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Insights into the Mechanism of a Vanadium Bromoperoxidase
from the Marine Macro-Algae Corallina pilulifera for

Biocatalytic Halogenation

Daniel E. Mitchell,[?! Esther Garcia-Rodriguez,?! Michail N. Isupov,*!!

and Jennifer A. Littlechild*!a!

Vanadium haloperoxidases have been studied to understand
their mechanism and halide specificity. Crystal structures of
vanadium bromoperoxidase enzyme complexes from Corallina
piluifera, with vanadate and bromide and with phosphate and
chloride, show significant displacement of loop residues 336-
338 upon halogen binding. This shows a “closed position” of
Leu337 locking the bromide ion in a hydrophobic environment
favoring the vanadium peroxide reaction with the halogen by
retaining the resulting hypobromite in the enzyme active site.
The bound cofactor exists as a mixture of free vanadate and
histidine553-vanadate adduct. A mutant enzyme Arg397Trp also

1. Introduction

Halogenated compounds are important building blocks in the
production of pharmaceuticals and fine chemicals. Specific halo-
genation of a compound changes its chemical and biological
properties. Many established drug molecules are halogenated
compounds. Using enzymes rather than conventional chemi-
cal synthetic techniques to produce these compounds is more
sustainable and environmentally friendly.

Haloperoxidases catalyse enzymatic addition of halide to
nucleophilic organic compounds in the presence of hydrogen
peroxide and function in the biosynthesis of halogenated natu-
ral products.! In the active site of the haloperoxidase, hydrogen
peroxide reacts with the halogen ion X to form an oxidized
halogen intermediate HOX (Equation 1):

H,0, + H* 4+ X~ — H,0 4 HOX M
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has been crystallized with bound phosphate and its structure
determined with and without the bound bromide ion. The pre-
cise positions of the bromine have been determined using
its anomalous signal. The bromide binding site in the mutant
enzyme is displaced by 2.5 A resulting in a mixed population
of the “open” and the “closed” forms of Leu337. This allows
additional chloroperoxidase activity due to re-positioning of the
halogen ion 0.6 A closer to the vanadate ion. These studies sup-
port the application of vanadium haloperoxidase enzymes for
selective halogenation of important drug molecules.

If a convenient organic nucleophile acceptor is present, a
reaction occurs with HOX to form a diverse range of halogenated
products.”l Most halogenated natural products are chlorinated,
brominated, or iodinated. Fluorinated compounds are rare
and are produced by a non-peroxidative mechanism.?! Identi-
fied halogenated compounds range from simple aromatic and
aliphatic compounds to complex alkaloids, polyketides and even
polypeptides. A large majority of these natural halogenated
compounds have been isolated from marine organisms.!¥l
Macro-algae and cyanobacteria, in particular, appear to play an
important role in the cycling of iodine and bromine in coastal
waters.!”! Lichens and fungi have also been found to be a source
of haloperoxidase activity and can produce organic halogenated
compounds.'®8 Many of the natural compounds identified have
antibacterial or anticancer activities so in themselves form a
basis for new drug molecules.

The haloperoxidase enzymes were initially classified as
heme or non-heme enzymes.!®’ The latter can be split into
vanadium dependent!’® and cofactor-free haloperoxidases.™
More recently, the cofactor-free haloperoxidases found in bac-
teria have been reclassified as esterases, since their observed
halogenation reaction, which only occurs at acidic pH, is now
considered a side reaction.'> Other halogen transfer enzymes
that have been identified are flavin-dependent haloperoxi-
dases, S-adenosyl-I-methionine-dependent chlorinases, and
fluorinases. These enzymes are unrelated structurally and
use different mechanisms to achieve their chemical reactions
(reviewed in ref. [14]). This paper will focus on vanadium
haloperoxidases.

The vanadium haloperoxidases (VHPOs) are normally named
after the most electronegative ion they are able to oxidise,
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thus a chloroperoxidase (CPO) oxidises CI~, Br—, and I~ and
a bromoperoxidase (BPO) only Br~ and I=."1 Ascophyllum
nodosum, vanadium haloperoxidase is, however, classified as a
BPO although it shows low levels of CPO activity.l'!

Apart from having applications as biocatalysts, the VHPOs
have attracted attention due to their vanadium redox
chemistry.”®! These enzymes use a vanadate VO, cofactor
which was observed as a vanadate-histidine adduct in VHPO
structures reported so far. Initially, it was hypothesized that the
function of VHPOs was to produce a diffusible, oxidized halogen
intermediate such as hypobromite which would halogenate
organic compounds in solution. However, work by Butler and
co-workers demonstrated that the kinetics of enzymatic bromi-
nation was more consistent with organic substrate halogenation
within the enzyme active site.?”! The same group showed
that both Ascophyllum and Corallina VHPOs could regiospecifi-
cally brominate various substrates which further extends their
usefulness as biocatalysts.[?"!

The first crystal structure of a VHPO, the chloroperoxidase
(VCPO) from the fungus Curvularia inaequalis was solved by
Wever and co-workers in 1996, and showed the vanadium
as an essential metal cofactor bound in the form of vana-
date (HVO4%~) and covalently attached to a specific histidine
residue.23! Since then further structures have been solved for
the two vanadium bromoperoxidases (VBPOs) from the brown
seaweed A. nodosum,®! two red algae Corallina species,?*?!
and the cyanobacteria Acaryochloris marina.?! Structures of
VCPO from bacteria Streptomyces sp.[’! and vanadium iodoper-
oxidase (VIPO) from the bacteria Zobellia galactanivorans have
also been reported.™ These enzymes possess a high degree
of amino acid sequence homology in their active sites which
is formed by a four-helix bundle structural motif and is posi-
tioned at the bottom of a deep funnel-shaped substrate channel,
approximately 15-20 A deep.! The conserved vanadium bind-
ing site motif for VBPO and VCPO is P[S/A]YPSGHAT,™ where
hydrogen vanadate is bound axially to a histidine side chain in
an overall trigonal bipyramidal coordination geometry.l?®! The
three equatorial oxygens of vanadate are hydrogen bonded
to two conserved arginines, a lysine, a serine, and a back-
bone amide of a glycine. The high similarity of the active
sites in vanadium haloperoxidases raises the question of what
enzyme features are enabling stereospecific halogenation of
organic compounds and are determining their different halogen
selectivity.

Despite the high similarity of the VHPO active sites, they
are structurally configured in a different way in various species.
The active site of VCPOs and bacterial VIPO is totally formed
by the amino acids belonging to a single polypeptide.l>?2?"]
While Zobelia VIPO and the fungal Cur. inaequalis VCPOs are
monomers, the Streptomyces VCPO forms a dimer. Conversely,
both algal and bacterial VBPOs have active sites formed by
residues from two adjacent monomers, thus their quaternary
structure is a multimer of active dimers. One of A. nodosum
VBPOs is a dimer,l"! the second one is a hexamer. Corallina and
Aca. marina VBPOs form large assemblies of six active dimers
(dodecamers).?*28) Since the two four-helix bundles of the Cur.
inaequalis VCPO domains superimpose well with the bundles of
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the two Cor. officinalis VBPO monomers to form the active dimer
it was suggested that the monomeric VCPO has arisen from an
ancestral enzyme by gene duplication.!?

The amino acids that form the active site of VHPOs have
been determined to be remarkably similar to three families
of acid phosphatases, previously considered unrelated.™?*! This
sequence similarity has raised the question about the phos-
phatase activity of apo-VHPOs, and indeed, the VCPO from Cur.
inaequalis was found to hydrolyse p-nitrophenol phosphate.>!
Similarly, acid phosphatases from Salmonella and Shigella in
which vanadate is incorporated, have weak bromoperoxidase
activity and are able to oxidize enantioselectively, a sulfide to
a sulfoxide.®32 Furthermore, due to the high reactivity of the
vanadium complex, VHPOs have also been found to oxidize
sulfides to sulfoxides in the absence of halides**" proving
that these enzymes are very versatile for use in applied bio-
catalysis for a wide variety of different organic compounds.
The ability of the VHPOs to be used for sustainable chem-
ical synthesis has been demonstrated for both VBPO!*! and
VCPO.B¢!

Despite this great potential of VHPOs as biocatalysts, their
detailed mechanisms are not fully understood. The original struc-
ture of the Cor. officinalis VPBO was determined using enzyme
extracted from the Corallina red algae gathered from rock pools
from the SW UK coastal regions.’”38] Attempts to overexpress
the Cor. officinalis enzyme in bacteria were challenging, however
a method was developed to refold the protein from inclusion
bodies after over-expression in Escherichia coli* It has been
possible for VBPO from a related species Cor. pilulifera, which
grows in coastal regions of Japan, to be over-expressed in yeast
and this has allowed the production of mutant enzymes to
obtain further mechanistic understanding. Two mutant enzymes
R397 W and R397F showed significant chloroperoxidase (CPO)
activity as well as BPO activity.[4%4!!

A preliminary paper on the structural interpretation of the
enzyme was reported by us earlier.!*?) However further analysis
of the halide specificity of this enzyme has revealed impor-
tant additional information described in this paper. Here, we
report and interpret the conformational changes which accom-
pany binding of halogen ions in structures of a recombinant
VBPO from Cor. pilulifera and its mutant R397W. We also report
the binding of the vanadate cofactor to the enzyme active site.
The results obtained have provided further understanding of
the mechanism of halogenation of organic compounds by this
enzyme and identified structural factors which define its halide
specificity.

2. Results and Discussion

2.1. Structural Bioinformatics

A comparison of structures between Corallina VBPOs and Cur.
inaequalis VCPO has shown that one of the distinct differences in
the active sites was an Arg397 (Cor. pilulifera numbering) which

replaces a tryptophan residue at this position in VCPO. Asc.
nodosum VBPO which shows weak VCPO activity and bacterial
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VIPO both also have Trp at this position. Extensive mutagenesis
of this residue R397 of Cor. pilulifera VBPO to every other single
amino acid has shown that two mutants R397 W and R397F have
acquired some limited chloroperoxidase activity while retaining
strong bromoperoxidase activity."! Therefore, both native Cor.
pilulifera VBPO and its R397 W mutant were chosen for structural
studies to examine the differences in their active sites which
would explain these differences in halogen specificity.

2.2. Crystal Structures

Previously, the Cor. pilulifera VBPO has been crystallized in the
same dihydrogen phosphate conditions used for structure deter-
mination of the Cor. officinalis VBPO, with both proteins sharing
90% sequence identity.[**! The phosphate ion replaces vanadate
in the enzyme active site, giving a phosphate enzyme com-
plex. The hexagonal phosphate complex crystals (form 1) were
robust, easily reproducible, and retained diffraction in the pro-
cess of crystals soaking and cryocooling. To obtain the vanadate
VBPO complex, crystallization was carried out in polyethylene
glycol (PEG) conditions, similar to those reported for Cor. offic-
inalis VBPO earlier.””] However, resulting cubic VBPO crystals
(form 2) had poor reproducibility, suffered twinning problems,
and lost resolution upon cryocooling and ligand soaks. Co-
crystallization and soaking trials with known organic ligand,
methyl-p-tolylsulfide or HOBr scavenger phenol red and Br~ or
Cl~ halogen ions were set up for both native and mutant VBPO
enzymes in both crystallization conditions. However, we only
managed to collect a single good data set to 2.15 A for a com-
plex of native VBPO in form 2 co-crystallized with KBr and soaked
in methyl-p-tolylsulfide. We collected data on both native and
mutant VBPOs form 1 crystals grown in the presence of both
halogens and soaked with the above organic ligands.

2.3. Quality of the Structures

The four crystal structures were solved by the molecular replace-
ment method using our previous structure of the phosphate
complex of Cor. pilulifera VBPO as a model (pdb 1up8). In both
crystal forms, the VBPO dodecamer is located on a crystallo-
graphic three-fold axis, therefore the asymmetric unit contains
four protein monomers. The structures were refined to good
geometry and statistical parameters (Table S1). Ramachandran
outliers in some structures are glycine residues. A non-proline
cis-peptide is formed by G484 located in the vicinity of the active
site, which appears to be conserved in other VHPO structures,
although the equivalent residue is Thr or Pro in other pro-
teins. All structures contain Ca** and Na* ions as was previously
reported for Corallina VBPOs.

2.4. Vanadate in VBPO Active Site

Refinement of the structure of the His553-vanadate adduct in
the Cor. pilulifera VBPO active site of crystal form 2 resulted in
a poor match of experimental electron density manifested by
the presence of positive and negative difference peaks around
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Figure 1. Wild type VBPO structure showing the active site of the Cor.
pilulifera VBPO with bound bromine ion (purple sphere). Active site
residues are shown in ice blue, while vanadate ion shown as grey
(vanadium) and red (oxygen) spheres. Density map shown in blue at 1.5
sigma (2Fp - F¢) and is contoured around highlighted residues. Image
prepared using CCPAMG.!%8!

this ligand. Alternative refinement of free vanadate VO, in the
active site also did not show a good fit to the density. After
several attempts of refinement of vanadate species at different
occupancies, the structure which contains a mixture of species
of vanadate histidine 553 (modelled at 30% occupancy) and free
vanadate (modelled at 70% occupancy) proved to be the best
description of the electron density. Both species of vanadate
have similar ion pair/hydrogen bonding interactions, of which
the strongest are Lys400 and Ser485. The Lys400 together with
Arg547 and Arg408 can establish a protonated network around
the vanadate ion and activate it towards attack by the hydrogen
peroxide (Figure 1).

In each crystal structure of the VBPO, the individual
monomers of the asymmetric unit are very similar with a
route mean squared deviation (RMSD) in the range of 0.1-0.15 A
However, structures of the monomers of the Cor. pilulifera VBPO
phosphate complex (pdb 1up8) and the vanadate complex both
superimpose with a RMSD of 0.38 A over the full protein length.
The active dimers superpose with a RMSD of 0.46 A. It is not
clear how much of this difference is due to the crystallization
conditions and how much to the binding of a different ligand in
the active site.

The vanadate in Cur. inaequalis VCPO and A. nodosum VBPO
seems to bind more tightly and has been modelled as full
occupancy vanadate histidine.l'"®?®! A low proportion of histi-
dine vanadate can lower affinity of the cofactor for the active
site and explain the complete replacement of the vanadate by
phosphate. The vanadium in histidine vanadate has a trigonal
bipyramidal coordination (Figure 1) and the hydrogen perox-
ide binding to the active was shown to replace the apical
and one of the planar oxygens of histidine vanadate by per-
oxide as found in the peroxide form of the Cur. inaequalis
VCPO.2#!

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202400792

Figure 2. Location of the bromide binding and bromination sites using anomalous difference maps. Model residues are shown as sticks, anomalous
difference maps are shown in green contoured at 3 o. A) Bromide bound in the active site of WT Cor. pilulifera VBPO. B) Bromide bound in the active site
of R397 W mutant. C) and D) Bromination of Tyr43 and Tyr186 in the R397 W mutant structure. 2Fo-Fc map is shown in blue contoured at 1.5 o. Image

prepared using CCP4MG.!%8!

L337

F373

Figure 3. Structure with chloride in the active site. A) Active site showing electron density of chloride (turquoise sphere) and PO, (shown in pink and red).
Electron density of key R397 and L337 residues are also shown. B) Comparison of vanadate and bromide structure (ice blue) and chloride and PO, structure
(gold). Bromide shown in purple, with chloride in turquoise. The phosphate ion is shown in pink and vanadium in silver. Maps drawn to 1.5 sigma (2Fo-F).

Images prepared using CCP4MG.!%8!
2.5. Location of Halogen Binding Sites

Two of the four wild type and mutant structures described in this
paper contain bound bromide ions and one contains chloride
ions. The location of the bromides bound to protein was found
from the anomalous Fourier synthesis calculated with refined
model phases (Figure 2).

Since the concentration of bromide ions in the mother liquor
was significant, several bromide sites with high occupancy were
located within each protein monomer. The data for the wild
type of enzyme chloride complex were collected at very short
wavelength (0.848 A) where the anomalous signal for this ele-
ment is weak. Chloride ions were located by refinement of

ChemCatChem 2025, 17, 202400792 (4 of 9)

water molecules at these sites to extremely low B-factors and
confirmed by the presence of positive difference (Fobs—Fcalc)
density (Figure 3).

The bromide site in the active site of the wild type of enzyme
is located close to the vanadate ion, as is visible in Figure 1.
The bromide ion is coordinated by the Arg397 residue and
within 3.8 A of the closest oxygen of the vanadate-histidine
adduct. Several chloride sites were located, where the posi-
tion of the chloride ion in the active site is within 03 A
from the bromide site (Figure 3B). This is likely due to the
difference of the ionic radii of the two halogens. This makes
the distance of the chloride ion to nearest vanadate oxygen
37 A.

© 2024 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Comparison to previously published unbrominated complex,
(pdb: 1up8, green, and brominated complex residues in ice blue). Bromide
ion is shown in purple while histidine vanadate is shown as grey
(vanadium) and red (oxygen) spheres. Arrows added to indicate movement
of residues between the structures. Image prepared using CCP4MG.!®!

2.6. Active Site Rearrangement Upon Halogen Binding

Comparing the bromide and chloride complex structures of the
wild type protein to the previously published structure (pdb:
1up8), a displacement of the loop containing amino acids 336-
338 results in the movement of the side chain of the residue
Leu337 inwards towards the active site when the halogen ion
is present (Figure 4). Additionally, this displacement is accompa-
nied by an inward movement and rotation of around 25° of the
side chain of Phe373 from an adjacent subunit in the catalytic
dimer.

In the non-halide bound structure, a water molecule occu-
pies a similar position to the halide and Leu337 side chain. The
binding of the bromide results in the formation of a hydropho-
bic pocket and a reduction in size of the entrance to the active
site, eliminating water and allowing the reactions to occur.3"
It would appear that the hydrophobic environment that is
produced by the structural rearrangement following halogen
binding favors the formation of the peroxy form of histidine
vanadate in the enzyme active site. This in turn results in the
hypobromite formation in the VBPO active site and its reten-
tion until a suitable organic substrate binds in the deep active
site cavity. Such substrate binding may cause conformational
changes to the Leu337 containing loop and Phe373 and to allow
opening of the active site entrance to release the hypobromite
molecule to interact with the bound substrate. This agrees with
the enzyme kinetics and regiospecificity reported by Butler and
co-workers.[202]

2.7. R397W Mutant Structure
To understand which amino acids in the active site do affect

the halogen specificity, further investigation was undertaken.
From the wild type crystal structures and previous work of
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Phe373

Figure 5. Comparison of the WT and R397 W structures both with bromine
ions in the active site. WT in ice blue, R397 W in coral. The WT type
bromide ion is shown in silver, while the R397 W bromide ion is shown in
pink. The electron density maps are drawn to 1.5 sigma (2Fy - F). The
arrows added show the movement of Br and Leu337. Image prepared using
CCPAMG.158!

Oshiro and co-workers, it was shown that the Arg397 is involved
in halogen binding.*"! Therefore, the structures of the R397 W
mutant enzyme were determined both in the presence and in
the absence of bromide ions.

There are few changes in the overall structure of the mutant
protein. A monomer of the bromide bound form of the mutant
enzyme aligns with a RMSD of 0.30 A to the bromide form of
the wild type enzyme. The difference observed between the
mutant and the wild type enzyme is minimal and is less than
that observed between different forms of the wild type enzyme.
However, the bulky tryptophan residue displaces the bromide
binding site towards the Leu337 containing loop by 2.5 A, thereby
reducing the distance from the bromide to the nearest histidine
vanadate oxygen to 3.2 A (Figure 5).

To validate our interpretation of the structural results, we
have compared the different structures regarding the displace-
ment of the bromide ion. Comparisons of the native vanadate
and the R397 W mutant phosphate structures to the structure of
the non-halogenated native phosphate complex of VBPO (pdb
1up8) and structures of the native vanadate Br complex (Figure
S3A), the native phosphate Cl complex (Figure S3B), and the non-
halogenated R387 W phosphate complex (Figure S3B) have been
carried out. In all three cases, the cofactor/cofactor analogue dis-
placements in the active site are in the range of 0.1-0.5 A which
are significantly smaller than the observed displacement of the
bromide ion (25 A) between the native and mutant enzyme
complexes.

It appears the shorter distance between cofactor and halo-
gen favors chloride peroxidation by this mutant enzyme as seen
by us previously."*"! Interestingly, both apo and bromide contain-
ing structures of the R397W mutant enzyme have been found
to have the Leu 337 loop in two conformations, corresponding
to the bound (occupancy 0.3-0.4) and unbound (occupancy 0.6—
0.7) states of the wild type enzyme. These occupancies seem to
be little affected by bromide binding, which is no longer able
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Br
F373
W397

Figure 6. Comparison of R397W mutant (green) to the A. nodosum VBPO
(coral, pdb: 1gi9). The vanadate ion from A. nodosum is shown as a silver
sphere connected to red oxygens, while bromide from the R397 W mutant
is shown as a turquoise sphere. Numbering is given using the R397 W
mutant unless stated. Image prepared using CCP4MG.[>8]

to bind to the “closed” conformation of the enzyme loop due
to steric clashes. It would appear that the mutation R397 W has
affected the proposed “lock/release” mechanism by the substrate
which is no longer functional.

Clearly, halogen specificity of the haloperoxidase is an
extremely important factor in the natural environment. Marine
algae and bacteria have vanadium bromoperoxidase enzymes
with none or limited choroperoxidase activity. It is likely
chloroperoxidase activity in conditions of chloride abundance in
sea water could result in production of undesired compounds.
Vanadium iodoperoxidase which has a related chloroperoxidase
structural fold is a further example of the importance of halo-
gen specificity in different organisms. The content of bromine in
sea water is relatively low so organisms such as Corallina species
need to specifically sequester this for bromoperoxidase activity
which has been shown to have anti-microbial properties pro-
posed to prevent other micro-organisms colonizing the rocks
that this species adhere to.

The detailed crystal structures presented in this paper sug-
gest that the halogen to vanadate distance in the enzyme active
sites is likely one of the major factors defining the different
halogen specificities observed in this family of enzymes.

2.8. Structural Comparison with Related Enzymes

The R397W mutant can be compared to a similar enzyme from
A. nodosum which also has Trp338 at the equivalent position
(Figure 6). This VHPO has also been found to have activity with
chlorine, however the specific activity (0.49 U/mg) was much less
than that previously described for the R397W mutant.[“!! A chlo-
ride ion would fit better into a smaller, more hydrophobic active

ChemCatChem 2025, 17, 202400792 (6 of 9)

site, so several amino acid residues would affect chloroperox-
idase activity. It does appear however, in this case that the
tryptophan plays an important role in the halide specificity.

The amino acids surrounding the vanadate ion appear to be
well-conserved, however there is some difference in those sur-
rounding the bromide ion which could account for the increased
activity against chlorine in the R397 W mutant relative to A.
nodosum enzyme The key Leu337 is replaced with a glutamine
and Leu393 is likewise a glutamine in the A. nodosum enzyme.
These differences in amino acids around the bromide ions sug-
gest that several key amino acids within the active site play a
role in halide specificity.

A structure of an iodoperoxidase from the marine bacte-
ria Zobellia galactanivorans has been solved (pdb: 4cit).™ This
structure is monomeric and exhibits more structural similarity
to both known VCPO structures (which are also monomeric) as
opposed to the VBPO presented here. The residues His360 and
Arg 410 (Z. galactansivorans numbering) are conserved between
the VBPO and VIPO, and generally the residues coordinating
the vanadate ion are extremely well conserved. Similarly to the
VBPO from A. nodosum and a previously reported VCPO from
Cur inaequalis (PDBID: 11DQ)!??! and the R397 W mutant there is
a tryptophan at position 321 (Figure 7). Additionally, the residues
Leu393 and Phe373 surrounding the halogen ion binding site are
phenylalanine and proline, respectively, in the VIPO structure.

Likewise, in comparison with the VCPO from Cur. Inaequalis,
the residues coordinating the vanadate cofactor are highly con-
served (Figure 7). However, as observed for the comparison
with the VIPO structure those residues surrounding the bromine
differ, with Leu393 and Phe373 changed to glycine and pro-
line, respectively. Given the extremely high homology of those
residues surrounding the vanadate ion in all VHPOs, it is likely
that a highly complex hydrogen bonding network is present
involving a large number of residues. The glycine at position
346 (Cur. inaequalis) may provide the size and flexibility in halo-
gen binding pocket to allow reactions to occur with chlorine,
bromine, and iodine. This is supported by the work on the VIPO
by Fournier et al. who managed to produce some bromoper-
oxidase activity on the substitution of either Ser358 or Tyr263
by an alanine residue.™ They also found that the reason for
halogen specificity was very difficult to determine and likely the
result of a large number of different residues. This additionally
suggests that further mutagenesis studies could be beneficial to
optimize the VHPO selectivity for specific the requirements of
new pharmaceutical and anti-microbial compounds.

2.9. Organic Ligand Binding

The true in vivo organic substrates of VBPO are unknown and
unavailable for crystal substrate complexes. Therefore, crystals
soaks were conducted with a ligand with reported in vitro
activity, methyl-p-tolylsulfide and HOBr scavenger phenol red
in the presence of bromide ions. A thorough investigation of
the active site funnels in all the resulting crystal structures
that have been determined has failed to show the presence
of any of these known substrates. The active site cavities of
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Figure 7. Comparison of active site WT Cor. pilulifera VBPO with bound bromine ion (ice blue residues, turquoise sphere) with A) VIPO from Z.
galactanivorans (pdbiD: 4cit, gold residues) and B) VCPO from Cur. inaequalis (pdb: 1idqg, pink residues). Numbering of residues is given from Cor. pilulifera

VBPO. Image prepared using CCP4MG.[>8]

the enzymes show only the presence of bound crystallization
agents and cryoprotectants such as PEG, Tris buffer, and glyc-
erol molecules. Interestingly, a recent preprint describes organic
substrate binding in the cyanobacterial bromoperoxidase BPO
from Aca. marina.*!

2.10. Tyrosine Bromination

To avoid competition between different halogen ions for the
enzyme active site, the protein was purified in Tris-HBr buffer,
which resulted in bromination of two exposed tyrosine residues
on the surface of the protein. (Figure 2C,D) This bromination
is likely caused by diffusion of the hypobromic acid produced
in the enzyme active site in the absence of suitable organic
substrates. It has also been reported that As. nodosum VBPO
also contains brominated surface Tyr residues.**) Recent work
incorporating bromo and chloro - tyrosine into glutathione S-
transferase and lysozyme using the UAG stop codon, has found
that proteins can be stabilized upon the incorporation of bro-
motyrosine at strategic locations.#8! This is due to halogen
moieties filling internal spaces within protein molecules and
in addition forming non-canonical stabilizing interactions with
neighboring residues.

3. Conclusions

The first structural analysis of vanadium haloperoxidase com-
plexes with bound halogens in the enzyme active site is pre-
sented in this paper. It was found that two key residues Leu337
and Phe373 can change their orientation to allow the formation
of a suitable binding pocket for different halide specificity. This
opens the opportunity to use directed mutagenesis studies to
tune these enzymes for the production of novel halogenated
pharmaceuticals and antimicrobials.

In addition, the structure of a R397 W mutant enzyme has
been solved with and without bromide. This mutant enzyme
has been found to have an enhanced activity towards chloride
ions, thus broadening its halide specificity. This has given further
information regarding our understanding of the halide specificity
of the different vanadium haloperoxidase enzymes.

The occurrence of bromotyrosine is observed which could
have a role in protein stabilization by forming interactions
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with neighboring residues and filling internal spaces within the
protein molecule.

The VHPO enzymes clearly have important applications for
applied biocatalysis involving the synthesis of novel halogenated
compounds with important applications as anti-microbials and
new pharmaceuticals.!*!

4. Materials and Methods

4.1. Purification of Recombinant and Mutant Enzymes

The native and mutant enzymes were kindly provided by the
group of Prof Yoshi Izumi. They were produced using the yeast
over-expression system as described by Ohshiro et al. in 2004.141
The enzymes were further purified and assayed for activity as
previously described.[40444]

4.2. Crystal Trials

The crystallization trials with the recombinant wild type enzyme
were set up using both hanging and sitting drop vapour dif-
fusion techniques based on previously reported conditions.[¥”43!
Two crystal forms were obtained, one using ammonium phos-
phate as precipitant, a hexagonal form, and the second a cubic
vanadium bound called form 2. In this study, a chloride com-
plex of Cor. pilulifera VBPO crystallized in the space group P63
with unit cell a = b = 18212 A, ¢ = 177.60 A, while R397 W
mutant enzyme crystallized in the same space group with unit
cella =b = 18212 A, ¢ = 177.60 A. The mutant R397 W Cor.
pilulifera VBPO was crystallized with and without KBr, the former
crystal was soaked with phenol red. The best crystals of form
2 which were only produced with the wild type enzyme was
using an initial protein of 18 mg/mL in 50 mM Tris-H,SO4 pH
8.5,0.4 M KBr,1 mM NasVOy, 20% (w/v) polyethylene glycol 6000
and grew in the cubic space group P2;3 with unit cell dimensions
a=b=c=199.60 A. The wild type enzyme was also crystal-
lized in high phosphate as previously described.**! The mutant
enzyme could only be crystallized in form 1 under conditions of
100 mM Tris-HBr pH 7.4, 1.3 M ammonium phosphate giving
a final pH of 5.0. A cryoprotectant at 100 mM Tris- H,SO,4, pH
8.5, 1.6 M ammonium phosphate, 25% (v/v) glycerol was used
for data collection. For the wild type enzyme, crystals grown
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from polyethylene glycol 6000 a mother liquor substituting the
precipitant with 25% polyethylene glycol 400 and 25% polyethy-
lene glycol 6000 was used to allow cryocooling without forma-
tion of ice.

4.3. Crystal Soaks

Substrates used were potassium bromide, potassium chloride,
phenol red, and methyl-p-tolylsulfide. These were prepared by
the addition of 5% of the desired substrate to the cryoprotec-
tant, except in the case of potassium bromide which was added
at 50 mM. Optimization of soaking time was undertaken by the
observation of the crystal transparency and homogeneity of the
crystal faces.

4.4, Data Collection

All data was collected under cryocooled conditions at the Ham-
burg Synchrotron Facilities, DESY, on stations BW7A and BW?7B.
For native and mutant bromide complexes, the beamline wave-
length was adjusted slightly below the absorption edge of the
element bromine (0.9202 A) in order to use the anomalous dis-
persion to locate the potential bromine ions in the structure.
The crystallographic data was processed and scaled using the
HKL package.®® Molecular replacement procedures were car-
ried out using the program AmoRe from the CCP4 package.”"
The refinement procedure was carried out using REFMACP? with
graphical support of the program COOT.®! The analysis of the
anomalous signal was performed using CCP4 suite in CCP4cloud
interface.l*” Libraries for chemically modified residues were cre-
ated using the program JLigand.”®! Analysis of the quality of
the data and the structure solutions were carried out using the
programs SFCHECK and Molprobity.[>%"]
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