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Abstract: Cry proteins have been the subject of intense research due to their ability to form crystals
naturally in Bacillus thuringiensis (Bt). In this research we developed a new strategy that allows
for the removal of cadmium and chromium from wastewater by using one Cry protein, Cry3Aa,
as a framework to immobilize tandem repeats of the cyanobacterial metallothionein SmtA from
Synechococcus elongatus (strain PCC 7942). SmtA is a low molecular weight cysteine-rich protein
known to bind heavy metals. A series of Cry3Aa-SmtA constructs were produced by the fusion of
one, three, or six tandem repeats of SmtA to Cry3Aa. Overexpression of these constructs in Bt resulted
in the production of pure Cry3Aa-SmtA fusion crystals that exhibited similar size, crystallinity,
and morphology to that of native Cry3Aa protein crystals. All three Cry3Aa-SmtA constructs
exhibited efficient binding to cadmium and chromium, with the binding capacity correlated with
increasing SmtA copy number. These results suggest the potential use of Cry3Aa-SmtA crystals
as a novel biodegradable and cost-effective approach to the removal of toxic heavy metals from
the environment.
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1. Introduction
Cry proteins are a family of proteins that are produced and directly crystallized within the
bacterium Bacillus thuringiensis (Bt) [1–4]. The resulting crystals are very stable and can be isolated with
minimal purification. In many cases, simple washing is all that is needed to remove soluble impurities.
Functionally, Cry proteins are most famous for their role as biological insecticides. They have been
incorporated into many genetically modified crops as a way to make the crops resistant to insect and
nematode pests [5]. Due to their use in genetically modified crops that are consumed by humans,
Cry proteins are generally considered to be safe for organisms [6]. Our group was the first to
demonstrate that various reporter proteins could be fused to one such Cry protein, Cry3Aa, to produce
isolatable Cry3Aa fusion crystals without apparent loss of reporter function. Isolated Cry3Aa-GFP
or Cry3Aa-mCherry crystals were fluorescent, indicating the proper folding of GFP and mCherry,
while Cry3A-luciferase crystals remained functionally active and could be used for in vivo imaging
studies in mice [7]. It should be noted that while the crystalline nature of some Cry protein crystals
produced in Bt has been confirmed by powder diffraction [8], and in the case of Cry3Aa, its structure
determination [4], we have not been able to use diffraction to confirm this for our Cry3Aa fusions.
Nevertheless, their morphology, uniformity, and insolubility are similar to those of native Cry3Aa
crystals, and as such, we loosely use the term crystals to reflect this similarity. Consistent with these
properties, we recently demonstrated that the lipase lipA from Bacillus subtilis could be immobilized by
genetically fusing it to Cry3Aa and the resultant Cry3Aa-lipA fusion crystals were found to be more
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stable against temperature and solvent than the free lipA protein, thus enabling multiple cycles of
biodiesel conversion [9]. Herein, we extend the application of this Cry3Aa fusion technology for use in
heavy metal sequestration.
The release of heavy metals such as cadmium (Cd) or chromium (Cr) into natural water ecosystems
has increased with expanding industrialization [10], with industrial wastewater from mining, metal
processing, tanneries, pharmaceuticals, pesticides, organic chemicals, rubber and plastics, lumber
and wood products being common sources of heavy metal pollutants [11,12]. The exposure of these
heavy metals to humans can be harmful, leading to chronic or acute health conditions [13], including
reduced growth and development, cancer, organ damage, nervous system damage, and in extreme
cases, death [14–16]. Due to the mobility and toxicity of heavy metal ions in water, effective methods
for their removal are needed. Several different physicochemical methods such as chemical precipitation
and membrane filtration have been utilized for this purpose, but there are disadvantages to each of
these methods, including high cost, energy requirement, or production of harmful by-products [17–20].
To produce our biologically inspired immobilized chelator, we chose to genetically fuse Cry3Aa
to the metallothionein SmtA from the cyanobacterium Synechococcus elongates (strain PCC 7942).
Metallothioneins are low molecular weight cysteine-rich proteins with a high binding capacity for heavy
metals due to the presence of multiple cysteine residues that facilitate the formation of metal-thiolate
clusters at sub-micromolar concentrations [21–25]. SmtA is arguably the best characterized bacterial
metallothionein. The NMR structure of a Zn2+ -bound SmtA suggests that its cysteine residues form
a pocket for binding four metal ions [26]. Like other metallothioneins, this use of cysteines to ligate
the metal ions provides SmtA with selectivity towards soft metals such as Hg2+ , Cd2+ , Zn2+ , Cu2+ ,
and Co2+ , allowing it to be used as a metal chelator of toxic heavy metals such as Cd2+ —even in the
presence of high concentrations of sodium, calcium, and magnesium [27,28]. This property makes
them potentially useful for multiple purposes [15,29–33], including as binding agents for the selective
removal of heavy atoms from contaminated water [27]. Here we describe the in vivo production and
physical characterization of three different Cry3Aa-SmtA fusion crystals, and the evaluation of their
ability to remove Cd2+ and Cr3+ ions from heavy metal-containing solutions.
2. Materials and Methods
2.1. Construction of the Cry3Aa-SmtA Fusion Plasmids
The gene encoding three tandem repeats of SmtA ([SmtA]3 ) was synthesized and cloned into
a standard plasmid by GeneArt (ThermoFisher). A single copy of SmtA ([SmtA]) or [SmtA]3 was
amplified by PCR using Kapa HiFi Hot Start Ready Mix (Kapa Biosystems) from the aforementioned
plasmid while the gene fragment encoding six repeats of SmtA ([SmtA]6 ) was generated by overlap
PCR of two [SmtA]3 fragments. Each gene was subcloned into an existing pHT315 vector harboring
the cry3Aa gene (pHT315-Cry3Aa) [7]. Briefly, the pHT315-Cry3Aa vector was linearized using the
restriction endonucleases BamHI and KpnI, and the gene fragment [smtA]x was then cloned between
the BamHI and KpnI sites downstream of the cry3Aa gene using Gibson Assembly® Master Mix (New
England Biolabs) following the manufacturer’s instructions, yielding the plasmids for Bt expression of
Cry3Aa-[SmtA], Cry3Aa-[SmtA]3 , or Cry3Aa-[SmtA]6 protein crystals.
2.2. Expression and Purification of Cry3Aa and Cry3Aa-SmtA Fusion Crystals in Bt
All Bt Cry3Aa and Cry3Aa-SmtA fusion protein crystals were produced by transforming the
corresponding plasmids into Bt407 cells. The cells were overexpressed at 25 ◦ C for 72 h, after which
the pellet was harvested using centrifugation at 8000 rpm for 10 min. The pellet was washed with
autoclaved double distilled water (ddH2 O) and purified by centrifugation using a discontinuous
sucrose gradient (40% 4 mL, 55% 7 mL, 65% 7 mL, 72% 4 mL) at 5000 rpm for 30 min. The crystals were
extracted from the 55% and 65% layer and washed with autoclaved ddH2 O to remove the sucrose.
SDS-PAGE samples were prepared by resuspending crystals in autoclaved ddH2 O, adding 5× SDS
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dye, boiling for 5 min, and then loading onto a 10% TGX Stain-Free gel (BioRad) to verify the presence
and purity of the corresponding crystals. Protein concentrations were determined using the Bradford
standard assay (BioRad).
2.3. Dynamic Light Scattering of Cry3Aa and Cry3Aa-SmtA Fusion Crystals
The size and dispersity of Cry3Aa and the three Cry3Aa-SmtA fusion crystals were measured by
dynamic light scattering (DLS) at 25 ◦ C by resuspending 100 µg of crystals in 1 mL of autoclaved ddH2 O
and then applying them to a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK).
2.4. Scanning Electron Microscopy of Cry3Aa and Cry3Aa-SmtA Fusion Crystals
Scanning electron microscopy (SEM) imaging samples were prepared by resuspending 0.1 mg of
Cry3Aa or Cry3Aa-SmtA fusion crystals in 1 mL autoclaved ddH2 O. The samples were sonicated for
5 min and 2 µL of this solution was added to a copper stub and allowed to dry overnight. Samples were
coated with Au using a Sputter Coater S150B (Edwards) and imaged in a SU8000 (Hitachi) operated at
5 kV and a working distance of 8.0 mm to 8.2 mm. The length and width of crystals were measured
using software ImageJ Version 1.52a (NIH, Bethesda, MD, USA).
2.5. Metal Binding Capacity Studies by Atomic Absorption Spectrophotometer (AAS)
To ascertain the effect of fusing different numbers of repeat units of SmtA to Cry3Aa on the
binding capacity of the corresponding fusion crystals to Cd2+ and Cr3+ ions, 1 nmol of Cry3Aa
(control), Cry3Aa-[SmtA], Cry3Aa-[SmtA]3 , or Cry3Aa-[SmtA]6 was incubated with 2 mL of 0.1 ppm
of Cd standard for AAS (Sigma) or Cr standard for AAS (Sigma) solution at room temperature
overnight. The samples were filtered with a 0.22 µm filter and the remaining Cd2+ or Cr3+ ions in the
supernatant were measured by atomic absorption spectrometry (AAS) (Hitachi Z2300 flame). The metal
concentrations were determined by comparing the measured absorbance against a series of calibration
standards from 0 to 1 ppm prepared from a Cd standard solution (Sigma) or Cr standard solution
(Sigma), and then used to derive the % bound by subtracting from the initial amount (0.1 ppm).
2.6. Statistical Analysis
GraphPad Prism software (version 8.0.2, GraphPad, San Diego, CA, USA) was used for statistical
analysis. An unpaired two-tailed student’s t-test was used for size comparison of the Cry3Aa-SmtA
fusions with native Cry3Aa. One-way analysis of variance (ANOVA) was used for the multi-group
comparison of metal binding by the different constructs. Data are presented as mean ± standard error
of the mean.
3. Results
3.1. Production of Cry3Aa and Cry3Aa-SmtA Fusion Crystals
Previous work by our group demonstrated the utility of Cry3Aa as an immobilization platform to
generate crystalline particles with functional fusion partners such as green fluorescent protein, mCherry,
luciferase, and lipase A [7,9]. To further expand the utility of the Cry3Aa protein crystal platform,
we decided to explore whether these crystals could be used to accommodate multiple copies of a small
protein, such as a metallothionein, and in so doing, improve their utility—in this case, for increasing
metal binding capacity. As such, a series of plasmids containing the gene encoding Cry3Aa-SmtA
with different numbers of SmtA repeats were constructed and the corresponding Cry3Aa-SmtA fusion
protein crystals were produced in Bt407. The identity and purity of each of the Cry3Aa-SmtA fusion
crystals were confirmed by SDS-PAGE (Figure 1) based on their molecular weights.
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Figure 1. SDS-PAGE of Cry3Aa and Cry3Aa-SmtA fusion crystals produced in Bacillus thuringiensis (Bt).
Figure 1. SDS-PAGE of Cry3Aa and Cry3Aa-SmtA fusion crystals produced in Bacillus thuringiensis
The theoretical molecular weights are: Cry3Aa, 73.1 kDa; Cry3Aa-[SmtA], 78.8 kDa; Cry3Aa-[SmtA]3 ,
(Bt). The theoretical molecular weights are: Cry3Aa, 73.1 kDa; Cry3Aa-[SmtA], 78.8 kDa;
90.3 kDa; and Cry3Aa-[SmtA] , 107.5 kDa.
Cry3Aa-[SmtA]3, 90.3kDa; and6 Cry3Aa-[SmtA]6, 107.5 kDa.

3.2. Characterization of Cry3Aa and Cry3Aa-SmtA Fusion Protein Crystals
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Table 1. The mean length and width of Cry3Aa and Cry3Aa-SmtA fusion crystals based on scanning
electron microscopy (SEM) images.
Construct

Length (nm) *

Width (nm) *

Cry3Aa
Cry3Aa-[SmtA]
Cry3Aa-[SmtA]3
Cry3Aa-[SmtA]6

1215 ± 197
1378 ± 86
1471 ± 195
1405 ± 112

912 ± 97
871 ± 138
1014 ± 151
913 ± 48

* Any difference between Cry3Aa-SmtA fusion and Cry3Aa crystals was not statistically significant (p > 0.05),
as confirmed by unpaired two-tailed student’s t-test.

0.226), and 895.1 nm (PDI = 0.015), respectively, whereas that of the native Cry3Aa was 754.1 nm
(PDI = 0.035). In agreement with the DLS results, SEM images of Cry3Aa and the three Cry3Aa-SmtA
fusion crystals revealed that the morphologies of the Cry3Aa-SmtA fusion crystals were also similar
to that of Cry3Aa crystals (Figure 3a–h)—a rod-like shape of similar length and width (Table 1).
These 2019,
findings
Crystals
9, 287suggest that the fusion of SmtA and its repeats to Cry3Aa did not appear to alter5 the
of 8
crystal-forming properties of Cry3Aa with respect to both its size and morphology.
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Figure 2. Size comparison of Cry3Aa and Cry3Aa-SmtA fusion crystals by dynamic light scattering
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3.3. Cadmium and Chromium Binding by Cry3Aa and Cry3Aa-SmtA Fusion Crystals
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4. Discussion
4. Discussion
There has been long-term interest in developing metallothioneins for use in the selective removal
There has been long-term interest in developing metallothioneins for use in the selective
of heavy metals from wastewater [27]. Their selectivity allows for the binding of toxic metal ions such
removal
of heavy metals from wastewater [27]. Their selectivity allows for the binding of toxic metal
as Cd2+ or Cr3+ without
removing other metal ions that might be important for the environment [28].
ions such as Cd2+ or Cr3+ without removing other metal ions that might be important for the
A major challenge, however, is the generation of an immobilized metallothionein for this purpose in a
environment [28]. A major challenge, however, is the generation of an immobilized metallothionein
cheap and easy fashion that allows for its potential recycling.
for this purpose in a cheap and easy fashion that allows for its potential recycling.
As demonstrated here, the Cry3Aa crystal as an immobilization platform is particularly attractive
As demonstrated here, the Cry3Aa crystal as an immobilization platform is particularly
for this purpose. A plasmid for the expression of Cry3Aa fused to tandem repeats of the SmtA can be
attractive for this purpose. A plasmid for the expression of Cry3Aa fused to tandem repeats of the
readily produced and used for the production of Cry3Aa-SmtA fusion crystals directly in Bt. These
SmtA can be readily produced and used for the production of Cry3Aa-SmtA fusion crystals directly
crystalline particles can easily be purified without the use of columns by density gradient centrifugation,
in Bt. These crystalline particles can easily be purified without the use of columns by density
greatly simplifying the isolation step and lowering the cost of production.
gradient centrifugation, greatly simplifying the isolation step and lowering the cost of production.
While the fusion of one SmtA to Cry3Aa gives only limited binding of heavy metals, we show that
While the fusion of one SmtA to Cry3Aa gives only limited binding of heavy metals, we show
up to six tandem repeats of SmtA can be incorporated, resulting in enhanced metal binding without
that up to six tandem repeats of SmtA can be incorporated, resulting in enhanced metal binding
significantly changing the size and morphology of the biologically produced crystal. As an aside, the
without significantly changing the size and morphology of the biologically produced crystal. As an
Cry3Aa-[SmtA]9 construct with nine copies of SmtA was also cloned, but the yields were low and the
aside, the Cry3Aa-[SmtA]9 construct with nine copies of SmtA was also cloned, but the yields were
resultant crystalline particles seemed less stable. This may suggest that the solvent channels within
low and the resultant crystalline particles seemed less stable. This may suggest that the solvent
Cry3Aa crystals can accommodate six copies of SmtA, but not nine. Increasing the number of copies of
channels within Cry3Aa crystals can accommodate six copies of SmtA, but not nine. Increasing the
SmtA is important for metal binding; however, the metal binding capacity for either Cd2+ or Cr3+ is
number of copies of SmtA is important for metal binding; however, the metal binding capacity for
strongly correlated
with the number of SmtA repeats incorporated. The results affirm the potential
either Cd2+ or Cr3+ is strongly correlated with the number of SmtA repeats incorporated. The results
use of biologically produced Cry3Aa-SmtA fusion crystals for the bioremediation of heavy metals
affirm the potential use of biologically produced Cry3Aa-SmtA fusion crystals for the
from wastewater.
bioremediation of heavy metals from wastewater.
While there are a number of conventional treatment processes such as ion exchange, activated
While there are a number of conventional treatment processes such as ion exchange, activated
charcoal, chemical precipitation, and chemical reduction and adsorption, these approaches have
charcoal, chemical precipitation, and chemical reduction and adsorption, these approaches have
certain limitations including their high cost, production of secondary waste, and limited effectiveness
certain limitations including their high cost, production of secondary waste, and limited
at low concentrations of metal [34,35]. In contrast, Cry3Aa-SmtA fusion crystals can be produced
effectiveness at low concentrations of metal [34,35]. In contrast, Cry3Aa-SmtA fusion crystals can be
directly in bacteria, are easy to isolate, and for the Cry3Aa fusion construct with six copies of SmtA,
produced directly in bacteria, are easy to isolate, and for the Cry3Aa fusion construct with six copies
Cry3Aa-[SmtA]6 can efficiently remove Cd2+ or Cr3+
ions from solutions even at trace levels of 0.1
of SmtA, Cry3Aa-[SmtA]6 can efficiently remove Cd2+ or Cr3+ ions from solutions even at trace levels
ppm. Thus, Cry3Aa-SmtA fusion protein crystals offer an environmentally friendly, effective, and
of 0.1 ppm. Thus, Cry3Aa-SmtA fusion protein crystals offer an environmentally friendly, effective,
and economical alternative method for the removal of heavy metals from water—highlighting yet
another use of biologically produced Cry3Aa fusion crystals for practical application.

Crystals 2019, 9, 287

7 of 8

economical alternative method for the removal of heavy metals from water—highlighting yet another
use of biologically produced Cry3Aa fusion crystals for practical application.
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