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ABSTRACT

Halogenation reactions are essential for producing many fine and bulk chemicals. Vanadium-dependent chloroperoxidases
(VCPOs) are promising biocatalysts for a more sustainable production of halogenated products because they are cofactor
independent, use hydrogen peroxide (H,0,) as oxygen donor, tolerate high H,0, concentrations, and catalyze all halogenations
except fluorination. Despite their outstanding catalytic potential, few VCPOs have been identified yet, and detailed information on
their catalytic characteristics is lacking. Here, we report the heterologous expression of three previously uncharacterized VCPOs
in Escherichia coli and their validation. One of the enzymes was identified in the fungus Curvularia clavata (CcVCPO). The
other two were found in the bacteria Crocinitomix catalasitica (CrocVCPO) and in an uncultivated Bacteroidetes strain (UbVCPO)
isolated from a water sample taken from lake Neuchatel in Switzerland. These enzymes exhibit highly attractive features, including
thermostability up to 40°C for the bromination reaction of monochlorodimedone (MCD), the highest chlorination turnover
numbers reported to date for wild-type VCPOs for the variant UbVCPO, as well as increased enzyme activation at 40°C and in the
presence of methanol or ethanol for the same enzyme variant. These findings significantly expand the VCPO toolbox and highlight
their potential for sustainable halogenation processes.

1 | Introduction Direct insertion of halogens into organic compounds is often

performed by heat, light, or by electrophilic aromatic substitu-

Halogenation is a particularly effective tool for the activation
of hydrocarbon molecules, thereby making them available for
follow-up chemical conversion. For example, 50 % of all indus-
trial chemicals and polymers contain chlorine atoms. The same
applies to 22 % of Food and Drug Administration-approved
small molecule drugs in 2024 and around 46 % of agrochemicals
approved in recent years [1-3]. In pharmaceuticals, halogen
groups can improve biological activities and stabilities such as
enhanced absorption of drugs due to changes in lipophilicity [4].
In general, functionalization by halogenation enables a broad
range of follow-up chemistry to produce complex molecules with
new reactivities.

tion on aromatic rings. These reactions can be executed by
reagents such as Selectfluor®, NBS/acid/MeOH, Ag*/Br,, or N,
N’-dibromobenzene sulfonamide, leading to significant amounts
of waste and consequently to a higher environmental impact
[4]. A promising and environmentally friendlier alternative is
the use of natural biocatalysts such as chloroperoxidases (CPOs)
which can catalyze reactions with all halides except for fluorine
and astatine [5, 6]. These kinds of biocatalysts are able to gen-
erate reactive hypohalites from inorganic salts. In particular,
vanadium-depentend chloroperoxidases (VCPOs) demonstrate
promising catalytic properties and tolerance to various reaction
conditions. VCPOs use vanadate as cofactor in the catalytic center,
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enabling the enzyme to oxidize halide ions to hypohalous acids.
Unlike the heme in cytochrome P450 of heme-containing CPOs,
the incorporated vanadate in VCPOs in the active site does not
change its oxidation state during the catalysis and is therefore less
prone to inactivation by hydrogen peroxide, hypohalous acid, or
oxygen, making the VCPOs as biocatalysts even more favorable for
catalysis [6-9].

VCPOs can convert strong aromatic carbon-hydrogen bonds
(C-H) to halocarbons (C-X; X = Cl, Br, I) when vanadium as redox
cofactor and hydrogen peroxide as cosubstrate are present [10].
The catalyzed reaction is an electrophilic halogenation [10]. First,
the hydrogen peroxide is bound by the vanadate in the reaction
pocket, resulting in a peroxovanadate intermediate and free water.
Then, the halide ion gets oxidized which leads to a bound hypoh-
alous acid [11]. In the vast majority of VCPOs, the hypohalous
acid gets released into the immediate vicinity, where it reacts with
electron-rich substrates close to the active site of the enzyme,
resulting in a nonspecific halogenation. However, research has
been conducted on several VCPO variants from Streptomyces
bacteria which show regio- and stereospecificity. This specific
catalysis is attributed to a lysine residue which carries the halogen
radical from the cofactor to the substrate-binding site as well as to
a shielded vanadate, which does not come into contact with the
solvent [12]. This specific and directed conversion, however, is not
seen in the majority of VCPOs yet and is highly dependent on the
secondary structure in the active site of the enzyme [13, 14].

As compiled in detail in the recent review of Chen et al.,
only a limited number of enzymes belonging to the class of
vanadium-dependent haloperoxidases have been identified to
date, and even fewer have been well characterized [15]. Within
this enzyme family, the number for VCPOs is yet smaller. The
first ever characterized vanadium haloperoxidase (VHPO) was
a vanadium bromoperoxidase from Ascophyllum nodosum [16].
Known VHPOs were isolated from microalgae, fungi, and bac-
teria. All identified VHPOs from algae belong to the group of
either vanadium bromoperoxidases (VBPOs) or vanadium iodo-
peroxidases (VIPOs) [17]. A large share of VHPOs were found in
bacteria. For example, in Streptomyces sp. and in the marine bacte-
rium Zobellia galactanivorans some enzymes were characterized
[18,19]. Currently, only seven VHPOSs from fungi are documented
[15]. Among the subgroup of VCPOs, only three are well descri-
bed regarding their ability to engage in halogenation reactions
[15, 17]. The VCPO from Curvularia inaequalis, a terrestrial
fungus, is well investigated [20]. The other two characterized
enzymes are a VCPO from the fungus Embellisia didymospora
and a VCPO from the marine fungus Hortaea werneckii [17,
21]. The CiVCPO from Curvularia inaequalis is the most widely
used VCPO to date. CiVCPOs have been applied, e.g., in the
enzymatic halogenation of phenols, indoles, acids, and activated
aromatics; in addition, it is also reported that the enzyme assisted
in the epoxidation of alkenes or chlorination of amines under
suitable conditions by providing the necessary hypohalous acid
[4, 6, 7, 10, 22-26]. Such products are of significant interest for
the synthesis of fine chemicals, pharmaceuticals, and agrochem-
ical intermediates.

However, limited knowledge of substrate specificity is a disad-
vantage of these enzymes, restricting the potential for indus-
trial application. There is a need for a bigger variety of these

VCPOs, more characterization data concerning the optimal reac-
tion conditions for the biocatalysts and also data about their
substrate specificity.

Although VCPOs show remarkable properties regarding stability
against cofactor inactivation, higher temperatures and organic
solvents, only a limited number of enzymes from this class are
currently known and properly characterized. The aim of the cur-
rent investigation was to extend the VCPO toolbox, paving the way
for more sustainable, enzyme-based halogenation approaches in
the future and, in the long term, enabling the development of
biocatalysts for the activation of hydrocarbons and their conver-
sion into valuable intermediates. In this study, the expansion of
the VCPO group by three more enzymes is reported, which were
heterologously expressed and characterized as VCPOs. One VCPO
originates from the fungus Curvularia clavata. The other two are
from bacterial strains: one from Crocinitomix catalasitica and the
other from an uncultured Bacteroidetes strain that was part of a
water sample from lake Neuchatel in Switzerland.

2 | Results and Discussion

2.1 | Identification of Putative Vanadium-
Dependent Chloroperoxidase Sequences

In cooperation with the external partner Proteineer GmbH, a
screening for VCPO gene sequences was performed using the
VCPO sequence from Curvularia inaequalis (CiVCPO) as ref-
erence. Based on the provided dataset of DNA sequences by
Proteineer GmbH, sequences were selected according to the
parameters: amino acid sequence length, predicted thermosta-
bility and solubility, and topological similarity (TM-score). The
underlying algorithms for this parameter-based DNA sequence
search are subject to company confidentiality and therefore can-
not be disclosed in detail. Additional parameters for the selec-
tion included the source of organism, their respective habitats,
and the degree of sequence similarity to the reference enzyme
CiVCPO. As the screening tool from Proteineer GmbH showed
sequences without introns, no additional screening for introns
was performed for the hits with fungal origin. The final set
of sequences was codon optimized for heterologous expression
in Escherichia coli. Among the selected sequences, preliminary
tests led to the identification of the three VCPOs presented here.
One of these enzymes, CcVCPO, originates from the fungus
Curvularia clavata, which is in close relation to the reference
enzyme CiVCPO. This enzyme was first described by both,
Zhang et al. and Loan et al. [27, 28]. Nevertheless, the reports
focused on the catalysis of bromoform and enantioselectivity
of sulfoxidation, lacking specific information of the properties
to characterize this enzyme. The second enzyme, CrocVCPO,
derived from the Flavobacterium Crocinitomix catalasitica. The
third enzyme, referred to as UbVCPO, was isolated from an
uncultured Bacteroidetes (Ub) strain from a water sample.

2.2 | Classification as Vanadium-
Dependent Chloroperoxidases

Halogenation assays with iodine, bromine, and chlorine
(Figure 1) were performed to determine, if the identified putative

20f9

ChemBioChem, 2026

85U8017 SUOLULLIOD BAIERID 3|qed!dde au) Ag peusenob a1e S 1e YO 88N JO S9N 10} AXe1g 17 8UIIUO /B]1W UO (SUORIPUOD-PUR-SWLSY WO AB| 1M Ae.q U1 UO//SdIY) SUORIPUOD PUe SIS L U} 885 *[9202/90/TT] Uo Areigiauiuo A&Bjim ‘@iBojouuos L 4 imsul BUnssie Ag y0r0L 91G9/200T OT/10p/L0d"AB|imAteiq 1 jeu juo ado.ne-AnsIwend//sdny woiy papeojumod ‘TT ‘9202 ‘€E9L6ErT



A 1.2
= CNCPOg
® CcVCPOs
£104 4 CrocVCPO +¢o¢oo¢.
§ v gbvcpoCE _ e
* ontrol,
% 0.8 cE .
5 . _ptt
= N R
9 0.6 T
3 T ® 1 A A A
< i A A
> A 4 N -
® 0.4+ Sooom
o - |
> L e vy vyYVYyVVYVYY
< 2’1331111... PR IR
0.2 1
T T T T T T
0 5 10 15 20 25
Time in minutes
= CNCPO,
C o CcVCPOL
A CrocVCPOge
1.2 1 v UbVCPO
£ ¢ Controleg
c
© 1.0 1
(o]
N
®
5081
a8
o
206
<
(]
&
§0.4- ‘
P S
0.2
T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Time in minutes

B 209 = A A~
= CNCPOg
® CcVCPOy
£ A CrocVCPOq T
§15q Y UbVCPO.
0 ¢ Controleg
T !
c
S
1.0+
[e]
[%2]
Q
<
[0]
Pos 4
50
z i $ .
L v
v v .
t .
0.0 T T T T
0 2 4 6 8
Time in minutes
D
[Pre—
1.2
e —
€10
o
[e2]
N
T 0.8
c
K]
<t
506+
1%
2 .
0044 ® CNCPOL
g ® CoVCPO,
g A CrocVCPOge
<0249 & UpVCPOL
¢ Controlcg
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Time in minutes

FIGURE1 | Enzyme kinetic measurements using the crude extracts (CE) of the heterologous expressed enzymes CiVCPO, CcVCPO, CrocVCPO,
UbVCPO, and the crude extract of a cultivation with the native E. coli BL21 (DE3) strain at room temperature (n =3, technical replicates). (A) Thymol

blue assay with potassium iodide (KI) as halide was performed in a 96-well plate with a total volume of 200 uL for 25min, and the absorption was

measured at 620 nm. (B) Phenol red assay with potassium bromide (KBr) as halide was performed in a 96-well plate with a total volume of 250 uL for

20 min and the absorption was measured at 592 nm. (C) MCD assay with KBr as halide performed with crude extracts in UV cuvettes with a total volume

of 1 mL for 48 sec, and the absorption was measured at 290 nm. (D) MCD assay in UV cuvettes with potassium chloride (KCl) and the crude extracts,

measured at 290 nm with a total volume of 1 mL for 1 min.

VCPOs can indeed be classified as chloroperoxidases. All variants
and the reference enzyme were heterologous produced in the
same E. coli strain BL21 (DE3). The native expression strain was
used as negative control. All assays were carried out using crude
extracts collected after cell lysis. The cultivations were conducted
with the same cultivation conditions to allow direct comparison.

Thymol blue assay was conducted to confirm iodination activity
(Figure 1A). Compared to the negative control, all putative VCPOs
as well as the reference enzyme CiVCPO showed higher product
formation. In the initial phase, the fastest change in absorption
was observed for catalysis by CcVCPO which was exceeding that of
the reference enzyme, whereas UbVCPO and CrocVCPO showed
the lowest overall changes. The phenol red assay was conducted
to check for bromination activity (Figure 1B). In this assay, the
CcVCPO again exhibits a very fast product formation in the initial
phase compared to the reference enzyme. CrocVCPO exhibited a
comparable slope. The CiVCPO itself showed only a minor slope

in contrast to the other enzymes. In both assays, UbVCPO starts
at a higher absorption and reached saturation at an early time
point. Both phenol red and thymol blue assays were only used
for qualitative screenings because of halogenation at multiple
carbon atom.

Quantitative bromination and chlorination activities were meas-
ured using monochlorodimedone (MCD) assay (Figure 1C,D).
While the crude extract of the control showed no significant
decrease in absorption for bromination reaction, all other tested
crude extracts displayed substrate decrease over time. CrocVCPO
and CiVCPO exhibited nearly the same activity. The absorption for
CcVCPO and UbVCPO dropped much faster with UbVCPO being
the most active one. The determination of chlorination activity
showed a different pattern. CcVCPO and CiVCPO are the most
active enzymes in this assay and UbVCPO and CrocVCPO only
display a minor change in absorption. All three enzymes dem-
onstrated halogenation activity with iodine, bromine, chlorine,
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classifying them as chloroperoxidases. Interestingly, the data also
indicate a distinct substrate preference, particularly in the bromi-
nation reactions. This could possibly be influenced by molecule
size and substituent effects, which clearly distinguish the two
substrates, MCD and phenol red, from each other.

2.3 | Enzyme Kinetic Parameters

To characterize kinetic parameters, the three VCPOs from
a further expression run were additionally purified via their
N-terminal hiséx-tag using immobilized metal affinity chroma-
tography (IMAC). The reference enzyme CiVCPO was cultivated
and purified identically. MCD assays were performed with varying
concentrations of potassium bromide (KBr) or potassium chloride
(KCl), respectively. Hydrogen peroxide was supplied in excess to
secure pseudofirst-order reaction conditions with respect to the
halide substrate. To calculate the kinetic parameters, substrate
affinity constant (Ky,), turnover number (k,), and the inhibitor
affinity constant (K;), a Michaelis-Menten equation with sub-
strate inhibition was used and fitted by applying a nonlinear
regression with the solver tool from Excel (Table 1). All three lin-
earizations, Lineweaver-Burk, Eadie-Hofstee, and Hanes-Woolf,
were applied and the mean value of these was taken as initial
values for the nonlinear regression fitting.

The kinetic parameters for CcVCPO and the reference enzyme
CiVCPO are similar to each other. This can be attributed to the
close phylogenetic relation of the source organisms, resulting
in high sequence and structural homology. An explanation for
the slightly higher substrate affinity constants and consequently
lower turnover numbers of CcVCPO for both bromination and
chlorination could be the substitution of Met,,; in CiVCPO to
Lys,;6 in CcVCPO. The amino acid is in both enzymes part of
a loop region covering the binding pocket. The shift from the
nonpolar methionine to a positively charged lysine may change
the overall charge around the binding pocket as well as change
the conformation and therefore the flexibility, resulting in a lower
affinity of the enzyme to the substrate MCD.

The enzyme variant CrocVCPO displayed a low chlorination and
bromination activity. Although its K, values are comparable to
the other tested enzymes. The turnover numbers are two orders
of magnitude lower than the other enzyme variants with 1.77 and
0.21s™" for bromination and chlorination, respectively. Despite
these modest kinetic parameters for the CrocVCPO variant, the
phenol red assay with KBr clearly indicated that this variant
exhibited high enzymatic activities for specific substrates.

The UbVCPO showed different kinetic behavior. While the phenol
red and thymol blue assays suggested a modest iodination and
bromination activity, in the MCD assays the UbVCPO variant
exhibited bromination activity in the same range as CiVCPO
and CcVCPO except for a lower substrate affinity constant of
0.009 mM. However, its chlorination activity reveals a high turn-
over number. To the authors knowledge, it is the highest turnover
number measured for wild-type VCPO to date, although the Ky
parameter iswith 457.26 mM high compared to CiVCPO with a Ky,
value of 1.91 mM.

2.4 | Biochemical Characterization

To further characterize the three VCPOs, all variants were tested
with respect to temperature stability and solvent tolerance. To
determine values for the characteristics, MCD assay with KBr as
halide was used. Based on the previous results from the determi-
nation of the kinetic parameters, the concentration of KBr was
switched from 500 uM to 100 uM which results in less substrate
inhibition-influenced calculations.

Thermostability measurements after 1h of incubation revealed
that the fungal enzymes CiVCPO and CcVCPO retained a high
catalytic activity up to 50°C. At 70°C, both enzymes experienced
major activity loss of 36 % and 49 %, respectively. This charac-
teristic behavior of CiVCPOs is consistent with the findings
of Van Schijndel et al. with the exception of an even higher
thermostability of up to 80°C with an activity loss of 20 % [31].

TABLE1 | Enzymekinetic parametersobtained from MCD assay measurements with varying KBr and KCI concentrations, respectively. The enzymes

were expressed, harvested, and purified via IMAC. The parameters were determined via nonlinear regression with substrate inhibited Michaelis—-Menten

equation. The assays for each KBr/KCl concentration were carried out in technical triplicates at room temperature. The k,/Ky; values for EdVCPO were

calculated based on the Ky, and k., values stated in the work of Tanaka et al. [21].

KM [mM] kcat [S_l] KI [mM] kcat/KM [mM_l S_I]
Enzyme KBr KC1 KBr KC1 KBr KCl1 KBr KC1
CiVCPO 0.04650000  1.91309% 18553737 2512703 0.612800%  944.3777%2 4.03*10° 1.32*10"
(this study)
CeVCPO 006570005 34230141  140.8935%7 16530733 05183013 866.7310dp  217710°  4.83*10°
(this study)
CrocVCPO 0.02130000  2.6970479 177759988 0.2130993  1.008739%%  552.317157% 8.43%10" 7.81%10"
(this study)
UbVCPO 0.0093000%  457.261135s  179.863542 511.07115186 0.8761930 2548723 2.00%107 1.12*10°
(this study)
CiVCPO [21,29, 0.009-0.015 1.15¥107°-1.2  200-248 23 — — 1.3*10'-2.8*10"  2.0*10*
30]
EdVCPO [21] 0.005 1.2 60 2 — — 1.2¥10* 1.67%10"
HwVCPO [17] 0.026 237 0.13 0.14 — — 4.94%10° 5.91¥107"
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This higher thermostability may be explained by the expression
in the native organism with optimal expression conditions like
proper folding by chaperons. In contrast, the bacterial VCPOs
revealed a decreased thermostability compared to CiVCPO and
CcVCPO. CrocVCPO exhibits a significant loss in activity already
at 50°C. Particularly interesting is the behavior of UbVCPO at
higher temperatures. This enzyme is heat activated at higher
temperatures, e.g., 40°C of up to 181 % compared to its activity
at room temperature. At higher temperatures then 40°C, the
enzyme is completely deactivated with no measurable conversion
at all. Such heat activation of a VCPO was likewise reported
for LsVHPOL1 from the brown algae Laminaria saccharina. This
enzyme exhibited a peak in iodination activity at 40 °C and a
drastic loss in activity at higher temperatures [32].

The solvent tolerance assays show a similar behavior. The
reference enzyme CiVCPO proved a high tolerance toward
an incubation in a 25 %(v/v) solvent concentration overnight
(see Figure 2B). This characteristic property of the VCPO from C.
inaequalis was already reported [7, 31]. Comparable to tempera-
ture stability results, the CcVCPO showed a similar performance
in bromination activity after incubation in different solvents.
Dimethyl sulfoxide (DMSO) is the only solvent which signifi-
cantly decreases the enzyme activity of all enzymes except for
CcVCPO. DMSO in higher concentration is known to destabilize
the hydration shell of proteins. It destabilizes the tertiary and
quaternary structure of proteins, and unfolds proteins [33, 34].
No residual activity was detected for CrocVCPO after incubation
in DMSO. This may be explained by the hypothesis of a destabili-
zation of a multimeric conformation of this enzyme variant. An
indication for multimerization in CrocVCPO could be derived
from the SDS gels (attached in the Supporting Information (SI))
presenting multiple bands in the gels. This particular pattern
in the SDS gel was also observed for UbVCPO which unlike

A .
[ IRT
30°C
200 l:l 40 °C k%
50 °C
J__Jeo°c
° 70 °C
£ 1504n=3
2
=
8
i & e
@ 100 h.h. = .
E %
& e % *
50
CiVCPO CcVCPO CrocVCPO UbVCPO

CrocVCPO still exhibits some activity after incubation in DMSO.
Once again, the UbVCPO variant displays a particular behavior
in solvent screening. Incubation in acetonitrile leads to a total
loss in activity but in contrast to that the solvents ethanol and
methanol activate the enzyme. The specific activities reached
127.5 % for incubation in ethanol and 158.8 % in methanol in
relation to the catalysis with UbVCPO without incubation in an
organic solvent. A similar behavior was detected for a laccase,
DLac, from Cerrena sp. RSD1 after preincubation in solvents like
acetone, methanol, ethanol, DMSO, and DMF, as well as for an
elastase from Pseudomonas aeruginosa strain K and a protease
from a halophilic Bacillus sp. EMB9 [35-37].

2.5 | Structural Analysis

To improve understanding of these new enzymes and explain
their different characteristics, the predicted models of the
enzyme monomers were generated from their native amino
acid sequences by AlphaFold 3 and additionally superim-
posed onto the CiVCPO crystal structure using ChimeraX 1.9
(Figure 3). Numerous studies showed the reliability of AlphaFold
models for initial analysis and it was already used for studies
on VHPOs [13, 17, 38-40]. However, it has to be stated that
using AlphaFold 3 models only display preliminary insights into
the structure of the presented enzymes. Experimental structure
determination (e.g., crystallography) would provide a more accu-
rate representation of the enzymes structure and enhance to
allow for a comparison of higher quality. In general, the tertiary
structure of VHPOs consisting of two four-helix bundles as well
as the amino acids, which are directly involved in the reaction, is
strongly conserved within this enzyme group. In contrast, the qua-
ternary structures of VHPOs exhibit high diversity, varying from
monomeric appearances, e.g., in case of VCPOs from Curvularia

B 200 -

[ 1H,0
[ ]bmMso
[_|EtOH *k
[ IMeOH T
150 | [LJACN
n=3

-t |

*%

*

Relative activity in %

*k

6]
o
1

CivCPO CcVCPO CrocVCPO UbVCPO

FIGURE 2 | Enzymatic activity of the purified CcVCPO, CrocVCPO, and UbVCPO compared to CiVCPO as reference in regard of thermostability

and tolerance toward the solvents DMSO, ethanol, methanol, and acetonitrile determined by MCD assay with KBr as halide. (A) Thermostability
was evaluated by the residually enzymatic activity in MCD assay after incubation for 1h at varying temperatures from room temperature to 70°C.
Experiments were conducted in technical triplicates. Resulting average activities are given in relation to the sample measured at room temperature.
The p-value was calculated with a two-tailed, unpaired t-test. If the standard deviation showed a twofold difference between samples, the unequal ¢-test
was performed (*p-value < 0.05; **p-value < 0.01). (B) Tolerance toward solvents was evaluated by the residually enzymatic activity in MCD assay after
incubation in 25 % solvent overnight. Experiments were conducted in technical triplicates. Resulting average activities are given in relation to the sample
measured with water. The p-value was calculated with a two-tailed, unpaired ¢-test. If the standard deviation showed a twofold difference between
samples, the unequal t-test was performed (*p-value < 0.05; **p-value < 0.01).
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FIGURE 3 | Superimposition of modeled CrocVCPO (cyan blue) and
UbVCPO (green) structures onto the CiVCPO crystal structure (beige)
with bound vanadate. The projected surface corresponds to CrocVCPO.
Red amino acids indicate substrate-binding pocket residues in CiVCPO
not conserved across all characterized VCPOs. Magenta residues indicate
conserved substrate-binding pocket residues, and dark blue residues
indicate conserved active-site residues.

inaequalis to dimeric structures like the VBPO from Ascophyllum
nodosum and dodecameric structures such as the VBPO from
Corallina pilulifera [11].

All the predicted structures feature a conserved orientation and
position of the conserved amino acids (Phe-Trp-Lys—Arg-His—
Arg-Ser-His) in near proximity to the vanadate in the active site
(results not shown). In addition, the enzymes show a conserved
structure of the monomeric fold, although the sequence similarity
is only 23 % for both bacterial VCPOs. The superimposition of
the enzymes onto the structure of CiVCPO revealed that some
enzymes are lacking certain folds observed in the crystal structure
of CiVCPO. CcVCPO displays all folds, but as already mentioned,
has a crucial substituted amino acid in the fold covering the
binding pocket. UbVCPO lacks the folds 1, 3, and 4, shown for
CiVCPO in Figure 3. It exhibits the fold 2 but only on secondary
structure level. The amino acids themselves differ significantly,
also with regard to important amino acids like Gln,,,, His,,,, and
Aspag that are relevant for substrate binding in CiVCPO [10]. In
UbVCPO, the positions of these three amino acids overlap with
the amino acids Lys,y;, Met,q9, and Glus,,. In CiVCPO, all these
amino acids are polar. In comparison, the amino acid Met,qy in
UbVCPO deviates from this pattern. This amino acid has rather
hydrophobic properties, which can lead to an altered substrate
affinity of the enzyme. In addition, the amino acid Phe;y; is
completely missing in UbVCPO, which is also associated with
substrate binding. CrocVCPO exhibits none of the four folds.
The missing folds 1-3 covering the binding pocket, making the
enzyme probably more prone to catalyze reactions with larger
molecules such as thymol blue bearing three aromatic rings. The
substrate itself may come in closer contact to the active site in
this enzyme, enhancing the catalysis. Nevertheless, the MCD
conversion is still very low, which contradicts this theory. A close
look at the amino acids surrounding the active site reveals that
the amino acids Gln,,, and His,,,, considered to be relevant for
substrate binding, have been replaced by Pheg; and Leu,;; in
the enzyme variant CrocVCPO. A working hypothesis is that
both hydrophobic residues, phenylalanine and leucine, may lead
possibly to optimized hydrophobic conditions for an enhanced
binding of hydrophobic substrates like thymol blue. Compared

to thymol blue, which possess an estimated XlogP3 value of 6,
MCD is significantly less hydrophobic with a XlogP3 value of 1.5
[41, 42]. The specific substrate affinity of the CrocVCPO variant
aligns with the drastically reduced bromination and chlorination
activity for this enzyme variant.

3 | Conclusion

In this study, three previously uncharacterized VCPOs were
successfully expressed heterologous in E. coli and functionally
validated. Two of the enzymes were described for the first time
and one was only previously described regarding its bromination
and sulfoxidation activity. The bacterial enzyme variant UbVCPO
showed the highest reported chlorination turnover numbers for
any wild-type VCPO described to date, combined with activation
at 40°C and in the presence organic cosolvents such as ethanol
and methanol. The structural analysis based on preliminary
enzyme modeling generated with AlphaFold 3 revealed a con-
served active-site architecture. The amino acids surrounding the
active site, however, differ greatly in some instances, particularly
for the bacterial variants CrocVCPO and UbVCPO. These findings
broaden the toolbox of sustainable biocatalysts for versatile halo-
genation reactions with distinct, industrially relevant properties.

4 | Experimental Section
4.1 | Strain Construction

The DNA sequences of the enzymes were codon optimized
for expression in E. coli BL21 (DE3) and synthesized by Twist
Bioscience (South San Francisco, USA) and provided in pET blank
(Amp) plasmids. Via Gibson assembly using Q5 high fidelity mas-
ter mix (M0492L, New England BioLabs Inc.) and 2X NEBuilder
HiFi DNA Assembly Master Mix (E2621L, New England BioLabs
Inc.), a gllI-signal peptide (codon optimized for E. coli) from the
filamentous phage fd gene Il and a his6x-tag sequence was cloned
in frame upstream of the gene of interest.

4.2 | Heterologous Protein Expression

100mL precultures in LB medium containing 100 ug/mL ampi-
cillin were inoculated and incubated over night at 37°C and
180rpm. For the main culture, 200mL TB medium containing
100 pg/mL ampicillin was inoculated with the preculture to an
optical density of 0.04 and incubated at 37 °C and 180 rpm. After
growth to an optical density of 0.4-0.8, the protein expression
was induced by adding 50 uM IPTG and 2 % (v/v) ethanol. The
cultures were incubated for another 24 h at a reduced temperature
0f25°C and 180 rpm. The harvest was performed by centrifugation
of the cultures at 4528 xg, 4°C for 30 min. The supernatant was
discarded, and the pellet was stored at —20 °C.

4.3 | Cell Disruption and Enzyme Recovery

The pellets were resuspended each in 15mL of 50mM Tris/
H,SO, pH 8.1 buffer. One spatula tip of lysozyme (62971-10G-F,
Sigma-Aldrich Co.), DNasel (10104159001, Roche Diagnostics
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GmbH), 1 tablet of protease inhibitor cocktail (04693159001,
Roche Diagnostics GmbH), and one spatula tip of MgSO, « 7H,0
were added and the solution was incubated by gently rotating for
30min at 4°C. The cells were subsequently sonicated three times
for 5min with 20s intervals and an amplitude of 80%. The lysate
was centrifuged at 4528 xg, 4°C for 30 min. The supernatant was
transferred into Amicon Ultra-15 centrifugal filter devices with a
cutoff at 30 kDa (UFC903008, Merck KGaA). The retentate of the
concentration step was then washed in the same filter system with
9mL 50 mM Tris/H,SO, pH 8.1 buffer containing 1 mM Na;VO,.
The enzymes were stored at 4°C for short-term storage and at
—20°C with 20 %(v/v) glycerol for long-term storage.

4.4 | Enzyme Purification

The his6x-tagged enzymes were purified by using His-trap chro-
matography. The cells were lysed as described above for enzyme
concentration. The buffer used for cell lysis was supplemented
with 1 mM Na;VO, and 30 mM Imidazole. The lysates were centri-
fuged at 33152 xg, 4°C for 1h. IMAC for protein purification was
performed using an AKTA start (Cytiva Life Sciences, USA) with
protein detection at 280nm with an HisTrap High Performance
1mL column (GE29-0510—21, Cytiva Life Sciences, USA). The
lysate buffer with 30mM imidazole was also used for column
loading of the sample. As elution buffer, 50mM Tris/H,SO,
pH 8.1 buffer containing 1 mM Na;VO, and 500 mM imidazole
was used. The pooled enzyme fractions were washed using the
Amicon Ultra-15 centrifugal filter devices with a cut-off at 30 kDa
(UFC903008, Merck KGaA) with 9mL 50 mM Tris/H,SO, pH 8.1
buffer containing 1 mM Na;VO,.

4.5 | Enzyme Assays

Protein concentrations were determined via Bradford assay using
bovine serum albumin (BSA) as a protein standard. To check for
the enzymes in the sample, SDS-page was performed to examine
for proteins of the expected size on Mini PROTEAN TGX gels
(Bio-Rad Laboratories Inc.). The protein samples were loaded with
1X Laemmli sample buffer (1610747, Bio-Rad Laboratories Inc.).
A preliminary step of heating at 95°C for 5min was done before
electrophoresis. The proteins were visualized by staining the gel
with 0.2 % Coomassie blue solution for 30min and subsequent
destaining in Millipore water overnight. The following description
for the assays for the determination of enzyme activity is giving a
short overview. Detailed information concerning stock and final
concentrations of the used components are listed in the SI.

The bromination of phenol red to bromophenol blue was used
to screen for bromination activity of the enzymes. The assay
consisted of 80uL 0.5mM phenol red, 20uL 50mM KBr, 50puL
20mM H,0,, 1 uL of enzyme concentrate or 10uL enzyme crude
extract, and 1M citrate buffer pH 5.0 with 1mM Na;VO, to
a total volume of 250uL. The reaction was started by adding
H,0,. The absorbance was measured with an Infinite M200 pro
reader (Tecan Trading AG, Switzerland) at 592 nm for 20 min. The
reactions were performed at room temperature in triplicates.

The iodination activity of the enzymes was determined
qualitatively by monitoring the reaction of thymol blue to

diiodothymolsulfophtalein. The resulting product was measured
with an Infinite M200 pro reader (Tecan Trading AG, Switzerland)
at an absorption of 620nm for 25min. The assay consisted of
20uL 1 mM Thymol blue resolved in ethanol and denatured with
methylethylketone, 4uL 200mM KI, 20uL 1mM H,0,, 1uL of
enzyme concentrate or 10 uL enzyme crude extract, and 100 mM
phosphate buffer pH 8.0 with 1 mM Na;VO, to a total volume of
200uL. The reaction was started by adding H,0,. The reactions
were performed at room temperature in triplicates.

Quantitative determination of bromination and chlorination
activity was conducted via the monochlorodimedone (MCD)
assay. The assay comprised 100 uL of 0.5mM MCD, 5uL of 1 mM
KBr or KCI, 100 uL of 50 mM H,0,, 10 uL of the sample, including
enzymes, 100uL of 1M citrate buffer pH 5.0 containing 1 mM
Na,;VO,, and water to make up a total volume of 1 mL. The reaction
was initiated by adding the H,O,. Absorbance was measured in
UV cuvettes at 290nm by a Cary 60 UV/Vis spectrophotometer
(Agilent Technologies, United States) at room temperature and
executed in triplicates for 2min. The resulting activity was calcu-
lated using the MCD extinction coefficient &,99 ym=0.0199M ™
cm™ [43].

To obtain kinetic parameters for bromination and chlorination
activity of the VCPOs, the MCD assay was carried out with vary-
ing KBr (OuM to 1mM KBr) and KCl (0mM to 500mM KCl)
concentrations. All measurements were performed as triplicates.
As substrate inhibition was observed, the data were fitted in a non-
linear regression for the Michaelis-Menten equation considering
substrate inhibition using the solver tool from Excel (Microsoft
Corporation) to reliably estimate Ky, and k... The solver was used
to minimize the estimate of goodness calculated for the estimated
values compared to the measured values. The calculated values of
the fitted data compared to the measured values are shown in the SI.

4.6 | Enzyme Structure Analysis

Structures of the native amino acid sequence from the putative
VCPOs were predicted with the AlphaFold 3 Server Beta. For vis-
ualization, the predicted model from AlphaFold was inserted into
ChimeraX 1.9 and was used to visualize enzymes. Relevant amino
acid residues, potential binding pockets, or substrate tunnels were
visualized using coloring and depiction tools. To investigate and
compare the reactive sites of the putative VCPOs, ChimeraX
was used to superimpose the enzymes for better comparison
of predicted positioning of relevant amino acids in the binding
pockets or reactive sites using the matchmaker tool.
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