while at lower concen-
trations 4, 8, and 16 mg/mL, the percentage reduction in violacein
production was found as 8, 22 and 34%, respectively. The violacein
inhibition under the effect of Syph-1 indicates the anti-QS poten-
tial of the isolated compounds. Violacein pigment production in
C. violaceum is regulated by QS and coordinated by the CviIR-
dependent QS system (Al-Shabib et al., 2016). Violacein inhibition
assay is used extensively for the screening of potential anti-QS
compounds (McClean et al., 1997). Similar inhibition of QS medi-
ated production violacein in C. violaceum was reported with
methanolic extracts of three marine sponges viz. Aphrocallistes
bocagei Haliclona megastoma and Clathria atrasanguinea
(Annapoorani et al., 2012).
3.3. Effect of Syph-1 on virulence factors of P. aeruginosa (PAO1)

A 4-quinolone dependent QS is integrated with AHL-dependent
signaling by opportunistic human pathogen PAO1. Thus, the
quorum-sensing systems (las, rhl, and pqs) of PAO1 control the pro-
duction of numerous extracellular virulence factors (viz. elastase,
the LasA protease, alkaline protease, swarming motility,
exopolysaccharide, and pyocyanin) (Husain et al., 2018). The effect
of syph-1(sub- MICs) on virulence factors of PAO1 is illustrated in
Fig. 3B.

The sub-MICs of syph-1 showed significant (p � 0.001) reduc-
tion in elastase activity in the culture supernatant of PAO1. The
maximum inhibition of elastase activity (76%) was found when
PAO1 was cultured with 32 mg/mL of syph-1. Syph-1 demonstrated
the percent inhibition of elastase in PAO1 in a dose-dependent
manner (Fig. 3B). The elastase enzyme degrades the structural
components of infected tissue that increase the intrusiveness and
progression of the pathogen. The finding of this study is supported
by the study published by Musthafa et al. (2017), which revealed
the significant LasB activity inhibition by extracts of fruits as well
as edible plants. Earlier research suggested that the medicinal
plant extracts rich in flavonoids exert significant inhibition of QS
dependent expression of elastase in PAO1. Recently the bark and
seed extract of Sclerocarya birrea exhibited the significant inhibi-
tion of elastase activity (Sarkar et al., 2015).

Pyocyanin (a blue colored toxin regulated by QS) and
phenazine-1-carboxylic acid (precursor of pyocyanin) cause apop-
tosis in neutrophils and damage the neutrophil-facilitated host
defense (Fothergill et al., 2007). Syph-1 at sub-lethal concentra-
tions displayed a substantial reduction in the production of pyo-
cyanin. The maximum reduction in pyocyanin production (78%)
was found when PAO1 was cultured with the highest tested sub-
MIC (32 mg/mL) of syph-1, followed by 62, 52 and 22% at 16, 8,



Table 1
Minimum inhibitory concentration (MIC) of Siph-1 against bacterial pathogens.

Compound MRSA (mg/mL) C. violaceum (CV12472) (mg/mL) A. baumanii (BAA) (mg/mL) P. aeruginosa (PAO1) (mg/mL)

Siph-1 64 64 256 64

Fig. 2. Growth kinetics of A) PAO1, B) MRSA, C) BAA and D) CV12472 in the presence and absence of respective sub-MICs of Syph-1.
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and 4 mg/mL, respectively (Fig. 3B). The recent research published
demonstrated that the acetone and methanol extract of sponge
Ochridaspongia rotunda reduced the production of pyocyanin by
42.4 and 49.9%, respectively (Pejin et al., 2014), which validated
the current findings on pyocyanin reduction by syph-1.

It has been observed that on treatment with sub-MICs of the
syph-1, there was a significant decrease (10–68%) in Chitinase
activity in PAO1 (Fig. 3B) which was in accordance with the find-
ings reported on T. foenum-graceum (21–48%) and M. indica (21–
55%) (Husain et al., 2017).

Exopolysaccharide (EPS) production and swarming motility by
pathogens play an important part in the initiation, maturation,
and maintenance of the biofilm architecture (Hentzer & Givskov,
2003). Hence, any intervention in EPS production and motility by
pathogens will certainly affect the formation of biofilm. In this
experiment, the treatment of MRSA, PAO1, BAA, and CV with
sub-MICs of Syph-1 exhibited a significant decrease in the produc-
tion of EPS production to the level ranging from 20 to 42% (Fig. 3C).
At 32 mg/mL of the compound, EPS production was maximally
reduced in PAO1. Also, swarming motility of pathogens PAO1,
BAA and CV were reduced significantly (10–18%) when treated
with sub-MICs of syph-1 (Fig. 3D). This statistically significant
decrease in the EPS and motility production is in accordance with
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the report published on Trigonella foenum-graceum seed extract
(Husain et al., 2015b). Since EPS is integral part of biofilm matrix,
it highly likely that compound/bioactive extracts interfering EPS
production will be effective against biofilm forming ability of
pathogenic bacteria (Rabin et al., 2015).
3.4. Assessment of pellicle formation

Pellicle formation was evaluated by using A. baumannii and
P. aeruginosa in glass tubes containing LB broth at two different
temperatures (25 �C and 35 �C). After a span of 24 h, the formation
of a thin pellicle started on the media surface, and an opaque,
robust, thick pellicle covered the whole media surface more at
temperature 25 �C in comparison at 35 �C at the end of the third
day. It revealed that the growth of pellicle occurred at 25 �C and
this is in agreement with the report of Marti et al. 2011. The
addition of Siph-1 (128 lg/mL) significantly decreased the pellicle
formation in A. baumanii (Fig. 4A1). Similarly, at 32 lg/mL consid-
erably reduced pellicle formation was observed in PAO1 (Fig. 4A2).
P. aeruginosa and A. baumannii colonizes the upper surfaces of sta-
tic liquids and form biofilms at air–liquid interfaces by a process
called pellicle formation, which is a type of biofilm formation. This
interface is important for aerobic bacteria as they obtain the



Fig. 3. (A) Quantitative assessment of percentage violacein inhibition in C. violaceum 12472 by sub-MICs of Siph-1. (B) Effect of sub-MICs of compound Siph-1 on virulence
factor production in P. aeruginosa. (C) Effect of ½ x MICs of Siph-1 on the EPS production in the test pathogens. (D) Effect of ½ x MICs of compound Siph-1 on the swarming
motility in the test pathogens. (All of the data are presented as mean ± standard deviation. *, p � 0.05; **, p � 0.005; ***, p � 0.001).

Fig. 4. (A) Effect of ½ x MIC of Siph-1 on the pellicle formation as determined by spectrophotometry at OD600. (B) Activity of ½ x MICs of Siph-1 against biofilms of selected
pathogens using microtitre plate assay. (All of the data are presented as mean ± standard deviation. *, p � 0.05, **, p � 0.005, ***, p � 0.001).
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Table 2
Molecular docking of Siph-1 with different virulent factors (LasR, PqsA, Vfr, QscR and BfmR).

Virulent factors Docking energy, DG (kcal mol�1) Docking affinity, Kd (M�1)

X-ray bound ligand/inhibitor Siph-1 X-ray bound ligand/inhibitor Siph-1

LasR �12.32 NB 1.09 � 109 NB
PqsA �13.64 �4.43 1.01 � 1010 1.77 � 103

Vfr (site 1) �10.94 �4.97 1.06 � 108 4.42 � 103

Vfr (site 2) �7.31 �4.02 2.29 � 105 8.88 � 102

QscR �7.30 �4.71 2.26 � 105 2.85 � 103

BfmR NA �7.21 NA 1.94 � 105

NB stands for no binding; NA stands for not available.

Fig. 5. Binding of Siph-1 at the active site of BfmR as revealed by molecular docking.
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oxygen from the air and nutrients from the liquid media (Kentache
et al., 2017). Our findings are in agreement with those reported for
curcumin, it significantly reduced the pellicle formation in A. bau-
manii at 50 lg/mL (Raorane et al., 2019).
3.5. Biofilm inhibition assay

Biofilm is a complex accumulation of microorganisms and is the
principal reason for P. aeruginosa pathogenesis (Caraher et al.,
2007). Biofilms are the reason of severe insistent infection, and bio-
film formation is considered as one of the potential drug targets to
combat drug-resistant chronic infections (Wu et al., 2015). The
Syph-1 exhibited a significant decrease in the biofilm formation
ability of MRSA, PAO1, BAA, and CV at the sub-MIC level, and it
was found in the order of PAO1 > MRSA > CV > BAA (Fig. 4B).
Our findings on biofilm inhibition find support from the observa-
tions made with a sponge-inspired compound Dibromohemibas-
tadin (Le Norcy et al., 2017). This compound reduced biofilm
formation significantly in Paracoccus sp., P. aeruginosa PAO1, Pseu-
doalteromonas sp. and Bacillus sp.
3.6. Molecular docking and simulation analysis

Nature of the interaction between Siph-1 and virulence factors
(LasR, Vfr, PqsA, QscR, and BfmR) and their stability was evaluated
by performing molecular docking and molecular dynamics simula-
tion, respectively. We first screened the binding affinity of Siph-1
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towards different virulence factors by performing molecular dock-
ing in extra-precision (XP) mode (Table 2). We found a weak inter-
action of Siph-1 with PqsA, Vfr (site 1, and site 2), and QscR as their
docking energies varied within �4.02 to �4.97 kcal mol�1. Siph-1
showed relatively high docking energy (-7.21 kcal mol�1) and
hence docking affinity (1.94 � 105 M�1) towards BfmR. However,
no interaction was observed in the molecular docking of Siph-1
with LasR.

In A. baumanii, BfmRS represents a two-component system
involved in the formation of biofilms and virulence (Tomaras
et al., 2008; Gaddy & Actis, 2009). BfmR is a master regulator of
A. baumanii csu operon, controlling the expression of csuC and csuE
genes. Primarily, these genes are responsible for the attachment of
biofilms to abiotic surfaces. Moreover, BfmR controls pilin produc-
tion and hence cell motility by regulating the chaperone-usher
assembly system (csuA/BABCDE). The three-dimensional structure
of BfmR constitutes two domains, the N-terminal receiver domain,
and the C-terminal effector domain. The N-terminal domain con-
tains a well-conserved site of phosphorylation/activation by his-
tidine kinase, while the C-terminal domain contains a putative
DNA-binding site (Russo et al., 2016; Draughn et al., 2018). Since
the structural information of BfmR is incomplete due to non-
availability of the X-ray crystal structure of C-terminal domain,
we performed molecular docking only on the N-terminal domain.

An analysis of the interaction between Siph-1 and BfmR has
revealed that Siph-1 was bound at the active site of BfmR located
at the mouth of the central cavity near the N-terminal end
(Fig. 5). Siph-1 was surrounded by Mg2+ ion, hydrophobic residues
(Leu19, Met60, Leu84, Ala86, Pro108, Val109, and Pro111), polar
residue (Thr23), charged residues (Glu14, Asp15, Asp16, Asp58,
and Lys106) (Fig. 6A). In order to determine the stability of the
Siph-1-BfmR complex, molecular dynamics simulation was per-
formed for 25 ns. The interaction pattern observed after molecular
dynamics simulation showed that the hydroxyl group of Siph-1
formed an interaction with Mg2+ and a hydrogen bond with
Asp58 for 100% and 46% of simulation time, respectively
(Fig. 6B). Moreover, Siph-1 was surrounded by hydrophobic resi-
dues (Leu19, Leu22, Met60, and Ala86) and charged residues
(Glu14, Asp15, and Asp58). It is significant to note that Asp15,
Asp58, and Met60 play a crucial role in maintaining the orientation
of Mg2+ at the active site of BfmR (Draughn et al., 2018). Variation
in root mean square deviation (RMSD) values gives an insight into
the fluctuation of Ca-atoms and hence overall conformation of the
protein structure. The RMSD values of BfmR alone or in complex
with Siph-1 were observed to vary between 0.5 and 1.8 Å through-
out the simulation, which is much lower than the acceptable limit
of 2.0 Å (AlAjmi et al., 2018). After initial fluctuations, the RMSD
values were estimated to plateau around 1.73 Å and 1.27 Å in
the case of BfmR alone and BfmR-Siph-1 complex, respectively
(Fig. 7A). Similarly, root mean square fluctuation (RMSF) gives an
understanding of the variations in the fluctuations of individual
amino acid residues throughout simulation time. It is evident from
Fig. 7B that there was a huge fluctuation (4.5 and 3.0 Å) in the



Fig. 6. Molecular docking of Siph-1 with BfmR (A) before, and (B) after molecular dynamics simulation.
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amino acid residues located at the N-terminal as well as C-terminal
ends, respectively. The RMSF values (Blue line) of residues located
between the two ends varied with the acceptable limit, and they
coincide with the experimentally determined X-ray B-factor (Red
line). The vertical blue line represents the position of amino acid
residues making contact with Siph-1. Further, the stability of
Siph-1-BfmR complex was also indicated by a constant radius of
gyration (rGyr) of around 4.5 Å throughout the simulation time
(Fig. 7C). Similarly, the solvent-accessible surface area (SASA) of
the Siph-1-BfmR complex did not change significantly over the
simulation time, indicating a stable Siph-1-BfmR complex (Fig. 7D).

Earlier, the X-ray crystal structure of BfmR has shown that it
harbors an active site comprising Glu14, Asp15, Asp16, Asp58,
Thr85, Tyr104, and Lys107 (Russo et al., 2016). It is interesting
to note that Asp58 of BfmR is a conserved residue that undergoes
autophosphorylation to activate the receptor. The phosphoryla-
tion of Asp58 induces an equilibrium shift towards active confor-
1389
mation, which is a 2-fold symmetrical homodimer of a4-b5-a5
face (Bachhawat & Stock, 2007). The active homodimer then
binds DNA and controls the transcription of downstream genes.
In addition to homodimerization, activation of BfmR also involves
a paradigm shift of Thr85 towards phosphorylated Asp58 in such
a way that the hydroxyl of Thr85 forms a hydrogen bond with
the phosphate group. This conformational change promotes
Tyr104 on b5 strand to move its bulky chain away from the
a4-b5-a5 dimerization interface into the volume previously
occupied by Thr85 side chain. Thus, it has been proposed that
any small molecule which interrupts BfmR dimerization and
hence its activation would act as potential drug molecule
(Russo et al., 2016). In this study, we proposed Siph-1 as a poten-
tial inhibitor of BfmR as it directly interacts with active side resi-
dues like Glu14, Asp15, Asp16, Asp58, and binds some other
residues located at a4 strand like Leu84 and Ala86, and a5 strand
such as Pro111.



Fig. 7. Molecular dynamics simulation of Siph-1 with BfmR. (A) Variation in root mean square deviation (RMSD) values of BfmR alone or Siph-BfmR complex, and (B) root
means square fluctuation (RMSF) values of Siph-1-BfmR complex, (C) variation in radius of gyration (rGyr) of Siph-1-BfmR complex, and (D) variation in solvent accessible
surface area (SASA) of Siph-1-BfmR complex.

P. Alam et al. Saudi Pharmaceutical Journal 28 (2020) 1383–1391
4. Conclusion

This study highlights the anti-infective potential of the Siph-1
by targeting the QS-controlled virulence and the biofilm produc-
tion of pathogens. A detailed mechanism of action is delineated
in this study using a computational approach. Molecular docking
and molecular dynamics simulation showed that Siph-1 binds pri-
marily to BfmR with high affinity, and the Ship-1-BfmR complex is
stable. Further, detailed in vivo sand toxicological studies are
required for the potential application of the Syph-1 as a therapeu-
tic agent.
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