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Abstract
In a cell-surface display (CSD) system, successful display of a protein or peptide is highly dependent on the anchoring motif 
and the position of the display in that anchoring motif. In this study, a recombinant bacterial CSD system for manganese 
(Mn) and cobalt (Co) recovery was developed by employing OmpC as an anchoring motif on three different external loops. 
A portion of Cap43 protein (TRSRSHTSEG)3 was employed as a manganese and cobalt binding peptide (MCBP), which 
was fused with OmpC at three different external loops. The fusions were made at the loop 2 [fusion protein-2 (FP2)], loop 
6 (FP6), and loop 8 (FP8) of OmpC, respectively. The efficacy of the three recombinant strains in the recovery of Mn and 
Co was evaluated by varying the concentration of the respective metal. Molecular modeling studies showed that the short 
trimeric repeats of peptide probably form a secondary structure with OmpC, thereby giving rise to a difference in metal 
recovery among the three recombinant strains. Among the three recombinant strains, FP6 showed increased metal recovery 
with both Mn and Co, at 1235.14 (1 mM) and 379.68 (0.2 mM) µmol/g dry cell weight (DCW), respectively.
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Introduction

Metals are solid substances obtained from the earth. The 
term metal is used for any substance that is hard, possessing 
silvery luster and is a good conductor of heat and electricity. 

Due to their natural properties of rigidity, ductility, and ten-
sile strength, metals are used in various fields. Metals are 
strong, durable, and highly resistant to natural wear and tear 
and so have been used by humans since ancient times. The 
accelerated rate of industrialization increased the demand for 
metals [22]. Currently, almost any object produced by tech-
nology uses metals in some form. The sources of metals are 
exhaustible natural resources, which are quantitatively used 
at a rapid rate. On the other hand, metals can be recovered 
from waste, which is thus considered a secondary raw mate-
rial for metals. Developing an efficient method to recover 
metals from waste is essential to protect the environment and 
to provide a constant supply of metals for humankind. The 
recycling process does not affect the chemical or physical 
properties of non-ferrous metals; therefore, these metals can 
be recycled an infinite number of times [22].

Metal recovery using micro-organisms is gaining greater 
attention. In recent years, a new discipline of mineral sci-
ence called bio-hydrometallurgy or microbial mining (min-
ing with microbes) has grown rapidly. Bio-hydrometallurgy 
deals with the application of biotechnology to the mining 
industry [36]. Mining with microbes is both economically 
and environmentally friendly. Micro-organisms utilized 
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for metal recovery typically involve either a bio-leaching 
or bio-sorption process [32]. Bio-leaching is the process 
of extraction or solubilization of minerals from ores by 
micro-organisms [21], whereas bio-sorption deals with 
cell-surface adsorption of metals by micro-organisms. 
Bio-sorption can be employed to recover valuable and 
toxic metals from industrial effluent; however, the sorp-
tion is non-specific. Metals can be selectively adsorbed by 
micro-organisms by employing cell-surface display (CSD) 
of peptides.

CSD enables the display of proteins, peptides, and 
enzymes on the cell surface and is widely employed in vari-
ous fields including microbiology [20, 30], biotechnology 
[6], and vaccinology [27, 35]. CSD involves the display of a 
gene for a specific peptide, with the outer membrane proteins 
of a bacteria acting as an anchoring motif for the displayed 
protein. Many different anchoring proteins have been devel-
oped for surface display, and each carrier results in physi-
ological effects on the host cells [23]. The choice of carrier 
protein or anchoring motif is highly important because an 
incorrect motif can destabilize the cell envelope integrity 
and cause cellular effects. In a bacterial cell-surface display 
system, various anchoring motifs such as outer membrane 
proteins, auto transporters, and S-layer proteins have been 
used [18].

The most commonly used anchoring motifs include 
OmpA [5], OmpF [26], OmpC [41], LamB [7], Lpp-OmpA 
[15], PhoE [2], Yiat [18], OmpX [42], ice nucleation pro-
tein (INP) [17], and a-agglutinin [19]. The fusion of these 
outer membrane proteins with a protein of interest enables 
the display of peptides on the outer membrane of the bac-
teria. The display of proteins or peptides on the surface 
of a microorganism by recombinant DNA technology has 
become an increasingly promising technology for various 
applications and has been widely used in bioremediation 
[28, 29, 37, 39]. Although OmpC has been extensively 
studied for surface display in various applications, each 
anchoring motif has been found to have different capaci-
ties of protein display when exposed to various anchoring 
motifs with respect to size and characteristics [18]. The 
location of the peptide in the anchoring protein is impor-
tant, since it influences the immobilization, stability, spe-
cific activity, and post-translational modification of the 
fusion proteins [23].

Mn (Manganese) is the fourth most used metal followed 
by iron, aluminium, and copper. Approximately 95% of the 
globally produced Mn is used in the steel industry for the 
desulfurization and strengthening of steel, and the remaining 
5% is used by the battery and chemical industries [9]. Due 
to anthropogenic activities, exposure of Mn to surface and 
ground water is relatively high [16]. Mn-containing material, 
such as waste batteries and spent electrodes, are some of the 

sources of Mn that leach into effluent with other ores [10]. 
Exposure to huge amounts of mine effluent has resulted from 
widespread mining and untreated anthropogenic and indus-
trial activity [9]. Mn at a concentration greater than 0.05 
milligrams per liter in tap water is considered unsafe by the 
US Environmental Protection Agency (US EPA, 2004) [16]. 
Mn is recognized as a neurotoxin at high-level exposure, 
and chronic exposure to mining, welding, and manufactur-
ing anthropogenic effluents of this metal contaminant lead 
to deleterious health effects including Parkinson’s disease, 
psychiatric symptoms, neurodegenerative diseases, and other 
disturbances in the motor system [9].

Co (Cobalt) is an essential element in human health as it 
is a part of vitamin B12; however, a higher concentration of 
Co can cause low blood pressure, paralysis, diarrhea, and 
bone defects [1]. Co is considered to be a rare element that 
is common in various industrial effluents such as metallurgi-
cal, paint, mining, and electronic industrial waste [11]. Co 
is notable as an activated radioisotope and is particularly 
harmful due to its long half-life (5.27 years) [12]. Several 
strategies used for the removal of metals from aqueous 
solution, including chemical precipitation, ion exchange, 
and coagulation/flocculation, are ineffective, especially for 
a lower concentration of pollutant [11, 28]. Thus, there is a 
need for the development of novel cleanup strategies [28].

In this study, an adsorption system for Mn and Co was 
developed using three different loops of OmpC as an anchor-
ing motif. OmpC was considered for its high copy level with 
2 × 105 molecules per cell, which makes it an efficient can-
didate for cell-surface display [24]. Among the several outer 
membrane proteins (OMPs), OmpC is a trimeric porin pro-
tein found in the outer membrane of E. coli, and it is struc-
turally important for outer membrane stabilization. Three 
molecules of OmpC form a pore structure on the E. coli cell 
membrane, which allows small molecules to pass through 
[8]. An OmpC molecule is comprised of 16 transmembranes, 
antiparallel β-strands that form a β-barrel structure surround-
ing a large channel, which is connected to seven internal 
loops and eight external loops [41]. The peptide (TRSR-
SHTSEG)3 is a portion of the Cap43 protein [31] that is 
employed as a Mn and Co binding peptide (MCBP). This is 
a multi-histidinic peptide fragment from Cap43 which was 
believed to bind Mn and Co. The most stricking feature of 
the protein lies in its C-terminal moiety, where the 10 amino 
acid TRSRSHTSEG are repeated thrice consecutively. So 
to enhance the binding nature of the manganese and cobalt 
binding peptide, the peptides are displayed on the cell-
surface display. In that strategies, this trimeric repeats of 
the peptide TRSRSHTSEG were displayed at loop2 (FP2), 
loop6 (FP6), and loop8 (FP8) of OmpC. All three CSD sys-
tems were evaluated for protein expression and efficiency 
toward Mn and Co adsorption.
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Materials and methods

Bacterial strains and media

The bacterial strains used in this study are listed in 
Table  S1. The strains were cultivated in LB medium 
(10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, and 
5  g/L NaCl) supplemented with antibiotic (100  mg/L 
ampicillin) at 37 °C with vigorous shaking at 250 rpm.

Design of the engineered strains

An MCBP composed of 30aa (TRSRSHTSEG)3 was 
fused at the C-terminus of truncated OmpC. Fusion was 
carried out with three external loops of OmpC: at loop2 
189th bp (FP2), loop6 726th bp (FP6), and loop8 993rd 
bp (FP8). The respective genes were amplified with pep-
tide sequence-incorporated oligonucleotides (Table S2). 
Polymerase chain reaction (PCR) was performed with an 

Fig. 1   Schematic illustration of the OmpC-MCBP display system at three loops of OmpC a OmpC full external structure that contains 8 loops, 
b Fusion of MCBP in loop 2 of OmpC (FP2), c Fusion of MCBP in loop 6 of OmpC (FP6), and d Fusion of MCBP in Loop 8 of OmpC (FP8)
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MJ Mini Personal Thermal Cycler (Bio-Rad Laborato-
ries, Hercules, CA, USA) using the Expand High Fidel-
ity PCR system (Roche Molecular Biochemicals, Man-
nheim, Germany). The three PCR products were cloned 
into the pBAD30 plasmid using SacI and HindIII restric-
tion enzymes to construct pBADOFP2, pBADOFP6, and 
pBADOFP8, respectively (Fig. 1). The expression of OmpC 
along with the peptide was under the control of the PBAD 
promoter. These plasmids were transformed into a chemi-
cally competent XL1-Blue (XB) E. coli strain for further 
studies.

Expression study by SDS‑PAGE

The three recombinant E. coli strains were cultured over-
night in LB medium at 37 °C, and the cultures were then 
diluted 100-fold in the same medium. When the optical 
density at 600  nm OD600) reached 0.5, arabinose was 
added to the culture medium at various concentrations 
from 0 to 0.5% and incubated for 6  h. The harvested 
recombinant strain was sonicated (30 s ON, 30 s OFF, 
12 cycles), and the cells were centrifuged at 8000 rpm to 
remove cell debris. The outer membrane fractions were 
isolated from the pellet by adding 10 mM Tris–HCl (pH 
7.5), and the suspended cells were kept in 4 °C overnight 
to lift the membrane fractions into solution, which was 
analyzed by 12% (w/v) sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE). Fractioned protein 
samples were stained with Coomassie brilliant blue R-250 
(Bio-Rad Laboratories, Hercules, CA, USA).

Mn and Co adsorption and recovery analysis

The three recombinant strains incorporating pBADOFP2, 
pBADOFP6, and pBADOFP8 were grown overnight in LB 
medium supplemented with 100 mg/L ampicillin at 37 °C. 
The overnight cultures were diluted 100-fold in fresh LB 
medium and incubated until the OD600 reached 0.5. The 
cells were induced with 0.5% of arabinose, and the strains 
were then cultured for 6 h at 30  °C. The strains were 
washed twice with 0.85% (w/v) NaCl, and the cells were 
incubated with various concentrations of MnCl2 from 0.1 
to 1 mM and separately with CoCl2 at concentrations of 
0.01– 0.3 mM. To recover the cell-surface-adsorbed Mn 
and Co, the strains were washed twice with 0.85% (w/v) 
NaCl, and the cells were incubated with 5 mM EDTA in 
ice for 30 min.

The selectivity of the peptide was analyzed with arti-
ficially polluted wastewater. The concentration of each 
metal [Manganese (Mn), Cobalt (Co), Copper (Cu), Lead 
(Pb), and Lithium (Li)] present in the artificially polluted 
wastewater was 0.1 mM. The same procedure was followed 
for the recovery of metals used in LB medium.

The adsorption of the best recombinant strain was 
analyzed by a JEOL JSM-6500F field emission scanning 
electron microscope to visualize the adsorbed Mn and 
Co, with E. coli XB strain as a control. To confirm the 
elemental composition of the samples after adsorption, 
energy dispersive spectroscopy (EDS) was used. To pre-
pare for SEM/EDS analysis, the samples after adsorption 
were lyophilized on an EYELA FDU-2200 freeze dryer 
and were subsequently analyzed with a JEOL JSM-6500F 

Fig. 2   Plasmid construction 
of three recombinant strains 
fused with ompC at 3 different 
loops. a pBADOFP2 (189 bp), 
b pBADOFP6 (726 bp), and c 
pBADOFP8 (993 bp)
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field emission scanning electron microscope equipped 
with EDS.

Molecular modeling studies

To investigate the cause of the difference in metal binding 
affinity of MCBP fused at three different loops of OmpC, 
three-dimensional structures of the three FPs were con-
structed using the comparative modeling tool Modeler [13]. 
Further, the full-length sequences of the FPs were aligned 
with the structural template using an online tool to analyze 
the secondary structure. Since the three FPs contain partial 
loops of OmpC protein and MCBP, a fusion model struc-
ture was constructed for structural investigation. To develop 
three-dimensional structures, a structural template search for 
the full-length sequence FPs and the individual sequences 
of OmpC and MCBP was performed against the PDB data-
base using the BlastP tool [3]. In addition, multiple sequence 
alignment was performed with the online tool espript3 [4] 
using the secondary structure of OmpC as a template (PDB 
ID-2J1N) [34].

Results and discussion

The surface display can be used for various biotechnological 
applications such as live vaccine development, screening 
display peptide libraries, bio-sorbent, whole-cell biocata-
lyst for remediation of pollutants, and for biofuel produc-
tion [18]. Until now, many proteins ranging from small 
peptides to large, complex proteins have been displayed 

on the surface of various hosts including bacteria, yeast, 
cyanobacteria, and others [14, 25, 33, 35, 42]. Escherichia 
coli is the most recurrently used bacterial host for the sur-
face display of proteins and peptides due to its high yield of 
recombinant proteins and flexibility to genetic manipula-
tion [38]. To attain a proper display of proteins on the cell 
surface, the system should contain both an inner membrane 
and an outer membrane, separated by periplasm. The gene 
of interest to be displayed on the cell surface should be fused 
to an anchoring protein that enables export across the cell 
envelope and anchors passengers to the host cell surface. 
These surface-displayed peptides or proteins are efficiently 
exposed to the externally added substrate, which enabled the 
use of cell-surface display as an efficient system for various 
applications [40]. The most frequently used systems for the 
expression of proteins or peptides on the cell surface are 
OMPs. OMPs form a distinct integral membrane-like protein 
with the common structural motif of a β-barrel, composed of 
a different number of transmembrane β-strands linked to the 
periplasmic side and outside with a long surface reachable 
loop. Many different OMPs have been used for the devel-
opment of surface display systems including OprF, PhoE, 
OmpS, OmpF and OmpC [39].

Construction of a Mn and Co binding bacterial 
surface display system

For the development of an efficient display system, the loca-
tion in the carrier protein is very important for the effective 
display of proteins or peptides [23]. OmpC, an outer mem-
brane protein of E. coli, contains eight external loops that 

Fig. 3   SDS page analysis of the 3 recombinant strains carrying MCBP with three different loops of OmpC a FP2 (10 kDa), b FP6 (29.7 kDa), 
and c FP8 (39.71 kDa). The strains were induced with increasing concentrations of arabinose from 0 to 0.5%
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can be used for fusion of peptides or proteins [41]. In this 
work, a C-terminal fusion of MCBP (TRSRSHTSEG)3 at 3 
different external loops of OmpC, loop 2, loop 6, and loop 8 
(Fig. 1), was constructed. The construction was made pos-
sible by truncating ompC at the respective sites (189, 726, 
993 bp), followed by fusion of MCBP at the C-terminus 
of the truncated loops using the respective oligonucleo-
tide (Table S2). The genes were cloned into the pBAD30 
vector using SacI and HindIII sites to prepare pBADOFP2, 
pBADOFP6, and pBADOFP8 (Table S1). The expression of 
all three recombinant strains was regulated by the PBAD pro-
moter, and protein expression was induced by the addition 
of arabinose (Fig. 2).

Optimization of surface display conditions

To investigate efficient peptide display conditions, strains 
containing pBADOFP2, pBADOFP6, and pBADOFP8 were 

induced with increasing concentrations of arabinose from 
0 to 0.5%. The protein expressions of the three FPs were 
analyzed by SDS-PAGE analysis. The sizes of the FPs were 
10 kDa (FP2), 29.7 kDa (FP6), and 39.7 kDa (FP8), respec-
tively (Fig. 3). Since the expression of OmpC is highly influ-
enced by temperature, the expression of the three recom-
binant strains was studied at two different temperatures 
(25 and 30 °C) [28]. The expression at 25 °C was very low 
compared to that at 30 °C for all three strains (results not 
shown). Based on the above results, optimum conditions for 
expression of FPs were 30 °C with 0.5% of arabinose for 6 h.

Mn and Co‑adsorption studies

The performance of the three recombinant strains was 
evaluated by incubating the MCBP displayed cells to vary-
ing concentrations of MnCl2 and CoCl2. The plasmid not 
containing an MCBP was used as a control (Table S2). For 

Fig. 4   Mn adsorption in LB medium with the 3 recombinant strains harboring MCBP at three different external loops of OmpC a pBADOFP2, b 
pBADOFP6, and c pBADOFP8. All of the experiments were independently performed in triplicate, and standard deviations were determined
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strains incorporating plasmids pBADOFP2, pBADOFP6, and 
pBADOFP8, maximum adsorptions of Mn were 586.32, 
1235.14, and 1125.24 µmol/g DCW, respectively, from an 
initial concentration of 1 mM (Fig. 4a–c). The adsorption of 
Mn increased as its concentration in the medium increased 
from 0.1 to 1 mM; however, above 3 mM, the adsorption 
reached a plateau and did not increase further. Based on 
the above result, Loop 6 showed the highest adsorption 
toward Mn, followed by loop 2 and loop 8. However, in 
the three control strains carrying only loop 2, loop 6, or 
loop 8 of OmpC, the maximum adsorptions were 53, 61, and 
78 µmol/g DCW, respectively.

Next, the ability of these recombinant strains to adsorb Co 
was evaluated by culturing the strains with CoCl2. The same 
negative and positive control cells used in Mn adsorption 
studies were used as controls. The recombinant strains har-
boring pBADOFP2, pBADOFP6, or pBADOFP8 after peptide 
display exhibited a higher absorption of Co around 236.93, 

379.68, and 369.65 µmol/g DCW, respectively, from an ini-
tial concentration of 0.2 mM (Fig. 5a–c). The maximum 
absorptions in the control strains were 43.5, 59.54, and 
76.14 µmol/g DCW of Co, respectively. In the case of Co 
adsorption, FP6 showed higher adsorption ability similar 
to the results with Mn. Adsorption was relatively low with 
recombinant cells including plasmids without metal binding 
peptide compared to the peptide displayed cells (Fig. 5a–c).

The ability of the three recombinant strains to partici-
pate in environmental applications and the selectivity of the 
peptides were further tested in artificially polluted waste-
water containing 0.1 mM of the respective metals. All three 
recombinant strains showed higher selectivity toward Mn, 
followed by Co. The selectivity of the MCBP toward vari-
ous metals was in the order Mn > Co > Cu > Pb > Li for 
all three recombinant strains (Fig. 6a–c). The pBADOFP6 
plasmid-incorporated strain had higher Mn and Co adsorp-
tions of approximately 326.325 and 220.153 µmol/g DCW, 

Fig. 5   Cobalt adsorption in LB medium with the 3 recombinant strains harboring MCBP at three different external loops of OmpC a pBADOFP2, 
b pBADOFP6, and c pBADOFP8. All of the experiments were independently performed in triplicate, and standard deviations were determined
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respectively (Fig. 6b). This result suggests that this 30 aa 
trimeric repeat peptide (TRSRSHTSEG) could be used for 
the efficient and selective adsorption of Mn and Co from 
the environment.

SEM–EDS analysis for pBADOFP6

To provide further evidence of the adsorption of Mn and 
Co by the recombinant strains, the recombinant strain con-
taining the pBADOFP6 plasmid was subjected to FE-SEM 
and EDS analyses after adsorption for visual observation 
of adsorbed metals and composition determination, respec-
tively. The cells after adsorption were washed and visualized 
using FE-SEM, and the same cells were lyophilized for EDS 
analysis. Metal adsorption of the pBADOFP6 plasmid-con-
taining strain before and after adsorption is clearly shown in 
Fig. 7. EDS analysis also clearly showed the presence of Mn 
and Co in the respective strains after adsorption (Fig. 7e, f).

Molecular modeling studies

The fused MCBP behaves as part of the OmpC loop; hence, 
the entire peptide is not available for metal binding. In order 
to validate the difference in adsorption among the three FPs, 
molecular modeling studies were performed. The metal 
binding property differs based on efficient peptide display. 
Preliminary analysis was performed by multiple sequence 
alignment, as shown in Fig. S1. The FPs were aligned with 
the full-length OmpC. Based on the alignment results with 
FP2, the two repeats of MCBP aligned with β sheets 4 and 
5, where only a single repeat was freely available as a turn or 
coil. In the case of FP6, only one repeat was freely available, 
and the other two were aligned in the middle of β sheets 12 
and 13 of OmpC. For FP8, the first and last repeats were 
aligned with the beginning of B17-alpha helix-B18, and the 
middle repeat was available for metal binding. To validate 
the alignment results, the modeled structures of all three 

Fig. 6   Adsorption of various metals by the 3 recombinant strains 
in artificially polluted wastewater. a pBADOFP2, b pBADOFP6, and 
c pBADOFP8. All metals were at a concentration of 0.1 mM. All of 

the experiments were independently performed in triplicate, and the 
standard deviations were determined
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FPs were constructed, as shown in Fig. 8, without ignoring 
the ends using OmpC (2JIN) as a structural template. The 
modeling studies revealed the difference in peptide display 
efficiency among the three FPs. In FP2, the first two repeats 
of MCBP were involved in β sheet formation, and the last 
only one repeat was involved in metal binding (Fig. 8a). Fur-
thermore, with FP6, two repeats of MCBP were available for 
metal binding, and only one repeat formed a helix. Though 
the sequence alignment results showed that the two repeats 

of FP6 MCBP form a β sheet, the probability that FP6 will 
turn and to form the same substructure is low (Fig. 8b). In 
the case of FP8, one and one-half of the MCBP is involved 
in a helix loop, is responsible for the metal binding property 
(Fig. 8c). These results clearly indicate that the difference 
in metal binding activity of the FPs is due to the availability 
of free loops from MCBP. In addition, the freely available 
trimeric repeat of MCBP forms a loop that binds metal ions.

Fig. 7   FE-SEM images of recombinant strains containing MCBP 
before and after Mn and Co adsorption. a, b The recombinant cells 
harboring pBADOFP6 before adsorption. c The recombinant strain 
harboring pBADOFP6 after adsorption with 0.2  mM CoCl2. d The 
recombinant strain harboring pBADOFP6 after adsorption with 1 mM 

MnCl2. The arrows indicate adsorption of metals on the cell surface. 
e EDS analysis of the pBADOFP6 recombinant strain after Co adsorp-
tion. f EDS analysis of the pBADOFP6 recombinant strain after Mn 
adsorption
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Conclusions

The development of a cell-surface display system for 
whole-cell biocatalysis is highly beneficial for environ-
mental applications. The construction of a cell-surface dis-
play system for a specific protein or peptide with a particu-
lar anchoring motif has to be examined by both molecular 
modeling and wet-lab analysis for efficient display of the 
protein for maximum activity. In this investigation, we 
developed an efficient system for adsorption of Mn and 
Co by evaluating various anchoring sites on OmpC. Mn 
and Co are important industrial minerals. Mn is a metal 
with important uses in industrial metal alloys, particularly 
the stainless steel sector. Domestic consumption of Mn 
is estimated to be 500,000 metric tons/year. The signifi-
cance of Mn has increased with modern development in 
steel-making technology. Mn and Co are also employed 
as electrodes in batteries. It was reported in 2016 that the 
price of Co would likely rise around 45% by 2020. Thus, 
it is prudent to design alternative systems to recover these 
metals. The system developed in this work will be highly 
efficient in the recovery of Mn and Co from polluted envi-
ronmental sites.
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