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Abstract
Microbial biofilm reveals a cluster of microbial population aggregated on a surface. Pseudomonas aeruginosa, a strong 
biofilm forming organism, often causes several human diseases. Microorganism-based diseases become more difficult to 
manage when the causative organism develops biofilm during the course of disease progression as the organism attains 
alarming drug resistance in biofilm form. Agents inhibiting microbial biofilm formation could be considered as a potential 
tool to weaken the extent of microbial pathogenesis. Tryptophan has already been reported as a promising agent against 
the biofilm development by P. aeruginosa. In the current study, we had focused on the underlying mechanism of microbial 
biofilm inhibition of P. aeruginosa under the influence of tryptophan. The expression level of the mRNA of the genes (lasR, 
lasB and lasI) associated with quorum sensing was compared between tryptophan treated and untreated cells under similar 
conditions using real time polymerase chain reaction (RT-PCR). The results showed that the tested concentrations of tryp-
tophan considerably reduced the expression of those genes (lasR, lasB and lasI) that are required during the occurrence of 
quorum sensing in P. aeruginosa. Molecular docking also revealed that tryptophan can interact with the proteins responsible 
for the occurrence of quorum sensing in P. aeruginosa. The cytotoxicity assay was carried out wherein we observed that 
the tested concentration of tryptophan did not show any considerable cytotoxicity against the RAW 264.7 macrophage cell 
line. From this study, it may be concluded that the tryptophan-mediated inhibition of biofilm formation is associated with 
interference of quorum sensing in P. aeruginosa. Hence, tryptophan could be used as a potential agent against the microbial 
biofilm mediated pathogenesis.
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Introduction

Biofilm includes an organized group of microorgan-
isms living together over either biotic or abiotic surfaces 
(Hurlow et al. 2015). Microorganism prefers to live in 
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environment in biofilm form (Parsek and Singh 2003). 
Both homogenous and heterogeneous communities of 
bacteria can develop microbial biofilm over the surface. 
Microbial biofilm get stabilized by the self-secreted extra-
cellular polymeric substances (EPS) that form a scaffold 
and hold the biofilm efficiently. Though polysaccharides 
are found to be the most prevalent part of EPS, other 
bio-molecule like proteins, lipids and nucleic acids are 
also present in EPS (Cortes et al. 2011). It was noted that 
biofilms have severe harmful pathogenic manifestations 
(Gupta et  al. 2016). Microorganisms in biofilm often 
exhibit antibiotic tolerance that makes the microorganism 
more competent in spreading diseases (Vasudevan 2014). 
The considerable presence of EPS retards the diffusion 
of antibiotics through the biofilm that leads to increases 
in drug resistance property among microbial population 
noticeably. Moreover, the formation of biofilm allows 
the component cells to avoid the host immune response 
during the infection process as biofilm cells frequently 
alter the surface receptors through rapid variation in gene 
expression (Crossley et al. 2009). Microbial biofilm often 
plays a determinant role in several microbial infections. It 
was reported that biofilm population covers almost 80% 
of the total microbial infection (Cortes et al. 2011). Pseu-
domonas aeruginosa happens to be a Gram-negative, rod-
shaped, aerobic bacteria that contributes to the high rate 
of morbidity and mortality (Das et al. 2016). It causes 
several infectious diseases including urinary tract infec-
tions, gastro-intestinal infections, endo-carditis, septice-
mia, respiratory infections and so on, and in most of the 
cases it has been noticed that the infections caused by them 
are strongly linked to the biofilm (Gupta et al. 2016). P. 
aeruginosa, a Gram-negative human opportunistic patho-
gen, uses quorum sensing to coordinate the formation of 
biofilm, swarming motility, exo-polysaccharide produc-
tion, virulence, and cell aggregation (Sauer et al. 2002; 
Adonizio et al. 2008; Nithya et al. 2010). Quorum sensing 
represents the regulation in gene expression in response to 
fluctuations in cell-population density (Miller and Bassler 
2001). For the bacteria to use quorum sensing (QS), they 
must secrete a signaling molecule called autoinducer (Pan 
and Ren 2009). At low cell density, the autoinducer mol-
ecule may just diffuse away but at high cell density, the 
local concentration of signaling molecules may exceed its 
threshold level and trigger changes in gene expressions 
(Bassler 1999; Pan and Ren 2009). Inhibition of P. aer-
uginosa biofilm by tryptophan was reported in the litera-
ture (Brandenburg et al. 2013). However, the underlying 
mechanisms of biofilm inhibition by tryptophan are yet to 
be discovered. In the current study, we hypothesized that 
tryptophan interferes with the quorum sensing event of P. 
aeruginosa that might lead to the inhibition of microbial 
biofilm formation.

Materials and methods

Microbial strain, growth media and culture 
conditions

The organism P. aeruginosa MTCC (424) used in this cur-
rent study was a kind gift to us from Dr. Surajit Bhattacha-
rjee, Department of Molecular Biology and Bioinformat-
ics, Tripura University, Agartala, India. The organism P. 
aeruginosa MTCC (424) was grown in Luria Broth (LB) 
medium (Himedia, India) at 37 °C for different lengths of 
time according to the need of the experiment.

Biofilm formation assessment by crystal violet assay

Crystal violet (CV) assay was followed to examine the bio-
film formation ability of P. aeruginosa under different con-
dition. Equal numbers of overnight saturated cultures of P. 
aeruginosa (~ 1 × 106 CFU ml−1) were separately inoculated 
in different sterile test tubes containing 5 ml of sterile LB 
media having varying concentrations of tryptophan (0, 5, 10, 
25, 50 µg/ml). In the control set, the same microorganisms 
were not exposed to tryptophan. All test tubes were then 
incubated at 37 °C for 2 days. After the incubation, plank-
tonic cells were separately discarded from all the test tubes. 
Sterile Milli Q water was used to wash each tube twice. 
Then, all the tubes were dried adequately. After that, to each 
tube, 5 ml of 0.4% CV was added and subsequently incu-
bated at room temperature for 15 min. CV solution was then 
discarded off from each tube. All tubes were again washed 
with Milli Q water to remove any unabsorbed CV from the 
tubes. Afterward, 5 ml of 33% acetic acid was added to each 
tube to dissolve the CV adsorbed to bacterial biofilm. The 
intensity of color generated due to CV was then measured 
by measuring the optical density at 630 nm.

Growth pattern analysis

To examine the effect of different concentration of trypto-
phan on the growth profile of P. aeruginosa, equal numbers 
of the bacteria (~ 1 × 106 CFU ml−1) were separately inocu-
lated in sterile LB media. After that, different concentrations 
of tryptophan (5, 10, 25, 50 µg/ml) were added into each 
growth media. In the control condition, the organism was 
grown in LB in the absence of tryptophan. All the experi-
mental growth media were then incubated at 37 °C for 48 h. 
Equal volume of the culture broth was separately recovered 
from each growth media and absorbance was subsequently 
recorded at 600 nm in a colorimeter. To examine the viabil-
ity of P. aeruginosa under the influence of tryptophan, we 
inoculated similar numbers of bacteria (~ 1 × 105 CFU ml−1) 
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in different test tubes and treated with different concentra-
tions of tryptophan. However, tryptophan was not given in 
the control set where the organism was grown in the absence 
of tryptophan. Then, all the tubes were incubated for 48 h at 
37 °C. For colony forming unit (CFU) calculation between 
tryptophan treated and untreated condition, 1 ml of cul-
ture media was separately collected from each conditioned 
medium and dissolved in 9 ml of sterile saline solution and 
thereafter different dilutions were accordingly prepared. 
100 µl of these diluted supernatants was plated onto solid 
LB agar plates. Thereafter, plates were incubated at 37 °C 
for 2 days and CFU was subsequently counted.

Gene expression measurement by real time PCR

The mRNA expression of the quorum sensing genes, namely 
lasB, lasI and lasR of P. aeruginosa was determined by real-
time PCR. The bacteria (strain MTCC 424) was grown to 
mid-log phase and treated with different doses L-tryptophan 
followed by incubation at 37 °C for 48 h. Bacterial mRNA 
was extracted by Trizol reagent (Invitrogen). The purity and 
yield of the RNA were determined using spectrophotom-
eter. Then, the total RNA from each sample was transcribed 
into first strand cDNA using reverse transcriptase M-MLV 
(Takara). Equal amount (1 mg) of cDNA was real-time 
amplified using the SYBR Premix kit (Applied Biosys-
tems). A reaction mixture lacking cDNA was used as the 
negative control. The expression level of quorum sensing 
genes, namely lasR, lasB and lasI was calculated using the 
comparative threshold cycle method ( 2−ΔΔCt ) with 16S rRNA 
as the control gene. Primers used in the current study were 
procured from Xleris Genomics, India (Table 1).

Molecular Docking analysis of tryptophan 
with quorum sensing (QS) proteins of P. aeruginosa

In silico analysis was carried out to study the interactions 
of L-tryptophan with QS-related proteins from species 
P.aeruginosa. The crystallographic structures of proteins 
LasI (PDB ID: 1RO5), Las A (PDB ID: 3IT7) and LasR 
(PDB ID: 3JPU) used in the docking study were obtained 
from the RCSB protein data bank (Berman et al. 2000). The 

3D structure files of ligand L-tryptophan (CID: 6305) were 
downloaded from the PubChem (Wang et al. 2009) in sdf 
format. UCSF Chimera (Pettersen et al. 2004) was used to 
convert the sdf files of ligands into pdb format for dock-
ing purpose. Prior to docking, both the proteins and ligand 
were energy minimized for obtaining the stable structures. 
The Autodock Tools (ADT) package was used for setting 
up all the input files of proteins and ligands for docking by 
adding polar hydrogens, merging non-polar hydrogens and 
adding Gastegier charges. After the preparation of protein 
and ligand files in ADT, molecular docking was performed 
using the AutoDock Vina program (Trott and Olson 2010) 
for the prediction of binding affinities of ligand with pro-
teins. L-tryptophan was docked into the binding pocket of 
each protein separately. GROMACS package, version 4.5 
was used to energy minimized the protein–ligand docked 
complexes to confirm their stability and binding analysis 
(Berendsen et al. 1995). LigPlot (Wallace et al. 1995) and 
PyMol (DeLano 2002) program was used to generate the 
schematic 2D diagram and cartoon structures of the final 
docked protein–ligand complexes.

Cell viability assay by MTT method

Cytotoxicity of L-tryptophan was performed with RAW 
264.7 macrophage cell line with minor modifications. Cells 
(2 × 105) were seeded into each well of 96-well tissue culture 
plates (Eppendorf) and cultured in RPMI-1640 media sup-
plemented with 10% FCS. Cells were treated with different 
doses (1–50 µg/ml) of L-tryptophan and incubated in pres-
ence of 5%  CO2 at 37 °C for 48 h. Thereafter, the medium 
was replaced with fresh RPMI (without Phenol Red) con-
taining 1 mg/ml MTT and incubated at 37 °C for 3 h. After 
that, the formed formazan crystals were dissolved in DMSO 
and incubated for 20 min at room temperature. The absorb-
ance was then measured using a plate reader (Synergy H1 
Hybrid) at a test wavelength of 590 nm.

Statistical analysis

Experimental results were statistically analyzed by one-way 
analysis of variance (ANOVA) using Minitab 16 software.

Table 1  List of primer 
sequences used in real time 
PCR

Name of bacteria Name of gene Primer sequence used

P. aeruginosa MTCC 424 las I Forward 5′ CGT GCT CAA GTG TTC AAG G 3′
Reverse 5′ TAC AGT CGG AAA AGC CCA G 3′

lasR Forward 5′AAG TGG AAA ATT GGA GTG GAG 3′
Reverse 5′GTA GTT GCC GAC GAC GAT GAAG 3′

lasB Forward 5′ TTC TAC CCG AAG GAC TGA TAC 3′
Reverse 5′ AAC ACC CAT GAT CGC AAC  3′

16S rRNA Forward 5′ ACT CCT ACG GGA GGC AGC AGT 3′
Reverse 5′ TAT TAC CGC GGC TGC TGG C 3′
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Results and discussion

Tryptophan does not inhibit microbial growth

To examine the effect of the different concentrations of 
tryptophan on the growth of P. aeruginosa, the organism 
was allowed to grow in Luria Broth (LB) with different 
concentrations (0, 5, 10, 25, 50 µg/ml) of tryptophan. 
Thereafter, we compared the microbial growth profile of 
the organism between tryptophan treated and untreated 
condition. All the conditioned media were incubated at 
37 °C for 2 days. During the course of incubation, we 
separately recovered equal volumes of culture from both 
tryptophan-exposed and unexposed culture media at spe-
cific time intervals and measured the optical density (OD) 
at 600 nm. The results revealed that there is no consider-
able difference in microbial growth pattern between tryp-
tophan-exposed and unexposed growth media (Fig. 1a). 
To gain further confidence, the viable microbial count 
was compared between tryptophan treated and untreated 
growth media. 100 µl of the bacterial cultures from both 
tryptophan-exposed and unexposed culture media was 
collected and subsequently serially diluted. Each dilution 
was plated on Luria Agar (LA) media and after the incu-
bation at 37 °C for 2 days, we observed no significant 
difference in Colony Forming Unit (CFU) between tryp-
tophan-exposed and unexposed growth media (Fig. 1B). 
Taken together, the results indicated that the different 

concentrations of tryptophan (0, 5, 10, 25, 50 µg/ml) do 
not exhibit microbial growth arresting properties.

Tryptophan inhibits the expression of genes 
associated with quorum sensing of P. aeruginosa

Pseudomonas aeruginosa had long been reported as a poten-
tial organism that can develop microbial biofilm (Gupta et al. 
2016). It was also reported that tryptophan can efficiently 
inhibit the formation of microbial biofilm over the surface 
(Brandenburg et al. 2013). In the present study, we had also 
observed the inhibition of microbial biofilm formation using 
different doses of tryptophan (Supplementary Fig. 1). Thus, 
in the current work, we had focused on the exploration of 
underlying mechanism of microbial biofilm inhibition using 
tryptophan. Microorganisms use several signaling events to 
develop biofilm. Quorum sensing (QS) happens to be an 
important signaling event for the development of biofilm 
(Gupta et al. 2016). It is a process of bacterial communica-
tion where bacteria communicate to each other by the use of 
self-made autoinducers or pheromones (Gupta et al. 2016). 
Gram-negative bacteria produce N-acyl homoserine lactones 
as their autoinducer (Gupta et al. 2016). These autoinducers 
after reaching the threshold value can control the expression 
of various genes linked to virulence and biofilm formation 
(Bordi and de Bentzmann 2011). It was reported that the 
Las proteins play an important role in regulating QS-medi-
ated biofilm formation in Pseudomonas aeruginosa (Zhu 
et al. 2004). The las system has a transcriptional activator 

Fig. 1  Cell viability assays of P. aeruginosa under the influence 
of tryptophan. a Growth curve analysis. Bacteria were incubated in 
growth media mixed with varying concentrations of tryptophan. At 
regular time interval, the microbial culture media were taken from 
each media including control and subjected to the measurement of 
OD at 600 nm. Three replicates were used for each experimental set. 
Error bars indicate standard deviation (± SD). b Colony forming unit 

(CFU) assay. CFU was counted from both tryptophan-exposed and 
unexposed culture media after 48 h of incubation at 37 °C. Three rep-
licates were performed for each experimental set. Error bars indicate 
standard deviation (± SD). Statistical significance between the groups 
was evaluated by ANOVA at 5% level. Mean values with the same 
letters are significantly similar among the treatments
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LasR (Kiratisin et al. 2002). This LasR interacts with its 
cognate autoinducer (AI) molecule {N-3-oxo-dodecanoyl-
l-homoserine lactone (3O-C12-HSL)} in order to get acti-
vated (Kiratisin et al. 2002). The LasR has two important 
binding sites. The N-terminal portion of LasR interacts 
with autoinducer while the carboxyl-terminal portion of the 
protein has a DNA-binding domain (Kiratisin et al. 2002). 
The activated LasR can upregulate the expression of several 
genes including lasB and lasI (Passador et al. 1993; Parsek 
and Greenberg 2000). Besides, lasB gene codes for elastase 
protein that helps the bacteria to evade host tissue during the 
course of pathogenesis. Activation of lasB gene expression 
requires a functional operator sequence (OP1) in the lasB 
promoter region (Anderson et al. 1999). Activated LasR (in 
association with AI) protein through its carboxyl terminal 
domain binds with the functional operator sequence (OP1) 
located upstream to the promoter of lasB gene (Anderson 
et al. 1999). This binding of LasR helps RNA polymerase 
to bind to the promoter of lasB gene and thereby upregu-
lates the expression of lasB gene (Anderson et al. 1999). 
The lasI gene codes for acyl homoserine lactone synthase 
in P. aeruginosa. This enzyme (Las I protein) synthesizes 
3OC12-HSL (N-3-[oxododecanoyl] homoserine lactone). 
The activated LasR (in association with 3OC12-HSL) then 
enhances the expression of lasI gene considerably (Parsek 
and Greenberg 2000). Thus, the activation of LasR depends 
on the availability of its cognate autoinducer molecule. Once 
LasR gets activated, it targets lasB and lasI gene that leads 
to the expression of LasB and LasI protein (Passador et al. 
1993; Parsek and Greenberg 2000). Therefore, the above-
mentioned relationship revealed that the expression of lasB 
and lasI is dependent on LasR activation while the activa-
tion of LasR depends on the expression of lasI gene. In the 
existing literature, it was documented that the compounds 
that can inhibit the formation of microbial biofilm could 
attenuate the expression of quorum sensing associated genes 
(Gupta et al. 2017). Thus, keeping this in mind, the varia-
tion in quorum sensing linked gene (lasB, lasI and lasR) 
expression was measured both in the presence and absence 
of tryptophan. The result indicated that the expression of 
quorum sensing associated genes got considerably reduced 
under the exposure of tryptophan (Fig. 2). To gain further 
confidence, the expression level of 16S rRNA gene which is 
not associated with quorum sensing property of the organ-
ism was also measured both in the presence and absence of 
tryptophan. The result showed that there is no considerable 
change in the expression level of 16S rRNA gene between 
tryptophan-treated and untreated microorganisms (Supple-
mentary Fig. 2). Thus, the result demonstrated that trypto-
phan only reduces the expression of quorum sensing asso-
ciated genes (lasB, lasI and lasR) but not the expression of 
unrelated gene (16S rRNA) in the control experiment. Since 
the results indicated that lasR gene expression got reduced 

by tryptophan, LasR can no longer activate the expression 
of lasB and lasI gene. However, since lasI gene expression 
also got reduced by tryptophan, it cannot help LasR protein 
to get activated.

To study the effects and interactions of amino acids, 
L-tryptophan over the QS-related proteins that are 
involved in biofilm formation in P. aeruginosa, the In silco 
binding analysis was performed. For docking purpose, two 
binding pockets were used for LasA (PDB ID: 3IT7) which 
was already occupied by tartaric acid and glycerol in the 
crystallographic structure of the protein. The protein LasI 
(PDB ID: 1RO5) was not available in the complex form 
with any ligand in PDB so the binding pocket used for 
the LasI protein was taken from its homologous protein 
acyl-homoserinelactone synthase (EsaI) (PDB ID: 1K4J) 
from Pantoea stewartii which was present as complex with 
perrhenate ions  (O4Re) in protein data bank. Molecular 
docking of QS-associated proteins with L form of amino 
acid tryptophan showed that all the proteins LasI (Fig. 3a), 
LasA (Fig. 3b)(Fig. 3c), LasR (Fig. 3d) have high bind-
ing affinity towards tryptophan (Table 2). The amino acid 
L-tryptophan occupies the different binding pocket in 
LasI from the original one. A comparison between bind-
ing affinities of all the proteins showed that LasR protein 
exhibited the maximum binding affinity towards trypto-
phan among other proteins. To analyze the binding affinity 
and stability of docked complexes, further energy minimi-
zation was carried out which showed that LasR protein has 
the lowest potential energy in the docked state with L-tryp-
tophan as compared to other docked complexes (Table 2). 
The binding sites used in this analysis are experimentally 
validated and hence we assume that the ligand tryptophan 

Fig. 2  Quorum Sensing linked gene expression analysis. P. aerugi-
nosa were grown both in the presence and absence of tryptophan for 
2 days at 37  °C. After the incubation, RNA was isolated from both 
organisms and the expression of genes responsible for quorum sens-
ing was carried out by real-time PCR analysis
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in reality may also bind there and may ultimately regu-
late their activities. Considering all the results, it appears 
that tryptophan hampers quorum sensing property of the 
organism as evident from gene expression and docking 
result analysis. Thus, the inhibition of microbial biofilm 
by tryptophan could be attributed to interfering in quorum 
sensing property of the organism.

The tested concentration of tryptophan does 
not show considerable cytotoxicity

The effect of L-tryptophan on cell viability was assessed in 
RAW 264.7 macrophage cell line. L-tryptophan showed a 
dose-dependent action on the viability of cell (Fig. 4). It was 
observed that the lowest dose (1 µg/mL) of L-tryptophan 
showed 99.8% cell viability, whereas cell viability was found 
to be decreased to ~ 88% at highest dose of L-tryptophan 
tested (50 µg/ml) (Fig. 4).

Conclusion

Exploring new agents that can target quorum sensing during 
biofilm formation may be considered as a potential tool for 
development of effective therapeutic strategies for infections 
with biofilm forming microbes such as P. aeruginosa. Our 
current findings indicate that tryptophan holds promise to 
interfere with quorum sensing event that leads to the inhibi-
tion of biofilm development. Thus, tryptophan could be used 
as an effective supplement to inhibit the microbial biofilm 

Fig. 3  Molecular docking and interaction analysis of L-tryptophan 
with quorum sensing-related proteins from species P. aeruginosa: a-i 
Cartoon structure of protein–ligand docked complex of LasI (PDB 
ID: 1RO5) and L-tryptophan, a-ii LigPlot interaction analysis of 
L-tryptophan with active residues of LasI; b-i Cartoon structure of 
protein–ligand docked complex of LasA (PDB ID: 3IT7) and L-tryp-
tophan into glycine binding pocket, b-ii LigPlot interaction analysis 

of L-tryptophan with active residues of LasA; c-i Cartoon structure of 
protein–ligand docked complex of LasA (PDB ID: 3IT7) and L-tryp-
tophan into tartaric acid, c-ii LigPlot interaction analysis of L-trypto-
phan with active residues of LasA; d-i Cartoon structure of protein–
ligand docked complex of LasR (PDB ID: 3JPU) and L-tryptophan, 
d-ii LigPlot interaction analysis of L-tryptophan with active residues 
of LasR

Table 2  Binding affinities of Tryptophan with quorum sensing-
related proteins of P. aeruginosa and potential energies of all the pro-
tein–ligand complexes

a (1) High –ve score of binding affinity using Autodock Vina indicate 
strong binding, (2) Positive score indicate weak binding, (3) 0.0 bind-
ing affinity indicate no binding

Sr. no. Protein 
name

Ligand Binding 
affinity 
(Autodock 
Vina)a

Potential energy

1. LasI Tryptophan − 5.1 − 6.5017481e+05
2. LasA_gly Tryptophan − 5.9 − 4.9111400e+05
3. LasA_tar Tryptophan − 6.3 − 4.9455394e+05
4. LuxR Tryptophan − 7.9 − 6.5355675e+05
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formation that might reduce the extent of pathogenicity 
caused by microorganisms.
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