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Abstract:

Mercury (Hg) , defined as a considerably toxic heavy metal, has been exhibited to cause
substantial risks to aquatic environments through contamination, particularly through
bioaccumulation in seafood. The current remediation methods for mercury are limited, driving the
study of sustainable biomaterials. This theoretical study delves into the design of nature-based
bacterial biofilms, integrating curli proteins in embedded amyloid fibril matrices, to effectively
sequester mercury. Mercury ions are captured by the biofilm optimised with high specificity, while
the introduction of mutant merR gene serves to enhance sensitivity to fluctuating mercury
concentrations. The system is suggested to be validated through transcriptional activation, protein
aggregation, and mercury quantification, while the optimum parameters are suggested to be
confirmed through mathematical modelling. The approach adheres to sustainable bioengineering
principles by offering alternative bacterial hosts and genetic safeguards minimising risks associated

with genetically modified organisms (GMOs) release.

Introduction:
The Problem:

The continuing emission of heavy metals into aquatic environments has led to contamination
of organisms at every trophic level, particularly mercury, which shows toxicity at even low levels
(Kimékova et al., 2018). In recent years, therefore, the level of mercury contamination in seafood has
become a major human health problem. This has resulted in a significant number of publications
investigating the bioavailability of mercury pollutants and the cycles surrounding its presence in the
oceans (Jinadasa et al., 2021). Since the Minamata Bay disaster of 1956, in which over 2000 people
died after eating contaminated seafood following a release of methylmercury into the bay by a local
chemical factory, a global effort has been underway to mitigate the threat posed by mercury pollution

(Kimékova et al., 2018).



Why use Biomaterials for sequestering Mercury?

This theoretical approach scrutinises the employment of biomaterials to seclude mercury.
Efficient binding and immobilisation of contaminants have been demonstrated by biomaterials such
as plant based-amyloid fibrils and biofilms, granting a sustainable approach to heavy metal
remediation (Li et al., 2023). This in accordance with secondary sources evoking effective binding
capabilities of fungi-derived functional amyloids (Soon et al., 2022), as well as the potential of
fungal hydrophobins and amyloids for mercury sequestration (Wu et al., 2022), emphasising their
promise in sustainable remediation. This investigation explores functionality optimisation of the
biomaterials executed through the inclusion of genetic alterations targeting enhanced mercury

retention and sequestration.

Methodology:

Engineered system:

To mitigate mercury contamination concerns in marine ecosystems, the suggested approach
leverages novel biomaterials with genetic manipulation to augment captured mercury. The
Hg-contaminated water would flow through a biofilm which would be directly engaged with
mercury uptake from the functional amyloid fibrils integrated within the matrix. The curli proteins in
these fibril structures create an extracellular, sponge-like functionality in the amyloids, allowing the
entrapment of mercury ions through highly specific and strong affinity binding (Tay et al., 2017). A
novel gene circuit governs the mercury sequestration process. The incorporation of mutant meR
genes and mercury transporter elements would implement a dynamic circuit towards fluctuating
mercury concentrations for sensitivity optimisation, effectively secluding mercury and maximising

resource usage.

Plasmid design:

The plasmid design would be carried in SnapGene once sequences are retrieved in UniProt.
Mutations would be integrated into the meR gene altering the transcriptional activator merR which is
designed to sustain a repressor conformation in the absence of Hg, and activator conformation in the
opposite case. This follows the methodology of PARKHILL et al. (1998), in which the most strongly

activated phenotype was identified with a triple mutation, attaining 86 + 17% of induced wildtype



activity. This mutant merR exhibited lower binding affinity to the wild-type operator, promoting
reactivity to mercury. Additionally, the binding affinity of the MerR variants to the operator was
further refined to advance responsiveness to mercury. The inclusion of mutant merR gene with
mercury transported in the plasmid design would enable to increase sensitivity and efficacy of
sequestration (Hakkila et al., 2011). The combined optimisation of binding affinity and

transcriptional activation establishes efficient response to mercury contamination.

Proof of Concept/ Validation Experiments - How we will test that it works:

The gene circuit would be validated from exposing the bacterial host with the integrated
mutant merR to ambivalent mercury contractions and certifying the responsiveness of the circuit by
measuring transcriptional activation through the /6S reporter genes (Tay et al., 2017). Mercury
exposure would be conducted from the addition of mercury to media for varying lengths of time to
investigate its effects. Transcriptional analysis of engineered E. coli would be carried out, involving

the use of Congo Red to study protein aggregation.

Moreover, the efficacy of the biofilm would be confirmed through the quantification of
mercury prior and subsequent to contamination using atomic absorption spectroscopy, with the
difference affirming the competence of the system. For visualisation, scanning and transmission
electron microscopy (SEM and TEM) would be utilised to assess the structure and functionality of
the biofilm. Lastly, inductively coupled plasma mass spectrometry (ICP-MS) would serve as the

quantification of mercury binding, validating a holistic verification of the designed system.

Mathematical modelling/Simulation experiments:

The dynamic genetic network would be modelled using ordinary differential equations
simulating varying parameters to identify the optimum promoter strength, binding affinity and
mercury concentration and establish a compatible configuration that would enable optimal
performance. Competence of the designed biofilm within the aquatic environment would be
simulated to predict its capability to seclude mercury. For optimisation of a durable and robust
system, the model should be simulated under variable environmental parameters through tools like
HADDOCK and ClusPro for the examination of protein interactions while Phyre2 would assist in
structural predictions of the biofilm system. Finally, an in vitro simulation experiment should be
carried out by testing the biofilm filter in a small tank system, introducing mercury in controlled

quantities to test uptake by material. Mercury uptake could be tested in both freshwater and seawater



to evaluate the durability and robustness of the engineered construct across diverse aquatic

environments.

Biosafety/ Ethical concerns of engineered E.coli:

The objective of this research project is founded on sustainable bioengineering principles
and ethical mercury decontamination. The amyloid fibril-embedded material proposes a sustainable,
nature-based remediation method adjusting to mercury concentrations, enhancing heavy metal

sequestration over chemical methods.

Biosafety concerns, however, would include the possible horizontal gene transfer of altered
genes, through a transfer to wild-type bacteria in the environment. Furthermore, accidental leak of
genetically modified microorganisms from the biofuel could become disruptive to ecosystems and
non-target organisms (Lensch et al., 2024). Solutions to minimise these risks could include extending
the experiment by handling alternative expression hosts Shewanella spp. and Bacillus spp, which are
better adapted to aquatic ecosystems and mercury resistance than E.coli. These aquatic-adapted
bacteria could diminish the potential risks posed to other species while reducing the excessive use of

E.coli from their stronger resilience to mercury (Joshi et al., 2021).

Additionally, a genetic safeguard system could be implemented (Moe-Behrens et al., 2013),
comprising a circuit designed to monitor mercury retention and prompt cell death, thereby preventing
the escape of manipulated organisms. Self-destructive enzymes would be generated in reaction to
predetermined mercury concentrations, ensuring meticulous control over gene expression and

regulated termination of modified cells (Xue et al., 2022).

For a refined application of the biofilm system, one of the common fish farming techniques
requires nets in open water which could be adapted for applying the biofilm material to be suitable in
these environmentss. Tests extracting mercury from biofilm for reuse purposes of the filter could be
further conducted for a sustainable system. Continued testing of merR mutations through direct

evolution would ensure usage of a long-term resilient system.

Conclusion:



This theoretical study proposes a sustainable approach to minimise mercury contamination
issues in aquatic environments through the design of a bacterial biofilm with enhanced mercury
sequestration functionality. The selection of nature-based materials and integration of genetic
alterations allow for a sustainable methodology to to effectively seclude mercury. The combined
effect from curli proteins and mutant merR genes strengthens mercury binding through an increased
specificity and sensitivity, delivering a competent yet eco-friendly substitute to traditional
remediation techniques. For a real-life application of the designed system, further experimental

validation should be conducted to enable its use at a large scale.
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