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Environmental concerns are increasingly fueling interest in engineered living
materials derived from microbial sources. Melanin biosynthesis in microbes,
particularly facilitated by recombinant tyrosinase expression, offers sus-
tainable protection for the habitat of microorganisms against severe envir-
onmental stressors. However, there exists a vast urgency to optimize these
engineered microbial platforms, which will amplify their protective cap-
abilities, integrate multifaceted functions, and thereby expand their utility
and effectiveness. Here, we genetically engineer microbial platforms capable

of endogenously biosynthesizing phosphomelanin, a unique phosphorus-
containing melanin. The ability to heterogeneously biosynthesize phos-
phomelanin endows the microbes with enhanced resistance to heavy metals,
thus safeguarding their survival in adverse conditions. Furthermore, we
upgrade these engineered microbes by integrating PET-degrading enzymes,
thereby achieving effective integrated management of metallized plastic
waste. This engineered microbial platform, with its phosphomelanin bio-
synthetic capabilities, presents significant opportunities for microbes to
engage in bioengineering manufacturing, potentially serving as the next-
generation guardians against global ecological challenges.

Heavy metals (HMs) and metallized wastes constitute a persistent and
pervasive global environmental challenge'”. HMs are a collection of
metallic elements characterized by their high density, and toxicity or
harmfulness to living organisms’. Being non-biodegradable, they have
a tendency to bio-accumulate in the tissues of organisms and undergo
bio-magnification across trophic levels. This process can lead to det-
rimental health effects across the spectrum of life forms, including
microbes, plants, animals, and humans. Various strategies have been
developed for the remediation of HM pollution. The most commonly
used method involves the addition of amendments such as pre-
cipitating chelating agents (e.g., limestone, lime)*, complexing
chelating agents (e.g., ethylenediaminetetraacetic acid, citric acid)’,
and phosphate compounds®. These amendments can help immobilize

HMs, reducing their bioavailability and mobility, and thereby
decreasing their toxicity. However, conventional methods for HM
removal have several drawbacks, including potential secondary pol-
lution risks and significant alterations to the physical and chemical
properties of soil and water’. Consequently, it is imperative to explore
efficient and cost-effective methods to mitigate the ecological damage
caused by HMs and metallized wastes, while also minimizing the
associated risks to human health during the remediation process.
Microbes play a multitude of vital roles in environmental protec-
tion, including the purification of pollutants and the bio-remediation of
contaminated sites, thereby contributing to the sustainability and
resilience of ecosystems® . Microbial biotechnology has thus emerged
as an effective and eco-friendly solution for the treatment of HMs and
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metallized waste". It is well known that metals are involved in the
growth and metabolism of microbes in the process of their adaptive
evolution, either directly or indirectly. Precisely for this reason,
microbes can exhibit resistance to HMs. However, exposure to high
levels of HMs can cause irreversible damage to microbes. This includes
the disruption of microbial structures, disturbance of oxidative phos-
phorylation, conformational alterations of nucleic acids and proteins,
and the induction of enzyme inactivation®. Enhancing the resistance to
HMs is crucial for improving the effectiveness of microbes as a sus-
tainable and efficient approach for HM pollution management.

Melanogenic microbes, leveraging their inherent metal tolerance
mechanisms and the endogenous biosynthesis of melanin, demon-
strate metallophilic and metal-resistant characteristics superior to
those of ordinary microbes™. This renders them highly effective for the
bio-remediation of HM-polluted environments, due to the metal affi-
nity and high adsorption capacity of melanin. A typical example is A.
salmonicida subsp. pectinolytica, an extremophile isolated from a
heavily polluted river, which utilizes its own oxidase and peroxides to
manipulate the cascade biosynthesis of melanin®. The melanin bio-
synthesized within this extremophile acts as metal-binding agents,
providing protection against high concentrations of HMs'. Addition-
ally, the Gram-positive bacterium Bacillus megaterium (B. megaterium)
is a versatile and stress-resistant melanogenic bacterium capable of
resisting HMs"*®, While melanogenic microbes provide a sustainable
and eco-friendly alternative for HM removal, the low concentrations of
melanin generated by naturally-occurring strains are currently insuf-
ficient to address the escalating issue of HM contamination'.

Engineering microbial systems aim to customize or optimize
microbes with programmable functionalities using genetically engi-
neered and approaches. This nascent field holds the potential to
revolutionize diverse sectors, from sustainable manufacturing to
environmental management and ecological sustainability”. Currently,
ongoing efforts are focused on the overexpression of genes respon-
sible for melanin-producing enzymes (eg., tyrosinases (TYRs), pheno-
loxidases) in both melanogenic and non-melanogenic microbes, have
not only boosted the inherent melanogenic potential, but also enabled
the creation of melanin-recombinant microbial strains®**. Nowadays,
engineered microbes have successfully facilitated the endogenous
synthesis of several melanins. However, most of reported works on
microbial melanin production have focused on eumelanin and its
analogs'*. This is highly acceptable, as eumelanin is the most com-
mon type of melanin in humans. The melanins produced by engi-
neered microbes currently face issues such as poor yield, low purity,
unsatisfactory bioactivity and limited functionality. The currently
known melanins, such as eumelanin, pheomelanin and artificial mela-
nin analogs, possess similar polymeric backbones and functional
groups (eg., catechol, quinone), which represent only a small fraction
of their chemical diversity?**. By developing new types of melanin, we
can explore more undiscovered or underutilized chemical structures,
thereby developing engineered microbes with optimized HMs binding
performance and broadened application scope. Engineering microbial
systems holds the potential to revolutionize diverse sectors, from
sustainable manufacturing to environmental management and ecolo-
gical sustainability. However, there is considerable scope for further
progress in the engineering of microbes capable of biosynthesizing
melanins to combat HM pollution.

The phosphate group, a key component of essential biomolecules
such as nucleic acids and adenosine triphosphate (ATP), has a strong
tendency to interact with metal ions?*?°, For instance, metachromatic
granules are densely packed particles widely found within bacteria, the
main component of which is polyphosphate (polyP), and play a sig-
nificant role in microbial resistance to environmental HM stress. At the
same time, most chassis microorganisms are capable of utilizing
organophosphorus compounds and converting them into endogen-
ous substances®. The current technological system still faces

limitations due to its reliance on exogenous substrate supply, which
constrains the practical application of phosphomelanin biosynthesis in
comprehensive HM pollution remediation. Therefore, we look forward
to develop a de novo biosynthesis strategy for phosphomelanin
through engineered chassis microorganisms, aiming to establish an
autonomous production platform in future.

In this work, we design and engineer a melanogenic microbial
platform capable of biosynthesizing of phosphorus-enriched melanin,
designated as phosphomelanin. By employing chassis organisms with
upregulated tyrosinase (TYR) gene expression and using a phos-
phorylated tripeptide substrate, we demonstrate that peptide-based
substrates enable customized enzymatic reactions due to their struc-
tural flexibility and tunability”’~?°. This approach generates microbial
systems with programmable properties capable of endogenous
phosphomelanin production. Further, we demonstrate here that the
production of phosphomelanin endows the microbes with enhanced
resistance to HMs. Moreover, we showcase the potential of combining
phosphomelanin biosynthesis with the functionality of poly (ethylene
terephthalate) degrading enzymes (PETase) within an engineered
melanogenic microbial platform, thereby achieving effective and
integrated management of metallized plastic waste.

Results

Phosphomelanin production from engineered melanogenic
microbes

TYR functions as a prototypical multifunctional binuclear copper
oxidase pivotal in melanogenesis and enzymatic browning
processes®’. The manipulation of the TYR gene, which is essential for
melanin and its analogues production in living organisms, enables the
customization of microbes to achieve enhanced TYR expression. In
our work, we selected B. megaterium (WH320) as the microbial chassis.
Using a standard genome editing method®, we successfully developed
an engineered bacterium (GE-WH320) with effective expression of the
TYR gene (Fig. 1a-c and Supplementary Fig. 1). Initially, we engineered a
shuttle plasmid, designated as phis 1525, which incorporated the
promoter and repressor genes of the B. megaterium-borne xylose uti-
lization operon. The TYR gene from bacteria (referred to as the bmTYR
gene) was then integrated into phis 1525 under the control of the
xylose operon, resulting in the recombinant shuttle plasmid phis1525-
bmTYR. After transforming phis 1525-bmTYR into WH320, we
obtained the engineered bacterium (GE-WH320).

TYR features a spacious active site pocket that is specifically tai-
lored to accommodate Tyr-based substrates, thereby facilitating their
conversion into melanin or melanin analogues®. In our study, we
designed the tripeptide Ser-Tyr-Gly (SYG) and the phosphorylated
tripeptide pSer-Tyr-Gly (,SYG) as substrates. The SYG is derived from
the reactive sequence found in the green fluorescence proteins of
Aequorea victoria®, wherein Tyr functions as the site for the enzyme-
catalyzed reaction, and Ser provides a covalent bonding site for the
phosphate group, thereby facilitating the efficient phosphorylation of
melanin and its analogues. The molecular structures of these two tri-
peptides were subsequently elucidated using a combination of nuclear
magnetic resonance (NMR) and high-resolution electrospray ioniza-
tion mass spectroscopy (ESI-MS) (Supplementary Figs. 2 and 3). Fol-
lowing a 12-hour co-culturing of the GE-WH320 with ,SYG, a
macroscopic colonial browning reaction was evident in the culture
medium. This pronounced color change was not detected during the
co-incubation of the WH320 with ,SYG (Fig. 1d and Supplementary
Fig. 4a). The observed coloration suggests that the engineered bacteria
are highly expressing the TYR, which catalyzes the Tyr-containing tri-
peptide substrate to produce melanin analogues®. Scanning electron
microscopy (SEM) revealed the generation of heterogeneous aggre-
gates within the GE-WH320 following co-culturing with ,SYG. This
resulted in a transition from smooth to rough bacterial surfaces,
attributable to the deposition of these melanin analogues (Fig. 1e). The
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Fig. 1| Phosphomelanin production from engineered bacteria. a The physical
map of the recombinant shuttle plasmid 1525-bmTYR. b Schematic representation
of the biosynthesis of phosphomelanin in engineered bacteria. The expressed TYR
catalyzed substrate (phosphorylated tripeptide, ,SYG) to produce phosphomela-
nin eventually. ¢ WB analysis of GE-WH320 confirmed the expression of bmTYR,
with a molecular weight of 38.1 kDa. d Image of culture mediums of GE-WH320 and
WH320 bacteria after incubation with ,SYG over 72 h, show a distinct color dif-
ference. e SEM images of GE-WH320 before and after a 72-hour incubation with
pSYG. f UV-vis absorption spectra of GE-WH320 and WH320 bacteria after 72-hour

incubation with ,SYG. g The *P ssNMR spectra of bacteria, indicate a stronger
phosphorus signal intensity in the GE-WH320 compared to the WH320 bacteria at
the same conditions. h The ICP-OES results of these two bacteria, showing that the
phosphorus amount in GE-WH320 increased 2.9-fold to WH320 bacteria (25.03%o
vs. 8.63%o). i The average optical density at 600 nm (ODgo) of the culture medium
changes over time, indicating the generation of phosphomelanin within bacteria
does not affect their growth and proliferation (n = 3). Source data are provided as a
Source Data file.

co-incubation melanin analogues derived from the GE-WH320 exhib-
ited amplified absorption in the UV-vis region when compared to those
from the WH320 (Fig. 1f). These observations collectively validate the
successful biosynthesis of brown-black pigments within the engi-
neered bacteria, which possess classic characteristics of melanin.
Co-culturing with phosphorylated substrates resulted in a notably
amplified phosphorus signal intensity in the GE-WH320 compared to
WH320, as evidenced by *P solid-state NMR (ssNMR) spectroscopy
(Fig. 1g). Furthermore, inductively coupled plasma optical emission
spectrometry (ICP-OES) was employed for the quantitative analysis of
phosphorus content within these bacterial samples. The results indi-
cated that when ,SYG was used as the substrate, the phosphorus
content in GE-WH320 increased significantly, by 2.9 times compared to
that in WH320 bacteria. Additionally, the analysis revealed that the
phosphorus content in GE-WH320 with ,SYG as the substrate was
significantly increased by 3.19 times, compared to that with SYG as the

substrate (Fig. 1h and Supplementary Fig. 5). These results underscore
an augmented accumulation of phosphorus during the biosynthesis
process of melanin analogues catalyzed by TYR within the engineered
bacteria. These findings signify the successful biosynthesis of a
phosphorus-containing melanin analogue, which we have designated
as phosphomelanin, within the customized engineered bacteria. The
intracellular enzymatic cascade oxidation process involving phos-
phorus, as the critical step in the biosynthesis of phosphomelanin, is
found to be an exceedingly mild procedure. SEM results unveiled that
the cell wall and cytoplasmic membrane of the engineered bacteria
retained their structural integrity subsequent to phosphomelanin
generation. After transferring these colonies that have generated
phosphomelanin to fresh Luria-Broth (LB) medium, they were able to
undergo successive divisions and exhibited exponential growth
according to the S-shaped growth curve (Fig. 1i and Supplementary
Fig. 4b, c).
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Structural analysis of phosphomelanin

The commercially available TYR extracted from the champignon
mushroom Agaricus bisporus (referred to as abTYR) exhibits high
homology with bmTYR (Supplementary Fig. 6a), attributable to their
shared dicopper active centers®. To assess the similarity between
bmTYR and abTYR, equivalent amount of the phosphorylated
substrates ,SYG, ,TYG, and ,YYG were co-incubated with both TYRs at
37°C for 48 h under aerobic conditions. UV-vis absorption spectra
confirmed similar patterns of melanin analog generation and accu-
mulation in vitro (Supplementary Fig. 6b). Moreover, the *'P ssNMR
spectroscopic features of the phosphomelanin catalyzed by abTYR are
consistent with those of the phosphomelanin generated by bmTYR
(Supplementary Fig. 6c). This makes abTYR a well-suited model for
in vitro studies of melanogenesis. Notably, when compared to the
substrate ,SYG, the phosphomelanin (,SYG,,) exhibited resonance
peaks with comparable *'P chemical shifts (6), signifying a high degree
of consistency in their chemical structure®. This suggests that the
pSYGoy is synthesized through the polymerization of the substrate
peptide molecules (,SYG). The generated ,SYGox was verified as a
water-soluble, heterogeneous aggregate with a black, electron-dense
structure, as revealed by cryo-transmission electron microscopy (cryo-
TEM) (Supplementary Fig. 7). The in vitro synthesis of ;SYG via
abTYR-catalyzed oxidative polymerization achieved a high yield rate of
57% after 48 h.

Leveraging a combination of *C NMR and “C ssNMR techniques,
we unraveled the abTYR-catalyzed oxidative polymerization process
responsible for the formation of ,SYG,x. In the *C NMR spectra, signals
at positions 1/1" (6 =130 ppm) and 2/2’ (6 =115 ppm), corresponding to
the meta- and ortho-carbons of the hydroxyl carbon within the aro-
matic region®, demonstrated a strong consistency between the
structure of substrates (,SYG) and its oxidized products (,SYG,). This
consistency served as evidence of the generation of polymers with
repeating units (Fig. 2a). Moreover, the intensities of these two signals
assigned to meta-carbon and ortho-carbon were notably augmented in
the cross-polarization/magic angle spinning (CP/MAS) *C ssNMR
spectrum compared to those detected by *C NMR (Fig. 2b). This
observation indicated that the abTYR-catalyzed oxidative poly-
merization on the phenolic hydroxyl group in the substrate monomer
pSYG resulted in the formation of densely packed solid-state
structures®. Furthermore, matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF-MS) provided additional
evidence for the polymeric structure of ,SYG.x (Supplementary Fig. 8),
revealing characteristic structurally heterogeneous and multi-
dispersed oligomeric fragments. The Fourier Transform Infrared
(FTIR) spectrum of the substrate ,SYG revealed the presence of phe-
nolic groups from Tyr, as evidenced by the distinct absorbance band at
1518 cm™1 *°, Following abTYR-catalyzed oxidative polymerization, the
FTIR spectrum of ,SYG,x showed the disappearance of the 1518 cm™1
band and the emergence of a characteristic band at 1601 cm™, which
corresponds to quinone moieties (Fig. 2¢). These findings conclusively
demonstrate that the enzymatic polymerization process of phospho-
melanin involves a phenol-to-quinone oxidative reaction. Notably, this
phenol-to-quinone transition can also be observed in the substrate
SYG (Supplementary Fig. 9).

The chemical forms of phosphorus within ,SYGox were further
elucidated using *'P NMR spectroscopy. For the substrate ,SYG, its *'P
NMR spectrum featured a distinct and narrow peak signal at 3
(6=-0.32 ppm), corresponding to the phosphate group on the Ser
residue. This chemical form was also detected in ,SYGox (3', 6=0.76
ppm). Additionally, a peak signal at 4 (§=2.6 ppm) emerged for
pSYGoy, indicating the existence of a newly generated chemical form of
phosphorus, which may be a phosphate diester (Fig. 2d). These above
two chemical forms of phosphorus were also detectable through P
ssNMR, with corresponding peak signals at 6 =—0.98 ppm and § = 2.04
ppm, respectively (Supplementary Fig. 10). A comparative analysis of

the C NMR spectra for SYGox and ,SYGox provided further insight into
the newly generated chemical form of phosphorus. In SYG,,, a single
sharp peak was observed at § =176.3 ppm, which was assigned to the o-
quinone groups of oxidized Tyr (Supplementary Fig. 11a). In
comparison, ,SYGox exhibited two peaks in the aromatic region of
6=176.3 and 175.2 ppm (Supplementary Fig. 11b), with the former peak
not being observed in SYG,,. The unique signal at §=175.2 ppm is
attributed to the quinone structure attached to a newly formed
phosphate group**. The above results confirm that phosphorus in
pSYGox exists in the form of a phosphoester bond (R-H,PO,), most
likely coexisting in two chemical forms: one is the intrinsic phosphate
monoester retained from the substrates (,SYG), and the other is a
newly generated phosphate diester that bridges both Ser and the
quinone group of oxidized Tyr via P-O-C chemical bonds (Supple-
mentary Fig. 12).

The process of phosphomelanin generation through abTYR-
catalyzed oxidative polymerization can be speculated as follows
(Fig. 2e). In Stage 1, a sequential cascade of oxidation catalysis was
initiated, commencing from mono-phenol and proceeding to di-
phenol, and ultimately leading to the formation of the quinone
intermediate. Advancing to Stage II, the essential repetitive building
blocks of phosphomelanin were formed, involving the phosphoester
bond-forming reaction. Subsequently, in Stage IIl, the oxidative
polymerization process continued, leading to the elongation and
diversification of the polymer chains, ultimately yielding the het-
erogeneous phosphomelanin. The abTYR directly participates in the
three-stage enzymatic oxidation process, ultimately driving the bio-
synthesis of phosphomelanin®*. In natural systems, there are sev-
eral classical types of protein phosphorylation that play essential
roles in cellular signaling and regulation**. These types, apart from
Ser phosphorylation, typically include Thr phosphorylation and Tyr
phosphorylation. In our study, we further purposefully designed and
synthesized phosphate-containing tripeptides including ,Thr-Tyr-
Gly (,TYG) and ,Tyr-Tyr-Gly (,YYG) (Supplementary Figs. 13-14), to
simplify mimic the phosphorylated proteins found in nature. Co-
incubation of these two substrates with abTYR can also resulted in
generation of phosphomelanin (Supplementary Figs. 15 and 16). The
experimental results obtained from the UV-vis absorption spectra, 3P
NMR spectra, and ®C NMR spectra provided evidence that, in the
presence of abTYR, the substrate molecules underwent oxidative
polymerization, resulting in the formation of phosphomelanin
(,TYGox and pYYG,,). Given the important role of phosphorylation in
organisms, elucidating the biosynthesis of phosphomelanin will offer
new insights into the evolution of melanin function and the genetic
foundation of melanization in microorganisms®.

Kinetics of enzymatic production of phosphomelanin

TYR is composed of a four-helix bundle core bearing a magnetically
coupled dinuclear copper center in a deep active site pocket, capable
of oxidizing phenols attached to cargo molecules to yield o-
quinones™. These copper ions facilitate the transfer of an atom from
molecular oxygen (O,) to the orthoposition of a bound phenol mole-
cule. With the aim to elucidate the nature of the copper binding sites
and the presence of radical intermediates of the copper ions in abTYR,
spectroscopic studies by EPR were carried out. Results revealed the
existence of an EPR-silent state around g =2.50 ~ 2.05 (Supplementary
Fig.17a). The absence of the EPR signal has been shown to derive from
antiferromagnetic coupling between the copper (Il)s, which requires a
super exchange pathway associated with a bridging ligand™.

The kinetics of abTYR-catalyzed oxidative polymerization of
phosphomelanin can be elucidated based on three historically recog-
nized states of the active center copper atom: deoxy [Cu(l)-Cu(l)]; oxy
[Cu(l)-0,2-Cu(ll), p-r*:n*-peroxido dicopper (I)]; and met [Cu(ll)-O-
Cu(ll), g-hydroxido dicopper (II)J**. In the initial stage of phospho-
melanin biosynthesis, the abTYR in the deoxy-form state activates O, to
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Fig. 2 | Structural characterizations of phosphomelanin. a”C solution-state NMR
spectra of ,SYG and ,SYG,,, signals corresponding to the whole molecular back-

bones were detected, attributed and remarked by different color dots. b *C CP/

MAS ssNMR spectra of ,SYG and ,SYG,. ¢ FTIR spectra of ,SYG and ;SYG,. These
bands located at 1601 cm™ was attributed to quinone residues. The band located at
1518 cm™ was ascribed to phenol groups of Tyr. d *P solution-state NMR spectra of
pSYG and ,SYG,,, a new resonance of ,SYG, indicated a newly generated chemical

form of phosphorus was synthesized during enzymatic reactions. e The underlying
mechanism of the biosynthesis of phosphomelanin by abTYR. Three stages can be
divided based on the proposal structures. Stage I is the classical oxidative reactions
of phenol groups to produce quinone groups. Stage Il was the P-O-C bond-forming
reaction to introduce a phosphate group, and Stage Il was the polymerization

reaction between these aromatic (phenol or quinone) groups to produce the het-
erogenous pigmental polymer. Source data are provided as a Source Data file.

generate a u-n*n*peroxido dicopper (ll) core, representing the oxy-
form state. This leads to the regioselective hydroxylation of phenols,
resulting in the formation of catechols, while concurrently forming a u-
hydroxido dicopper (II) core (met-form state). Subsequently, abTYR
facilitates the further oxidation of catechols to quinones, while the
copper core in the met-form state reverts back to the deoxy-form state
(Supplementary Fig. 18a). Kinetic experiments using ,SYG and
SYG as substrates respectively, were performed by monitoring

spectrophotometrically the corresponding melanin analogues in the
region of 300 ~ 800 nm. Results showed that under the commensurate
enzyme-catalyzed reaction conditions, phosphorus-containing sub-
strates (,SYG) exhibit higher enzymatic reaction efficiency compared
to substrates without phosphorus (SYG) (Supplementary Figs. 17b
and 18b-c). In addition to the pathway in which TYR catalyzes the
oxidative polymerization of Tyr residues resulting in the production of
melanin, a parallel competitive pathway exists. This pathway involves
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TYR catalyzing the oxidative cross-linking of Tyr residues to form
stable and covalent o, o-dityrosine products with characteristic fluor-
escence. Excitation of those fluorescent intermediates at a wavelength
of 315 nm results in a characteristic emission centered on 400 nm™. It
was observed that the fluorescence generated in the abTYR-catalyzed
process using ,SYG as the substrate was significantly lower than that
using SYG as the substrate (Supplementary Figs. 18d-e and 19). These
results indicated that the introduction of phosphorus in the substrates
can significantly enhance the efficiency of abTYR in catalyzing the
oxidative polymerization, thereby leading to improved melanin
production.

Further, energy analysis and molecular docking studies were
conducted to reveal the influence of phosphorus-containing groups on
the abTYR-catalyzed oxidative reactions. In the simulation, the subunit
of recombinant mushroom TYR (abPPO4, PDB ID: 5M6B, chain A) was
taken as the receptor, and substrates including ,SYG and SYG were
used as ligands*’. The computational docking results were visualized
to illustrate the strength of the bonding forces and the best geome-
trical arrangements of the substrate molecule (,SYG and SYG) within
the active pocket of the abPPO4 enzyme (Supplementary Fig. 17¢c-d).
Results showed that phosphorus-containing groups in substrates ,SYG
provided abundant hydrogen bonding sites inside TYR (abPPO4)
enzyme. Amino acid residues Cys80, Ser83, Lys421, and Thr457 formed
six hydrogen bonds with ,SYG. Comparably, only two hydrogen bonds
located on the Cys80 and Thr457 were found between this enzyme and
SYG. The predicted binding energy for ,SYG is —2.7 kcal mol™, which is
stronger than that for SYG at —2.4 kcal mol™. Consequently, it can be
concluded that ,SYG demonstrates a higher binding affinity to abTYR
than SYG, implying that phosphorus-containing substrates may
enhance the activity of abTYR-catalyzed oxidative reactions.

Metal binding ability of phosphomelanin

Given the bioaccumulation, persistence, and toxicity of HMs, there is
an urgent need for sustainable remediation approaches to address
their environmental hazards®. Melanin have the ability to form stable
complexes with HMs through various functional groups, such as
hydroxyl, carboxyl, and phenolic hydroxyl*®. Building on this eco-
friendly strategy, we have investigated the metal adsorption and
removal capabilities of phosphomelanin with a focus on its interac-
tions with a selection of representative HMs, including Cr", Pb", Yb",
Dy", and Tb" (Fig. 3a). Upon mixing the nitrate salts of the afore-
mentioned HMs with ;SYG, in aqueous solutions, the initially tawny-
colored ,SYG,x solution lightened to a pale yellow (for Cr") and
became colorless (for Pb", Yb™, Dy", and Tb"™). Concurrently, insoluble
dark-colored complexes rapidly formed and precipitated (Fig. 3b). The
findings indicate that phosphomelanin forms effective complexes with
HMs, transforming them into easily manageable precipitates, and
surpasses traditional melanin in sequestration capabilities. The strong
binding capabilities of phosphomelanin with HMs was also supported
by the results from UV-vis spectroscopy (Fig. 3¢) and ICP-OES (Fig. 3d
and Supplementary Fig. 20). Under identical conditions, the incor-
poration of phosphorus significantly enhanced the melanin’s ability to
remove Cr", Pb", Yb", Dy", and Tb", with the concentrations of HMs in
the precipitates increasing by 41.80%, 4.01%, 32.18%, 51.70%, and 8.67%,
respectively.

Subsequently, we employed a suite of ssNMR techniques,
including 1D 'H NMR spectra, 1D *'P NMR spectra, as well as 2D 'H-*'P
heteronuclear chemical shift correlation experiments (HETCOR) under
magic angle spinning (MAS), to elucidate the intermolecular interac-
tions within HM-phosphomelanin complexes. These analyses were
instrumental in revealing the mechanisms by which phosphorus-
containing melanin augment the binding capacity for HMs. Specifi-
cally, we selected the Pb"-,SYG.x complex as an example to provide
insights into the role of phosphorus-containing moieties in the
sequestration of HMs. As shown in Fig. 3e, f, the 1D *P and 'H NMR

spectra were utilized to investigate the alterations in electron density
of the Pb"-bound and Pb"-free states of ,SYG,y. After the formation of
the Pb"-,SYG,x complex, the *'P resonance shifted to a higher field
region. This indicated that Pb" caused a change in the electron density
around the phosphorus atom. This can be attributed to the electro-
static interaction between the negatively charged phosphorus groups
and the positively charged Pb". And, the 'H resonances indicated that
the aromatic hydrogen (Haromatic) and the active hydrogen (Hactive) in
Pb"-,SYG,x complex all shifted to a higher field region, while the
resonance of aliphatic hydrogen (Hgjiphatic) stayed the same. These
results above indicate that Pb" interacts with the carboxyl, dopaqui-
none, and phosphoryl groups of ,SYG,,, facilitating the adsorption
and removal of HMs by the phosphomelanin. Furthermore, 2D 'H-3'P
HETCOR spectra were measured to provide more detailed structural
information of Pb"-,SYG,x complex***°. Two groups of *'P resonances
were detected from ,SYG,y, which correspond to different phosphate
groups (around —-0.94 and 0.23 ppm), respectively (Fig. 3g, Supple-
mentary Table 1). Upon complexation with Pb", the 3P resonances
observed in ,SYGy coalesce and relocate to chemical shifts of
-0.43 ppm. These chemical shifts indicate the column force between
Pb" ions and the phosphate groups within ,SYGy, resulting in the
formation of the Pb"-,SYG,x complex. Additionally, we compared the
meta-binding capabilities of phosphomelanin (,SYG,y) with its coun-
terparts, including natural eumelanin (eumelanin from Sepia officina-
lis), artificial melanin and SYG, (Fig. 3h and Supplementary Fig. 21).
These melanins were incubated with a mixture of HMs (Cr"
468.0mg L, Pb" 84.0 mg L%, Mn" 660.0 mg L7, Li' 17.0 mg L, Cd"
32mg L7, Ni" 181.0mg L, Zn" 147.0 mg L7, Cu" 99.0 mg L) that
simulated the pollution levels typically encountered in Northeast
Asia’*% Upon ICP-OES analysis, phosphomelanin exhibited greater
binding efficiencies for Cr", Mn", Zn", Pb" and Cd", particularly in
capturing Li' ions, which is unattainable by other melanins. Phospho-
melanin does not demonstrate significant binding advantages for Ni"
and Cu" when compared to its counterparts (Fig. 3i and Supplementary
Table 2). This observation can be explained by the fact that natural
melanins, including Sepia eumelanin and artificial melanin, contain
catechol functional groups that are capable of forming specific coor-
dination interactions with valence-variable metal ions. These interac-
tions substantially enhance binding capacity and may competitively
interfere with phosphate groups-mediated metal ion binding
processes>.

In situ biosynthesis of phosphomelanin in microbes enabling
resistance to HMs

We selected two representative microbes as the microbial chassis: a
Gram-negative platform strain (£. coli TOP 10) and a Gram-positive
platform strain (B. subtilis 168) to construct an engineered microbial
platform capable of biosynthesizing phosphomelanin endogenously.
We confirmed that phosphomelanin can be produced across different
microbial genera, thereby enabling them to withstand harsh HM
conditions.

Initially, we successfully constructed an engineered bacteria
(GE-E. coli) based on the typical Gram-negative platform strain (E. coli
TOP 10), capable of heterologous expression of bmTYR (Fig. 4a
and Supplementary Fig. 22). We synthesized the bmTYR gene and
placed it under the control of the strong constitutive promoter
(J)23100)**. Then, we transformed the recombinant plasmid pUC57-
bmTYR into the E. coli, resulting in high levels of TYR expression.
Following a 12-hour incubation with the substrate ,SYG, the color
of the engineered bacteria (GE-E. coli) solution progressively intensi-
fied. By combining biochemical methods and cryo-TEM, we confirmed
that the phosphomelanin is located both on the cell wall and in
the cytoplasm (Fig. 4a and Supplementary Fig. 23). The engineered
microbes capable of biosynthesizing phosphomelanin can
effectively bind to HMs. This was confirmed through analysis using
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Energy-dispersive X-ray spectroscopy (EDS) and XPS (Fig. 4b and
Supplementary Fig. 24).

We compared the surface zeta potentials of WT bacteria (E. coli),
bacteria that produce phosphorus-free melanin SYG,x (GE-E. coli +
SYG,y), and bacteria that produce phosphomelanin ,SYGox (GE-E. coli +
pSYGox). The results showed that the GE-E. coli bacteria producing
phosphomelanin exhibited a more negative charge than E. coli alone

(-32.23mV vs. -25.88 mV), which can be attributed to the auto-
ionization of phosphorus-containing groups in phosphomelanin
around the membrane environment. The GE-E. coli producing SYGgx
exhibited a less negative charge than E. coli alone, which can be
attributed to the shielding effect of SYG,x melanin on the bacterial
surface charge. This also indirectly confirmed the distribution of
melanin on the cell membrane (Fig. 4c). The three microbial strains
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Fig. 3 | Metal-binding ability of phosphomelanin. a Schematic representation of
the interaction between phosphomelanin, a soluble substance, with HMs. Upon
binding with HMs, phosphomelanin forms insoluble complexes. This process
results in the sequestration and removal of HMs from the environment. The insert is
a scheme of phosphomelanin (left) and simulated phosphomelanin-Cr" complex
(right). b Visual comparison of the precipitates obtained after mixing melanin
(,SYGox and SYG,,) solutions with different types of HMs, where the yellow arrow
denotes the phosphomelanin-HM complex. Results show that phosphomelanin
binds more extensively with HMs than the phosphorus-free melanin, leading to
increased precipitate formation and a subsequently clearer supernatant. ¢ UV-vis

spectra of the supernatants. d Quantitative analysis of HMs captured by ,SYGox
using ICP-OES. The (e) *'P ssNMR spectra, (f) 'H ssNMR spectra, and (g) 2D 'H-*'P
HETCOR spectra of the Pb™,SYG,x complex and the metal-free ,SYG,,, respec-
tively. These chemical shifts indicate the column forces between Pb" ions and the
phosphate group within ,SYGoy, resulting in the formation of the Pb",SYGx
complex. h Schematic diagram of melanin-metal binding in solution state.

i Quantitative analysis of HMs captured by different melanins (eumelanin from
Sepia officinalis, artificial melanin, ;SYGox and SYG,,) from mixed HM solutions by
using ICP-OES (n=3). 1 ppm (parts per million) indicates that 1 ug of metal ions is
present per 1g of the complex. Source data are provided as a Source Data file.

were exposed to seven toxic-level HMs, including Co", Cr", Dy", Mn",
Pb", Tb", and Yb", to evaluate their resistance to toxic-level HMs
(Fig. 4d). The bacterial survival under toxic-level HMs was quantified
using a colony forming unit (CFU)-based assay>. Notably, the engi-
neered E. coli containing ,SYG,x demonstrated superior resistance to
all tested HMs. In comparison, the engineered E. coli containing
phosphorus-free melanin (SYG,,) exhibited moderate HM resistance,
with poor survival at equivalent concentrations of Co", Mn", Pb", and
Tb", and marked growth suppression in Cr", Dy" and Yb". The WT E.
coli controls showed no observable survival under tested HM
conditions.

Besides, ICP-OES was used to assess the HMs-binding ability of
these bacterial cells. Compared to the other groups, the engineered
bacteria producing phosphomelanin showed enhanced binding capa-
cities for Cr2* and Zn2* (Supplementary Fig. 25). It is worth noting that
when we re-inoculated these phosphomelanin-producing engineered
microbes, which had bound HMs, into a fresh culture medium and
subjected them to shaking incubation, we observed that all these
microbes grew vigorously and were capable of continuous division and
proliferation. The SEM results show that the engineered microbes
maintained intact morphology, uniform size, and clear surface features
(Fig. 4e). The above experimental results confirm that, compared with
their naturally corresponding microorganisms, engineered micro-
organisms producing phosphomelanin exhibit higher metal-binding
affinity and more advanced protective functions against HMs*.

By constructing another recombinant shuttle plasmid (pP43-
bmTYR), the bmTYR gene can also be successfully expressed in
Gram-positive platform strain B. subtilis 168. This indicates that the
engineering of microbes to produce phosphomelanin is not only
achievable in the Gram-negative bacteria but is also feasible across
the Gram-positive bacteria (Fig. 4f). Following co-incubation with the
substrate ,SYG, the engineered bacteria (GE-B. subtilis) exhibited
significant production of deep-black phosphomelanin. This was fur-
ther validated by cryo-TEM imaging equipped with EDS, which
depicted the deposition of aggregates on the bacterial surface with a
distinct contrast to the bacteria themselves (Fig. 4g). ICP-OES mea-
surement and elemental mapping confirmed the presence of phos-
phorus within these melanin-based aggregates (Fig. 4g, h).
Collectively, these findings confirm the biosynthesis of phospho-
melanin by the engineered B. subtilis. These engineered B. subtilis
bacteria, which produced phosphomelanin, also exhibited more
robust growth under conditions with toxic-level concentrations of
HMs, including Cr", Mn", Pb", Tb", Dy", Yb" and Co", compared to
bacteria producing phosphorus-free melanin (Fig. 4i).

Due to the steric hindrance between enzymes and substrates”,
microbes containing TYR exhibit lower catalytic efficiency compared
to pure TYR, which directly interacts with substrates to catalyze oxi-
dation reactions. However, unmodified or unprotected pure TYR is
highly sensitive to environmental HMs. These HMs can inhibit TYR’s
catalytic activity through copper ion displacement, disruption of
protein structure, or oxidative damage®’. Microbial systems provide
protective advantages for TYR through HM isolation and enzyme
immobilization mechanisms™. Notably, through the refactoring of the

phosphomelanin biosynthesis pathway, engineered microbial strains
with high TYR expression can achieve resistance to high concentra-
tions of HMs in heavily polluted conditions. This straightforward
enzymatic biosynthesis route is distinct from the complex gene reg-
ulatory mechanisms®. It serves as a simple protective mechanism that
not only enables microbes to thrive in extremely harsh HM environ-
ments but also facilitates the management of HMs. Synthetic biology,
with a sophisticated arsenal of tools, presents an exciting avenue for
the creation of a comprehensive microbial platform that produces
phosphomelanin in situ a compound with significant potential in
neutralizing HM hazards”.

Phosphomelanin-producing microbes in situ secreted hydrolase
for PET depolymerization in HM surroundings

Plastics, particularly microplastics (MPs), when associated with HMs,
have emerged as a new class of pollutants. This association can modify
the environmental behaviors, bioavailability, and toxicity of the HMs,
posing significant ecological risks. However, to date, attention has
primarily been focused on the enzymatic degradation of plastic pol-
lutants, with the impact of HMs being largely overlooked®. We
designed engineered microbes that are capable of producing phos-
phomelanin and possess plastic-degrading abilities. These engineered
microbes can biocatalytically synthesize phosphomelanin, survive in
harsh HM environments, bind and resist with HMs. Additionally, they
are able to degrade the plasticcHM complex pollutants commonly
found in landfill sites for domestic waste and heavy industrial waste.
Specifically, we evaluated the degradation of commercial plastic films
by engineered bacteria based on the classic soil microorganism B.
subtilis under these HM-challenging conditions.

Based on the aforementioned research on the genetic engineering
of microorganisms, we have further designed a gene cluster with the
aim of simultaneously achieving the biodegradation of PET plastic and
the adsorption of HMs. This integrated approach could potentially
offer a more efficient and targeted solution for environmental reme-
diation, particularly for the treatment of plastic-HMs composite pol-
lutants (Fig. 5a). Here, B. subtilis 168 was chosen as a platform to
exogenous express recombinant PET hydrolase (PETase). A biosyn-
thetic gene cluster was constructed within a shuttle plasmid pP43-
NMK. And then, a constitutive promoter, P43 promoter, was contained
within this shuttle plasmid to achieve a non-induced expression. Fur-
thermore, the Bacillus signal peptide fragment (SP,my) was fused to the
N-terminus of PETase gene from Indeonella sakainesis to maximize the
excellualr secretion of PETase®*®*. Simultaneously, the bmTYR gene
was also integrated to facilitate the intracellular biosynthesis of
phosphomelanin. WB measurements confirmed that PETase was
secreted into the extracellular environment, while bmTYR remained
within the engineered bacteria (Supplementary Fig. 26). The PETase
and bmTYR encoding genes are each preceded by the B. subtilis mntA
ribosomal binding site (RBS) (AAGAGGAGG), which s a considered as a
strong Shine-Dalgarno sequence (AG>50.4 kJmol™), to ensure effi-
cient translation®”.

Additionally, the formation of phosphomelanin in engineered
bacteria and their HM resistance to Co" and Mn" were demonstrated by
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occurred within the engineered bacteria (below). g The cryo-TEM and EDS images
of the GE-B. subtilis that was cultured within ,SYG-containing LB media. h ICP-OES
analysis of both the B. subtilis and GE-B. subtilis after a 24-hour co-incubation with
the substrate ,SYG. The results indicated an approximately 1.7-fold increase in
phosphorus content within the GE-B. subtilis compared to the B. subtilis, with
percentages at 3.55% and 2.09%, respectively. i The normalized values (CFU/mL) of
the GE-B. subtilis (,SYG as the substrate) and GE-B. subtilis (SYG as the substrate).
These bacteria were co-cultured in LB media, which contained toxic-level con-
centrations of HMs. Data presented as mean = SD (n = 4, representing four experi-
mental repetitions). Bars represent mean + SD; ordinary one-way ANOVA. *P< 0.05;
**P<0.01; **P<0.001; ***P< 0.0001. Source data are provided as a Source

Data file.

cyro-TEM, EDS and selected area electron diffraction (SAED) analyses
(Fig. 5b and Supplementary Fig. 27). Selecting the monomer of PET, bis
(2-hydroxyethyl) terephthalate (BHET) as a model, the biodegradation
capability of engineered bacteria in the presence of HMs was further
evaluated. As shown in Fig. 5c, these PETase secreted by the engi-
neered bacteria catalyzed in vitro hydrolysis reactions of ester bonds
within BHET. The high-resolution ESI-MS measurements confirmed
that these ester bonds of BHET were hydrolyzed into terephthalic acid

(TPA) and ethylene glycol (EG) monomers (Supplementary Fig. 28).
The BHET block degraded into fragments within 1h and was further
digested into smaller pieces after 6 h. Over a period of 36 h, the BHET
block was completely decomposed, resulting in a visible clear solution.
While there were no morphological changes observed, when the BHET
block was inciubated with 50 mM Gly-NaOH buffer (Fig. 5d). The PET
film can also be degraded by the engineered bacteria. We immersed
BHET blocks and PET films in a solution of engineered bacteria and
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Collectively, these results confirm that the HMs were trapped by organic
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phosphorus-containing groups derived from phosphomelanin. ¢ Schematic dia-
gram of the BHET hydrolysis reaction catalyzed by recombinant PETase secreted by
engineered bacteria. The inserted figures display the time-dependent degradation
of a commercial PET film by the engineered B. subtilis 168. d The BHET block,
measuring 1.0 x 1.5 x 0.3 cm, underwent hydrolysis in both a 50 mM glycine-NaOH
buffer (pH 9.0) and the culture medium of engineered bacteria. The temperature
for the hydrolysis was maintained at 50 °C. e SEM images of PET films treated with
culture medium, B. subtilis 168, bmTYR-expressing engineered bacteria, and
PETase-bmTYR-expressing engineered bacteria.

assessed their weight loss at various time points to confirm the bio-
degradation capability of the engineered bacteria on plastics (Sup-
plementary Fig. 29). We can observe that by the 28th day, the intact
PET film had been broken down into smaller fragments (Fig. 5c insert).
After that, SEM was employed to visually confirm the changes in sur-
face morphology during the PET film degradation process (Fig. 5e).
The surface of PET film remained smooth and even when incubated in
a culture medium or co-incubated with non-engineered bacteria.
However, when incubated with the bmTYR-expressing B. subtilis
168 strain, the PET film’s surface lost its original luster, attributing to
the generation of phosphomelanin. Notably, incubation of the PET film
with the engineered PETase-bmTYR-expressing B. subtilis 168, resulted
in a visibly roughened and wrinkled film surface, indicating the bio-
degradation of the PET film by the engineered bacteria. This rough
surface exposed more reactive sites for PET hydrolysis reactions and
sped the whole degeneration course eventually. Moreover, 2D XRD
measurements confirmed changes in the crystallographic orientation
of the PET film as the degeneration progressed (Supplementary
Fig. 30). The PET film exhibited three distinct intensity peaks, where
the in-plane crystallographic orientations were represented by peaks

with d-spacings of 6.8 A and 3.9 A, and the out-of-plane orientation was
indicated by a peak with a d-spacing of 3.4 A. The results showed a
decrease in all three crystallographic orientations during the engi-
neered bacteria-induced degeneration, with the out-of-plane orienta-
tion (d=3.4A) demonstrating a more pronounced reduction
compared to the in-plane orientations (d=6.8A and d=3.9 A). This
suggests that the PET polymer films, which are packed perpendicularly
to the film plane, are more readily catalyzed by PETase secreted by
engineered bacteria.

The recombinant PETase enzyme exhibits its highest catalytic
activity at approximately 50 °C. However, the chassis microbe B. sub-
tilis 168 does not thrive at this high temperature®. To address this, we
have further developed a thermophilic engineered bacteria based on
the B. subtilis HT50 (Supplementary Fig. 31). As anticipated, this engi-
neered thermophilic bacteria is not only capable of in situ biosynthesis
of phosphomelanin within the bacteria, which effectively binds to HMs
such as Co" and Mn", but also demonstrate excellent biodegradation
efficiency for PET at approximately 50 °C. This engineered thermo-
philic bacteria shows potential as a suitable candidate for industrial
strains, where a moderate increase in temperature can enhance the
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efficiency of industrial processes for treating plastic-HM composites.
In summary, applying principles of synthetic biology (Supplementary
Table 3), we have constructed an engineered bacterial platform that
offers functionality: it utilizes in situ biosynthesized phosphomelanin
for resistance against HMs and also employs the release of PETase
enzyme for plastic degradation. The establishment of this engineered
bacterial platform provides an efficient and sustainable solution for
the treatment of plastic-HM composite pollutants.

Discussion

We have customized and optimized engineered microbial systems that
confer resistance against heavy metals and metalized plastic wastes via
phosphomelanin biosynthesis, employing biological synthetic meth-
odologies. We have demonstrated that TYR expression in engineered
melanogenic microbe is proficient to produce a melanin enriched with
phosphorus, which we have designated as phosphomelanin, using a
phosphorylated tripeptide as the substrate. We have further deli-
neated the chemical architecture of phosphomelanin, inferring the
critical presence of two distinct phosphorus-containing chemical
forms: the phosphate monoester group linked to Ser and the phos-
phate diester group bridging Ser and Tyr. These endogenously bio-
synthesized phosphomelanins within engineered microbe serve a
pivotal role; they exhibit excellent metal-binding capabilities, thereby
enhancing the engineered microbes’ resistance and tolerance to HMs.
Furthermore, we have upgraded these engineered microbes by inte-
grating PET-degrading enzymes, thereby conferring upon them with
the dual capabilities of endogenous phosphomelanin biosynthesis and
extracellular secretion of PET hydrolases, successfully achieving the
biodegradation of metallized plastic waste. These findings underscore
the vast potential of engineered microbes capable of producing
phosphomelanin, extending their applications far beyond traditional
bioremediation. The phosphomelanin, as a member of the melanin
family, endows these microbes with an unprecedented opportunity to
function effectively in extreme situations, which is poised to foster
significant advancements in sustainable manufacturing processes.
Moreover, it enables a more holistic and comprehensive approach to
the management and treatment of the environmental waste.

Methods

Plasmids and chassis microbes

The plasmid (pUC57-bmTYR, Supplementary Data 1) and the E. coli
TOP 10 were purchased from Tsingke Biotechnology. The B. mega-
terium (WH320), the B. subtilis 168, and the shuttle plasmids (phis
1525-bmTYR, pP43 NMK-bmTYR, pP43 NMK-amyPETase-bmTYR,
pHT304) were purchased from Forhigh Biotechnology. The B. subtilis
HT 50 was isolated from the sewer pipe of the lab. Sequences including
DNA sequence of bmTYR for E. coli, DNA sequence of bmTYR
for B. megaterium and B. subtilis, DNA sequence of Indeonella
sakainesis PETase for B. subtilis, amino acid sequence of bmTYR
and amino acid sequence of /. sakainesis PETase were provided in
Supplementary Data 2.

Media and reagents

Peptides were purchased from GL Biochem Ltd (Shanghai, China). The
'H NMR and ®C NMR data of the peptides were provided in Supple-
mentary Note 1-8.The abTYR was purchased from Sigma-Aldrich Co.,
Ltd. (Darmstadt, Germany). LB, TB, and LA cultural media were pur-
chased from Solarbio Science & Technology Co., Ltd. (Beijing, China).
Eumelanin from Sepia Officinalis was purchased from Xi’an Lyna Bio-
tech., Ltd. (Xi’an, China). Artificial melanin is purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). The 6x-
His tag monoclonal antibody (4E3D10H2/E3) is purchased from
Thermo Fisher Scientific (USA). Additional reagents, including D(+)-
xylose, tetracycline, and kanamycin sulfate, were purchased from
Solarbio Science & Technology Co., Ltd. (Beijing, China). BHET and

dialysis tubes (D-Tube Dialyzer Maxi) were purchased from Sigma-
Aldrich Co., Ltd. (Darmstadt, Germany). PET films with a thickness of
0.0125 mm were purchased from DuPont (France). All other chemicals
were purchased from Beijing Chemical Co. Ltd. (Beijing, China) and
were used without further purification or modification.

Preparation and purification of melanin analogues

Enzymatic oxidation to produce melanin analogues was performed
using abTYR and bmTYR under aerobic conditions. Briefly, the TYR-
containing precursors (,YYG, ,TYG, ,SYG, and SYG) were dissolved in
PBS (0.1 M, pH 8.5) to a concentration of 5.0 mg mL™ in 10 mL quartz
tubes. These tubes were then equipped with polytetrafluoroethylene
stoppers and stoppers were sealed with parafilm to ensure airtight
conditions. The solutions were saturated with pure oxygen for 30 min
to create an oxygen-rich environment. Following saturation, TYR at a
concentration of 1.0 KU mL* was added to the above solutions. The
tubes were incubated at room temperature for 24 h with continuous
oxygen saturation to facilitate the enzymatic reaction and promote the
formation of melanin analogues. To obtain bmTYR, first, the engi-
neered E. coli TOP10 were harvested by centrifuging at 3000 x g for
3 min at room temperature. The precipitate was remixed and broken
under ultrasonic conditions. Next, the lysate was clarified by cen-
trifugation at 20,000 g for 30 min at 4 °C and subsequently passed
through a 0.45 um filter. The filtered lysate was purified by Ni-NTA
resin and desalinized by desalting column. The product was further
analyzed by SDS-PAGE and BCA Protein Assay. Following the enzy-
matic reactions, the melanin analogues were purified using a size-
exclusion chromatography column packed with Bio-Gel P gels (G2,
Extra Fine). The column was operated at a flow rate of 0.05 mL min®
with MilliQ water as the mobile phase. The flow rate of the mobile
phase was controlled by gravity. The purified melanin analogues
(pYYGox, pTYGox pSYGox, and SYG,y) were then sealed individually into
dialysis tubes with a molecular weight cut-off of 3.5 kDa. These tubes
were immersed in S liters of MilliQ water for 48 h to eliminate inorganic
phosphates from the PBS. The water was refreshed six times during
this period.

In vitro Metal-binding study

Melanin analogues were lyophilized over 48 h. Subsequently, all mel-
anin analogues were redissolved in MilliQ water to a final concentra-
tion of 10.0 mg mL™ for both SYG,y, and ,SYGoy. Solutions of these
melanin analogues (100 pL at 10.0 mg mL™) were mixed with 900 pL of
various metal nitrate solutions (Cr, Pb, Yb, Dy, and Tb at a con-
centration of 0.5 mmolmL™). The resulting insoluble metal-binding
complexes were obtained by high-speed centrifugation at 15,000 x g
for 30 min. The complexes were then dialyzed against MilliQ water to
remove any free metal ions. For the dialysis process, the insoluble
complexes were dispersed in 1.0 mL of MilliQ water, and the samples
were sealed in dialysis tubes with a molecular weight cut-off of 3.5 kDa.
The tubes were immersed in 1.0 L of MilliQ water for 48 h, with the
water being replaced six times over this period.

Characterization of microbial resistance to high HM
concentrations

Bacterial samples were derived from single colonies isolated on LB
agar plates. Primary cultures were established by inoculating mono-
clonal clones into 4.0 mL of heavy metal-free LB medium for 12 h. Fresh
media supplemented with 20 uM Cu?* (activating enzyme) and equi-
molar concentrations (LOmgmL™ SYG and 1.2mgmL™! ,SYG) of
peptide powders were inoculated with the primary culture, followed
by 24 h incubation. Subsequently, 40 L aliquots were transferred into
4.0 mL of fresh medium containing the following HM concentrations:
Cr (3.75mM), Pb (5mM), Yb (4 mM), Dy (6.2mM), Tb (3.3 mM), Mn
(10.6 mM), Co (0.8 mM). After 24 h incubation at 37 °C, serial dilutions
of bacterial suspensions were plated on agar. Viable cell counts were
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determined using a colony-forming unit (CFU)-based quantification
method® after an additional overnight incubation at 37°C. All
experimental conditions were tested in triplicate biological replicates.

Morphology characterization

SEM images were captured using a Hitachi S-4800 SEM, with samples
placed on the silicon slices. To enhance sample conductivity, a layer of
platinum (Pt) was sputtered onto them. Cryo-TEM images were
obtained using a JEOL JEM-2310 and F200 instrument. EDS images
were obtained using a JEOL JEM-2100F and F200 instrument at a
temperature of 100K, with samples protected by a thin layer of
amorphous ice. Zeta potential measurements were conducted using a
Malvern Zetasizer Nano ZS ZEN3600. Micrographs were captured
using a charge-coupled device (CCD) camera from Gantega, integrated
with Olympus Soft Imaging Solutions.

Spectroscopy characterization

FTIR spectra were recorded using a TENSOR-27 infrared spectrometer.
1D 'H, ®C, *P, and 2D in situ 'H-"H COSY NMR spectra were obtained on
a 700-MHz Bruker Avance spectrometer equipped with a triple reso-
nance cryogenic probe and utilizing built-in 1D and 2D pulse sequen-
ces. 1D BC, 1D *P, and 2D in situ 'H-*'P HETCOR ssNMR spectra were
obtained using a Bruker AVANCE Il 600. The spectrometer is equip-
ped with a magic angle spinning (MAS) 4.0 mm probe. All chemical
shifts were referenced to adamantane (6 =1.91 ppm, 6c = 38.48 ppm).
Compressed air was used to regulate the sample’s temperature at
room temperature. High-resolution ESI-MS were recorded by Fourier
transformion cyclotron resonance mass spectrometry (FT-ICR) using a
Bruker Solarix. MALDI-MS were acquired on a Bruker Autoflex III-
MALDI-TOF-MS. Each sample for MS characterization was prepared by
dissolving the compound into aqueous media in a concentration of
approximately 100 pg mL™1. UV-vis absorption spectra were collected
using a Shimadzu UV-2600 spectrophotometer with a 1.0 mm path-
length quartz cuvette. Fluorescence measurements were performed
using a Hitachi Model FL-4500 spectrofluorometer with a 1.0cm
quartz cuvette. Fluorescence decay measurements were conducted on
an Edinburgh FLS1000 steady-state and transient fluorescence spec-
trometer. EPR measurements at 9.37 GHz were conducted using a
Bruker EMXplus-9.5/12 with a microwave power of 20 mW, and all
samples were analyzed at 100 K under aerobic conditions. XPS mea-
surements were measured by ESCALab250Xi. ICP values were obtained
using a Thermo Scientific iCAP RQ ICP-MS, with all samples requiring
lyophilization for 48 h prior to analysis.

Construction of heterogeneous TYR-expressing E. coli

The prokaryotic TYR gene from B. megaterium (bmTYR) was inserted
into the relaxed plasmid pUC57-kan. These plasmids were then intro-
duced into the E. coli TOP 10 to express bmTYR. A constitutive pro-
moter, J23100, was utilized to ensure overexpression of bmTYR within
Gram-negative bacteria. Subsequently, AGE was performed to verify
the correctness of the target sequence in the plasmids. Upon digestion
with Xbal and Pstl, two electrophoretic bands were observed, located
between 800 to 1200 bp and 2000 to 3000 bp, respectively. These
results were consistent with the predicted sizes of 1104 bp and
2547 bp.

Construction of endogenous TYR-expressing B. megaterium

The endogenous bmTYR was inserted into the shuttle plasmid
phis1525, which is capable of transferring between the E. coli TOP 10
and the B. megaterium WH320. The transformation protocol for B.
megaterium WH320 follows established methodologies®®®”. In brief,
the cells were grown in LB medium at 37°C to mid-log phase
(ODgoo = 0.5), then chilled on ice and harvested by centrifugation at
4 °C. For each transformation, 50 uL of electrocompetent cells were
mixed with 1-2pg of plasmid DNA and transferred to a pre-chilled

0.2cm electroporation cuvette. Electroporation was performed at
2.5kV, 25uF, and 200 Q. Immediately after pulsing, 1.0 mL of pre-
warmed SOC medium was added, and cells were incubated at 37 °C
with shaking for 1-2 h before plating on a tetracycline-containing LB
agar. The plasmid phis1525 includes the promoter and repressor gene
from the B. megaterium operon responsible for xylose utilization.
Expression of bmTYR is inducible by xylose, with 0.5% xylose added to
the culture medium to induce expression; non-inducing broth con-
tains no xylose. All media for culturing the B. megaterium WH320 are
supplemented with tetracycline at a concentration of 20 pg mL™.

Construction of heterogeneous TYR-expressing B. subtilis

The bmTYR was inserted in the shuttle plasmid pP43 NMK®*“°, This
recombinant plasmid was then introduced into the B. subtilis 168 to
express bmTYR. The constitutive promoter P43 was utilized to ensure
the overexpression of bmTYR within the gram-positive bacteria’.

Construction of heterogeneous bi-enzyme-expressing B. subtilis
The bmTYR, the PETase gene from Ideonella sakaiensis, and the signal
peptide (amy) gene from Bacillus amyloliquefaciens were inserted into
the shuttle plasmid pP43-NMK-kan. The recombinant plasmids were
then introduced into the B. subtilis to enable the co-expression of
bmTYR and the secretion of PETase. For the B. subtilis HT 50, the three
genes were inserted into the shuttle plasmid pHT304. Electroporation
was employed to transform all these plasmids into the bacteria.

Western blot analysis

Total bacterial protein from B. megaterium and B. subtilis was extracted
using the BestBio bacterial total protein extraction kit. Protein quanti-
fication was performed using the BestBio BCA protein quantification kit.
A cell lysate containing 30 mg of WH320 was mixed with Laemmli buffer
(Bio-Rad) containing 5% 2-mercaptoethanol and boiled at 95°C for
sample preparation. SDS-PAGE was conducted using 15mL, 15-well
precast mini-PROTEAN TGX gels (Bio-Rad) in a Mini-PROTEAN tetra cell
at 200 V with 1 x Tris/glycine/SDS running buffer (Bio-Rad). A PageRuler
Plus pre-stained protein ladder (Thermo Fisher) was used as a molecular
weight marker. Proteins were then transferred onto Immobilon-FL PVDF
membranes (Millipore Sigma) at 100V for 1h at 4°C using 1x Tris/
glycine transfer buffer (Bio-Rad) with 0.2% methanol. Membranes were
blocked at room temperature for 1 h with Odyssey blocking buffer (TBS,
LI-COR). A monoclonal anti-6x his-tag antibody (ThermoFisher,
4E3D10H2/E3) was used to detect TYR at a dilution of 1:500.

Production of phosphomelanin within the engineered bacteria
The engineered bacteria (E. coli TOP 10, B. megaterium WH320, or B.
subtilis 168) were cultured in LB medium. Specifically, a 10 mL over-
night culture of engineered bacteria was inoculated into a 200 mL flask
with 50 mL of sterile LB. Here, 100 pg mL™ kanamycin was added to the
engineered E. coli and engineered B. subtilis 168, while 20 ug mL™ tet-
racycline was added to the engineered B. megaterium WH320. The
engineered bacteria were incubated at 37 °C with shaking at 220 rpm
for 24 h. Subsequently, the substrate (,SYG or SYG) was added to the
culture media. The engineered bacteria were then broken using
ultrasound, and the resulting suspension was centrifuged at 4 °C to
separate the components. The dark, clear supernatant was collected
and lyophilized eventually. The crude phosphomelanin produced by
the engineered bacteria was further purified using a size-exclusion
chromatography column with MilliQ water as the mobile phase.
Finally, *P ssNMR measurements were conducted to reveal the struc-
tural information of the purified products.

Identification and quantitation of products in BHET or PET
degradation in vivo

The optimal reaction buffer for the recombinant PETase is 50 mM
glycine-NaOH buffer at pH 9.0, which contains 10% (v/v) crude enzyme
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solution. The enzyme was used to hydrolyze a block of BHET mea-
suring 1.0 x 1.5 x 0.3 cm at 50 °C for 36 h. The hydrolytic products were
subsequently analyzed directly using MS.

The engineered B. subtilis 168 was cultured in TB medium. Spe-
cifically, a 10 mL overnight culture of engineered bacteria was inocu-
lated into a 200mL flask with 100 mL of sterile LB, 10 ugmL™
kanamycin, 10 pg mL™ ,SYG, 100 pg mL™ Co", and 100 pg mL™ Mn" ion.
The engineered bacteria were incubated at 37°C with shaking at
220 rpm for 24h with the BHET block (100 mg) or PET film
(5.0 x5.0 cm). As for the engineered HT 50, the culture temperature
remains at 50 °C.

Molecular docking

A Lamarckian genetic algorithm in AutoDock (Molecular Graphics
Laboratory, La Jolla, CA, USA) was applied for the molecular docking
study”"’%. The structural information of abTYR (PDB ID: 5M6B) was
retrieved from the Protein Data Bank. The initial conformations of
pSYG and SYG within the active pocket of abTYR for the docking
simulation were determined using density functional theory (DFT)
calculations at the B3LYP/6-31G’ level, which were carried out using
CP2K (version 2023.1) package”.

Statistical analysis

The error bars represent the standard error calculated from multiple
experimental repetitions, with a minimum of three replicates per
experiment, reflecting the variability and reliability of our measure-
ments. Data are presented as mean + SD. Statistical analysis was per-
formed using ordinary one-way ANOVA. *P<0.05; **P<0.01;
P <0.001; *P<0.0001. These error bars were generated using
MATLAB 2024b and incorporated into the figures to illustrate the
variability across replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper
and its Supplementary Information files. A reporting summary for this
article is available as a Supplementary Information file. Source data are
provided with this paper.
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