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Abstract

Background Removal of heavy metals from water and soil is a pressing challenge in environmental engineering,
and biosorption by microorganisms is considered as one of the most cost-effective methods. In this study, the metal-
binding proteins MerR and ChrB derived from Cupriavidus metallidurans were separately expressed in Escherichia coli
BL21 to construct adsorption strains. To improve the adsorption performance, surface display and codon optimization
were carried out.

Results In this study, we constructed 24 adsorption engineering strains for Hg?" and Cr®", utilizing different strate-
gies. Among these engineering strains, the M-002 and B-008 had the strongest heavy metal ion absorption ability.
The M-002 used the flexible linker and INPN to display the merR,,, at the surface of the £. coli BL21, whose maximal
adsorption capacity reached 658.40 pmol/g cell dry weight under concentrations of 300 uM Hg?*. And the B-008
overexpressed the chrB in the intracellular, its maximal capacity was 46.84 umol/g cell dry weight under concentra-
tions 500 uM Cr®". While in the case of mixed ions solution (including Pb?*, Cd?*, Cr®" and Hg?"), the total amount
of ions adsorbed by M-002 and B-008 showed an increase of up to 1.14- and 4.09-folds, compared to the capacities
in the single ion solution.

Conclusion The construction and optimization of heavy metal adsorption strains were carried out in this work.
A comparison of the adsorption behavior between single bacteria and mixed bacteria systems was investigated
in both a single ion and a mixed ion environment. The Hg* absorption capacity is reached the highest reported
to date with the engineered strain M-002, which displayed the merR,,, at the surface of chassis cell, indicating
the strain’s potential for its application in practical environments.
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through contaminated food or water can cause damage to
multiple organs or cause cancer even at low intake levels
[3]. Due to the harm caused by the widespread distribu-
tion of heavy metal ions, there has been a long-standing
focus on their removal. The main process and arguably
the most efficient process for heavy metal removal is
chemical precipitation [4, 5], where heavy metals are pre-
cipitated as insoluble complexes and bound in particles
[6]. In addition, physical methods such as adsorption [7],
solvent extraction [8], ion exchange [9], and membrane
separation [10] can also be used for the separation and
purification of heavy metals. However, all these methods
have drawbacks, such as high equipment and material
costs, high energy requirements, and the risk of second-
ary contamination [11, 12].

In the last decades, the potential of biosorption of
metals has been increasingly explored [13]. High metal-
adsorbing biomass provides a basis for newly developed
metal bioremediation processes such as bioflocculation,
phytoremediation, and biosorption [14-16], especially as
a highly competitive means of detoxifying metal-contain-
ing industrial wastewaters [17]. Recently, removing heavy
metals by microbes is becoming a potentially exploitable
method, because of its security, high efficiency, and prac-
ticability, with the major advantages of no/reduced accu-
mulation of secondary pollutants, cost-effectiveness, and
high metal recovery [18]. Bacteria, fungi, and microalgae
were used to realize Hg*™ or Cr®" removal achieving dif-
ferent adsorption capabilities (shown in Table 1). Most
of the studies used natural microorganisms screened in
heavy metal-rich environments, and used them directly,
immobilized them, or modified them by physical/chemi-
cal methods for adsorption. Biosorption capacity was
commonly used to evaluate the performance of strains,

Table 1 Biosorption by microbes
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but the removal rate was not presented in some articles.
The complexity of undomesticated microorganisms poses
limitations for further strain optimization, so it is needed
to deeply understand the adsorption principles of micro-
bial cells to enable targeted enhancements based on this
knowledge [19].

Various microorganisms have evolved resistance
mechanisms to survive exposure to heavy metal ions in
the environment [31]. Operons that confer resistance
to heavy metals in bacteria encode proteins involved in
sensing, transport, and detoxification. Transcriptional
factors encoded by the operons are heavy metal-binding
proteins (HMBP) that can coordinate and bind functional
groups to heavy metal ions through conformational
changes.

The mer and chr operons confer resistance to mercury
and chromium, respectively. The mer operon is widely
distributed in bacteria and has a complex composition
[32, 33]. MerC, MerP, and MerT are the key components
for the recognition and uptake of Hg?". MerA and MerB
catalyze the reduction of organic mercury or Hg** into
less toxic valence states [34], while the transcriptional
factor MerR coordinates the expression of this operon
[35]. The core Hg(II)-binding domain of the MerR dimer
is constituted by a pair of antiparallel a-helices with 3
cysteine residues (Cys38, Cys117 and Cys126) of each
monomer [36, 37]. High affinity of Hg(II) to SH residues
allows the generation of trigonal planar coordination
between Hg(II) and cysteine residues [38]. The favorable
tertiary interactions in protein systems such as merR
go a long way in stabilizing nonnatural coordination
environments in biological systems [39].

The chr operon, including chrB, chrA, chrC, and chrF, is
derived from the highly Cr(VI)-resistant bacterial strain

Metal ions Species Biosorption Removal rate Source or form of biosorbents References
capacity (umol/g)

Hg Penicillium canescens 2732 Free cells [20]

Hg Penicillium purpurogenum 3510 Free cells [21]

Hg Escherichia coli BL21 43.7% Free cells [22]

Hg Bacillus cereusb 519.0 immobilized cells [23]

Hg Bacillus sp 396 Free cells [24]

Hg Escherichia coli BL21 658.66 93.0% Heterologous protein expression Our study
Cr Saccharomyces cerevisiae 154.8 99.6% Chemical and thermal treatments [25]

Cr Sargassum oligocystum 662.7 CaCl,-modified [26]

Cr Sphingopyxis macrogoltabida SUK2c 385 55% Free cells [27]

Cr Bacillus licheniformis 13346 dead cells (28]

Cr Cronobacter muytjensii KSCAS2 76.51% Free cells [29]

Cr Acinetobacter junii VITSUKMW2 4269 Free cells [30]

Cr Escherichia coli BL21 46.73 24.2% Heterologous protein expression Our study
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Ochrobactrum tritici 5bvll isolated from chromium-con-
taminated wastewater [40—42]. As a chromium-respon-
sive HMBP, ChrB has the functions of sensing Cr(VI) and
regulating the transcription of the chr operon [43]. Cur-
rently, research into the specific mechanisms responsible
for the activity of the Chr transcription regulatory pro-
tein family remain limited. ChrB also dimercally binds
with Cr(VI). Branco et. al. found that the three amino
acids (R180, R187 and H229) might play a critical role in
the process of Cr(VI) induction, which appear to be part
of the Cr(VI) binding site within the ChrB protein [43].

For the vast majority of natural microorganisms, the
stress of heavy metal ions is lethal but uncommon, and
only in rare cases do microorganisms encounter environ-
ments with a high concentration of heavy metal contami-
nants that activate resistance mechanisms [44]. Thus, the
metabolism of natural microorganisms is not adapted to
the adsorption of contaminated wastewater, and even if
they are able to catalyze some adsorption, further modi-
fication, such as overexpression of HMBPs, is required to
take advantage of the potential of microbial adsorption.
Cupriavidus metallidurans CH34 was a model bacterium
to study bacterial resistance to metals, and its genome
sequence analysis revealed the presence of a variety of
paralogs of proteins that were previously shown to be
involved in heavy metal resistance [45]. We have gained
a lot of insight into the principles of bacterial heavy metal
resistance by researching this strain, so we chose oper-
ons from this strain for further investigation [46]. Surface
display is a recombinant technology that expresses target
proteins on cell membranes, and this technique has been
used for various biotechnical and biomedical applica-
tions such as drug screening, biocatalysts, library screen-
ing, quantitative assays, and biosensors [47]. It is also an
effective avoidance of substance transfer limitations and
protein instability [45], by transporting various affin-
ity proteins out of cells and fusing them with anchoring
proteins to immobilize onto the cell surface as displayed
proteins. Because of this characteristic, surface display
technology has been used to modify natural microorgan-
isms for heavy metal adsorption.

In this study, we used MerR and ChrB that derived from
Cupriavidus metallidurans CH34, applied the anchoring
motif INPN to express the HMBPs on the outer surface
of the cell membrane and overexpressed the HMBPs to
construct engineered strains capable of efficiently adsorb-
ing heavy metal ions. Because we noticed that, due to
the complexity of the actual polluted environment, the
Hg”" in the pollutants would seriously affect the adsorp-
tion effect during the biosorption process of Cr®*, we
constructed the adsorption engineered strains of these
two kinds of heavy metal pollution at the same time, and
intended to utilize the engineered strains to achieve heavy
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metal adsorption and removal in the environment [48].
Then, their adsorption performance was evaluated by
quantifying the adsorption capacity and adsorption rate,
calculated based on the dry weight of the bacteria adsor-
bent and the metal content quantified after microwave
digestion and impurities removal. As a result, the high-
est mercury adsorption reported as date was obtained by
our engineered strain M’-002 under 300 uM Hg>" solu-
tion. However, the adsorption of Cr®'by the engineered
strain B-008 was unsatisfactory, only 46.84 pmol/g cell dry
weight under concentrations 500 pM Cr®" and there was
still much space for optimization. Then, we have proved
that the adsorption of the engineered strains in different
environments is workable by investigating and compar-
ing the adsorption behavior in the presence of either sin-
gle ion or mixed ions. Studies on the possible synergistic
influences on the adsorption performance of heavy metals
were also conducted, and clearly demonstrated a notable
difference to the adsorption in mixed bacteria systems.
With this study we demonstrated the feasibility of utiliz-
ing HMBPs from natural microorganisms to construct
engineered adsorbent strains by the use of genetic tech-
niques, and provided the tools for achieving bioremedia-
tion for actual environments.

Materials and methods

Strains, plasmids, and culture conditions

E. coli BL21(DE3) was used as the host for the designed
adsorption bacteria. E. coli BL21(DE3) was purchased
from TransGen Biotech Co., Ltd. Cells were grown
aerobically in Luria—Bertani broth (LB) containing 5
g/L yeast extract, 10 g/L sodium chloride, and 10 g/L
peptones with an adjusted pH of 7.2-7.4. The plasmid
pET28a was used as the vector for cloning and protein
expression. Unless otherwise noted, all bacterial strains
were cultured at 37 °C to the logarithmic growth phase
(optical density [OD,,] =0.6—0.8) and then cooled down
to 22 °C for protein expression.

Plasmid construction

The HMBP overexpression strains B-008 and M’-006
were construsted by simply inserting transcription fac-
tors (TFs) genes into pET28a plasmid. TFs were amplified
by polymerase chain reaction (PCR), and the amplifica-
tion templates of gene chrB (GenBank: CP000355.2) and
merR (GenBank: CP050332.1) were the plasmid pMOL28
from Cupriavidus metallidurans (ATCC 43123D-5).
EcoRI and Hindlll sites were added for primers of TFs.
The TFs coding sequences were digested with corre-
sponding restriction endonuclease, and introduced on
the pET28a plasmid by T4 DNA ligase.
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Engineered plasmids of extracellular adsorption strains,
B-001 ~ B-005 and M-001 ~ M-005, were constructed first
by PCR amplification of the carrier proteins (INPNs) and
TFs. INPN (GenBank: CP050332.1) was coded by the P
syringae gene inaK (Accession no. NC AF013159) as an
anchor (shown in Table 2). Four different linker peptides
were used: flexible linker (FL), rigid linker (RL), rigid hel-
ical linker(HL), or 96 bp intermediate repeating sequence
[49]. 5 laboratory conservation plasmids pE-NL, pE-FL,
pE-RL, pE-HL, and pKE-FL provided the linker and the
amplification templates for INPN. To fuse the INPN and
TFs on plasmids, HindIII and Nkel recognition sites were
added up- and downstream of the primers of linker, while
Nhel and Xhol sites were added for primers of TFs. The
amplified INPNs and TFs were also linked to the linker
corresponding plasmid via restriction enzymes and T4
DNA ligase.

Codon optimized plasmids were obtained by replacing
TFs into optimized genes. The codon optimized genes
chrB,, or merR,, were synthesized by GENEWIZ
Co., Ltd. As previously described, 24 plasmids were
constructed and transformed into BL21(DE3). All
restriction enzymes, plasmid extraction kits, PCR
product purification kits, and agarose gel recovery Kkits
were purchased from TransGen Biotech Co., Ltd.

Cell growth and protein expression

We conducted PCR verification to screen plasmids in
BL21(DE3), preserved the bacteria with correct sequences
in glycerol, and pre-screened the engineered strains
based on adsorption capacity. Single colonies of each
strain containing the target plasmid were picked and
precultured overnight in 5-ml of LB medium contain-
ing kanamycin at 37°C in a shaker to revive the bacteria.
These mixtures were then diluted with LB medium to

Table 2 Plasmids used in this study

Plasmid Assembly order Plasmid Assembly order
M-001 INPN-MerR B-001 INPN-ChrB
M-002 FL-MerR B-002 FL-ChrB
M-003 HL-MerR B-003 HL-ChrB
M-004 RL-MerR B-004 RL-ChrB
M-005 96 bp-MerR B-005 96 bp-ChrB
M-001 INPN-MerR B-001 INPN-ChrB
M-002 FL-MerR,, B-002 FL-ChrB,,,
M’-003 HL-MerR,,, B-003 HL-ChrB,p,
M-004 RL- MerR,,¢ B-004 RL- ChrB,,
M’-005 96 bp- MerR, B-005 96 bp- ChrB,,
M-006 E-MerR-H B-008 B-ChrB-E
M-006 E-MerR,,-H B-008 B- ChrB,,, £

E EcoRl, H Hindlll, B BamHI
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obtain an ODg, value of 1. Then, 100 pL of the dilu-
tion were transferred to a shake flask containing 100 ml
of medium without antibiotics for a subculture to an
ODyy, of 0.6 to 0.8. Once the cells reached the logarith-
mic growth phase, the inducer isopropyl-p-D-thioga-
lactopyranoside (IPTG) was added to each flask to a final
concentration of 0.2 mM. After 12 h of protein expression
at 22 °C, the cultures were centrifuged at 6,000 rpm for
5 min to separate cell pellets and culture supernatant for
subsequent experimental analysis. All experiments were
performed in triplicates. E. coli BL21(DE3) without plas-
mids and the same strain with the empty vector pET28a
were included as negative controls.

Metal adsorption by engineered bacteria

To identify appropriate metal-binding proteins for further
research, 10 engineered E. coli containing the above-
listed plasmids were pre-screened to test their adsorption
capability for corresponding heavy metals (Hg and Cr)
and compared with the wild-type BL21. The strains were
cultured to the logarithmic growth phase with an ODg,
of 0.6—0.8. Then, the inducer IPTG was added to a final
concentration of 0.2 mM, and corresponding ions were
added to a final concentration of 200 uM. After culturing
at 22 °C and 220 rpm for 12 h, the cells were collected,
washed with ddH,O three times, dried in an oven at
60 °C for 24 h, and weighed. After microwave digestion,
the heavy metal ions content in samples were respectively
determined by atomic absorption spectroscopy (AAS).
The adsorption capacity (umol/g CDW (cell dry weight))
was evaluated by calculating the ratio of total metal
content (pmol) to the dry weight of the bacteria (g).
The effects of the protein fusion arrangement on the
adsorption were also studied analogously.

The growth curves of engineered strains were recorded
by measuring the ODg, every 2 h. The optimal induction
condition was determined by studying the changes of
adsorption capacity under different IPTG concentrations
(0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM, or 1.2 mM),
temperature (16°C, 18°C, 20°C, 22°C, 24C, 26°C, or 28°C)
and time (12 h, 14 h, 16 h, 18 h, 20 h, 22 h, or 24 h).
All experiments were controlled variable experiments
carried out under the optimal conditions for other
variables. And all experiments were designed with three
parallel groups.

This study also investigated the adsorption capacity of
the engineered bacteria at different heavy metal (Cr*
or Hg®%) concentrations (50, 100, 300, 500, 1,000, or
1,500 pM) as well as the adsorption selectivity in the
presence of mixed metal ions with another two typical
toxic elements Cd** and As*". In the mixed heavy
metal ion adsorption experiments, the concentrations
of the four heavy metal ions were 40, 100 and 200 pM,
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respectively. And in the mixed metal ions experiments,
the engineering strains were separately activated and co-
cultured in the fresh LB medium at an inoculation ratio
of 1% (v/v). The adsorption capacity of a mixed bacterial
system constructed by co-culturing the optimal strains
were also investigated. Similarly, the experiments were
designed with three parallel groups.

HMBP Overexpression Strains
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Results

Construction of strains

We constructed two types of strains, with either intra-
cellular protein expression or extracellular protein dis-
play, differed in adsorption site. The strategies used for
cellular adsorption is summarized in Fig. la. In each
strain, one of the HMBP genes merR, merR,,,,, chrB, or
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Fig. 1 Construction and pre-selection of adsorption strains. a The profile of the artificial plasmids. b-d The influence of different elements
and optimization methods on the ability of engineered strains to adsorb heavy metals. All data shown are the mean + SEM of three independent
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chrB,,, is inserted in the plasmid pET28a, and under
the control of the strong T7 promoter. The T7 promoter
was chosen for its powerful functionality, specificity,
and controllability, with no additional metabolic burden
on the cells during growth and rapid expression of the
adsorbed protein after induction with IPTG. Our study
linked the HMBP genes with the anchoring motif INPN
and integrated them into the plasmid pET28a. Five link-
ers between HMBP and INPN were designed to ensure
the correct conformation of the target protein in the
fusion state: (a) no linker (NL); (b) an FL peptide com-
posed of four glycines and one serine (GGGGS); (c) an
RL peptide rich in proline (PAPAP); (d) a rigid HL pep-
tide (AEAAAKEAAAKA); and (e) a 96 bp repeat region.
The stop codon of the INPN fragment was removed, and
a (His)6 tag was introduced before the stop codon of the
HMBP [49]. A total of 24 engineered strains expressing
the HMBP overexpression and surface display adsorp-
tion systems were obtained after selection and identifi-
cation by colony PCR (Figure S1).

Comparison and selection of optimal strains

We tested optimal growth condition and adsorption capa-
bility of a series of strains expressing the specific HMBPs,
determining the appropriate linker for surface-displaying
strains. We also studied the affection of codon optimiza-
tion and both expression strategies of intracellular and
extracellular based on their performance. The most effec-
tive strain was then identified and applied to subsequent
adsorption experiments.

Growth curve analysis

Growth curves can be used to assess whether cell growth
is inhibited by recombinant genes. As shown in Figure
S2, the growth curve of the surface display strains and
the HMBP overexpression strains basically matched the
wild-type BL21, indicating that the plasmid transferred
into BL21 had no obvious effect on the cell growth. The
engineered strains all entered the logarithmic phase after
2 h of culture and entered the stable phase after 16 h.

Pre-screening

Although the two implemented proteins, MerR and
ChrB, have demonstrated excellent Hg?* or Cr®" bind-
ing properties in previous studies [50], they have not
been applied and evaluated for bioremediation using
cell surface display. In the process of surface display, the
choice of linker may affect the structure and function
of the HMBPs, which is the key to efficient extracellular
adsorption. Therefore, we measured the metal ion adsorp-
tion capacity per CDW of the strains displaying either
of two proteins fused with the anchor using NL, FL, RL,
HL, or 96 bps. Heterologous proteins merR and chrB are
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probably limited in expression in E. coli. Codon optimi-
zation is a process used to improve gene expression and
increase the translational efficiency of a gene of interest.
We optimized the HMBP coding sequences to accommo-
date codon bias of the host organism, resulting in merR,,,,
and chrB,,,. Displacing the codon optimazed HMBPs in
all curcuits for HMBP overexpression and surface display
adsorption, the performance of 12 recombinant strains
for intracellular adsorption was first assayed.

As shown in Fig. 1b-d, among the five fusion methods,
the flexible linker (G4S) resulted in the highest extracel-
lular adsorption capacity of Cr®" and Hg?" in the corre-
sponding strains B’-002 and M’-002. This may be related
to the flexibility and stability of FL, which allows the
target protein to keep the optimal folded structure and
maximal biological activity while maintaining a certain
distance from the anchor protein [49]. While the codon
optimization did not show an obvious advantage in intra-
cellular adsorption. In fact, the average Cr®" adsorption
capacity of non-optimized chrB was higher than that
of the codon-optimized strain. Among the engineered
strains, B-008 and M’-006 exhibited the strongest intra-
cellular adsorption of Cr®" and Hg®*, respectively.
Besides, some engineered strains showed a decrease in
adsorption capacity after codon optimization, the possi-
ble reason was that the unsuitable induction conditions
led to an increase in formation of inclusion body. There-
fore, the experiments to optimize the induction condi-
tions were operated.

Factors influencing heavy metal adsorption

Inducer concentration, temperature, and induction time
may affect the expression effect of HMBPs; therefore, we
designed one-way experiments for these three factors to
determine the optimal induction conditions for the target
strains, using adsorption capacity as an indicator.

Inducer concentration

We tested the adsorption capacity of the engineered
strains at IPTG concentrations of 0.2~1.4 mM. As
shown in Fig. 2a and d, the adsorption capacity of all
strains demonstrated a peak at an IPTG concentra-
tion of 1.0 mM. When the IPTG concentration was in
the range of 0.4 mM~1.0 mM, the adsorption capacity
escalated slightly with the increasing inducer concentra-
tion. Once the IPTG concentration was up to 1.0 mM,
the engineered strains peaked the adsorption capacity
and then dropped as the further increasing IPTG con-
centration. Keeping IPTG concentration appropriate is
necessary to maintain a maximum HMBP concentration
within overexpression limits. Since the HMBPs bind met-
als in proportion of concentration, the adsorption capac-
ity is expected to step with increasing soluble protein
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Fig. 2 Effect of induction conditions on the heavy metal adsorption capacity of the engineered bacteria. a-c Mercury adsorption strains;
d-e Chromium adsorption strains. All data shown are the mean + SEM of three independent experiments

expression levels. However, excessive overexpression can
lead to cellular stress, and also result protein misfold-
ing and the aggregation of inclusion bodies, which may
undermine the function of the HMBPs [49]. Moreover,
the expression of heterologous proteins often reaches an
upper limit due to the finite recourses in the cell. There-
fore, an optimal inducer concentration is expected to
give the maximum adsorption capacity, which reaches a
balance among induction efficiency, toxicity, and over-
expression. In this study, 1.0 mM IPTG was selected
as the optimal inducer concentration for subsequent
experiments.

Temperature and time

As shown in Fig. 2b and e, when the induction tem-
perature raised up, all curves peaked and then falled,
which was more obvious for the mercury adsorption
strains. 26 °C is the most optimal adsorption condition
for the three strains, M’-002, M’-006, and B’-002, while
the adsorption capacity of B-008 reached the maximum
at 24 °C. Additionally, the curves also indicate that the
extracellular adsorption is relatively stable, whereas the
HMBP overexpression strains were more temperature-
sensitive. We speculate that the surface display pro-
vides an immobilized environment for HMBPs, so it can

perform stably under changed environmental conditions.
In this study, 26°C was selected for M’-002, M’-006, and
B’-002, while 24°C was selected as the optimal expres-
sion temperature for B-008. And in this study, the best
induction time of the four engineered strains was 22 h, as
shown in Fig. 2c and f. The result indicated that excess
induction time is also negative to adsorption.

Adsorption kinetics analysis

Following the methodology of Li et al. and Lu et al., we
utilized the pseudo-first-order and pseudo-second-order
kinetic models to identify the adsorption kinetic models
of the four strains based on the time- adsorption capacity
relationship. The expression of the models is generally
described in the following equation:

The pseudo-first-order equation: In (g, — ¢¢) = Ing. — Ki£-

The pseudo-second-order equation: &+ = L
P q qt (K2q2) + de

Where g, ,; and g; are the adsorption capacity (mg/g)
of heavy metal ions on the biomass at equilibrium and
at time t, respectively. Kj is the first-order rate constant
(min~!), and the K is the rate constant of pseudo-sec-
ond-order sorption (gmg™" min ). The gy, K1, and K>
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are calculated from the intercepts and the slopes of the
straight lines.

We analyzed the data and obtained the pseudo-first-
order results for the adsorption process (as shown in
Table 3), and the adsorption process did not conform
to the pseudo-second-order equation according to the
calculation. Although the fitting of our model was weak
and the values of g,., varied considerably from the
Ge,expr the value of K could explain our experimental
phenomena to some extent. The value of Kj for M’-006
and -008 was lower, and the adsorption processes of
M’-006 and B-008 took longer to reach the equilibrium
period correspondingly.

Effects of heavy metal concentration and species

on adsorption

Metal-concentration-depending adsorption capacity
Maximal adsorption capacity is the core attribute of
heavy metal adsorption strains, defined by the ratio
of metal content (pmol) to the biomass (g CDW),
characterizing the ability of the bacteria to adsorb metal
ions. Adsorption rate is also an important parameter,
which represents the metal ions adsorbed by the bacteria
in proportion to the total ions in solution [51]. It has
been reported that the biosorption of heavy metals is
affected by the ion concentration in the environment. To
survey the relationship between the ion concentration
and the adsorption performance, these engineered
strains, including the wild-type BL21, were incubated in
LB medium containing different concentrations of Hg>*
or Cr®" (50-1,000 uM) for 12 h.

The effect of the Hg?* and Cr®" concentrations on the
adsorption capacity of the engineered bacteria is shown
in Fig. 3a and b. The Hg?* and Cr®" adsorption capac-
ity of all strains performed peaking and then falling. As
the concentration of Hg?" increased from 0 to 300 uM,
the adsorption capacity of M’-002 and M’-006 spiked
to 658.66 and 602.34 pmol/g CDW and then gradually
decreased as the concentration further went up. The
adsorption capacity of chromium adsorption strains
B’-002 and B-008 exhibited a much smoother trend con-
sists with an initial fast upward trend, followed by slow
growth to the apex, and finally, a steady decline, which

Table 3 Adsorption kinetics analysis

Strains Pseudo-first-order model parameters q.(mg/g)
e cal (mg/g) K1 (min_1) R2

M-002 336.6 0.1157 0.7624 111.88

M’-006 177.0 0.1394 0.8786 97.96

B"-002 4455 0.1153 0.8083 1.46

B-008 3.057 0.0688 0.9001 1.96
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reached the maximum of 28.46 and 46.73 pmol/g CDW
at Cr®" concentrations of 300 and 500 pM, respectively.
The distance between maximum adsorption indicted
that MerR has a much higher metal affinity than ChrB,
differing in their intrinsic features. MerR, therefore,
showed a much stronger capacity for the binding of
heavy metal ions than ChrB. This may be derived from
the differ between Hg and Cr toxicity to bacteria, which
created contrasting selection pressures during the evolu-
tion of the two HMBPs showing the limitations of nature
proteins.

The dry weights of the adsorption strains and wild-type
BL21 were measured as shown in Table S2. B’-002 and
B-008 cells attained higher cell dry weights than M’-002
and M’-006 within the same metal concentration. This
suggests that Hg** was significantly more toxic to E. coli
than Cr®" at the same molar concentration, which is in
good agreement with previous studies [52].

Adsorption of mixed ions

To confirm whether the engineered strains capable
to adsorb heavy metals in mixed ion solutions, differ-
ent concentrations of mixed ions, including Hg2+, Crbt,
As®*, and Cd**, were added to the cultured bacteria.
The adsorption capacity of the four engineered strains in
mixed-ion solution is shown in Fig. 4a and b. All of the
heavy metal adsorption strains performed at significantly
higher levels in adsorbing corresponding Hg?*/Cr®* than
the parental strain in line with the intended purpose,
while maintaining the same adsorption capacity to other
metals. This is evidence of the specificity of improvement
on adsorption performance for the resulting construc-
tion. Since the high affinity to Hg** of BL21 itself, B-002
and B-008 achieved comparable or even higher Hg*"
adsorption capacity than Cr®" adsorption.

Comparison of removal rates

The removal rates of single and mixed ions by the adsorp-
tion strains at different concentrations were calculated
and compared. As shown in Fig. 5, due to the excellent
adsorption of Hg?* by MerR, both M’-002 and M’-006
were able to achieve high removal rates (>50%) at low
Hg?* concentrations, both in single- and mixed-ion
solutions.

However, the absorption rates sharply dropped as the
concentration increased. This indicates that the cells
reached saturation and absorption capacity became rela-
tively limited at higher metal concentrations, and that these
absorption strains are more suitable for lower concentra-
tions solutions. The chromium adsorption strain started
with a very low removal rate (<30%), which decreased fur-
ther with increasing ion concentrations. Although the same
construction method was used, the inefficiency of ChrB
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itself limited the ability of the chromium adsorption strains,
and the improvement of their adsorption effect will be a
direction of subsequent research.

Performance of a mixed bacterial system

Although there have been many studies on sorbents for
bioremediations, most experiments have targeted only
one pollutant, while real sewage samples are usually a
mixture of multiple pollutants. Therefore, it is more rel-
evant to develop adsorption systems that remove multiple
pollutants at once. We mixed and cultured the two strains
M’-002 and B-008, which had the highest adsorption per-
formance for Hg>t and Cr®" in this study, under their
optimal induction conditions for heavy metal adsorption
capacity, and investigated the effect of the mixed bacterial
system on the heavy metal adsorption capacity.

The adsorption capacity of the mixed bacterial sys-
tem for a single ion was firstly examined. As shown in
Fig. 3c and d, consistent with the trend of adsorption by
single bacterial strains, the adsorption of both Hg*™ and
Cr®" by the mixed bacteria elevated to a peak and then
dropped with the increasing ion concentration. When
the ion concentration increased to 500 uM, the adsorp-
tion capacities of the mixed bacteria for Hg?" and Cr®*
reached a maximum of 449.04 and 50.71 pumol/g CDW,
respectively. However, the adsorption decreased with
a further increase in heavy metal concentration, which
implied that the mixed bacterial system was still affected
by the toxicity of the ions in a similar way. The adsorption

of both ions by the mixed bacteria exceeded that of wild-
type BL21, demonstrating that the modification and
optimization of the bacterium were effective. Compared
with the single strain adsorption, mixed strains achieve
the similar Cr®" adsorption but lower Hg*" adsorption
under most concentration. The most likely reason for this
reduced ability to adsorb mercury is that these strains
lack the necessary genes needed for efficient handling of
and tolerance to mercury. HMBPs are elements of heavy
metal detoxicity system, the strains lack of MerR/ChrB
can be very susceptible to the effects of the heavy metal
ions. In the mixed bacterial system, the strains without
MerR or ChrB co-exist in the culture. They are less able
to withstand the effects of the nonspecific heavy metal
ions, therefore interfered in both metal ion solution.
As mentioned before, mercury is more toxic than chro-
mium, meaning the toxicity of mercury was having more
of a negative impact on the adsorption capability of the
chromium adsorption strains., this can be an explana-
tion of why mixed strains performed worse only in Hg*"
measurement.

In the study of mixed ion adsorption, the adsorption
capacity of both groups increased with the concentration
of mixed metal ions. As shown in Fig. 4c, both strains had
the highest adsorption capacity for Hg?*, which was sig-
nificantly higher in the mixed bacteria than in wild-type
BL21. Although the adsorption capacity of the mixed
bacteria for Cr®" was not very high, it was also higher
than that of BL21. By contrast, the difference between the
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adsorption capacity of the mixed bacteria and BL21 for
Cd** and As®' was not significant.

Discussion

With the increasing pollution of heavy metals in the
environment, the biosorption of heavy metals by bacteria
has attracted much attention due to its safety, efficiency
and practicality, and many studies have been conducted
on the use of heavy metal adsorption proteins for the
removal of heavy metal ions. In this study, we used
HMBPs in combination with different strategies to
design different engineered strains, which could adsorb
Cr®" and Hg”", respectively. Finally, we obtained four
engineered strains (M’-002, M’-006, B’-002, B-008) with
better performance through screening.

In order to achieve the highest adsorption effect of
the engineered strains, we analyzed the factors affecting
HBMPs expression. Firstly, keeping inducer concentra-
tion appropriate is necessary to maintain a maximum
HMBP concentration within overexpression limits. Since
the HMBPs bind metals in proportion of concentration,
the adsorption capacity is expected to step with increas-
ing soluble protein expression levels. However, excessive
overexpression can lead to cellular stress, and also result
protein misfolding and the aggregation of inclusion bod-
ies, which may undermine the function of the HMBPs
[46]. Moreover, the expression of heterologous proteins
often reaches an upper limit due to the finite recourses
in the cell. Therefore, an optimal inducer concentration
is expected to give the maximum adsorption capacity,
which reaches a balance among induction efficiency, tox-
icity, and overexpression. Besides, temperature is another
important factor that directly affects protein expression.
A temperature balance point between maximum protein
expression and minimum inclusion bodies is preferred.
Higher temperature may push up the protein synthesis
rate and accelerate the folding of aggregation intermedi-
ates, but the expressed protein is likely to form inclusion
bodies. When protein expression is induced at lower
temperatures overnight, the proportion of soluble pro-
tein will be relatively large in most cases. Eventually, we
determined that the optimal inducer concentration in the
experiment was 1.0 mM, the induction time was 22 h, and
the induction temperature varied with strains.

And then we studied the adsorption capacity of the
engineered strains. Past studies on cell adsorption usually
consider adsorption to follow The Langmuir and the Freun-
dlich type models [49]. However, biosorption is a complex
process based on various mechanisms, including absorp-
tion, adsorption, ion exchange, surface complexation, and
precipitation [50]. An overly simplified model may not
sufficiently capture the complexities of bioengineered
modified bacteria. In general, the growing concentration
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of adsorbent strengthens the driving force of mass trans-
fer, which leads to an enhance in the adsorption capacity of
the adsorbent [51]. However, we found that the adsorption
capability of each strain under high Hg**/Cr®" concentra-
tion declines, which is rarely found in period researches
[52-55]. One possible explanation is that as the concentra-
tion of Hg**/Cr®" went up, their toxicity was not negligi-
ble. High concentrations of heavy metals could become a
restriction on HMBP that denatured and limited it con-
tinue adsorbing, thereby significantly reducing the adsorp-
tion capacity of the bacteria. This could be addressed by
enlarging bacterial biomass used for bioremediation or
using a multistage remediation process. For surface display
strains, a higher copy number of the fusion proteins on the
bacterial surface is also an option, but it is limited by the
available cell surface area and finite supply of energy/mate-
rial within the cell. In future research, we plan to deter-
mine the optimal gene copy number to achieve a balance
between absorbance performance and metabolic burden.
Whether the concentration of heavy metal ions in the
samples after adsorption treatment by the engineered
strains can reach the standard is also important fac-
tor for evaluating the adsorption strains. The Guide-
lines for Drinking-water Quality (GDWQ) published
by WHO provides a guideline value for each pollut-
ant, including heavy metals in drinking water [51]. The
recommended levels of Hg?* and Cr®" are 50 and 6
pg per liter of drinking water, respectively, which cor-
responds to 0.249 uM and 0.115 uM in terms of molar
concentrations. This research is pursuing to remove
pollutants using adsorption strains in order to bring
the effluent water quality up to drinking water stand-
ards. From the perspective of drinking water quality
standards, the desired target removal rates at different
concentrations were calculated and compared with the
removal rates of single and mixed ions by the adsorp-
tion strains. However, in this study, even M’-006 which
had the best adsorption performance failed to meet the
requirements of GDWQ. An important reason is that
there is an upper limit to the adsorption capacity of the
bacterial solution as the adsorption capacity of individ-
ual cells is saturated. At low ion concentrations, fewer
metal ions can be adsorbed after the same time because
there are fewer effective contacts between ions and bac-
teria. Therefore, two targeted strategies are proposed
to achieve water quality standards, i.e., increasing the
number of bacteria and extending the adsorption time.
Meanwhile, there are often multiple metal ions in the
actual process. Because there may be interactions such
as competition or synergism between them and the tar-
get metal ions, the influence of different metal ions on
the adsorption system needs further research [48, 53].
In subsequent studies, we also can try to construct the
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co-expression stain of protein ChrB and MerR, in order
to improve the absorption rate and reduce the cultiva-
tion steps in practical applications.

In addition, there are many issues to consider when
applying the engineered strains to actual environments.
Firstly, both wild strains and complex polluted condi-
tions may greatly affect the engineered strains during the
adsorption process. Besides, there is potential environ-
mental impact of the diffusion of engineered strains. Con-
sequently, we intend to immobilize the engineered strains
to avoid their diffusion and ensure the adsorption effect
[54]. Furthermore, immobilization can enhance strain
stability, making adsorption strains robust enough to be
desorbed and reused, and the immobilized materials may
also increase adsorption of heavy metals [55]. Besides, the
separation and management of the biosorption materials
require optimization, since the present methods simply
treat them as the hazardous waste [51, 56]. We will con-
tinue to explore methods of optimization to improve the
performance of adsorption strains and achieve our goals.

Conclusions

In this study, adsorption strains overexpressing
MerR or ChrB were constructed to realize heavy
metal bioremediation. The adsorption capacity of the
engineered strains was efficiently enhanced compared
with the wild-type BL21. Under the optimal induction
conditions, the adsorption capacity of the engineered
bacteria increased and then decreased with increasing of
the heavy metal concentration. Notably, the highest Hg**
adsorption capacity reached 658.66 pmol/g CDW, which
is the highest value reported to date. Further analyses
showed that the performance in mixed-ion solutions
was close to that of single-ion solutions, indicating the
potential application of the engineered strains under
complex conditions.
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