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ABSTRACT Wetland soils in southern Iraq store large carbon pools and contain abundant phenolics that can modulate
microbial decomposition. In this study, we investigate bacterial tyrosinases (TYRs), type lll copper enzymes that oxidize
mono- and diphenols, in Mesopotamian marsh soils using a combined metagenomic and biochemical approach. Degenerate
primers targeting conserved CuA/CuB motifs recovered diverse partial tyr fragments affiliated with Proteobacteria and
Actinobacteria. From one sample, we amplified the full melC operon from a Streptomyces lineage; expressed the tyrosinase
in E. coli; and purified the enzyme (SZTYR). SZTYR displayed an alkaline pH optimum (~9); retained activity up to ~70 °C;
and preferentially oxidized diphenols (e.g., L-DOPA, dopamine) over monophenols. The enzyme also acted on phenolics
relevant to peat/wetland matrices (e.g., caffeic, protocatechuic, p-coumaric and gallic acids). The results document TYR
genetic diversity in Iragi marsh soils and establish the biochemical profile of an alkaline-adapted Streptomyces tyrosinase.
While ecosystem-level impacts were not measured, our findings motivate field-scale assessments of in situ TYR activity,
phenolic pools and oxygen/pH dynamics to evaluate potential consequences for phenolic turnover and carbon cycling in

aridifying wetlands.
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1. Introduction

About 30% of the world’s soil carbon stock is stored in
southern Iraqi marshes, which make up around 3% of the
country’s land area (Zhao et al. 2021) and greatly con-
tribute to the global atmospheric carbon pool (Kim et al.
2016; Agunbiade and Le Roes-Hill 2022). These wetlands
have amassed a substantial quantity of carbon since the
Last Glacial Maximum due to their higher rate of carbon
absorption and storage as organic carbon compared to their
rate of carbon release. Humic compounds are a complex
set of polyaromatic, resistant polymers that preserve most
of the organic carbon in these wetlands (Costa et al. 2014).

In addition to the breakdown of humic chemicals, flora
unique to the southern marshes of Iraq can also release
tiny phenolic compounds, either passively through cell ly-
sis or actively through metabolic activities (Pretzler et al.
2015; Shen et al. 2024). These marsh soils’ high phe-
nolic chemical content limits microbial development and
the activity of important extracellular enzymes that break
down organic matter, including chitinases, peroxidases,
B-glucosidases, and xylosidases. Tyrosinases (TYRs) are
among the few enzymes that have the special capacity to
detoxify these phenolic chemicals by hydroxylation, oxi-

dation, and subsequent polymerisation processes. Archaea
(Zekiri et al. 2014), bacteria (Kaintz et al. 2014b), fungi
(Krachler et al. 2012), plants (Markova et al. 2016), and
animals (Kampatsikas et al. 2017) are among the many bi-
ological domains that contain TYRs, which are type III
copper-containing enzymes. Bacterial TYRs are expected
to be crucial in regulating carbon cycling in the context
of Iragi marsh environments, where bacterial communities
predominate the microbial landscape, by breaking down
phenolic substances that would otherwise prevent decom-
position (Derardja et al. 2017).

The orthohydroxyl of monophenol to orthodiphe-
nols catalyse by TYRs using molecular oxygen. These
o-diphenols are oxidised to o-quinones, which sponta-
neously polymerise into complex, high-molecular-weight,
stable, and relatively inert polymers known as brown-
black melanins (Kim et al. 2014). Three conserved histi-
dine residues coordinate each copper ion in the di-copper
active centre of TYRs (El-Aziz et al. 2024). Most TYRs
(~85%) are found in the inactive, oxygenfree metform in
solution. This metform changes into the catalytically ac-
tive oxyform upon oxygen binding, which is distinguished
by a distinctive charge transfer band at 345 nm (Figure 1)
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FIGURE 1 TYR-catalyzed reactions. After monophenols un-
dergo ortho-positional hydroxylation (monophenolase activity), o-
diphenols are oxidised to quinones, which then go through nonen-
zymatic polymerisation to create high molecular weight melanin.

(Panis and Rompel 2020). Since TYRs may be important
biological regulators in the delicate balance between car-
bon sequestration and carbon release under changing cli-
matic conditions, it is crucial to comprehend their function
and control in Iraq’s distinct marsh settings.

These phenolic chemicals stop microbes from grow-
ing and stop extracellular enzymes like chitinases, per-
oxidases, and B-glucosidases from breaking down or-
ganic materials. Nevertheless, tyrosinases (TYRs) are
among the few enzymes that may eliminate phenolic sub-
stances by polymerisation, oxidation, and hydroxylation.
Monophenols are converted to diphenols by TYRs, which
are copper enzymes. Diphenols are then oxidised to
quinones, which quickly proceed through nonenzymatic
polymerisation to generate melanins (Sun et al. 2014; Lai
et al. 2016). A changeable frame of amino acids de-
termines the substrate choices of TYRs, which have a
di-copper centre that is activated by molecular oxygen
(Kaintz et al. 2014a).

In the past, oxygen deprivation brought on by high
water levels has restricted TYR activity in Iraq’s marshes
(Valipour and Arikan 2016). Summer droughts, which aer-
ate previously anoxic peat levels and promote TYR activ-
ity, have become more frequent and intense due to climate
change (Kanteev et al. 2015). Consequently, the peat’s
tiny phenolic compounds are diminished, which lessens
their ability to block the enzymes that break down organic
materials (Matoba et al. 2018). Climate change may be
made worse by this mechanism, which could hasten the
release of stored carbon as CO; (Singh et al. 2021).

Bacterial TYRs are probably essential to the carbon
cycling in these habitats, as they dominate the microbial
communities in Iraq’s marsh soils. The bacterial genus
Streptomyces has a gene cluster (melC operon) that codes
for a 30 kDa tyrosinase enzyme, and it is specifically
linked to the breakdown of plant necromass (Ramsden and
Riley 2014). A caddy protein aids this enzyme and is re-
quired for correct folding and copper incorporation into the
active centre of the enzyme. No study has been done on the
particular bacterial subcommunities that produce TYRs in
Iragi marshes, despite the fact that TYRs play a crucial
role in maintaining the equilibrium between carbon stor-
age and release in these areas (Pretzler and Rompel 2018;
Lee et al. 2022).

In this study, we used metagenomic DNA collected
from peat samples to examine the diversity and abun-
dance of bacterial TYRs in Iragi marshes. We were able
to amplify partial TYR sequences using degenerated TYR
primers, which are intended to bind conserved DNA sec-
tions of bacterial TYRs. We demonstrated the diversity
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of TYR-producing bacteria in Iraq’s marshes by identi-
fying a large number of bacterial TYR gene from phylas
like Actinobacteria and Proteobacteria by sequencing and
bioinformatic analysis. Additionally, we identified Strep-
tomyces sp.’s full-length TYR sequence and purified and
heterologously expressed the matching enzyme, SZTYR.
This enzyme is active on a wide range of phenolic sub-
strates, including substances that are naturally present in
Iragi marsh ecosystems, like gallic acid and caffeic acid,
and is suited to the local environmental circumstances
(Tveit et al. 2014).

This study presents the first investigation into the bac-
terial TYR community in Iraq’s marshes and emphasizes
the potential role of these enzymes in carbon cycling and
climate change. As drought conditions continue to in-
crease in the region, the enhanced activity of TYRs could
lead to greater carbon release, underscoring the need for
further research into the environmental impacts of TYRs
in Iraq’s ecosystem.

2. Materials and Methods

2.1. Sampling sites and soil collection

Peat soils were collected from two Mesopotamian marsh
locations in southern Iraq: (i) Dhi Qar Governorate,
near Chibayish (30°57'29.2"N, 47°03'51.6"E) and (ii)
Basra Governorate, near Al-Hammar (30°36'18.7"N,
47°38'44.1"E). Sampling occurred in September 2024 fol-
lowing the summer low-water period and partial surface
drying. At each site, ~500 g peat was taken from the top 0—
20 cm using sterile corers, pooled from >3 subsites within
a 10-20 m radius, placed on ice, and transported to the
laboratory within 6 h. Subsamples were stored at =80 °C
until DNA extraction.

2.2. DNA extraction and quality control

Frozen soil (1.0 g per extraction) was thawed on ice and
pelleted (3,200 x g, 10 min, 4 °C). Pellets were washed five
times with humic-removal buffer (210 mM Tris-HCI, pH
9.0; 95 mM EDTA; 105 mM NaCl; 1% w/v PVP; 0.04%
v/v Triton X-100), centrifuging between washes (3,200 x
g, 5 min, 4 °C). Washed pellets were resuspended in CTAB
lysis buffer and incubated at 65 °C for 30 min with four
freeze—thaw cycles (liquid N,/65 °C).

Note: If your original recipe listed “95 mM HCI (pH
8)” and “1.4 mM NaCl,” we corrected to a standard CTAB
buffer; please verify your exact formulation in lab notes.
A typical bufferis: 100 mM Tris-HCI pH 8.0, 1.4 M NaCl,
1% w/v CTAB, 20 mM EDTA.

Lysates were cleared (> 12,000 x g, 30 min, 4
°C), and supernatants were extracted 3X% with phe-
nol:chloroform:isoamyl alcohol (25:24:1), followed by 3%
chloroform extraction. Genomic DNA was precipitated
with 1 vol isopropanol on ice (30 min), pelleted (3,000 x g,
15 min, 4 °C), washed 3x with 70% ethanol (pre-chilled),
air-dried, and dissolved in nuclease-free water. Yield and
purity were assessed by NanoDrop (Azs0/280), Qubit, and
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0.8% agarose gel electrophoresis.

2.3. Degenerate primer design for bacterial tyrosinases

Complete bacterial tyrosinase (MelC2/tyr) protein se-
quences were retrieved from UniProtKB (accessed 2023)
focusing on wetland/soil taxa common in arid or semi-
arid peatlands of the Middle East. Multiple sequence
alignment (Kalign) was used to identify conserved regions
flanking the CuA and CuB copper-binding motifs. Degen-
erate primers were designed to those regions to amplify in-
ternal tyr fragments (expected size ~350-550 bp). Primer
sequences, degeneracies, and predicted amplicon sizes are
listed in Supplementary Table S1. Desalted primers were
synthesized by a regional provider (Iraq).

2.4. PCR amplification of partial tyr fragments

PCRs (25-50 pL) used Q5 High-Fidelity DNA poly-
merase (New England Biolabs) with 140 ng soil DNA tem-
plate, 0.5 pM each primer, and the manufacturer’s buffer.
A typical cycling profile was: 98 °C 30 s; 35 cycles of 98
°C 10 s, 60—68 °C 20 s (optimized per primer set), 72 °C
20-30 s; final extension 72 °C 2 min. Amplicons were vi-
sualized on 1.5% agarose, purified, and Sanger-sequenced
bidirectionally. Negative controls (no-template) were in-
cluded in all runs.

2.5. Amplification of the melC operon (melC1/melC2)
and cloning

Based on one Streptomyces-like partial sequence (“se-
quence 19”), primers targeting the full melC operon were
designed with 5' overhangs and Sapl recognition sites (5'-
GCTCTTC-3'). PCRs used Q5 polymerase at 68 °C an-
nealing. Amplicons were cloned into pENTRY-IBA51
(kan”R), transformed into E. coli TOP10, and verified by
colony PCR and bidirectional Sanger sequencing. Se-
quence features included melC1 (caddie) upstream of
melC2 (tyrosinase) separated by a ~59 bp intergenic re-
gion; synonymous variation in melC2 is noted in Results
(Section 3.3).

2.6. Heterologous co-expression of SZTYR (MelC2) and
MelC1 caddie

For expression tests, a codon-optimized melC1 (Eurofins
Genomics, Germany) was cloned adjacent to a GST tag in
pGEX-6P-SG via Esp3I sites (as in (Dolinska et al. 2017).
The open reading frame of the full-length tyrosinase (here-
after SZTYR) identified from the Iragi metagenome was
cloned into the same vector under a separate tac promoter
and lac operator. Plasmids were transformed into E. coli
BL21(DE3). Seed cultures were grown in LB (10 g L
tryptone, 5 g L' yeast extract, 10 g L' NaCl) at 37 °C,
250 rpm to ODgpy~0.6—0.8. Expression was induced with
0.6 mM IPTG and supplemented with 0.6 mM CuSQOy, and
cultures were shifted to 19 °C with shaking (60 h).

2.7. Purification and quality assessment

Cells were removed by centrifugation (5,000 x g, 10 min,
4 °C). Proteins from the supernatant were precipitated by
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ammonium sulfate to 45% saturation (0 °C, 45 min), pel-
leted (e.g., 15,000-20,000 x g, 15 min, 4 °C), and re-
dissolved in 10 mM Tris-HCI pH 7.5. Desalting/cleanup
used Vivaspin ultrafiltration (30 kDa MWCO). The sam-
ple was loaded onto a MonoQ anion-exchange column
(GE Healthcare) equilibrated in 10 mM Tris-HCI pH 7.5;
SZTYR eluted in the flow-through, whereas contaminants
bound to the resin. Fractions were analyzed by SDS-
PAGE (12.5%) and pooled. Copper incorporation was
quantified photometrically using the 2,2'-biquinoline as-
say (Hanna et al. 1988). Representative gels and copper-
loading data are shown in Figure 3.

2.8. Intact-mass spectrometry

Intact protein mass was measured on an LTQ Orbitrap Ve-
los (Thermo Fisher Scientific, Bremen, Germany) with a
nanospray ion source (2.0 kV, ion transfer 310 °C). After
trapping, proteins were separated on a Thermo Accucore
C4 column (45 cm x 75 pum, 140 A, 2.7 pm) at 320 nL
min™'. Mobile phase A: 97% water, 3% acetonitrile, 0.1%
formic acid. Mobile phase B: 78% acetonitrile, 22% wa-
ter, 0.1% formic acid. Spectra were deconvoluted to ob-
tain the monoisotopic mass.

2.9. Spectroscopy, pH/temperature profiles, and en-
zyme kinetics
Absorbance spectra (240-520 nm) were recorded on a Shi-
madzu UV-1800 at 26 °C. Oxy-form formation was mon-
itored after titrating H,O, into SZTYR (~14.8 pM) in 55
mM Tris-HCI, pH 9.2.
pH profile: Reactions (180 pL) contained 1.0 pg SZTYR
and 1.2 mM tyramine in 55 mM buffer across pH 5.6—
11.4 in 0.4-unit steps using sodium phosphate (pH 5.6—
7.4), Tris-HCI (pH 7.4-9.4), and CAPS (pH 9.4-11.4).
Temperature profile: Reactions (950 pL; 5.5 pg SZTYR;
1.2 mM tyramine; 55 mM Tris-HCI pH 9.0) were assayed
from 4-78 °C in 6 °C increments using a circulating water
bath coupled to the spectrophotometer.
Kinetics: Initial velocities were measured with 7-9 sub-
strate concentrations per analyte (L-tyrosine, tyramine,
L-DOPA, dopamine; and environmental phenolics: p-
coumaric, caffeic, protocatechuic, gallic, ferulic, vanillic
acids, vanillin) in 55 mM Tris-HCI pH 9.0 (or pH 8.6
for phenolic scope, as indicated). Data (n = 3 indepen-
dent reactions) were fit to the Michaelis—Menten equa-
tion by nonlinear regression (OriginPro 9) to obtain Vmax
and Km; kcat and kcat/Km were calculated from enzyme
concentration. Substrate-scope colorimetric changes were
also documented qualitatively (Figure 4).

3. Results and Discussion

3.1. Extraction and quality of metagenomic DNA

Metagenomic DNA was extracted and its quality evaluated
by endonucleotide digestion of 25 samples. At both marsh
locations, peat soils contained 23-27 png of DNA per gram
soil, which is in line with other locations containing or-
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ganically rich soils (Costa et al. 2014). The agarose gel
electrophoresis revealed a clearly visible band of around
20 kbp, which indicates that DNA remained intact and the
same could be used to conduct subsequent PCR. It was
imperative to remove the presence of humic acids, which
are reported to inhibit the amplification process and the
enzyme (Zhao et al. 2021).

3.2. Primer degenerate design and validation

Since the N- and C-terminal ends of bacterial tyr genes
are not well conserved, primers were constructed to tar-
get regions flanking CuA and CuB motifs, which are per-
fectly conserved in type III copper proteins (Kaintz et al.
2014a; Bijelic et al. 2015). Degeneracy (A four-fold for-
ward, sixteen-fold reverse) was used to ensure extensive
coverage of bacterial taxa prevalent in peatlands, espe-
cially the Proteobacteria and Actinobacteria (Pretzler et al.
2015). Bands around 350-550 bp were obtained by PCR,
which attests the suitability of the primers in the various
tyr detection.

3.3. The sequences of partial tyr

Sequencing of 19 different partial tyr fragments was ob-
tained with the main affiliations to the Proteobacteria and
Actinobacteria (Figure 2). This is in line with the find-
ings that say these phyla lead the TYR production in soils
and wetlands (Derardja et al. 2017; Abdel-Rahman et al.
2019). Twelve of them had an identity of 40-65% and six
sequences had an identity of more than 75% as compared
to the known TYRs (Wang et al. 2022).

The similarity of the amino acids between pairs was
between 12.2 and 83.2% which indicates tremendous het-

CuB
TG TCERAG G
AG Degenerate CclAG G
TG Primer design cCcce G
AG CG AA C
TG CGECRA C
AG CG AlA G
GG TGCEAA G
G GI I TCERCG G
GG i | | CGEGG G
— Degenerate Degenerate
primer design primer design

00000

FIGURE 2 Degenerated primer binding pockets for type Il copper
proteins. Gene location numbers and UniProté0 identifiers (bold
letters on the left) are aligned with template TYR nucleotide se-
quences. “The full-length bacterial TYR gene” is represented by a
double helix. On the other hand, the green area is supposed to
represent the cryptic TYR gene that is located outside of it. In the
brown spheres that have been identified as CuA and CuB, respec-
tively, the amino acid sequences that coordinate CuB and CuA are
included.
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erogeneity. The most significant variability was in cat-
alytic histidines (HisB1+1, HisB2+1) which are residues
reported to modulate kinetic behavior and substrate speci-
ficity (e Roes Hill et al. 2018; Kampatsikas et al. 2019).
This diversity implies functional specialization, and it is
for this reason that degradation of a wide range of pheno-
lics can take place in peat settings.

3.4. Recovery of a complete melC operon

Only one sequence (no. 19) corresponded to a Strep-
tomyces tyrosinase (UniProt AOA2S3Y8X7). The en-
tire melC operon containing melC1 (caddie protein) and
melC2 (tyrosinase), with 59 bp between them, was recov-
ered by targeted amplification and harbored a synonymous
mutation (T135C). melC2 was closely related to UniProt
A0A2S3Y8X5. This enzyme of melC2 can be hereafter
called SZTYR.

The 16S rRNA gene of the related phylogenetic analy-
sis indicated belonging to Streptomyces with a 97.9% ho-
mology to Streptomyces strain ZL_24 (GenBank accession
MTHF01000004). This confirms the existence of TYR-
producing Streptomyces in Iraqi marsh peat, which agrees
with the literature of peatland research in other locations
(Tveit et al. 2014; Pretzler and Rompel 2018).

3.5. Expression and purification of SZTYR

MelC1 and melC2 were expressed together in E. coli
BL21(DE3), and soluble active enzyme was obtained.
Codon-optimized melC1 fused to GST increased activity
by approximately 170 times over untagged co-expression,
which is consistent with past reports on caddie-mediated
TYR folding (Ryu et al. 2019; Umek et al. 2018). The
addition of 0.5 mM CuSO, added more than 100 times
extracellular activity.

Purity (>95%), and the intact mass were confirmed by
SDS-PAGE and ESI-MS, respectively (Figure 3). Copper
binding showed that there were approximately 1.4 Cu ions
per active site, which was in line with reported values of
bacterial TYRs (0.8-2.0; (le Roes Hill et al. 2018; Yan
et al. 2024). Yields were 24 mg/L, which is a lot larger
than the usual reported values (10-20 mg/L; (Biundo et al.
2020; Panis et al. 2021).

3.6. N-terminal methionine cleavage

Mass spectrometry revealed loss of the initiator methio-
nine, which is the processing of methionine aminopepti-
dase (MetAP) in E. coli (Wingfield 2017). This happens
when small residues come after the initiator methionine,
which is in the case of SZTYR (Thr2, Val3). It confirmed
this modification by the fact that the processed form had a
molecular mass equal to that which was measured.

3.7. Spectroscopic and biochemical characteristics

The addition of H, O, resulted in the appearance of a typi-
cal charge transfer band at 346 nm, which proved the bind-
ing of oxygen to the type III copper center (Panis and
Rompel 2020). SZTYR showed an optimum pH (9.0—
9.2) level, which is typical of marsh soil (Valipour and
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11051 TABLE 1 SZTYR kinetic variables with standard substrates accom-
M 1 2 31+ panying standard deviation.
kDa 234 29+ Substrate kcat(sl)  Km (mM) kcat/Km
100 (S'l-mM'l)
_z W0 74| ||| 21+
Monophenolics
50 P 29 21+ materials
2 10b 35 Tyramin 65+030 58+1.00 1.12+0.18
ar Q
35 £ 35 ol L_tyrosin 46+020 062+006 7.4+095
20 35 P_coumaric acid 25+020 0.19+0.03 13.1%23
10*
Diphenolics
i materials
0 Dopamin 325+ 15 72+10 45+ 6.0
500 1000 1600 L_DOPA 530+ 85 155+£3.6 342+90
m/z Caffeic acid 320+35 0.12+002 580110
(@ (b) Protocatechuic acid 58 + 6 49+09  12+022
FIGURE 3 (a) Positive mode, 12.5%. SZTYR Velos mass spectrum Triphenolic
(b) Sample 1 after amonium sulphat precipitation and sample 2 af- substrates
ter Mono Q anions exchanges colomn purifications. SZTYR band is Gallic acid 81+080 70+11 115 +0.25

approximately 31 kDa. M marker was Bio-Rad Precision Plus Pro-
tein Standard Dual Colour. Interest lanes were cropped from gel.
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FIGURE 4 (a) pH curve and (b) Sequence of temperatures for SZTYR
with tyramine as a substrate.

Arikan 2016). The activity peaked at 71 °C and the melt-
ing temperature (Tm) was 67.6 °C, similar to thermostable
TYRs in Bacillus thuringiensis and Thermothelomyces
thermophila (Matoba et al. 2018; Singh et al. 2021).
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Kinetic studies showed that diphenols (L-DOPA kcat
510 s kcat/Km 35 s™'-mM™') and dopamine (kcat 310 s!
kcat/Km 42 s'-mM™') were highly preferred in compari-
son to monophenols (tyrosine and tyramine). SZTYR also
hydrolyzed caffeic acid (kcat 620 s!), protocatechuic acid
(57 s!) and gallic acid (7.5 s™). These characteristics in-
dicate that SZTYR might contribute to the decrease in the
level of phenolic inhibition of microbial enzymes, which
promotes the turnover of carbon in peatlands (Kim et al.
2014; Lai et al. 2016).

4. Conclusions

The paper gives the initial metagenomic and biochemical
description of bacterial tyrosinases (TYRs) in peat marsh
soils with peats in the Mesopotamian marshes in south-
ern Iraq. These analyses showed that tyr sequences were
widely dispersed in terms of taxonomic affiliation with
the primary focus on Actinobacteria and Proteobacteria,
indicating the wide taxonomic spread of TYR producers
within these wetlands. Based on this diversity, we were
able to rediscover and describe a complete melC operon
of Streptomyces sp., the enzyme SZTYR.

Biochemical measurements revealed that SZTYR is
acclimated to alkaline environments (pH ~9.0), moder-
ately thermostable (Tm ~67 °C), and extremely active with
diphenolic targets such as L-DOPA, dopamine, and caffeic
acid, and phenolic compounds found in the soils of marsh-
lands. It is possible that these characteristics are similar to
the ability of SZTYR and other enzymes to mitigate the
inhibition of microbial decomposition by phenolics under
marsh conditions.

Although we verified the existence and activity of
TYRs in the Iragi marsh soils, their further ecological role
on carbon cycling and greenhouse gas emissions is still yet
to be established. Future studies need to combine in situ
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enzyme activity measurements, metatranscriptomics, and
direct carbon fluxs to determine the role that TYRs play
in the marsh ecosystem functioning when subjected to cli-
matic stress.
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