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Abstract
Biosensors based on microbial cells have been developed to monitor environmental pollutants. These biosensors serve as inex-
pensive and convenient alternatives to the conventional lab based instrumental analysis of environmental pollutants. Small 
monomeric naturally occurring fluorescent proteins (fp) can be exploited by converting them as small biosensing devices for 
biomedical and environmental applications. Moreover, they can withstand exposure to denaturants, high temperature, and 
a wide pH range variation. The current study employs newly identified novel fluorescent protein HriGFP from Hydnophora 
rigida to detect environmental contaminants like heavy metals and organo-phosphorous (pesticide) compounds such as methyl 
parathion. The HriGFP was initially tested or its expression in bacterial systems (Gram positive and Gram negative) and 
later on for its biosensing capability in E coli (BL21DE3) for detection of heavy metals and methyl parathion was evaluated. 
Our results indicated the discrete and stable expression of HriGFP and a profound fluorescent quenching were observed in 
the presence of heavy metals (Hg, Cu, As) and methyl parathion. Structural analysis revealed heavy metal ions binding to 
HriGFP via amino acid residues. In-silico-analysis further revealed strong interaction via hydrogen bonds between methyl 
parathion phosphate oxygen atoms and the amino group of Arg119 of HriGFP. This study implies that HriGFP can act as 
a biosensor for detecting harmful carcinogenic pesticide like methyl parathion in water resources in the vicinity of heavily 
pesticide impregnated agricultural lands and heavy metal contaminated water bodies around industrial areas.

Keywords  HriGFP · Fluorescent proteins · Biosensor · Docking

Introduction

Environmental pollution is increasing at an alarming level 
with the rapid progress in industrial development conse-
quently affecting human health. Despite serious measures 
to combat environmental pollution, large amount of indus-
trial wastes and pollutants are released into the environment. 
More than 70% of the pesticides used worldwide are either 
organo-phosphorous compounds or their derivatives [14]. 
Pesticides bearing organo-phosphorous compounds like 
methyl parathion (MP) have been widely used in the agri-
culture sector in order to increase food production. However, 
their persistent residual lethal amounts pose a serious threat 

to human health and food safety [8, 15]. Methods like Gas 
Chromatography Mass Spectroscopy (GC–MS), High-Per-
formance Liquid Chromatography (HPLC) and Gas Chro-
matography, Inductively coupled plasma mass spectrometry 
(ICP-MS) despite being accurate are laborious, costly, and 
require specialized laboratories which makes them inacces-
sible to remote agricultural areas, especially in developing 
countries [3, 18]. Colorimetric or electrochemical detection 
of MP is based on the Enzymatic biosensors are not suit-
able for the field application as they are unstable [11]. Since 
these methods are also non-portable and hence an easy to 
use cost-effective portable biosensor system will be highly 
beneficial for on spot detection of methyl parathion and 
other environmental contaminants like heavy metals such as 
arsenic in the lands of predominantly agricultural countries 
and their water sources to safeguard the environment for 
larger public health interest. For instance, alarmingly high 
concentrations of arsenic have been reported from Pakistan 
recently (Podgorski et al. 2017) which certainly have great 
impact on human health due to potential arsenic poisoning. 
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Therefore, there is a dire need to devise a robust approach 
for rapid detection of such environmental pollutants using 
cost-effective and point-of-care rapid detection approaches.

Different microbial biosensors and whole cell bio-report-
ers (WCB) have been developed for the quantitative estima-
tion of such environmental pollutants [4, 9] including GFP 
based biosensors have been reported against heavy metals 
[5, 13]. The GFP-like coral proteins exhibit a broad spectral 
diversity ranging from blue, green, yellow, and red FPs [2]. 
The expression and stability of these wild type FPs can be 
further optimized by amino acids substitutions possessing 
favorable optical and biophysical properties. These modi-
fications may ensure better rate of maturation, monomeric 
forms with reduced sensitivity to pH [1, 16] and the stability 
of such stable monomeric FPs have increased their demand 
to be used as biosensors.

We have shown in our previous studies that HriGFP can 
be successfully expressed [10], purified using E. coli expres-
sion system like many other GFP-like proteins e.g., GFP. 
Being a highly stable monomer FP [6], HriGFP (133 amino 
acids) is small enough to be used as a biosensor. Moreover, 
being small fluorescent protein HriGFP may also be supe-
rior over larger proteins because they would have a minimal 
impact on host strain metabolism allowing more resources 
to be committed to the production of the recombinant tar-
get protein. In the present study. the expression potential of 
HriGFP in Bacillus megaterium was evaluated initially [7], 
thereafter, the biosensing capability of these novel fluores-
cent proteins for detection of environmental pollutants like 
heavy metals (Hg, Cu, As), pesticides (methyl parathion) 
was studied

Material and Methods

Materials

All the materials used for this study are of analytical grade. 
Stock solutions of Copper, Mercury was prepared from their 
respective chloride salts (Sigma), whereas Arsenite solution 
was prepared form sodium arsenite (NaAsO2 Sigma). The 
glassware used was first cleaned by treatment with nitric 
acid (15%) for 24 h to remove trace elements, followed by 
sterilization after autoclaving at 121 °C for 20 min.

Expression of HriGFP in E. coli and Bacillus 
megaterium

The HriGFP gene was cloned into pET28a+ vector and 
transformed into E. coli BL21 (DE3) cells. The vector 
pET28a+ has a T7 lac promoter which was induced using 
Isopropyl β-d-1-thiogalactopyranoside. IPTG act as a molec-
ular mimic of allolactose and initiate transcription of lac 

operon and trigger expression of the inserted genes under the 
control of this Lac operon (in this case HriGFP gene). The 
HriGFP pet28+ construct was directly transformed in E. coli 
(BL21DE3 cells), however, for transformation in Bacillus 
megaterium the gene was sub-cloned into a shuttle vector 
pHIS1522 (MoBiTec, Goettingen, Germany). The trans-
formed cells were then streaked on agar plates with 30 µl 
induced culture with 0.3 mM IPTG 0.0.1% Kanamycin was 
added as a resistant marker in the medium. The plates were 
incubated at 37 °C overnight and portion of these plates was 
visualized under fluorescent microscope on a glass slide.

Structure Prediction of HriGFP

Structure prediction of the HriGFP was done by homology 
modeling. The three dimensional model was predicted using 
MODELLER (v9.21, local version). The predicted model 
was further evaluated by PROCHECK. Autodock Vina 1.1.2 
was used for docking of HriGFP with MP.

In‑Silico Prediction of Metal Interaction with HriGFP

The predicted HriGFP structure was submitted to COACH 
meta-server which showed specific aminoacid motifs inter-
action with divalent cations like Magnesium, Zinc, and 
Manganese.

Heavy Metals Biosensing Ability Test

The maximum contaminant level (MCL) for the presence 
of these heavy metals in drinking water is 1.0 mg/L, 2 µg/L, 
and 0.01 mg/L. Therefore, biosensing of these bacteria was 
tested by exposing the overnight culture with OD600 0.8–1 to 
different concentrations (50–200 µg/L) of heavy metals such 
as Mercury and Arsenic. The biosensing ability for copper 
was tested at various ranges from 25 g/L to 200 µg/L as the 
EPA standard for copper is relatively high.These cultures 
were also tested against different concentrations of mono-
valent cations like Sodium and potassium (100–300 µg/L). 
Deionized water and bacterial cell unexposed to heavy met-
als were used as a control. The decrease in florescence was 
quantified by using a fluorometer (Modulus Luminometer/
Fluorometer (Turner BioSystems, Sunnyvale, CA) with 
appropriate filters).

Methyl Parathion Detection

The inoculum was prepared in 500 ml LB broth with Kana-
mycin (100 μg/mL). The culture was divided in two halves. 
Induction with 0.15 mM IPTG was performed with the 
one half of the culture when the O.D. 600 nm reached 0.6. 
The flasks were kept on incubator for 4–5 h at 37 °C with 
100 rpm shaking. The cultures were spin down at 13000 rpm 
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and dissolved in 10 ml of lysis buffer (500 mM NaCl, 0.1% 
TritonX, 10% glycerol, Tris 7.4 pH) and kept on ice. The 
half culture in lysis buffer was sonicated and only super-
natant was collected where as other half was sonicated and 
cell lysate was kept, then treated with MP. Different con-
centrations of the methyl parathion working solutions were 
prepared from the MP stock solution (0.5%). 900 µl of the 
working MP solution was set as blank in the fluorimeter 
(BIORAD). 100 µl of induced and uninduced culture with 
HriGFP were added in the same cuvet with MP alternatively 
and the fluorescence intensity was determined.

Statistical Analysis

Statistical analysis was performed with Graph-pad Prism 
7.0 b. All the biosensing experiments were done in three 
biological replicates. The statistical significance was 

determined using the Mann–Whitney test with P < 0.05 
considered significant.

Results

Expression of HriGFP in E. coli and Bacillus 
megaterium

HriGFP was successfully transformed and expressed in in 
E. coli and Bacillus megaterium as shown in both direct 
visualization of streaks under UV as well as under fluo-
rescent microscopy Fig. 1.

Fig. 1   Visualization of HriGFP expressing Bacillus megaterium a the HriGFP visualized in E. coli under b Florescent microscope GFP Filter 
100X. c Streak of HriGFP under UV light d lawn of HriGFP induced culture under UV
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Prediction of HriGFP Structure

The HriGFP structure was modeled by using MODELLER 
(v9.21, local version) with the template 2otb chain A. The 
HriGFP predicted structure comprises of 7 beta sheets and 
the structure resembles to beta barrel like other GFP mol-
ecules (Fig. 2a). Two different fluorescence tripartite motif 

IYG and KYG have been shown in the structure (Fig. 2b). 
Ramachandran analysis was performed using PROCHECK 
indicating 83.3% residues in the most favored region, 
12.3% in the maximum allowed region, and 3.5% in the 
generously allowed region. Only 1 residue Arg91 lies 
in the outlier region. The structure assessment analysis 
showed that the predicted structure is of good quality.

Fig. 2   a Predicted three-dimensional structure of HriGFP using Mod-
eller (v9.21, local version) representing beta sheets in yellow and the 
coiled coils in green b Three-dimensional model of HriGFP show-
ing the fluorescence motifs IYG at position 28–30 (orange) and KYG 
at position 61–63 (cyan). c Ramachandran plot of the 3D models of 

HriGFP. Red region represents the most favored region, yellow indi-
cates the allowed region, light yellow indicates generously allowed 
region, and white indicates the disallowed region (Color figure 
online)
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Interaction of HriGFP with Metal Ions

The HriGFP interaction with metal ions was further 
explored at structural level. The predicted HriGFP 3D 
structure was submitted to COACH meta-server for poten-
tial protein ligand interaction. Interestingly strong inter-
action was observed with divalent ions like Magnesium 
(Fig. 3). However, other metal ions like zinc and Manga-
nese also interact with the HriGFP (Table 1). The interac-
tion of the HriGFP to magnesium (Mg2+) is similar to the 
RNA polymerase VP1 (2yi9A). Two residues Arg12 and 
Asp25 are involved in this interaction. The oxygen atom of 
the Asp25 showed ionic interaction with magnesium ions, 
whereas the two nitrogen atoms of Arg12 also strongly 
interact with the divalent cation (Fig. 3).

Heavy Metal Detection Using HriGFP

The HriGFP interaction observed with divalent cations like 
Magnesium, Manganese, and Zinc further prompted us to 
determine its interaction with heavy metals. Decrease in 
fluorescence intensity was observed with the increase in 

Fig. 3   Structure-based prediction of HriGFP interaction with the 
divalent cations by COACH a The divalent cation Magnesium rep-
resented in red interacts with Arg12 and Asp25 amino acid residues 
of HriGFP. b Zoomed in image of the interaction of the N atom of 

Arg12 and the oxygen atom of Asp25 with Mg2+. c The oxygen atom 
of the Asp25 amino acid residue interacts strongly via H-bond the 
Magnesium cation with 2.81A° distance (Color figure online)

Table 1   COACH meta-server-based prediction of HriGFP with met-
als

Ligand name Consensus binding 
residue

Interaction 
similar PDB 
hit

Magnesium (Mg2+) 12, 25 2yi9A
Zinc (Zn2+) 65, 94 4q7rB
Magnesium (Mg2+) 72, 81 3akmB
Manganese (Mn2+) 9, 14 1yd2A
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Fig. 4   Biosensing of heavy metals by HriGFP: a–c Quenching of flu-
orescence in response to heavy metals like copper, mercury, and arse-
nic. d Fluorescence showing no change in its intensity on exposure 
to monovalent cations like Sodium and potassium. e Comparison of 
fluorescence quenching in percentage relative to different metals. The 

strongest fluorescence quenching was observed in the case of cop-
per followed by mercury and arsenite. The error bars indicate ± SD. 
P value was calculated by students t test. *represents < 0.05 
** < 0.01*****0.0001
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divalent heavy metal ions concentration like mercury and 
copper (Fig.  4a–b). However, strongest difference was 
observed in case of copper (Fig. 4a–b). Trivalent arsenite 
showed fluorescence quenching at lower 50 μg/L concen-
tration. Decrease in fluorescence quenching was observed 
with the increase of arsenite concentration indicating that 
the HriGFP cannot detect trivalent ions efficiently (Fig. 4c). 
Moreover, HriGFP exposure to monovalent ions did not 

show any change in fluorescence intensity (Fig. 4d). Thus, 
we propose that Copper and Mercury might be interacting 
similarly to that of the predicted Magnesium ion interaction. 
Comparison of fluorescence quenching was carried out in 
order to evaluate the metal ions effectively detected by the 
HriGFP. Strongest fluorescence quenching was observed 
in the case of copper as opposed to mercury and arsenic. 
(Fig. 4e).

Fig. 5   Structure-based prediction of HriGFP interaction with the 
methyl parathion a The Methyl parathion has been represented 
in cyan and is interacting with Arg119. b Zoomed in image of the 
interaction of the two H atom of the amino group of Arg119 with the 
two oxygen atoms of the phosphate group of methyl parathion. c The 

two oxygen atoms of methyl parathion interact via two H-bonds with 
atomic distance of 3.07 and 3.03A° to the H- atoms of the Arg119 
amino acid residue. The other residues Ile67, Asp68, Lys70, Leu116, 
Arg117, Glu126, Pro128, and Pro130 represented in red interact 
hydrophobically with the MP
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Docking of HriGFP with MP

The predicted HriGFP structure was further docked to the 
MP (Fig. 5). One of the most accepted target for organo-
phosphorous (OP) compounds is Gly x Ser x Gly motif. 
However, different proteins that lack serine at their active 
site bind to OP via lysine and tyrosine [12]. However, our 
docking analysis revealed strong interaction of Arg119 
with the MP. The amino group of Arginine interacts via 
two hydrogen bonds to the oxygen atoms 1 and 3 of the 
phosphate group. However, different residues like Pro130, 
Pro128, Ile67, Arg117, Leu116, Asp68, Lys70, and Glu126 
(Fig. 5) interact to MP via hydrophobic interaction.

Biosensing of Methyl parathion

The biosensing ability of the HriGFP producing cells was 
tested with and without induction (Fig. 6). A significant 
increase in the fluorescence intensity was observed with the 
corresponding decrease in the concentration of methyl para-
thion. Thus methyl parathion can be detected from 500 mg 
to 0.05 mg/L (1.89 mM- 189 μM) concentration.

Discussion

HriGFP is a phylogenetically unique fluore scent protein 
isolated from H.rigida [10]. In this study, the application 
of HriGFP was investigated. Three dimensional predicted 
structure of HriGFP demonstrated its resemblance to beta 
barrel that is typical feature of GFP-like molecules [17]. 
HriGFP possess two indigenous tripartite motifs IYG and 
KYG (Fig. 2). The ability of the beta barrel structure bear-
ing FPs descends form the chromophore protected inside the 
beta barrel comprising of 11 beta sheets [17]. However, on 
the contrary the HriGFP structure bears 7 beta sheets and 
the two fluorescent motifs IYG and KYG of HriGFP are 
exposed (Fig. 2).

Conclusion

Thus, HriGFP can be used efficiently for the detection of 
heavy metals and harmful organo-phosphorous compounds 
based pesticides like methyl parathion.
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