
1 

 

Genetic modifications of metallothionein enhance the tolerance and bioaccumulation of 

heavy metals in Escherichia coli 

Xuefen Lia, Zhumei Rena, M. James C. Crabbea,b,c, Lan Wanga , Wenli Maa,* 

a School of Life Science, Shanxi University, Taiyuan 030006, PR China 

b Wolfson College, University of Oxford, Oxford OX2 6UD, UK  

c Institute of Biomedical and Environmental Science & Technology, School of Life Sciences, 

Faculty of Creative Arts, Technologies and Science, University of Bedfordshire, University 

Square, Luton LU1 3JU, UK 

 

*Corresponding author. 

Postal address: School of Life Science, Shanxi University, No. 92, Wucheng Road, Taiyuan 

030006, PR China 

E-mail address: mawl@sxu.edu.cn 



2 

 

Abstract 

Metallothioneins (MTs) are low molecular weight cysteine-rich proteins that bind to 

metals. Owing to their high cysteine (Cys) content, MTs are effective mediators of heavy 

metal detoxification. To enhance the heavy metal binding ability of MT from the freshwater 

crab Sinopotamon henanense (ShMT), sequence-based multiple sequence alignment (MSA) 

and structure-based molecular docking simulation (MDS) were conducted in order to identify 

amino acid residues that could be mutated to bolster such metal-binding activity. Site-directed 

mutagenesis was then used to modify the primary structure of ShMT, and the recombinant 

proteins were further enhanced using the SUMO fusion expression system to yield SUMO-

ShMT1, SUMO-ShMT2, and SUMO-ShMT3 harboring one-, two-, and three-point 

mutations, respectively. The resultant modified proteins were primarily expressed in a soluble 

form and exhibited the ability to readily bind to heavy metals. Importantly, these modified 

proteins exhibited significantly enhanced heavy metal binding capacities, and they improved 

Cd2+, Cu2+ and Zn2+ tolerance and bioaccumulation in Escherichia coli (E. coli) in a manner 

dependent upon the number of introduced point mutations (SUMO-ShMT3 ˃ SUMO-ShMT2 

˃ SUMO-ShMT1 ˃ SUMO-ShMT ˃ control). E. coli cells harboring the pET28a-SUMO-

ShMT3 expression vector exhibited maximal Cd2+, Cu2+, and Zn2+ bioaccumulation that was 

increased by 1.86±0.02-, 1.71±0.03-, and 2.13±0.02-fold relative to that in E. coli harboring 

the pET28a-SUMO-ShMT vector. The present study offers a basis for the preparation of 

genetically engineered bacteria that are better able to bioaccumulate and tolerate heavy 

metals, thus providing a foundation for biological heavy metal water pollution treatment.  

Keywords: Metallothionein; Site-directed mutagenesis; SUMO expression system; Metal 
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tolerance; Metal bioaccumulation 

1. Introduction 

The potential for environmental pollution to harm individual health has become an 

increasing focus of research interest in recent years, with industry-related heavy metal 

pollution being a particularly prominent environmental problem (Fu and Wang, 2011; Zheng 

et al., 2013). Heavy metals present within industrial wastewater can undergo bioaccumulation 

in aquatic animals, resulting in toxicity in humans following the consumption of these 

animals (Bailey et al., 1999). Heavy metals are those elements with atomic weights between 

63.5 and 200.6 (Srivastava and Majumder, 2008), and they can cause environmental heavy 

metal pollution (Cheng, 2003). In contrast to organic pollutants, heavy metals are not 

biodegradable and can readily accumulate in living systems, with many of these ions being 

toxic or carcinogenic in humans (Mejáre and Bülow, 2001). 

Both physical and chemical methods are commonly used to attempt to remediate heavy 

metal toxicity. Physical approaches rely upon the removal of these heavy metal ions from 

wastewater without altering their chemical forms, through mechanisms such as ion exchange, 

adsorption, and membrane separation (Bailey et al., 1999). Chemical approaches instead rely 

on chemical reactions to remove these heavy metals, such as hydroxide precipitation 

(Baltpurvins et al., 1997), sulfide precipitation, redox approaches, and electrochemical 

methods (Wang and Chen, 2009). These methods, however, are expensive and technically 

challenging, and are further limited by low removal efficiency under suboptimal conditions 

(Litter et al., 2010). Bioremediation strategies include the biosorption of heavy metals and 

microbial flocculation (Aziz et al., 2004). Many researchers have sought to develop 
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genetically engineered bacteria capable of adsorbing heavy metals, given that such bacteria 

have the potential to serve as an inexpensive and highly efficient tool for heavy metal 

removal. Indeed, genetically engineered bacteria expressing metallothionein (MT) have been 

increasingly used to treat heavy metals in water (Sauge-Merle et al., 2012).  

MT family proteins are small (< 10 kDa) heterogeneous proteins containing high levels 

of cysteine (Cys; 15-30%) that enable them to readily bind to and sequester metal ions 

(Atrian and Capdevila, 2013). Owing to their ability to bind such ions with their Cys-X-Cys 

and Cys-X-X-Cys structures, MTs play important roles in the context of detoxification and 

maintaining heavy metal homeostasis (Kägi and Schäffer, 1988; Roesijadi, 1992). MTs were 

initially discovered in horse kidneys but have since been identified in almost all prokaryotic 

and eukaryotic organisms (Margoshes and Vallee,1957; Atrian and Capdevila, 2013), with the 

MT name designation having been codified in the early 1960s (Kägi and Vallee, 1960, 1961). 

In addition to facilitating metal ion detoxification, MTs can also regulate the storage and 

delivery of physiological metals and can modulate the ability of cells and organisms to 

tolerate stress and to modulate the progression of pathological processes including 

inflammation, neurodegeneration, and oncogenesis (Atrian and Capdevila, 2013). 

We have previously purified and cloned the full-length cDNA corresponding to a novel 

ShMT (Ma et al., 2009), and have evaluated the metal tolerance of bacteria expressing this 

ShMT protein (He et al., 2014). More recently, tandem oligomeric expression of ShMT and 

the SUMO (small ubiquitin-related modifier) fusion expression system has been conducted in 

order to reduce the proteolytic degradation of this protein and better explore its role as a 

mediator of heavy metal bioaccumulation and tolerance (Ma et al., 2019). SUMO is a 
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ubiquitin-like protein that can modify other proteins and thereby enhance their stability (Hay, 

2001). Such SUMO fusion tags are therefore commonly used when promoting protein 

expression (Butt et al., 2005). However, when using this system to express ShMTs, the 

number of integrated ShMT molecules is limited by the formation of inclusion bodies that 

often develop following the integration of multiple MT molecules (Hong et al., 2000; Ma et 

al., 2011). While expressing 2ShMT and 3ShMT (Multimer integration of MT by overlap 

extension PCR.) significantly bolstered Cd2+, Cu2+, and Zn2+ bioaccumulation in E. coli cells 

compare to expressing ShMT, this enhancement failed to reach the predicted 2-fold and 3-

fold increases in bioaccumulation relative to ShMT (Ma et al., 2019). Novel approaches are 

therefore required to improve ShMT-mediated heavy metal bioaccumulation within cells.  

PCR-mediated site-directed mutagenesis is commonly employed when studying the 

functional importance of specific amino acids within a given protein (Barettino et al., 1994; 

Carey et al., 2013). In contrast to traditional site-directed mutagenesis, this approach only 

necessitates a single PCR amplification step to yield a full plasmid capable of generating 

proteins harboring point mutations of interest, making it an ideal means of introducing small 

numbers of targeted point mutations into proteins (Kanno and Tozawa, 2010).  

To be effective, site-directed mutagenesis necessitates the accurate identification of 

appropriate target residues for mutagenesis (Yuan et al., 2017), which can be selected through 

both sequence- and structure-based methods. Multiple sequence alignment (MSA) is a 

sequence-based approach that can identify conserved sites that may represent viable targets 

for mutagenesis. Accurately predicting the changes in protein stability following mutagenesis 

is essential in order to facilitate efficient protein engineering and as a means of understanding 
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the functional effects of introducing missense mutations into specific proteins (Bawono et al., 

2017). DeepDDG is a neural network-based strategy that has been utilized to predict the 

effects of different mutations on protein stability (Cao et al., 2019), while the ExPASy-

ProtParam tool can be utilized to predict protein stability and Autodock 4.2 can be used to 

perform molecular docking studies (Rizvi et al., 2013; Forli et al., 2016).  

Bioremediation of heavy metals has attracted more and more attention due to its low 

cost and high adsorption efficiency. Genetically engineered bacteria expressing MTs are 

increasingly used in the field of heavy metal bioremediation. However, most research has 

been limited to the direct application of the unmodified original MTs (Deng, et al., 2003; 

Sandrine et al.,2012; M'kandawire., et al.,2017). In order to obtain genetically engineered 

bacteria with stronger heavy metal adsorption capacity, we hypothesized that ShMT could be 

modified to improve its heavy metals adsorption capacity. In our previous work, oligomeric 

tandem MTs with stronger metal adsorption capacity were obtained by overlap extension 

PCR (SOE-PCR) (Ma et al.,2019). However, due to the increase of molecular weight and the 

change in protein folding, the amount of protein expression has been limited. In this study, we 

used site-directed mutagenesis to improve the capacity of heavy metals adsorption by 

increasing the number of functional amino acids and functional motifs without changing the 

molecular weight of the protein. This study provides a theoretical basis for the preparation of 

genetically engineered bacteria with stronger heavy metal adsorption capacity. 

2. Materials and methods 

2.1. Experimental materials and reagents 

The ShMT cDNA has been cloned in our previous work (Ma et al., 2009), while the 
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pET28a-SUMO-ShMT plasmid was provided by Dr. Y. J. He (Shanxi University). The 

TaKaRa Mutan BEST Kit was purchased from TaKaRa (Dalian, China). E. coli competent 

cells DH5α and BL21 (DE3) were purchased from TransGen Biotech (Beijing, China). 

Plasmid small extraction kits, agarose gel recovery kits, the D5000 DNA marker, EB, IPTG, 

and kanamycin were obtained from Tiangen Company. Primers were synthesized by 

Shanghai Sangon (China). A HisTrap column was purchased from GE healthcare.  

2.2. Mutation site screening 

2.2.1. Multiple sequence alignment (MSA) 

In order to begin optimizing the metal-binding capacity of ShMT, optimal amino acid 

residues for site-directed mutagenesis had to be identified (Yuan et al., 2017). As such, the 

ShMT amino acid sequence (AEH84382.1 metallothionein [Longpotamon honanense]) was 

compared to sequences of other crab MTs (CAN86561.1 metallothionein [Carcinus maenas]; 

AAL23674.1 metallothionein [Scylla serrata]; AAF08964.1 cadmium-inducible 

metallothionein CdMT-I [Callinectes sapidus]; AAF08965.1 cadmium-inducible 

metallothionein CdMT-II [Callinectes sapidus]; AAL23672.1 metallothionein [Portunus 

pelagicus]; AAL23673.1 metallothionein [Eriocheir sinensis]) to identify potential conserved 

candidate mutation sites (Bawono et al., 2017). 

2.2.2. Stability analysis  

This MSA approach highlighted the key conserved sequences within ShMT (Yang et al., 

2019). Amino acid substitutions at appropriate sites were then introduced to increase the 

numbers of Cys-X-X-Cys or Cys-X-Cys motifs within ShMT, and modified protein stability 
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was predicted using DeepDDG, with the ExPASy-ProtParam tool being used for analyses of 

protein physicochemical properties (Cao et al., 2019; Wang et al., 2019). 

2.2.3. Molecular docking simulation (MDS) 

MDS analyses can be of value as a means of predicting macromolecular conformations 

following the binding of small molecule ligands (Forli et al., 2016). For the present analysis, 

ShMT and the mutant versions thereof (ShMT1, ShMT2, ShMT3) were modeled using 

SWISS-MODEL, and the binding of Cd2+ as a model ligand was simulated with Autodock 4.2 

(Rizvi et al., 2013). 

2.3. Site-directed mutagenesis 

Site-directed mutagenesis was conducted with a TaKaRa Mutan BEST Kit (Code No. 

R401) using three mutation primer pairs (p11p12, p21p22, and p31p32) (Table S1), with the 

prokaryotic expression vector pET28a-SUMO-ShMT serving as the template for these 

mutagenesis reactions. First, pET28a-SUMO-ShMT was used as a template with the p11p12 

primers, and PCR amplification was performed as follows: 98 °C for 3 min; 30 cycles at 

94 ℃ for 30 sec, 55 ℃ for 30 sec, and 72 ℃ for 6 min, after which amplification products 

were maintained at 4 °C prior to separation via 1 % agarose gel electrophoresis. The target 

DNA fragment (5000 bp+) was then recovered, and blunting-kination and ligation reactions 

were performed. The ligation product was then transformed into E. coli DH5α competent 

cells. Shanghai Sangon Biotech Co., Ltd performed subsequent plasmid sequencing. The 

resultant single point mutation expression vector (pET28a-SUMO-ShMT1) was successfully 

extracted, after which expression vectors harboring two- and three-point mutations (pET28a-

SUMO-ShMT2 and pET28a-SUMO-ShMT3) were prepared via the same approach. 
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2.4. Optimization of modified protein expression and purification 

Following sequencing, the pET28a-SUMO-ShMT1, pET28a-SUMO-ShMT2, and 

pET28a-SUMO-ShMT3 vectors were used to transform E. coli BL21 (DE3) competent cells 

to facilitate protein expression. LB agar plates containing kanamycin (50 μg/mL) were used 

to select for transformed E. coli, with single colonies subsequently being selected and 

cultured overnight at 37 °C in LB medium containing 50 μg/mL kanamycin. Cultures were 

then diluted with fresh LB containing kanamycin (1:100, v/v) and were grown overnight 

(37 °C, 200 g) until the OD600 rose to 0.5, after which recombinant protein expression was 

induced by adding a range of concentrations of isopropyl-beta-D-thiogalactopyranoside 

(IPTG) (0.5 mM, 1.0 mM, and 1.5 mM) for different induction periods (4 h, 5 h, 6 h, 7 h, 8 h, 

and 9 h) and at different temperatures (30°C and 37°C). Cells were then collected via 

centrifugation (20 min, 10,000 g, 4°C) and were then lysed via sonication in five volumes 

(v/w) of lysis buffer (20 mM Tris–HCl, pH 7.8, 0.2 mM PMSF, and 0.1% Triton). Cellular 

debris was removed via an additional 20 min spin (10,000 g, 4°C), and supernatants were 

evaluated via SDS-PAGE to establish optimal IPTG induction conditions (Ma et al., 2019).  

Supernatants were then loaded onto a HisTrip column (GE Healthcare) with the AKTA 

prime protein purification system (GE Healthcare), and were eluted with sequential 50, 100, 

200, and 250 mM imidazole buffers. The presence of target proteins in the eluent fractions 

was assessed via SDS-PAGE, and these fractions were treated two times with 20 mM Tris-

HCl buffer (pH 7.8, 0.2 mM PMSF) using an ultrafiltration tube (Millipore, 10 kD) to remove 

remaining imidazole and NaCl (Ma et al., 2019).  

2.5. Modified protein characterization 



10 

 

Purified apo-SUMO-ShMT, apo-SUMO-ShMT1, apo-SUMO-ShMT2, and apo-SUMO-

ShMT3 were incubated overnight in the presence of 300 μM CdCl2, CuSO4, and ZnSO4 in 10 

mM Tris-HCl buffer (pH 7.8, 10 mM DTT). The UV absorption spectra of these proteins 

were then evaluated from 200-300 nm via spectrophotometry (UNICO UV-2102PC). 

Following the completion of scanning, 10 % HCl was added to return the protein to a strong 

acid state to facilitate demetallization, after which scanning was repeated.  

2.6. Assessment of E. coli metal tolerance  

2.6.1. Spot assays 

Metal tolerance assays were conducted as previously reported by Zhang et al. (2014). 

Briefly, control E. coli cells harboring pET28a-SUMO and experimental E. coli cells 

harboring the four other MT constructs were cultured to an OD600 of 0.5 at 37°C, after 

which 1.0 mM IPTG was added to appropriate cultures. We have previously observed 

maximal SUMO-ShMT expression at 8 h post-IPTG induction at 37°C (He et al., 2014), and 

the same was true for the mutant MT constructs utilized in the present study such that this 

same IPTG dose and induction period were used for all E. coli lines. At 8 h post-induction, 

cells were serially diluted (10-3, 10-4, 10-5, 10-6), and 2 μL of each dilution was spotted onto 

solid LB agar plates and on plates containing CdCl2 (50, 100, 150 μM), CuSO4 (160, 320, 

480 μM), and ZnSO4 (140, 280, 420 μM). These plates were then incubated for 12 h at 37 ℃, 

after which colony growth was assessed for any evident differences (Ma et al., 2019). 

2.6.2. Assessment of E. coli growth kinetics 

E. coli growth kinetics were used to assess the ability of these cells to tolerate Cd2+, 

Cu2+, and Zn2+ as reported previously (Ma et al., 2019). Briefly, cells were cultured to an 
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OD600 of 0.5 at 37°C, after which 1.0 mM IPTG was added to appropriate cultures. 

Following a 30 min incubation, CdCl2 (0.3, 0.6, and 0.9 mM), CuSO4 (0.8, 1.6, 2.4 mM), and 

ZnSO4 (0.5, 1.0, 1.5 mM) were added, and OD600 was measured once per hour to assess the 

impact of MT proteins on heavy metal tolerance. E. coli cells harboring pET28a-SUMO were 

used as a control. 

2.7. Assessment of metal bioaccumulation 

Metal bioaccumulation in E. coli cells was assessed as detailed previously by Sauge-

Merle et al. (2012). Briefly, control E. coli cells harboring pET28a-SUMO and experimental 

E. coli cells harboring the four other MT constructs were cultured to an OD600 of 0.5 at 

37°C, after which 1.0 mM IPTG was added to appropriate cultures along with CdCl2, CuSO4, 

and ZnSO4 at final concentrations of 300 μM. Cells were then cultured for 8 h at 37℃, spun 

down for 20 min at 10,000 g at 4℃, washed twice with fresh LB medium, and dehydrated for 

48 h at 60℃, after which cell dry weight was measured. Cells were then digested in 5mL 

HNO3 and 5mL H2O2 with an automatic microwave digestion instrument (Shanghai Xinyi, 

Master-40). Digestion solutions were then warmed to 220℃ for 2 h with a hot plate to 

remove residual HNO3. Samples were then added to a 10 mL tube containing 1% HNO3, and 

metal ions therein were assessed via atomic absorption spectrometry (Varian, AA-240FS). 

Metal ion levels were reported as μmol/g dry bacterial cell weight. 

2.8. Statistical analysis 

Statistical analyses were performed using SPSS 20.0, and data were compared between 

E. coli harboring different mutant MT isoforms using one-way ANOVAs with P < 0.05 as the 

significance threshold.  
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3. Results 

3.1. Mutation site screening 

3.1.1. Multiple sequence alignment (MSA) 

We began by conducting an MSA analysis (Fig. 1), which revealed the presence of three 

conserved amino acid residues in the ShMT including a Ser at position 37 (site 1), a Lys at 

position 49 (site 2), and a Lys at position 53 (site 3). These three sites were used to guide the 

design of constructs with single point mutations (site 1, site 2, or site 3), double point 

mutations (site 1 + site 2, site 1 + site 3, or site 2 + site 3), and triple point mutations (site 1 + 

site 2 + site 3) with mutated amino acid sequences being shown in Table S2. 

3.1.2. Stability analysis 

Predicted mutant protein stability was next assessed using DeepDDG (Fig. S1). The site 

3 single point mutation had the lowest energy of the three tested single point mutations, while 

the site 2 + site 3 double point mutation had the lowest energy of the possible double point 

mutations. Based on these analyses, three final mutant protein isoforms were selected for 

experimental verification: the site 3 single point mutation, the site 2 + site 3 double point 

mutation, and the site 1 + site 2 + site 3 triple point mutation.  

3.1.3. Molecular docking simulation 

An MDS analysis was next performed (Fig. 2). When ShMT and Cd2+ were analyzed, 

ShMT exhibited two domains (β/β) (Yang et al., 2019) (Fig. 2A), of which the first was 

composed of amino acids 1-30 and the second was composed of amino acids 31-59, with 

each of these domains being capable of binding to three divalent metal ions. As ShMT is a 

Cd2+-specific MT, all docking analyses were conducted using Cd2+ as a ligand. Docking 
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results (Fig. 2B, Fig. 2C, and Fig. 2D) were consistent with previously reported mass 

spectrometry data (Yang et al., 2019). As shown in Fig. 2B, the mutation of the Lys at 

position 53 to a Cys enables interactions between the Cys residues at positions 47, 51, 53, and 

55 and Cd2+ to generate a tetrahedral structure. Overall, the modified ShMT1 protein was 

predicted to be capable of binding to 7 Cd2+ ions. Following the mutation of the Lys residues 

at positions 49 and 53 to Cys residues, the ShMT2 protein was predicted to bind to 8 Cd2+ 

ions (Fig. 2C). Consistent with these findings, docking simulation results suggested that the 

additional mutation of the Ser residue at position 37 and the Lys residues at positions 49 and 

53 to Cys residues enabled ShMT3 to bind to 9 Cd2+ ions (Fig. 2D). 

3.2. Site-directed mutagenesis 

DNA sequencing confirmed that mutation expression vectors pET28a-SUMO-ShMT1, 

pET28a-SUMO-ShMT2, and pET28a-SUMO-ShMT3 were constructed successfully (Fig. 3). 

Fig. 3 (A1) is the sequencing result of pET28a-SUMO-ShMT1. The sequencing result 

showed that Lys at position 53 was successfully mutated into Cys. Agarose gel 

electrophoresis showed that the plasmid was 5797bp (Fig. 3 (A2)). Fig. 3 (B1) is the 

sequencing result of pET28a-SUMO-ShMT2. The sequencing result showed that Lys at 

position 53 and Lys at position 49 were successfully mutated into Cys at the same time. 

Agarose gel electrophoresis showed that the plasmid was 5797bp (Fig. 3 (B2)). Fig. 3(C1) is 

the sequencing result of pET28a-SUMO-ShMT3. The sequencing result showed that Lys at 

position 53, Lys at position 49 and Ser at position 37 were successfully mutated into Cys at 

the same time. Agarose gel electrophoresis showed that the plasmid was 5797bp (Fig. 3 

(C2)). 
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3.3. Optimization of modified protein expression and purification 

SDS-PAGE analyses revealed that SUMO-ShMT1, SUMO-ShMT2, and SUMO-ShMT3 

were primarily expressed in soluble forms (Fig. 4A), with maximal expression being 

achieved following 1.0 mM IPTG induction at 37 °C for 8 h. 

Recombinant SUMO-ShMT1, SUMO-ShMT2, and SUMO-ShMT3 were purified using 

a HisTrip column, when 100 mM imidazole buffer was used to elute SUMO-ShMT1, SUMO-

ShMT2, and SUMO-ShMT3, the protein concentration was the highest. (Fig. 4B). Purified 

SUMO-ShMT1, SUMO-ShMT2, and SUMO-ShMT3 concentrations were 0.31, 0.25, and 

0.18 mg/mL, respectively (Fig. 4C). 

3.4. Modified protein characteristics 

Due to the lack of aromatic amino acids, the purified modified proteins SUMO-ShMT1, 

SUMO-ShMT2 and SUMO-ShMT3 have no special absorption peak at 280 nm. However, 

due to the existence of the SUMO tag, there is a UV absorption peak at 280 nm. After metal 

treatment, the UV absorption spectra of the three proteins showed visible absorption peaks at 

250nm, 270 nm and 225 nm, respectively (Fig. S2). These spectra are typical absorbance of 

Cadmium thio-, Copper thio- and Zinc thio-ligands (Kägi and Schäffer, 1988), indicating that 

the modified proteins have the ability to bind Cd2+, Cu2+ and Zn2+. 

3.5. Assessment of E. coli metal tolerance 

3.5.1. Spot assays 

To assess the ability of E. coli expressing modified ShMT proteins to tolerate heavy 

metals, bacterial cells harboring pET28a-SUMO (as a control), pET28a-SUMO-ShMT, 

pET28a-SUMO-ShMT1, pET28a-SUMO-ShMT2, and pET28a-SUMO-ShMT3 were serially 
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diluted (10-3, 10-4, 10-5, 10-6) and spotted onto LB agar plates containing a range of 

concentrations of CdCl2, CuSO4, and ZnSO4. All tested cells grew well on un-supplemented 

LB medium, whereas modified cells exhibited distinct growth patterns on medium 

supplemented with these different metals.  Specifically, E. coli harboring pET28a-SUMO 

grew less effectively on metal ion-supplemented medium, whereas E. coli harboring our 

different MT isoforms were able to grow more readily in a manner associated with the 

number of ShMT point mutations (pET28a-SUMO-ShMT3 > pET28a-SUMO-ShMT2 > 

pET28a-SUMO-ShMT1 > pET28a-SUMO-ShMT > pET28a-SUMO) (Fig. 5), confirming 

that the expression of these modified proteins was sufficient to enhance E. coli tolerance to 

Cd2+, Cu2+, and Zn2+. 

3.5.2. Assessment of E. coli growth kinetics 

To better understand the impact of recombinant ShMT proteins on E. coli metal 

tolerance, these bacteria were grown in the presence of CdCl2 (0.3 mM, 0.6 mM, 0.9 mM), 

CuSO4 (0.8 mM, 1.6 mM, 2.4 mM), or ZnSO4 (0.5 mM, 1.0 mM, 1.5 mM). As above, all E. 

coli grew well in metal ion-free control medium (Fig. S3), whereas control bacterial growth 

was significantly inhibited in medium supplemented with Cd2+, Cu2+, and Zn2+. In Cd2+-

containing medium, recombinant strains exhibited superior growth relative to control 

bacteria, with control cells ceasing growth after 3 h (OD600 = 0.521±0.012) whereas SUMO-

ShMT3-expressing cells continued to grow for 5 h (OD600 = 1.2±0.016) in medium 

containing 0.9 mM Cd2+ (Fig. S3B). Similarly, in medium containing 2.4 mM Cu2+, control 

cells stopped growing after 3 h (OD600 = 0.511±0.023) while E. coli expressing SUMO-

ShMT3 grew for 7 h (OD600 = 1.300±0.028) (Fig. S3C), while in medium containing 1.5 
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mM Zn2+, control E. coli stopped growing after 4 h (OD600 = 0.520±0.018), whereas those 

expressing SUMO-MT3 stopped growing after 6 h (OD600 = 1.2±0.025) (Fig. S3D). The 

relative metal tolerance of bacteria harboring different recombinant ShMT proteins was as 

follows: SUMO-ShMT3 ˃ SUMO-ShMT2 ˃ SUMO-ShMT1 ˃ SUMO-ShMT > control.  

3.6. Assessment of metal bioaccumulation 

The bioaccumulation of Cd2+, Cu2+, and Zn2+ in E. coli cells exhibited similar trends 

(Fig. 6). Relative to E. coli harboring pET28a-SUMO and pET28a-SUMO-ShMT, those 

harboring pET28a-SUMO-ShMT1, pET28a-SUMO-ShMT2, and pET28a-SUMO-ShMT3 

contained significantly increased Cd2+, Cu2+, and Zn2+ concentrations. E. coli harboring 

pET28a-SUMO-ShMT3 exhibited the most substantial Cd2+, Cu2+, and Zn2+ bioaccumulation 

at levels that were increased by 1.86±0.02-, 1.71±0.03-, and 2.13±0.02-fold relative to E. coli 

harboring pET28a-SUMO-ShMT.   

4. Discussion 

4.1. Mutation site screening 

Multiple sequence alignment can be used in nucleic acid sequence alignment and amino 

acid sequence alignment. Through nucleic acid sequence alignment, the genetic relationship 

between different species can be determined. Through amino acid sequence alignment, the 

conserved and variable sites of the same protein in different species can be found, which 

provides a theoretical basis for protein molecular modification. Yuan et al. have used this 

method to find the optimal mutation sites of the enzyme (Yuan et al., 2017). We herein 

utilized MEGA 7.0 to identify conserved residues within ShMT via an MSA approach to 

guide subsequent site-directed mutagenesis. Many recombinant proteins, including MTs, 
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exhibit relatively poor stability and can only be expressed in limited quantities, constraining 

their research utility (Goldenzweig and Fleishman, 2018; Roesijadi, 1992). Analyzing protein 

stability is thus also an essential step in the protein screening process.  

Computational docking is commonly used to study protein-ligand interactions in the 

context of drug discovery and development (Forli et al., 2016). We therefore studied such 

interactions using Autodock 4.2, which is commonly utilized in such research contexts 

(Zhang and Sanner, 2019; Mothay and Ramesh, 2020). While these analyses yielded 

stoichiometric numbers corresponding to protein-ligand binding interactions, they did not 

provide insight into protein folding free energy or energy spectrum data. This is likely 

attributable to the fact that ShMT is very small (7KD) and exhibits a random-coil structure in 

the absence of metal binding, which makes the calculation of binding free energy 

challenging.  

4.2. Site-directed mutagenesis  

Site-directed mutagenesis is commonly utilized to study protein structure and 

functionality. For example, Bravo-Patino et al. employed a site-directed mutagenesis 

approach to modify the AcNPV amino acid sequence, thereby demonstrating that such 

changes altered the functionality and structure of this protein (Bravo-Patiño and Ibarra, 

2000). Site-directed mutagenesis approaches are also commonly used to study enzymatic 

activity (Gerendasy et al., 1994; Haraguchi et al., 1995; Fedorchuk et al., 2019). We herein 

modified ShMT via a PCR-based site-directed mutagenesis approach (Carey et al., 2013), 

using a Takara Mutan Best Kit to ensure efficiency and accuracy. 

4.3. Optimization of modified protein expression and purification 
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Selecting an optimal system capable of achieving high-level recombinant protein 

production is essential, and E. coli exhibits a number of advantages in this respect (Makrides, 

1996; Porowińska et al., 2013; Kaur et al., 2018). As a model organism, E.coli has the 

characteristics of low cost and easy reproduction (Makrides et al.,1996; Terpe., 2006; Zerbs et 

al., 2014). Therefore, the prokaryotic expression system of E.coli has allowed researchers to 

prepare a large number of foreign proteins. In this study, we selected pET28a-SUMO with a 

His tag as the expression vector, and the promoter of the vector is a T7 promoter (Kaur, et al., 

2018). The E. coli BL21 (DE3) competent cells are mature commercial products. Considering 

the above points, we finally chose the E. coli expression system for our research. As such, we 

transformed E. coli BL21(DE3) competent cells with the pET28a-SUMO-ShMT, pET28a-

SUMO-ShMT1, pET28a-SUMO-ShMT2, and pET28a-SUMO-ShMT3 expression vectors, 

providing a foundation that can be used to improve correctly folded protein yields through the 

manipulation of cellular chaperone mechanisms (Makrides, 1996). 

While there are many advantages to the E. coli expression system, high-level expression 

of ShMT and modified versions thereof remains challenging in these bacteria owing to the 

low molecular weight and high cysteine content of these proteins (Sekhar et al., 2011; He et 

al., 2019). We sought to overcome this challenge using the SUMO fusion expression system, 

as the ubiquitin-related SUMO protein can be covalently attached to a range of proteins (Zuoa 

et al., 2005). Such SUMO tagging is commonly employed (Hay, 2001), and can significantly 

improve protein stability as the SUMO tag can promote correct protein folding and solubility, 

overcoming the high risk of inclusion body formation inherent in the context of the 

misfolding of proteins such as ShMT which contain multiple disulfide bonds (Butt et al., 
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2005). SUMO modification can also improve protein stability, as both SUMO and ubiquitin 

can bind to Lys residues on substrate proteins, thus enabling SUMO to compete with 

ubiquitin and to thereby prevent proteasomal fusion protein degradation (Zuob et al., 2005). 

4.4. Assessment of E. coli metal tolerance and metal bioaccumulation 

Herein, we found that E. coli expressing SUMO-ShMT3 exhibited significantly 

increased Cd2+, Cu2+ and Zn2+ bioaccumulation with respective average levels of 2.05 ± 0.12, 

1.81 ± 0.15, and 1.44 ± 0.11 μmol/g dry cells. We have previously constructed the tandem 

pET28a-SUMO-3ShMT expression vector via overlap extension PCR (Ma et al., 2019). 

Those E. coli cells that expressed SUMO-3ShMT exhibited maximal Cd2+, Cu2+ and Zn2+ 

bioaccumulation at respective levels of 1.94 ± 0.17, 1.80 ± 0.14, and 1.32 ± 0.08 μmol/g dry 

cells. By comparing these two datasets, we can conclude that mutated protein expression and 

tandem oligomeric expression can enhance ShMT-mediated metal bioaccumulation.  

In theory, E. coli expressing SUMO-3ShMT should exhibit a 3-fold increase in metal 

bioaccumulation relative to E. coli expressing SUMO-ShMT (Ma et al., 2019), whereas we 

found the true increase to be closer to 1.5-fold. This inconsistency is likely due to 

sequestration of certain metal-binding sites during protein folding, consistent with previous 

reports by Ma et al. (2011).  

We found that E. coli expressing SUMO-ShMT3 exhibited maximal Cd2+, Cu2+, and 

Zn2+ bioaccumulation, with respective average levels of 2.05 ± 0.12, 1.81 ± 0.15 or 1.44 ± 

0.11 μmol/g dry cells, whereas in E. coli expressing SUMO-ShMT these same heavy metals 

were present at 1.20 ± 0.18, 0.97 ± 0.13, and 0.674 ± 0.15 μmol/g dry cells, respectively. As 

such, SUMO-ShMT3 expression in E. coli was associated with 1.86±0.02-, 1.71±0.03-, and 
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2.13±0.02- fold increases in Cd2+, Cu2+, and Zn2+ bioaccumulation relative to E. coli 

expressing SUMO-MT. This outcome exceeded expected results, potentially suggesting that 

cysteine-cysteine interactions between MT proteins may facilitate even more robust metal 

bioaccumulation when proteins are highly expressed (Atrian and Capdevila, 2013). Further 

work is warranted to understand how site-directed mutagenesis and tandem oligomeric 

expression can further enhance bacterial heavy metal tolerance and bioaccumulation. 

The biosorption of heavy metals by genetically engineered bacteria expressing MTs has 

been a hot topic for researchers, and MTs in different species have been studied, including 

animals (Sandrine et al., 2012; Ethel et al., 2017), plants (Oliveira et al., 2020), and 

microorganisms (Chatterjee et al., 2020). However, if it is applied to the actual wastewater 

treatment, there are still many problems need to be considered, for example: firstly, 

engineered bacteria are not easy to recover when they diffuse into the wastewater, although 

the heavy metals are adsorbed, the bacteria mixed into the wastewater will also cause 

secondary pollution, which therefore cannot achieve the desired effect. Secondly, dispersed 

engineered bacteria in wastewater also need to be recycled through a series of methods, in 

order to achieve the effect of recycling (Mwandira et al., 2020). In future, we will focus on 

the immobilization of engineered bacteria, so as to prepare environment-friendly and reusable 

heavy metal biosorbents with stronger adsorption capacity. 

5. Conclusions 

Herein, we employed a bioinformatics approach to screen for mutation sites, and 

generated mutant expression vectors via site-directed mutagenesis. A SUMO fusion 

expression system was also employed for target protein expression, and genetically-
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engineered bacteria expressing these modified proteins were prepared to study the 

mechanisms governing heavy metal tolerance and bioaccumulation. Through these analyses, 

we determined that E. coli cells expressing SUMO-ShMT3 exhibited Cd2+, Cu2+, and Zn2+ 

bioaccumulation that was increased by 1.86-fold, 1.71-fold, and 2.13-fold higher relative to 

that observed in E. coli expressing SUMO-ShMT. Together, these results offer a basis for the 

preparation of genetically engineered bacteria that are better able to bioaccumulate and 

tolerate heavy metals, proving a foundation for additional studies of the biological treatment 

of water polluted with heavy metals. 
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Fig. 1. Multiple sequence alignment of metallothionein in different species of crabs. (Blue 

represents conserved sites for mutation.).
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Fig. 2. Molecular docking of modified proteins with Cd2+. (A), the results of molecular 

docking ShMT and Cd2+; (B), the results of molecular docking ShMT1 and Cd2+; (C), the 

results of molecular docking ShMT2 and Cd2+; (D), the results of molecular docking ShMT3 

and Cd2+. 
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Fig. 3. Sequencing results of site-directed mutagenesis (pET28a-SUMO-ShMT1, pET28a-

SUMO-ShMT2, pET28a-SUMO-ShMT3). (A1): the sequencing result of pET28a-SUMO-

ShMT1; (A2): Plasmid pET28a-SUMO-ShMT1 validation by agarose gel electrophoresis. 

(B1): the sequencing result of pET28a-SUMO-ShMT2; (B2): Plasmid pET28a-SUMO-

ShMT1 validation by agarose gel electrophoresis. (C1): the sequencing result of pET28a-

SUMO-ShMT3; (C2): Plasmid pET28a-SUMO-ShMT3 validation by agarose gel 

electrophoresis.
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Fig. 4. (A) SDS-PAGE analysis of modified proteins expression. Lane1: control; Lane2,4,6,8: 

SUMO-ShMT3, SUMO-ShMT2, SUMO-ShMT1, SUMO-ShMT (Supernatant); Lane3,5,7,9: 

SUMO-ShMT3, SUMO-ShMT2, SUMO-ShMT1, SUMO-ShMT (precipitation). (B) 

Purification of modified proteins by HisTrip column (SUMO-ShMT1, SUMO-ShMT2, 

SUMO-ShMT3). (B1) Lane1: cell extract supernatant of SUMO-ShMT1, Lane2: protein 

penetration, Lane3-6: 50, 100, 200, 250 mM imidazole elution of SUMO-ShMT1. (B2) 

Lane1: cell extract supernatant of SUMO-ShMT2, Lane2: protein penetration, Lane3-6: 50, 

100, 200, 250 mM imidazole elution of SUMO-ShMT2. (B3) Lane1: cell extract supernatant 

of SUMO-ShMT3, Lane2: protein penetration, Lane3-6: 50, 100, 200, 250 mM imidazole 

elution of SUMO-ShMT3. (C) Purification of modified proteins. Lane 1,2,3, (SUMO-

ShMT1, SUMO-ShMT2, SUMO-ShMT3). 
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Fig. 5. The results of Cd2+, Cu2+ and Zn2+ tolerance of the E. coli cells harboring pET28a-

SUMO, pET28a-SUMO-ShMT, pET28a-SUMO-ShMT1, pET28a-SUMO-ShMT2, pET28a-

SUMO-ShMT3. The E. coli cells were cultured in liquid LB medium until the OD600 

reached 0.5, 1.0 mM IPTG were added and continue cultured for 8 h. After serial dilutions 

(10−3, 10−4, 10−5, 10−6, respectively) were prepared, 2μL of each dilution was spotted either 

on solid LB plates or on plates with different concentrations of CdCl2, CuSO4 and ZnSO4
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Fig. 6. The results of metal bioaccumulation of the E. coli cells harboring pET28a-SUMO, 

pET28a-SUMO-ShMT, pET28a-SUMO-ShMT1, pET28a-SUMO-ShMT2 and pET28a-

SUMO-ShMT3 in the presence of 300 μM CdCl2, CuSO4 and ZnSO4 for 8h at 37℃. Data 

represent mean ± SD of three independent experiments (n = 3). Statistical significances were 

analyzed using one-way ANOVA compared with the control (cells harboring pET28a-

SUMO),*p/#p˂0.05, **p/##p ˂0.01. 

 


