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Heavy metal pollution such as mercury (Hg2+) poses a severe threat to food security worldwide because of
enrichment through food chain and, eventually, to the human body. Biological remediation approaches are
promising, but in some cases, the natural microorganisms are not ideal for practical application, which requires
genetic modification of such organisms. However, the threat of genetically modified bacteria being released into
the environments has long been the major concern that limits the applications of such technologies. In this study,
we designed and optimized a genetic circuit that is capable of activating a Hg?* adsorption module after sensing
Hg?" in waterbody, and killing cells with a cell suicide module in a programmable manner. With this circuit, the
engineered Escherichia coli cells are programmed to express Hg?" adsorption protein only when Hg?* concen-
tration is above a certain threshold. Then, cells absorbed with Hg?* can be removed from natural environments
with magnetically immobilized strategy and the remaining cells are programmed to be killed by the suicide
module when Hg?" concentration drops below a threshold in waterbody. Importantly, the suicide module was
carefully optimized to ensure the escape rate is below 10~%, which meets the recommendation demanded by U.S.
NIH guideline. The absorption cells could be reused for 5 cycles, with an Hg?" adsorption efficiency steadily
above 95% and escape rates below 10~°. Thus, the advancement of this study sheds light on using engineered

microbes directly in an open circumstance.

1. Introduction

Environmental pollution from hazardous waste materials, organic
pollutants and heavy metals, has adversely affected the natural
ecosystem to the detriment of human beings. Urgent environmental
problems compelled people to seek for novel strategies to protect and
remediate the polluted environments, such as plastic degradation (Cui
et al., 2021), heavy metal remediation (Zhu et al., 2020) as well as
ecosystem conservation (Redford et al., 2019). The nondegradable
character distinguished heavy metals from other contaminants and
made them difficult to eliminate from the environment. The rapid
industrialization in recent years has resulted in severe heavy metal
pollution, which is disastrous to the environment. Removal of these
heavy metal pollution has become an urgent task. Conventional physical

and chemical methods are expensive and not effective in areas with low
metal toxicity or unable to permanently remove the pollution from
environment. Bioremediation is therefore an eco-friendly and efficient
method of reclaiming environments contaminated with heavy metals.
Microbiological treatments have gained increasing attentions because of
their cost-effectiveness and environmentally friendliness. Although lots
of microbes isolated from natural sources have been applied for envi-
ronmental remediation, the efficiency of natural organisms normally
could not meet actual industrial requirements, especially in the case of
emergencies when pollutants are highly concentrated and need to be
cleaned up in a short time. Notably, besides heavy metals, there are still
some pollutants released to the environment, which natural organisms
could not remediate them. Thus, researchers have been improving the
technologies of bioremediation to meet the demands, for example, using

* Corresponding author. CAS Key Laboratory of Microbial Physiological and Metabolic Engineering, State Key Laboratory of Mycology, Institute of Microbiology,

Chinese Academy of Sciences, Beijing, 100101, China.
E-mail address: yub@im.ac.cn (B. Yu).

https://doi.org/10.1016/j.jclepro.2022.130524

Received 29 September 2021; Received in revised form 15 December 2021; Accepted 12 January 2022

Available online 14 January 2022
0959-6526,/© 2022 Elsevier Ltd. All rights reserved.


mailto:yub@im.ac.cn
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.130524
https://doi.org/10.1016/j.jclepro.2022.130524
https://doi.org/10.1016/j.jclepro.2022.130524
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.130524&domain=pdf

Y. Xue et al.

genetically modified microorganisms (GMOs) (Brune and Bayer, 2012).
It is indisputable that genetically engineered bacteria are more efficient
in the bioremediation processes (Pant et al., 2021). However, once
GMOs are released into environment, these artificial livings might have
unpredictable impacts to the environment. GMOs may disturb the sta-
bility of microbial community (Dana et al., 2012); influent the diversity
of wild germplasm resources (Quist and Chapela, 2001) as well as
causing public panic (Redford et al., 2013). Thus, use of GMOs for
environmental bioremediation is strictly regulated by current policies
and laws. The U.S. National Institutes of Health (NIH) guideline rec-
ommended that an acceptable GMOs escape rate should be kept below
1078 (Wilson, 1993).

Considering the bio-threats from GMOs released into environments,
to date, these technologies are still limited in the laboratory research
stage. While traditional studies on transgenic microbes took biosafety
into account (Sayler and Ripp, 2000), researchers rarely demonstrated
the theories of genetic safeguard systems (Moe-Behrens et al., 2013),
which were with low stability and could not meet NIH substandard.
Nowadays, synthetic biology is accelerating the iterative update of in-
dustry, agriculture development and drug research, as well as the
environment microbiological technologies (Khalil and Collins, 2010).
With the continuous advancement of synthetic biology, it is now
possible to control the behavior of cells, including procedural expression
of the functional genes and cell death (Hossain et al., 2020). Thus, this
opens up windows to expand the applications of GMOs with controllable
behaviors.

In this study, a biocontainment circuit tightly controlled by a logical
NOR gate is designed and optimized for conditionally triggering suicide
of the Escherichia coli strain after completing the work or once escaping
into the natural environments by an accident. As the research on Hg?"
remediation is more common than other toxic heavy metal ions, we
simply choose Hg?>" bioremediation as an example to demonstrate this
design. The designed circuit could automatically sense the variation of
Hg?" concentrations in the waterbody and start to express Hg?"
adsorption proteins. Once the genetically modified bacteria finished the
cleaning work, or escaped to the natural environment, the expression of
the suicide module will be automatically activated when the concen-
tration of Hg?" in the environment is too low to inhibit the suicide gene
expression, thereby realizing the programmed suicide of the cells. After
careful optimization of the sensitivity of the circuit, we achieved an
escape rate as low as 10~° in this study, which meets the recommen-
dation demand of U.S. NIH guideline. This work would provide tool-
boxes for rational design of biosecurity system in gram-negative strains
and also shed light on the bioremediation fields by directly using engi-
neered microbes in an open environment.

2. Material and methods
2.1. Strains and cultivation conditions

E. coli TOP10 was used as the host strain for plasmid construction
and genetic circuit characterization. Strains and plasmids used in this
study are listed in Table 1. Strains were cultivated in Luria-Bertani (LB)
medium. Antibiotics including apramycin, ampicillin, kanamycin and
chloramphenicol supplemented with appropriate concentration (100,
50, 25, 12.5 pg/mL, respectively), as required. To maintain the survival
state of strains containing circuit for cell suicide, 1 mM of isopropyl-
beta-D-thiogalactopyranoside (IPTG) or 1 pM Hg?' ions were added
into the medium. For triggering immediately cell death, a final con-
centration of 100 nM anhydrotetracycline (ATc) were added when IPTG
or Hg?" were absent in the medium.

2.2. Genetic manipulations

Two basic plasmids for regulating functional genes expression (pRG)
and programable toxin genes expression (pPT) were inherited from a
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Table 1

Strains and plasmids used in this study.
Strains or plasmids characteristics/purposes Source
Strains
Escherichia coli TOP10 K-12 F- mcrA A(mrr-hsdRMS-mcrBC) Biomed Co.

®80lacZAM15AlacX74 nupG recAl Ltd.
araD139 A(ara-leu)7697 galE15 galK16
rpsL(StrR) endA1l A-

E. coli TOP10SS E. coli TOP10 186 attB::Pr,.-TetR This work
E. coli SS1.0 E. coli TOP10SS harboring plasmids of This work
p2015a-Pyerr-TetR-INP-CL and pPT-
P1teto-50-ecoRI
E. coli SS2.0 E. coli TOP10SS harboring plasmids of This work
p2015a-Pyjerr-TetR-INP-CL-Term-Py e0-
50-ecoRI and pSEVA221-P;t0-50-doc
E. coli SS3.0 E. coli TOP10SS harboring plasmids of This work
p2015a-Pyjerr-TetR-INP-CL-Term-Py e0-
50-ecoRI, pSEVA221-Py 0-50-doc and
PBAC-PLtetO-50-doc
Plasmids
PRG IPTG inducible Py, promoter expression Zong et al.,
vector p15A ori, AmpR (2017)
pPT PpSB4C5 derived output plasmid with Zong et al.,
insulated promoter cores, pSC101 ori, (2017)
cm®
pOSIP-KO one step chromosomal integration plasmid ~ St-Pierre
targeting E. coli phage 186 attB, Kan® et al. (2013)
pE-FLP Flp based antibiotic-resistance scar St-Pierre
excision plasmid, Amp® et al. (2013)
p2015a PRG derived broad-host-range medium This work
copy plasmid, pRO1600 ori, Amp™
p2015a-Pr,.-sfGFP p2015a carrying Lacl-Pr,.-sfGFP This work
p2015a-Pry-TetR p2015a carrying Lacl-Pr,.-TetR This work
p2015a-LacZ-sfGFP p2015a carrying LacZ-sfGFP This work
p2015a-10333 p2015a carrying J103-33MerR-Pyer1- This work
sfGFP
p2015a-10933 p2015a carrying J109-33MerR-Pyerr- This work
sfGFP
p2015a-11533 p2015a carrying J115-33MerR-Pyer1- This work
sfGFP
p2015a-10533 p2015a carrying J105-33MerR-Pyerr- This work
sfGFP
p2015a-10833 p2015a carrying J108-33MerR-Pyer1- This work
sfGFP
p2015a-10033 p2015a carrying J100-33MerR-Pyjer- This work
sfGFP
p2015a-108RO p2015a carrying J108-RBS-MerR-Pye;1- This work
sfGFP
p2015a-10832 p2015a carrying J108-32MerR-Pyer- This work
sfGFP
p2015a-10834 p2015a carrying J108-34MerR-Pyer- This work
sfGFP
p2015a-10830 p2015a carrying J108-30MerR-Pyjerr- This work
sfGFP
Pp2015a-Pyerr-TetR- p2015a-108RO0 carrying optimized This work
INP-CLs absorption & signal processing parts
p2015a-Pyjerr-TetR- p2015a-108R0 carrying optimized This work
INP-CL-Term- absorption & signal processing parts, and
Py tet0-50-ecoRI an EcoRI based biocontainment part
PPT-Pytet0-SFGFP pPT carrying P tet0-SfGFP This work
PPT-Pyrer0-50-ccdB pPT carrying Pje0-50-ccdB This work
PPT-Pytet0-50-ecoRI PPT carrying Py ter0-50-ecoRI This work
PPT-Pytet0-50-doc pPT carrying Py tet0-50-doc This work
PSEVA221-Py te10-50- PSEVA221 carrying Pypet0-50-doc, KanR This work
doc
PBAC-Pye10-50-doc PBAC carrying Pyer0-50-doc, AprR This work
PpOSIP-KO-Pr,c-TetR pOSIP-KO carrying Lacl-Py,-TetR, KanR This work

previous research (Zong et al., 2017). To implement gene regulation
under multiple environments, the genetic circuit activated by Hg" or
IPTG was created on pRG derivate vector p2015a. The IPTG inducible
plasmid named p2015a-Pyq-sfGFP and p2015a-Pp,-TetR were con-
structed to choose an appropriate IPTG level for activating the Lacl
regulated promoter Prq.. Furthermore, for cultivation of plasmids con-
taining toxin genes, the Py, -TetR cassette was integrated into chromo-
some of E. coli TOP10, resulting strain TOP10SS (TOP10 Survival State)
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through one step genome integration method (St-Pierre et al., 2013).
When cultivated in presence of IPTG, the expression of suicide modules
was transcriptionally inhibited under the tightly regulation of TetR.
Plasmids p2015a-Pyq-INP-MerR, p2015a-Pq-INP-CL5 were constructed
for testing the functionalities of the selected bioremediation elements.
For verifying the optimum Hg?" inducible element, a series of
MerR-Pye,T promoters were introduced into p2015a for construction of
whole-cell mercury biosensors. The Hg?™ activating plasmids,
p2015a-Pyjer-TetR and p2015a-Pygr-PhlF, were designed for demon-
stration of the basal amount mercury ions for completely turning OFF
the suicide action, along with plasmids pTP-Ppo-sfGFP and
PTP-Ppyiro3-sfGFP. Basing on the characterization results of HgZJr and
IPTG inducible promoters, plasmid harboring entire elements except the
suicide gene, p2015a-Py,1-TetR-INP-CL5, were constructed as the final
version of functional Hg?* remediation vector.

To realize the programable expression of suicide gene, two plasmids
consisting of repressible promoters Py and a further hybrid promoter
Pprieto-priros Were firstly performed on the plasmid backbone pPT for
screening an optimized NOR logical gate. The well characterized Ppsr0.1
promoter was used for constructing NOR gate (Lutz and Bujard, 1997),
and then the toxin genes ecoRI (Torres et al., 2003), ccdB (Smith and
Maxwell, 2006), doc (Liu et al., 2008) with different strengths of RBSs
(ribosome binding sites) were cloned into TOP10SS strain. Similarly, for
achieving the biocontainment efficiency according to the NIH guideline,
the Ppi0-doc cassette with best killing efficiency were cloned to pBAC
and pSEVA221 vectors. All plasmids mentioned above were created
using Gibson Assembly or Golden Gate Assembly methods (Engler et al.,
2008; Gibson et al., 2009).

The first version of biosorption strain, E. coli SS1.0 was constructed
by introducing plasmids p2015a-Pyje,r-TetR-INP-CL and pPT-Ppet0-50-
ecoRI into TOP10SS strain, which contained precisely tuned expression
of negative regulatory protein TetR as well as the Hg?* capture element
INP-CL. The second version strain E. coli SS2.0 was improved by
combining the plasmid p2015a-Pye,r-TetR-INP-CL-Term-Pye0-50-
ecoRI and an additional low copy plasmid pSEVA221-Pyt0-50-doc. The
final version of strain E. coli SS3.0 was constructed with additional
redundant 2 copies of doc and one copy of ecoRI gene to achieve high
biocontainment efficiency. To fulfill this, three plasmids of p2015a-
Purerr-TetR-INP-CL-Term-Py 1e;0-50-ecoRI, pSEVA221-Py0-50-doc and
PBAC-PLtetO-50-doc were transformed into E. coli TOP10SS strain. The
detailed information of the above-mentioned plasmids could be referred
to Table 1.

2.3. Growth conditions and fluorescence analysis

Overnight cultures (2 x 10° CFU/mL) were inoculated in LB broth at
an initial cell density of 2 x 107 CFU/mL (dilution rate of 1:100) and
grown at 37 °C, 200 rpm for 16-18 h. For mercury or IPTG inducible
dose-response curve measurements, cells were firstly inoculated for 3 h
in LB until cell density reached to 6 x 10® to 8 x 10% CFU/mL. Then
different amounts of inducers were added and grown for another 3 h.
The used gradient concentrations of inducer were 0, 0.01, 0.02, 0.05,
0.1,0.2,0.5,1, 2, 5,10 pM for Hg?" and 1, 2, 5, 10, 20, 50 uM for IPTG.
Cultures were collected by centrifugation at 6,000 rpm for 10 min.
Pellets were washed twice using phosphate buffer solution (PBS, pH =
7.0), and the fluorescence data were recorded by the microplate reader
(Thermo Scientific, 485 nm for excitation and 520 nm for emission).

2.4. Mercury absorption assays

In order to identity the optimized mercury absorption elements for
genetic circuits, the peptides with Hg?" binding ability were surface-
displayed expression on the cell surface of E. coli strain by using the
N-terminal region of ice-nucleation gene inaK from Pseudomonas syrin-
gae (INP) as the anchor protein (Li et al., 2004). The recombinant strains
were cultivated to a final cell density of 2 x 10° CFU/mL in LB medium
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with 0.5 mM IPTG to promote the protein expression. Then, the cells
were harvested and washed twice using PBS (pH = 7.0) and resuspended
in 100 mM PBS at a final concentration of 1 x 10° CFU/mL. The artificial
Hg?t polluted wastewater was used, which was prepared freshly for
each time by adding Hg?" into 0.9% saline solution. To determine the
mercury absorption capacities by free cells, 50 pM Hg(NOs3), were added
and incubated for 1 h. After centrifugated at 6,000 rpm for 10 min, the
residual Hg?>* were immediately measured by Water Mercury Ion (Hg?")
Content Assay Kit (Beijing Solarbio Science & Technology, China) with a
spectrophotometer at the wavelength of 490 nm.

For preparation of immobilized cells, the cells were first cultivated as
mentioned above. Twenty gram per liter of strontium ferrite (SrFe;2019)
distributed in 4 g/L sodium alginate mixed with cell suspension to the
final cell density of 3 x 10'® CFU/mL was extruded into 2% CaCl, and
solidified for 2 h. Then the prepared magnetic immobilized particles
were applied for Hg?" adsorption and used repeatedly. Each cycle of
mercury absorption experiment was performed in 10 mL solution (10
UM Hg?" in 0.9% saline solution) addition with 10% volume of immo-
bilized particles for 12 h at 28 °C. The cell activity was defined as the
ratio of decreased amount of mercury concentration in the supernatant
to the initial Hg>" concentration in the solution. Then, cells were har-
vested by magnetic separation and re-activated in 0.9% saline with 0.1%
glucose for 12 h, prior to next cycle of treatment.

2.5. Cell escape rate assays

E. coli strains harboring toxin plasmids or negative control plasmids
were cultivated overnight in LB with appropriate antibiotics. Five
microliter of each dilution (from 10° to 10~7) was spotted onto LB plates
with or without 0.5 pM Hg?" ions, and the cells survival ratio equals to
the proportion of survived CFU under nonpermissive condition to the
total CFU under permissive condition. Each experiment was performed
with three replicates. Cells containing the final version of biocontain-
ment circuit transformants were activated under survival conditions.
One mL cultures of ODggp = 1.0, which equals to about 10° cells, were
washed, resuspended twice and then put onto LB plates supplied with
appropriate antibiotics for calculating CFU and survival ratios. The
escape rate was defined as the average number of colonies survival on LB
antibiotic plates per 10° cells.

2.6. Scanning electron microscope analysis

Surface properties of cells loaded with SrFe;20;9 nano-magnetic
particles of the calcium alginate beads was characterized by using
scanning electron microscope (SEM) analysis. Samples was washed
twice with ddH20, and fixed with 2.5% glutaraldehyde at 4 °C over-
night. Fixed samples were dehydrated through different concentration
of ethanol solution with a gradient (30%, 50%, 70%, 80%, 90%, 95%,
100%) for 15 min each and finally washed by pure ethanol twice.
Samples were further treated through critical point drying and coated
with gold before scanning electron microscope analysis. Electron mi-
crographs were obtained from the Hitachi SU8010 SEM (Tokyo, Japan).

3. Results and discussion

3.1. Designing an intelligent circuit for programed mercury adsorption
and cell death

Heterologous expression of protein might trigger metabolic burden
in the cells, which leads to undesirable physiological changes. Thus,
dynamic regulatory systems are useful for alleviating such burden,
especially when many foreign genes are introduced into cells (Wu et al.,
2016). A possible solution to such problem is using genetic circuit to
control gene expression in a programmable manner. MerR, as an in-
hibitor protein, is the Hg-sensing transcription factor that regulates
expression by coupling the promoter of Py, 1. This regulator was shown
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to be an activator of Pyt in the presence of Hg2+ and a weak repressor
in the absence of Hg2+ (Brown et al., 2003). Upon Hg2+ binding, MerR
undergoes extensive conformational changes that lead to the assembly
of Hg2+ binding site, and dissociates from Pp,r and then activates the
promoter. Ozyurt et al. (2019) recently developed a fluorescent
biosensor by fusing MerR and enhanced yellow fluorescent protein to
detect Hg?" in drinking water.

We then designed a genetic circuit based on the knowledge of MerR-
Prerr system. The circuit could sense the Hg2+ concentration variations
in the environment and automatically triggers specific gene expression
to realize a programmable control of the expression of Hg?* absorption
and cell death module (Fig. 1). As shown in the box of Sensor 1, the
constitutive promoter P, is used to initiate the normal expression of
MerR protein, and thus shut down the expression of genes downstream
of Pyerr to avoid metabolic burden in the absence of Hg2+ ions. Once the
concentration of environmental Hg?" ions rise above a certain
threshold, MerR will dissociate which allows activation of Py, to ex-
press Hg?*t binding protein (MBP) and start the absorption of Hg?" ions
(Effector 1, the bioremediation part). Meanwhile, TetR, a negative
regulatory protein of the Pp0 promoter, will also be expressed by Py,
promoter (Terpe, 2006). Thus, in the presence of Hg2+ ions, the toxin
gene driven by Pp.;o promoter cannot be expressed, which allows the
bacteria to proliferate normally. In the later stage of water treatment,
when cells have been recovered from the aquatic environment and the
concentration of Hg?" ions in the waterbody have dropped below the
threshold of the promoter response, the Py, promoter will be repressed
again and stop the expression of MBP and TetR. Subsequently, as cells
continue to reproduce, the intracellular TetR protein concentration will
be diluted and, eventually, disappear. As a result, the Pps;o promoter
will be activated again to express the toxin genes (Effector 2, the bio-
containment part), which ensures the death of GMOs and thereby ach-
ieves environmental bio-safety.

Additionally, considering the fact that Hg?' could inhibit cell
growth, the circuit also has another part only used for seed culture. As
shown in the box of Sensor 2 in Fig. 1, IPTG is only required in the seed
culture step. The Pp.0 promoter is tightly regulated by the Lacl and TetR
double negative regulatory protein system to completely shut down the
expression of the toxin gene. This module ensures normal cultivation of
cells without Hg?* addition. Once the strains were applied into the Hg>*
contaminated environments, HgZJr would take charge through Pprr
promoter for continuous production of TetR to inhibit toxin gene
expression. Thus, the circuit has achieved the function of a NOR logic
gate. With the presence of either IPTG or Hg?*, expression of the toxin
will be repressed, and cells can survive to proliferate in seed culture or
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absorb Hg?* in contaminated water respectively. On the other hand,
cells are programmed to die by expressing toxins.

3.2. Optimization of multiple-input logic gate and tightly controlled anti-
escape system

After in silico design, realizing the circuit first relies on qualified parts
with high sensitivity. Thus, we first optimized the sensitivity of each
module. E. coli strains have been reported to tolerant a Hg>" concen-
tration up to 10 pM (Tay et al., 2017), while the typical concentration of
mercury ions in contaminated water are relatively lower, varying from
10 to 100 nM level (Zhang et al., 2018). MerR based mercury biosensors
have been widely used on mercury sensing for their high selectivity.
Other biosensors, like Pcqgr (Tao et al., 2013) or Pgyirs (Cerminati et al.,
2015), also showed promising detection limits of respective 1.6 pM and
4.4 nM, but have lower selectivity since they could also be activated by
other irons like Zn?*, Cd2*, and Pb?*. The genetic architecture of Hg?*
biosensor contains a continuously expressed MerR protein and promoter
Pperr. However, the Hg2+ detection limit of putative Pyt promoter is
over 1 pM (Wang et al., 2013), and few research has been done for
optimizing the sensitivity of Pp,1. Such response concentration is too
high to match the typical mercury concentration in waterbody, which
requires fine-turning of the gene expression level of merR to adjusting
the response sensitivity of Pp,r promoter.

We first tuned intracellular MerR concentration by selecting a series
of constitutive promoters and RBS with various strengths (Wan et al.,
2019). Several promoters from Anderson’s promoter library (http://part
s.igem.org/) and 5 RBSs designed by RBS Calculator (https://salislab.
net/software) with various strengths were placed in front of merR
gene and green fluorescence protein (sfGFP) was used as a reporter gene
for Pperr- Up to 10 promoter/RBS combinations were evaluated under a
set of mercury concentrations from 10 nM to 10 pM to screen for the
ones with higher output, dynamic range as well as lower leakage based
on the dose response curves. As shown in Fig. 2a, before optimization,
the expression strength of most suboptimal promoter/RBS pairs for
MerR are too high (such as Jjgg-rbssg) or too low (such as Jy74-rbsss).
The incompatible amount between intercellular MerR and promoter
Puerr lead to poor sensitivity (Ky about 2-5 pM) as well as mild changes
response to Hg?" changing (Hill coefficient n only 1.5). The perfor-
mances of all the promoter/RBS combination for MerR expression were
characterized in Table 2. To sum up, the optimal combination consists of
a strong promoter and a weak RBS. The highest intracellular MerR
concentration of the mercury sensing module was achieved while using
the middle strength promoter Jigg and an artificial RBS (rbs,p) with a

Fig. 1. Schematic of genetic circuit for bioremedi-
ation and biocontainment system.

Sensor 1, Hg?' responsive module and Sensor 2,
IPTG responsive module; Effector 1, mercury bind-
ing protein (MBP) for bioremediation and Effector
2, suicide protein (toxin) for biocontainment func-
tion. P., constitutive promoter; Py, mercury
inducible promoter; Pr,e, IPTG inducible synthetic
promoter; Pri0, a well-known artificial promoter
with extremely low basal leakage and negatively
regulated by TetR; MBP, mercury binding protein
for bioremediation.
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Fig. 2. Response sensitivity optimization of mod-
ules in the designed genetic circuit.

a) dose-response curve of Hg?" responsible pro-
moters with different MerR strengths; b) architec-
ture of Hg>" repressible NOT logical gates based on
TetR transcriptional regulator; c) architecture of
IPTG biosensor and IPTG repressible NOT logical
gates; d) heatmap of the logic gate with Hg?>" and
IPTG input; e) selection of appropriate mercury
absorption proteins; f) screening of killing genes
with high efficiencies. Values are mean + SD (n = 3
biologically independent experiments).
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Table 2
Best fits of MerR-Pye, With various promoter and RBS pairs.
Sensors Inducer k(a.u.) a n Km (M) R?
J103-33MerR-Pye,1-sfGFP Hg 3957 + 82 0.6448 + 0.1163 2.3520 £ 0.1365 2.8240 £+ 0.1025 0.9991
(NO3)2
J114-33MerR-Pye,1-sfGFP Hg 51094 + 2595 0.2443 + 0.4993 3.2150 + 1.1040 2.0900 + 0.1720 0.9888
(NO3)2
J105-33MerR-Pyje,r-sfGFP Hg 63223 + 643 0.004483 + 0.0036 1.4380 + 0.0560 0.6455 + 0.0180 0.9996
(NO3)2
J108-33MerR-Pyje,1-sfGFP Hg 66077 + 1423 0.006113 + 0.0043 1.8560 + 0.2130 0.4388 + 0.0306 0.9965
(NO3)2
J108-RBSop-MerR-Pye,m-sfGFP Hg 64874 + 832 0.00009113 + 0.00013336 2.2930 + 0.2105 0.1159 + 0.0048 0.9982
(NO3),
J100-33MerR-Pyje,1-sfGFP Hg 67970 + 1411 0.0005805 =+ 0.00073995 2.3060 + 0.3385 0.2056 + 0.0148 0.9948
(NO3)2
J108-32MerR-Pyje,1-sfGFP Hg 67486 + 1231 0.001441 + 0.007176 1.7890 + 0.1345 0.7789 + 0.0348 0.9984
(NO3)2
J108-34MerR-Pyje,1-sfGFP Hg 74229 + 5032 0.2213 + 0.3441 2.3230 + 0.3350 3.8330 + 0.3580 0.9948
(NO3)2
J108-30MerR-Pyje,1-sfGFP Hg 74967 + 16482 0.06485 + 0.1527 1.4780 + 0.2415 6.5000 + 2.2480 0.9954
(NO3)2
J100-33MerR-Pyje,r-30HrpRS-t-pHrpL-sfGFP Hg 12813 + 471 0.0000009544 + 0.9354 £ 0.1164 0.00006657 + 0.00000891 0.9906
(NO3)» 0.0000047515
J108-rbsop-MerR-Pye;r-30HrpRS-t-pHrpL- Hg 11671 + 480 —5.4600E-7+3.6516E-6 0.9856 + 0.1412 0.00003495 + 0.000005695 0.9846
sfGFP (NO3)2
J103-33MerR-Pyje,r-sfGFP Hg 3957 + 82 0.6448 + 0.1163 2.3520 + 0.1365 2.8240 + 0.1025 0.9991
(NO3)2
J114-33MerR-Pyje,7-SfGFP Hg 51094 + 2595 0.2443 + 0.4993 3.2150 + 1.1040 2.0900 + 0.1720 0.9888
(NO3)2

Values of k, «, n and K, are mean with 95% confidence intervals. Each curve was fitted by at least 3 biologically independent experiments.
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calculated strength of approximately 150 arbitrary units (a.u.) (htt
ps://salislab.net/software), which is slightly lower than the commonly
used weak RBS B0033 (rbsz3) (Wang et al., 2013). We experimentally
verified this promoter and RBS pair to be the best combination of mer-
cury sensor with a relative high sensitivity and swift switch between ON
and OFF states. Notably, the mercury sensor sensitivity was improved
only by tuning the intercellular protein expression without changing the
gene sequence. Thus, the specificity of MerR for Hg?" will not alter.
Additionally, no fluorescence was observed when no Hg" was added,
which also indicated the functional protein expressed by this genetic
circuit is indeed specifically expressed for Hg?".

Next, we constructed a NOT gate as an inverter circuit to allow
activation of cell death without additional inducers in natural environ-
ment. Traditional gene regulation based on ‘inducible system’ or
‘quorum sensing’ are able to achieve dynamic control of certain bio-
logical functions through sophisticated design of genetic circuits that
enable complex spatial and temporal regulation of cell death related
gene expression. However, once applied to real-life biocontainment
systems, cell death could only be trigger with the help of additional
small molecules inducers, named ‘Active Containment’ (Li and Wu,
2009), which is actually impractical under realistic surroundings.
Meanwhile, biological NOT gates, which are generally presented as a
transcriptional-based NOT gate (Wang and Buck, 2012), formed the
basic function of information processing in variety of genetic circuits,
which provides an alternative solution. Here, with the multiple-input
logic gates, our “intelligent cell” can achieve programmed cell death
without any other inducer (Fig. 1). We implemented this idea using the
well-known IPTG regulated gene expression system (Sensor 2 part in
Fig. 1) in tandem with a commonly used transcriptional repressor TetR,
who tightly governs the transcription of a downstream Py o promoter.
Both of the input Prq. promoter and output Pro promoter formed an
IPTG rigorously repressible NOT gate. Similarly, sfGFP was used as a
reporter gene. We tested strain harboring this circuit in LB supplemented
with IPTG gradient from 0 to 500 pM. With the presence of at least 20
puM IPTG, sfGFP gene expression under control of Py promoter were
tightly closed (Fig. 2c¢), thus providing the feasibility of operating toxic
genes in the strains harboring this circuits.

NOR logic gates are “functionally complete”, which means any
complicated logical computations could be built by combining multiple
NOR gates. Plenty of NOR gates with various architectures have been
designed and characterized among E. coli (Tamsir et al., 2011). Here, we
used the well characterized TetR and its cognate promoter to construct a
simplified NOR logical gate (Fig. 1). We tested the synthetic circuit with
NOR-operation function under four conditions: (1) 500 pM IPTG, (2)
500 nM Hg?*, (3) 500 uM IPTG, and (4) 500 nM Hg?*. To determine the
precise dose of inducers needed to switch the NOR gate to ON state,
more combinations of IPTG and Hg?" gradients were tested. As is shown
in Fig. 2d, the NOR gate synthetic circuit performed as expected. Twenty
UM IPTG or 200 nM Hg?" was sufficient to maintain strain alive.
Consequently, it means that at least 20 pM IPTG is required to be added
in the seed culture stage. Moreover, when the environmental Hg?"
concentration dropped beneath the industrial effluent quality standard
(250 nM), the biocontainment system could be turned on automatically.

After optimization of the sensitivity and performance of the genetic
circuit, the Hg?" treatment elements were also screened. Considering
the nondegradable character of heavy metal elements, bio-adsorption
and recovery strategies should provide a feasible way to completely
remove heavy metals from environment, in order to prevent secondary
pollution (Lata et al., 2015). Microorganisms absorb and detoxify heavy
metal ions through various mechanisms, one of which is through
endogenous proteins that could bind to heavy metal ions. For example,
the MerR protein, which can be found in commonly seen bacterial
species including P. aeruginosa, B. megaterium and S. aureus, is capable of
binding to Hg?" ion with high specificity (Wang et al., 2016). Thus, the
efficient mercury absorption were first mined from recently reports (Bae
etal., 2003; Liu et al., 2019). Finally, two adsorption proteins, MerR and
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polypeptide of (Cys-Lys)s (CLs), were selected, as shown in Fig. 2e.
Surface-displayed polypeptides CLs, by wusing N-terminal of
ice-nucleation protein (INP-N) from P. syringae as the anchor protein (Li
et al., 2004), could efficiently remove the majority of Hg2+ with an
absorption rate of >80% when the initial cell density was approximately
1 x 10° CFU/mL. Thus, CLs was selected for the subsequent
experiments.

Finally, the last element in the circuit is the suicide gene. For a better
killing efficiency, we firstly screened several toxin genes with different
cell killing mechanism. Besides EcoRI endonuclease, the DNA gyrase
inhibitor CcdB and 30S ribosomal subunit inhibitor Doc were placed
under the tightly regulated promoter Pj.o. Escapee rates were calcu-
lated via dotting assay under permissive and non-permissive conditions.
The toxin with the highest biocontainment ability turned out to be the
doc gene who inhibit strain’s protein translation and thus caused a
rapidly arrest of the living strains (Fig. 2f). Intercellular accumulation of
Doc protein provides efficient cell killing capability with a ratio of cell
death measured no less than 99.99%. The reason is probably that the
combined impacts of destruction of DNA integrality as well as deacti-
vation of protein synthesis are better than inhibition of DNA replication,
the basis of ccdB. Additionally, EcoRI endonuclease also performed well
by cutting the E. coli chromosome into pieces and thus makes cells
almost impossible to stay alive.

3.3. Mercury recovery by magnetically immobilized cells with biosecurity
circuit

Using the optimized modules, we engineered a E. coli strain with
programmable capability of Hg?" adsorption and cell death. However,
efficient removal of waterbody heavy metal pollution also requires non-
biology methods to enhance the stability of biocatalyst as well as the
reusable feasibility of absorbing cells. For this purpose, immobilization
of cells has shown its advantages comparing to free cells. Specifically,
microbial immobilization on magnetic nanoparticles provided a
simplified way for rapid recovery, which is also a cost-effective way of
adsorption and desorption circulation process for recovery of environ-
mental contaminants (Yang et al., 2014). Additionally, magnetic nano-
particles are superparamagnetic with a large surface area, which reduces
the mass transfer resistance in traditional immobilization processes.
Such magnetic materials are easily accessible because they have been
widely used in various fields, including environmental remediation and
biotransformation processes (Liu and Yu, 2015). Here, we attempted to
use appropriate magnetic nanoparticles to construct calcium alginate
immobilized cells.

Moreover, we selected the appropriate magnetic material for
immobilization process. Fe(0) and Fe (II) are able to reduce Hg(II) to Hg
(0) since the oxidation-reduction potential of Fe(0) and Fe (II) are lower
than Hg(II), and the resulting Hg(0) could escape into the atmosphere
(Rodriguez-Raposo et al., 2000). Pre-experiments also showed that the
excessive Fe(II), which is abundant in Fe3O4 nanoparticles, has reduc-
tion activity towards Hg2+ and thus made Fe304 unsuitable as the
magnetic material (Fig. 3a). Therefore, we selected strontium ferrite
(SrFe;2019) to substitute Fe3O4 because of its chemical inertness of Fe
(II1) towards Hg (II) (Volodchenkov et al., 2016). Then, we devised a
strategy for reducing mercury pollution with reusable magnetic mate-
rial, which can easily recycle Hg>" through one-step elution. Specif-
ically, magnetic surface display of artificial E. coli harboring entire
genetic circuit with INP-CL5 gene were performed (Fig. 3b). The initial
cell density in the magnetically immobilized particles was also opti-
mized. When the initial cell density was improved to 10'° CFU, the
immobilized cells showed an efficient mercury binding capacity up to
98% under an initial Hg?>" concentration of 50 pM. The mercury
adsorption equilibrium time was previously reported to be within 1 h for
free E. coli cells harboring Hg?t adsorption protein (Liu et al., 2019). In
our experiments, it took about 2 h for reaching an adsorption equilib-
rium (Fig. 3b). This might be due to the immobilized materials, alginate,
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Fig. 3. Mercury recovery by repeatedly using magnetically immobilized cells with bioremediation and biocontainment system.
The pre-experiments of mercury absorption efficiency by immobilized cells using Fe304 (a) or SrFe;5019 (b) as magnetically nanoparticles; c) the adsorption effi-
ciencies of repeated used magnetically immobilized cells; d) the accurate data of anti-escape and Hg>" removal rates in each cycle.

which inhibited the diffusion of Hg?" as compared to that of free cells.

Additionally, in an industrial bioremediation process, recycle of
biocatalysts could be an important factor that determines the effec-
tiveness of degradation over time. With magnetic properties, the bio-
catalysts will be easily collected from aqueous phase by an external
magnetic field, thus making the recovery process more feasible and cost-
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effective. In the multiple cycles of mercury absorption test, mercury
binding peptide CLs showed a maximum capacity of 3.8 mg/g dry
weight, and mercury removal efficiency could maintain at no less than
95% for at least 5 rounds of repeated usage (Fig. 3c). The escape rates of
engineered strains with 2 copies of suicide modules were measured and
an approximate 5 x 1077 escape rate was achieved in each cycle
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Fig. 4. Scanning electron microscopy (SEM) characterization of the surface properties of strain E. coli SS V3.0 cells loaded with magnetic nanomaterials.
a) internal structure of magnetic material without cells; b) external structure of magnetic material without cells; c) internal surface properties of magnetically
immobilized cells; and d) external surface of cells loaded with magnetic nanomaterials.
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(Fig. 3d). The surface property of cells loaded with magnetic nano-
materials was characterized by scanning electron microscope. The
interior and exterior surface properties of magnetic nanomaterials with
alginate except the bacteria were denoted as the negative control
(Fig. 4a & 4b). The sample results depicted that on the both internal and
external surface of magnetically immobilized beads, visible strains and
magnetic nanomaterials were well attached onto the microstructure of
alginate-based materials (Fig. 4c & 4d). The irregular crystals in the
high-brightness and high-electron density regions are SrFe;30,9 nano-
magnetic particles. The strains were enveloped in the pores formed by
calcium alginate and the number of cells embedded in the inner surface
was obviously more than that on the outer surface. The inner surface of
the calcium alginate magnetic beads embedded with strains had a larger
porosity than the outer surface and could accommodate more bacterial
cells for Hg?" adsorption. This property could well explain the high
efficiency of Hg" adsorption by the magnetic immobilized cells.

3.4. Improving the anti-escape rate by optimizing the killing module

NIH guideline recommended that GMO escape rate should be guar-
anteed under 1078, thus requiring further reduction of escape rate of the
engineered strain. One way to achieve such goal is to introduce the
auxotroph strategy. For example, the chassis E. coli TOP10 is leucine
auxotroph and DH5« is thiamine and arginine auxotroph (Durfee et al.,
2008). However, the high costs associated with supplementing the
essential amino acids or other metabolites in natural environment
dramatically limits the application of such strains (Arnolds et al., 2021).
Alternatively, redundant strategy could be an appreciative substitute
biocontainment system with ultra-security. Thus, we constructed a
redundant system with 2 copies of doc and one copy of ecoRI gene in the
engineered mercury recovery strain to achieve high biocontainment
efficiency.

To avoid excessive metabolic burden, the compatible low copy
number plasmids pSEVA221 and pSBAC were used as the backbone. The
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toxin gene doc driven by promoter Py was subcloned onto these two
plasmids for additional copies of biocontainment systems (Fig. 5a),
resulting in the recombinant plasmids pSEVA221-pLtetO-doc and pBAC-
LtetO-doc for constructing the biosecurity strain. As shown in Fig. 5b,
strain with one additional copy of killing gene could only maintain
survive one of 10 million. The lowest escape rate of <10~ was achieved
with three copies of toxin gene, which meets the NIH guideline for GMOs
environmental release. The final strain with whole gene circuit, named
E. coli SS V3.0, was applied to Hg2+ adsorption again with the magnetic
immobilization process by fixing 10 mL (10 OD/mL) cells on the calcium
alginate beads (approximately 100 billion CFUs used per test). Accord-
ing to the NIH standard, no more than 1000 CFUs should be detected on
removal of Hg?". The escapers were detected after all the water phase
was collected by centrifugation after 12 h of absorption. The resulting
pellets were plated onto LB agar culture dishes for detecting the escape
rates. The stability of this strain was confirmed in long periods of
immobilized experiments. The results showed that the magnetically
immobilized cells displayed a removal efficiency of no less than 95% for
5 cycles but dropped to 70% in the sixth round, which indicated the cells
become to decline (data not shown). The escape rates were kept below
107 for 5 cycles with an average escape rate of (0.81 + 0.06) x 10~°
(Fig. 5c¢), which is below the recommendation demand of U.S. NIH
guideline (<107%). Given the feasibility of separation by an external
magnetic field and high adsorption efficiency, this study provides a
promising technique for mercury remediation in wastewater using
GMOs.

4. Conclusions

Environmental pollution has become a serious global problem. The
engineered strains with high efficiency will definitely make great con-
tributions for a clean world. However, bio-threats from GMOs released
into environments has hindered its application. To date, researchers
rarely demonstrated the theories of genetic safeguard systems. In this

Fig. 5. Further improving the anti-escape perfor-
mance by toxin redundant strategy in the final
engineered strain E. coli SS V3.0.
a) Schematic of redundant strategy for improving
the killing efficiency; b) the killing efficiencies of
strains with different copies of toxin genes; c) the
T escape rates and Hg?' removal efficiencies of
magnetically immobilized cells in 5 round testing.
The escape rate was defined as the overall survival
-I- rate of strains during cultivation without IPTG or
Hg*" and the control was the cell counting number
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study, we developed a synthetic biology approach to control the
behavior of GMOs. The strain with optimized genetic circuit could sense
the variation of Hg?>" concentration in waterbody and automatically
trigger programmable cell death after completion of the mission. The
designed circuit endowed strains with an escape rate of less than 10~°,
which is below the U.S. NIH guideline demand for GMO release into the
environments. Thus, this study provides a promising technology in
bioremediation fields to directly apply engineered microbes in an open
environment.
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