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Peroxidases belong to a group of enzymes that are widely
found in animals, plants and microorganisms. These enzymes
are effective biocatalysts for a wide range of oxidations on
various substrates. This work presents a biochemical and
structural characterization of a novel heme-containing
peroxidase from Cyanobacterium sp. TDX16, CyanoPOX. This
cyanobacterial enzyme was successfully overexpressed in
Escherichia coli as a soluble, heme-containing monomeric
enzyme. Although CyanoPOX shares relatively low sequence
identity (37%) with bovine lactoperoxidase, it displays compa-
rable biochemical properties. CyanoPOX is most stable and
active in slightly acidic conditions (pH 6–6.5) and moderately
thermostable (melting temperature around 48 °C). Several

compounds that are typical substrates for mammalian lactoper-
oxidases were tested to establish the catalytic potential of
CyanoPOX. Potassium iodide showed the highest catalytic
efficiency (126 mM� 1 s� 1), while various aromatic compounds
were also readily converted. Structural elucidation of CyanoPOX
confirmed the presence of a non-covalently bound b-type
heme cofactor that is situated in the central core of the protein.
Except for a highly similar overall structure, CyanoPOX also has
a conserved active site pocket when compared with mamma-
lian lactoperoxidases. Due to its catalytic properties and high
expression in a bacterial host, this newly discovered peroxidase
shows promise for applications.

Introduction

Peroxidases (EC 1.11.1.X) are peroxide-driven oxidative enzymes
that are ubiquitous in nature.[1] These enzymes employ various
peroxides (ROOH) as electron acceptors to catalyze numerous
oxidation reactions. Peroxidases reduce hydrogen peroxide
(H2O2) to water, along with simultaneous one- and/or two-
electron oxidations of a wide range of substrates.[2] Most
peroxidases utilize a tightly bound heme as cofactor.[3] Several
distinct major families can be distinguished for heme-contain-
ing peroxidases which include (i) mammalian heme peroxi-
dases, (ii) non-animal heme peroxidases, and (iii) the microbial
DyP-type peroxidases.[4–6] The mammalian heme peroxidase
family includes several well studied enzymes: lactoperoxidase
(LPO), thyroid peroxidase (TPO), myeloperoxidase (MPO) and
eosinophil peroxidase (EPO).[7] These mammalian enzymes
exhibit functional homology with heme-containing peroxidases

from other classes but differ vastly in their mechanism of ligand
binding as well as in their primary and tertiary structures.[2,7]

Their unique features are also reflected in the binding mode of
the heme cofactor. The heme in mammalian peroxidases is
often covalently bonded to the protein,[8] while this is not the
case for peroxidases from other classes.[9–10] LPO (EC 1.11.1.7) is
a peroxidase that is known from its essential role in mammals.
It is secreted into milk and in other organs and serves as an
antimicrobial agent. Mammalian LPOs are glycosylated mono-
meric hemoenzymes of around 700 amino acids in length. They
harbor a calcium binding site and a heme as prosthetic group
that is located deep within the protein structure and which is
covalently bound to one or two glutamate/aspartate residues
via ester bonds.[4,11] The calcium binding site is essential for
peroxidase activity. Mammalian LPOs are known for their ability
to catalyze the H2O2-mediated oxidation of halides and
pseudohalides to hypohalous and hypothiocyanous acids.[12,13]

Products of this enzymatic reaction are strong oxidizing agents
that are toxic to pathogens, making LPOs a vital component of
the host defense system.[14] Given LPO’s wide-ranging antibacte-
rial efficacy against pathogenic bacteria, its application as a
natural food preservative has emerged.[15] For example, LPO
offers applications within the dairy industry for prolonging the
shelf life of pasteurized milk.[16] In addition to its potential use in
food preservation, LPO is also considered in personal care
products as it stands out in providing protection against dental
caries.[17,18]

This work presents the characterization of a newly discov-
ered lactoperoxidase from the bacterium Cyanobacterium sp.
TDX16. Intriguingly, the sequence of this bacterial LPO is only
slightly similar to those of well-studied mammalian LPOs. This
bacterial homologue, named CyanoPOX, was overexpressed in
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E. coli as a soluble and active enzyme. CyanoPOX showed good
pH and temperature tolerance and displayed activity with a set
of substrates.[19–21] As mammalian LPOs are difficult to produce
as recombinant proteins, this robust and easily expressed
bacterial LPO may enable new LPO-based applications.

Results and Discussion

Identification of CyanoPOX

Mammalian peroxidases are notoriously difficult to express as
recombinant proteins. This may be due to the structural
complexity of glycosylation and calcium binding, preventing
proper folding in commonly used microbial expression hosts.
With the goal to explore bacterial genomes for LPO homologs,
bovine LPO (XP_024835317.1) was used in a pBLAST search
(NCBI). This resulted in the identification of a predicted protein
sequence (556 residues) from a gene of Cyanobacterium sp.
TDX16 that shared 37% sequence identity. It was decided to
use a synthetic gene for expressing this bacterial protein,
equipped with a His-tag, in E. coli.

Expression and Characteristics of CyanoPOX

Overexpression of the protein in E. coli NEB10β and subsequent
purification yielded about 80 mg of red-colored protein from
1 L of culture. SDS-PAGE analysis revealed a distinct protein
band at around 55 kDa (Figure S1). The observed molecular
weight of this protein corresponded to the expected molecular
weight of His-CyanoPOX (calculated: 58 kDa). The UV-visible
absorbance spectrum of purified CyanoPOX (Figure 1A) exhib-
ited maxima at 412 and 280 nm, which are characteristic for
heme-containing proteins. Also, the so-called visible bands
typical for hemoproteins were present in the 500–700 nm
range. The intensity of the Soret band at 412 nm was slightly
lower compared with the absorbance at 280 nm, resulting in a
Rz value of 0.75 (A412/A280). Rz values for LPOs are typically close
to 1 which may suggest that the CyanoPOX was not fully
loaded with the heme cofactor. Incubation of CyanoPOX with
4.0 mM H2O2 for 30 minutes, resulted in a shift of the Soret
band from 413 nm to 419 nm and a decrease in intensity
(Figure 1A). These observations indicated that CyanoPOX is
reactive with hydrogen peroxide.

Stability of CyanoPOX

The ThermoFluor method was used to study the thermostability
of CyanoPOX (Figure 1B). CyanoPOX demonstrated the highest

Figure 1. Characteristics of CyanoPOX. (A) UV-visible spectrum of CyanoPOX incubated with 4 mM H2O2 for 30 minutes and without H2O2. (B) pH dependence
of CyanoPOX activity and thermal stability. 40 mM KI, 0.5 mM H2O2 and 0.4 nM of purified CyanoPOX were used to measure CyanoPOX activity. The melting
temperatures of CyanoPOX were measured in different 100 mM citrate and KPi buffers. No Tm values were obtained for the conditions in the moderately
acidic pH range (3–4.5). (C) Effect of pre-incubation temperature on CyanoPOX activity. 40 mM KI, 0.5 mM H2O2 and 0.4 nM of purified CyanoPOX in 50 mM
KPi, pH 7.0 were used to measure CyanoPOX activity after 15 min pre-incubations at defined temperatures.

Wiley VCH Montag, 27.01.2025

2502 / 386721 [S. 114/119] 1

ChemBioChem 2025, 26, e202400713 (2 of 7) © 2024 The Author(s). ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Research Article
doi.org/10.1002/cbic.202400713

 14397633, 2025, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202400713, W
iley O

nline L
ibrary on [06/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



thermostability in slightly acidic conditions. The highest Tm
values (47–49 °C) were obtained at pH 6.0–6.5. Acidic conditions
(pH <4.5) appeared to be too harsh for the enzyme as no Tm
values could be obtained. Our results indicate that CyanoPOX
exhibits a slightly higher thermostability when compared to
bovine LPO, as the mammalian heme-containing peroxidase
displayed a Tm value of 43.5 °C at pH 6.0. A comparable pH-
dependent profile was observed for enzymatic activity (Fig-
ure 1B). CyanoPOX exhibited the highest activity at pH 6.5.
These properties depict resemblance with the data reported for
bovine LPO.[19] CyanoPOX showed to retain activity upon 15 min
incubations up to 50 °C (Figure 1C). This is in line with the
observed melting temperature and shows that CyanoPOX is a
moderately thermostable enzyme.

Steady State Kinetics

The CyanoPOX substrate profile was evaluated to examine
whether it shares similarities to mammalian LPOs. Steady state
kinetic parameters were successfully obtained for several
substrates (Table 1 and Figure S2). Initial rates of the reactions
were acquired and were fitted using the Michaelis-Menten
formula. CyanoPOX demonstrated the highest activity with
potassium iodide (KI) (kcat=885 s� 1) and a relatively low KM
value (7.0 mM). A bright yellow color appeared when using this
substrate, indicating the formation of hypoiodite (IO� ). Furtmül-
ler et al.[22] report a second order rate constant (1.2×108 M� 1 s� 1)
for bovine LPO with iodide (I� ). Bovine LPO from Sigma-Aldrich
was tested for activity with KI using the same conditions as
CyanoPOX. Notably, CyanoPOX exhibited an 8-fold higher
catalytic efficiency (126 mM� 1 s� 1) compared to bovine LPO
(15 mM� 1 s� 1), underscoring its efficiency for this specific
reaction. CyanoPOX also showed good activity with other
substrates that are typically accepted by mammalian LPOs.[19–21]

Guaiacol and ABTS showed somewhat lower but still high kcat
values (135 and 570 s� 1). However, the catalytic efficiencies for
these two substrates are relatively low due to high KM values.

Guaiacol was also tested with bovine LPO using the same
conditions as used for CyanoPOX, with results showing that
CyanoPOX exhibited a 4-fold higher catalytic efficiency
(2 mM� 1 s� 1) compared to bovine LPO (0.5 mM� 1 s� 1). The high
KM value for ABTS seems to be specific for CyanoPOX when
compared with the findings reported by Ozdemir et al. for
bovine LPO.[23] Furthermore, 2,6-DMP exhibited a somewhat low
kcat value (620 s� 1) when compared to KI. Due to the low KM
value (35 mM) for 2,6-DMP compared to ABTS and guaiacol, 2,6-
DMP has emerged as the second-best performing substrate
after KI. Having an insight into the kinetic parameters of H2O2

for peroxidases is crucial for understanding its enzymatic
activity and substrate affinity. CyanoPOX displays a KM value of
0.48 mM for H2O2 which closely resembles the value (0.41 mM)
reported for the bovine LPO by Burec et al.[24]

Structural Elucidation of CyanoPOX

For obtaining more detailed insights into the structural and
catalytic properties of CyanoPOX, the enzyme was crystallized.
The crystal structure of CyanoPOX with a bound heme cofactor
was determined at 1.67 Å resolution in the monoclinic space
group P21 with one molecule in the asymmetric unit (Fig-
ure 2A). Size exclusion chromatography with subsequent DLS
analysis indicated that CyanoPOX is monomeric in solution,
with estimated molecular weights of 50 kDa and 34 kDa,
respectively. Also, CyanoPOX in the crystal structure seems
monomeric, with a size of 55×50×44 Å (Figure 2A). The closest
structural homologues of CyanoPOX determined by a DALI
search is LPO from Dictyostelium discoideum (Zscore=48.9, 36%
identical on residue level, root-mean-square deviation of 1.8 Å,
(PDB 6ERC).[25] There is also structural homology with LPOs from
yak (7DE5),[26] water buffalo (3ERH),[27] sheep (7VE3),[28] goat
(5FF1),[29] bovine (7DN6)[30] and the Human Myeloperoxidase
(MPO) (1CXP),[31] all with ~40% sequence identity, Zscores of
34–46 and rmsd values of ~2.0 Å. The CyanoPOX structure
includes residues 1–525. The three C-terminal residues were not
visible in electron density. The secondary structure of Cyano-
POX is largely α-helical and starts (according to DSSP) with
H1(Ala48-Val51), H2(Trp71-Leu83), H2b(Ser146-Tyr149),
H3(Met153-Leu159), H5(Ser204-Ala227), H6(Gly233-Leu261,
Pro258 conserved), distorted H8(Asn283-Met296), H9(Asn326-
Asn330), H10(Ala335-Leu341), H11(Asp355-Asn359),
H12(Leu372-Asp382), H13(Tyr388-Met394), 310 H14(Phe403-
Asp405), H15 (Pro410-Tyr420), H16(Leu428-Ala434),
H17(Glu445-Asp460), H18(Asp470-Val473), H19(Pro476-Gln483),
H20(Leu487-Arg493) and hydrophobic H21(Thr512-Leu516). The
secondary structural α-helix numbering is according to Sharma
et al.[7] for LPOs. H2a (in LPO) and H2b (in CyanoPOX) are
situated at a slightly different position and are therefore named
differently. The short H4, situated on the surface of LPO, is
missing in CyanoPOX. Furthermore, six short β-strands, B1(Ile97-
Val99), B2(Thr115-Ile116), B3(Thr300-Ile301), B4(Leu316-Ala317),
B5(Phe360-Leu361) and B6(Gly369-Leu370) are present. The
sequence of CyanoPOX is shorter than that of mammalian
peroxidases. These enzymes contain a ~20 residue longer

Table 1. Steady-state kinetic parameters of CyanoPOX and bovine LPO.
Reactions were performed at different enzyme concentrations, adjusted to
fit a specific substrate. Activity was assessed by monitoring the formation
of oxidized products from the substrates at different wavelengths.

Enzyme Substrate kcat (s
� 1) KM (mM) kcat/KM (mM

� 1 s� 1)

CyanoPOX KI[b] 885 7 126

2,6-DMP[b] 620 35 18

guaiacol[b] 135 59 2

ABTS[a] 570 150 3.7

H2O2
[c] 1390 0.48 2900

bovine LPO KI[b] 206 14 15

guaiacol[b] 10 22 0.5

[a] Reaction was performed in 50 mM KPi, 150 mM NaCl, pH 5.0. [b] Re-
eaction was performed in 50 mM KPi, 150 mM NaCl, pH 7.0. [c] Kinetic
parameters for H2O2 were obtained through enzymatic activity analysis
with KI at different H2O2 concentrations.
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N-terminus, an insert before H1, an inserted H4 and a ~10
residue longer C-terminus. The cores of the enzymes overlap
well, although the Dictyostelium peroxidase exhibits an
excursion in the H2a/H2b region. Unlike eukaryotic peroxidases,
CyanoPOX lacks disulfide bridges and N-glycosylation sites.
Interestingly, the last 22 residues at the C-terminus of the
CyanoPOX structure have a PEP-CTERM protein-sorting domain
motif.[32] It consists of a highly conserved Pro-Glu-Pro triad
(residues 508–510) followed by a hydrophobic α-helix (Thr512-
Leu513-Gly514-Leu515-Leu516-Met517) and finally a positively
charged segment (524 till C-terminus). It is believed that PEP-
CTERM forms a protein export sorting system and may be the
recognition sequence for protein-processing functions that
could include protein modification, cleavage, sorting, and
attachment.[33] The six-residue α-helix within the motif is
predicted to be transmembrane, but its length is insufficient to
span the membrane, typically requiring 18 or more residues. To
our knowledge this is the first time this motif has been
observed in a crystal structure. A non-covalently bound b-type
heme cofactor is situated in the central core of the CyanoPOX
structure. The occupancy of the heme group was refined to
75%. On the proximal heme site the conserved residues,
His294, Leu372, Asn376 and Arg291 are situated. His81 is
identified as the distal heme ligand (Figure 2B). Other residues
close to the distal site of the porphyrin ring are Asn77 and
Arg199. One of the propionate chains of the heme has salt
bridges with the side chains of Arg291 and Arg379. The other
propionate chain interacts via hydrogen bonds with Asp84 and
backbone nitrogen of Thr86. The covalent bonds with the
methyl groups of the heme observed in mammalian perox-

idases to Asp80 and Glu202 (CyanoPOX numbering), through
two ester bonds between OD2-Asp and heme atom CMD, and
OE2-Glu and heme atom CMB, are absent, but the residues
nevertheless remain. Potentially, the two heme-to-protein ester
bonds have not been formed as they are derived from a
hydrogen peroxide-mediated post-translational modification,[34]

as CyanoPOX did not undergo a peroxide treatment during
purification/crystallization. The active site located in the distal
heme cavity is easily accessed by the solvent. The hydrophobic
entrance is large, about 11 Å in diameter (Figure 2B). A
conserved calcium ion is observed on the distal site of the
heme (11 Å to His81). Its ligands are OD1 and the carbonyl
oxygen of Asp82 (adjacent to His81), OG1 and the carbonyl
oxygen of Thr140, OD1 of Asp144, OG of Ser146 and the
carbonyl oxygen of Trp142. Another non-conserved calcium ion
(10 Å to His294) is liganded by the sidechain of Asp350, the
carbonyl oxygen and OG1 of Thr295 (adjacent to His294), the
carbonyl oxygens of Glu348 and Lys352, and two water
molecules (Figure 2B). Having these calcium ions close to the
active site indicates they are structurally and catalytically
important. Furthermore, a potential magnesium ion is located
close to Met162 and surrounded by 4 water molecules at short
distances (2.1–2.2 Å).

Conclusions

Peroxidases are industrially relevant enzymes because they
catalyze bio-oxidations on multiple substrates and find applica-
tions in different fields.[1,2] Nevertheless some of the most

Figure 2. Structural features of CyanoPOX. (A) Three-dimensional crystal structure of CyanoPOX. Ribbon diagram of the CyanoPOX molecule in rainbow colors
(blue is N-terminus to red C-terminus). The heme cofactor is shown in sticks (represented with carbon in brown, oxygen in red, nitrogen in blue and the iron
atom as brown-orange sphere). Ca2+ ions are depicted in green and the Mg2+ ion in dark green. (B) Zoomed view of the active site of CyanoPOX and the
calcium binding sites. Active site residues are shown as cyan sticks. Other important residues are depicted in forest green. The inset zooms into the calcium
binding sites showing ligating residues and metal-ligand bonds as black dashed lines.
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studied peroxidase representatives are of a eukaryotic origin.
This inspired us to explore the presence of bacterial LPO
homologues, as this mammalian heme-containing peroxidase is
one of the most studied representatives of this family and is a
biotechnologically relevant enzyme. We have successfully
identified and characterized a bacterial LPO, CyanoPOX, which
can be overexpressed in E. coli with a yield of 80 mg/L. We
observed that its pH stability is similar to mammalian LPOs,
being most active and stable at slightly acidic conditions (pH 6–
6.5). The somewhat higher thermostability of CyanoPOX, when
compared with bovine LPO, may result from some structural
differences between CyanoPOX and bovine LPO. The bacterial
homolog is significantly smaller (~23 kDa), partly due to
truncations in the C- and N-termini, harbors no disulfide bonds,
and is not glycosylated. These features may also explain why
expression of CyanoPOX in a bacterial host is highly efficient,
while mammalian LPO cannot be expressed that easily. Steady
state kinetic analysis of CyanoPOX exhibits a similar substrate
profile compared to LPO, with the highest activity towards KI.
LPO is known for its ability to catalyze the reactions sufficiently
after a heat treatment at high temperatures for a short time.[19]

In this work we showed that CyanoPOX maintains high catalytic
activity up to 50 °C, after which a steep decrease in activity is
observed. This opens the possibility for additional research
aimed at enhancing both the catalytic properties and stability.

Experimental Section

Chemicals and Materials

The synthetic gene encoding for CyanoPOX was ordered at IDT
(Integrated DNA Technologies). Bovine LPO and chemicals were
purchased from Sigma-Aldrich and Fluorochem.

Cloning, Expression, Purification and Characterization of
CyanoPOX

With the assistance of IDT tools, we codon optimized the sequence
(Table S1) that encodes the selected candidate enzyme to enable
its expression in E. coli. Golden Gate methodology[35] was used for
cloning the synthetic gene in pBAD His vector (ampicillin
resistance). pBAD SUMO vector was created similarly and used only
for crystallization purposes. 5 μg of the obtained PCR mixture was
added to 50 μL RbCl2 competent NEB10β E. coli cells. Following an
incubation period of 30 min on ice, the cells were heat shocked for
45 seconds at 42 °C and placed on ice once more for another
3 minutes. 500 μL of SOC media was used to recover the cells at
37 °C for 45 min. Overnight cultures were prepared in 5 mL LB
medium containing 100 μg/mL amp and incubated at 37 °C while
being agitated at 135 rpm. 500 mL Terrific Broth medium supple-
mented with 100 μg/mL amp was used for the expression. Cultures
were grown at 37 °C while being agitated at 135 rpm in a baffled
flask until an OD600 reached ~0.6. Expression of CyanoPOX was
commenced by adding L-arabinose (0.02% final concentration).
Additionally, 5-aminolevulinic acid (1 mM, final concentration) and
iron sulfate (1 mM, final concentration) were introduced into the
cultures to facilitate the biosynthesis of heme. Cultures were
incubated at 17 °C, 135 rpm for 72 hours and then harvested by
centrifugation (3700 rpm, 40 minutes, 4 °C). 33 mL lysis buffer
(50 mM KPi, 150 mM NaCl, pH 7.5) was used to resuspend cell

pellets which were subsequently disrupted by sonication (5 s on 5 s
off, 10 minutes, 70% amplitude). Supernatants were obtained by
centrifuging at 12,000 rpm for 45 minutes at 4 °C and afterwards
loaded onto Ni Sepharose gravity columns containing 3 mL resin.
Columns were washed with a wash buffer (50 mM KPi, 150 mM
NaCl, 20 mM imidazole, pH 7.5) equivalent to five times the column
volume. The elution of proteins was performed using 3 mL of
elution buffer (50 mM KPi, 150 mM NaCl, 500 mM imidazole,
pH 7.5). PD10 columns were employed to substitute the elution
buffer for a storage solution buffer (50 mM KPi, 150 mM NaCl,
pH 7.5). Concentrations of proteins were measured using the
NanoDrop ND 1000 UV-Visible spectrophotometer (ɛ412=

58.44 mM� 1 cm� 1).[36] The UV-Vis spectra of CyanoPOX were acquired
in the range from 250–750 nm at 25 °C using a JASCO V-660
spectrophotometer following the necessary enzyme dilution. Tem-
peratures at which enzyme unfolding occurred were determined
using the ThermoFluor method.[37] Enzyme concentrations of 1 mg/
mL were diluted 5-fold in 100 mM citrate and KPi buffers with a
range of pH values from 3.0 to 8.0. ThermoFluor assay was
conducted starting at 20 °C and gradually increasing to 95 °C in 1 °C
increments every 60 seconds, while monitoring the process with an
RT-PCR thermocycler (CFX96, Bio-Rad). Retained activities upon
thermal incubation of CyanoPOX were evaluated in a temperature
range from 25–90 °C. The enzyme was incubated for 15 minutes in
BioRAD T100 thermal cycler, followed by centrifugation using an
Eppendorf microcentrifuge 5425 at 12,000 rpm for 2 minutes.
Supernatants were collected for enzymatic activity analysis.

Steady-State Kinetics

Reactions using CyanoPOX and bovine LPO in 50 mM KPi, 150 mM
NaCl, pH 7.0 were carried out at 25 °C using ABTS, KI, guaiacol and
2,6-DMP as substrates at different concentrations. Enzyme concen-
tration was adjusted to fit a specific substrate in order to be able to
follow the enzyme kinetic in the linear range, while 0.5 mM H2O2

was used in all of the reactions. The pH optimum for CyanoPOX
and activity measurements upon thermal incubation were deter-
mined through enzymatic activity analysis with KI at 25 °C.
Reactions were performed with 40 mM KI, 0.5 mM H2O2 and 0.4 nM
of purified CyanoPOX. Kinetic parameters were determined using
50 mM KPi, pH 7.0 and 0.4 nM of purified CyanoPOX. Substrate
concentrations were varied and used in combination of 0.5 mM of
H2O2 (when varying the substrate concentration) or 40 mM KI
(when varying the hydrogen peroxide). Formation of oxidized
products from the substrates was monitored (ABTS ɛ420=

36.0 mM� 1 cm� 1;[38] KI ɛ350=26.0 mM� 1 cm� 1;[39] guaiacol ɛ470=

26.6 mM� 1 cm� 1[40] and 2,6-DMP ɛ469=53.2 mM� 1 cm� 1[41]) on the
BioTek Synergy HTX multi-mode microplate reader. Initial rates of
the reactions were obtained from the linear regions of the reaction
curves. Data was processed using GraphPad Prism 6.05 (La Jolla, CA,
USA).

Crystallographic Studies

For crystallization experiments, another CyanoPOX expression
construct was prepared for producing a SUMO-tagged protein, with
no change to the expression and purification methods previously
employed. Purified His-tagged SUMO-CyanoPOX was concentrated
with Amicon Ultra 30k 0.5 mL centrifuge filters to an adequate
volume. The obtained sample was incubated overnight with His-
SUMO protease (1 mg/mL). CyanoPOX obtained after SUMO
cleavage was further purified by gel filtration using a Superdex 200
HR10/30 column (Cytiva), equilibrated with 20 mM HEPES buffer,
150 mM NaCl, pH 7.3 on an ÄKTA explorer system with wavelengths
set at 280, 254 and 412 nm. Tawny brown colored CyanoPOX

Wiley VCH Montag, 27.01.2025

2502 / 386721 [S. 117/119] 1

ChemBioChem 2025, 26, e202400713 (5 of 7) © 2024 The Author(s). ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Research Article
doi.org/10.1002/cbic.202400713

 14397633, 2025, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202400713, W
iley O

nline L
ibrary on [06/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



fractions were pooled and concentrated to 13.7 mg/mL using an
Ultracel-30 K filter unit (Millipore). Dynamic light scattering (DLS)
experiments were performed using a DynaPro MS800TC instrument
(Wyatt Technology Corporation) at 294 K. DLS data were processed
and analyzed with Dynamics software. Initial sitting-drop crystal-
lization screening was performed using a Mosquito crystallization
robot (STP Labtech) in 96-well MRC2 plates (Swissci). Crystals were
grown from 0.1 M MES buffer pH 6.0 and 20% PEG6000 supplied
with 0.2 M magnesium chloride or 0.2 M calcium chloride. Prior to
data collection, crystals were briefly soaked in a cryoprotectant
solution containing the crystallization solution supported with 20%
glycerol, and flash-cooled in liquid nitrogen. X-ray diffraction data
were recorded at the MASSIF-1 beamline at the ESRF, Grenoble.[42]

Automatic data processing, using the program autoPROC with
anisotropic analysis,[43] was performed at the ESRF. The crystals
belonged to space group P21 with cell dimensions of a=52.7, b=

72.5, c=56.2 Å and β=95.9°. The VM is 1.9 Å3/Da with a solvent
content of 34%, indicating a tightly packed crystal.[44] The structure
of CyanoPOX could be determined by molecular replacement using
Phaser[45] with an AlphaFold2[46] (ColabFold) model. The asymmetric
unit contained 1 monomer of 57.9 kDa. Refinement and model
building was done using the programs Coot and REFMAC5.[45,47] The
heme cofactor was built in the Fo–Fc electron density map and
occupancy refinement was done with phenix.refine.[48] The quality
of the model was analyzed with PDB_REDO and MolProbity.[45]

PyMOL (Schrödinger) was used for figure preparation. Data
collection statistics and refinement details are recorded in
(Table S2). Atomic coordinates and experimental structure factor
amplitudes were deposited in the Protein Data Bank PDB number
8S6C.
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