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Abstract The X-ray structures of the chloroperoxidase
from Curvularia inaequalis, heterologously expressed
in Saccharomyces cerevisiae, have been determined
both in its apo and in its holo forms at 1.66 and 2.11 Å
resolution, respectively. The crystal structures reveal
that the overall structure of this enzyme remains nearly
unaltered, particularly at the metal binding site. At the
active site of the apo-chloroperoxidase structure a
clearly defined sulfate ion was found, partially stabil-
ised through electrostatic interactions and hydrogen
bonds with positively charged residues involved in the
interactions with the vanadate in the native protein.
The vanadate binding pocket seems to form a very rigid
frame stabilising oxyanion binding. The rigidity of this
active site matrix is the result of a large number of hy-
drogen bonding interactions involving side chains and
the main chain of residues lining the active site. The
structures of single site mutants to alanine of the cata-
lytic residue His404 and the vanadium protein ligand
His496 have also been analysed. Additionally we deter-
mined the structural effects of mutations to alanine of
residue Arg360, directly involved in the compensation
of the negative charge of the vanadate group, and of
residue Asp292 involved in forming a salt bridge with
Arg490 which also interacts with the vanadate. The en-
zymatic chlorinating activity is drastically reduced to
approximately 1% in mutants D292A, H404A and
H496A. The structures of the mutants confirm the view
of the active site of this chloroperoxidase as a rigid ma-

trix providing an oxyanion binding site. No large
changes are observed at the active site for any of the
analysed mutants. The empty space left by replacement
of large side chains by alanines is usually occupied by a
new solvent molecule which partially replaces the hy-
drogen bonding interactions to the vanadate. The new
solvent molecules additionally replace part of the inter-
actions the mutated side chains were making to other
residues lining the active site frame. When this is not
possible, another side chain in the proximity of the mu-
tated residue moves in order to satisfy the hydrogen
bonding potential of the residues located at the active
site frame.

Key words Sulfate binding 7 Mutants 7 Phosphate 7
Chloroperoxidase 7 Vanadate

Abbreviations CPO vanadium-containing
chloroperoxidase from Curvularia inaequalis 7
APO recombinant apo-chloroperoxidase 7 HOLO
recombinant chloroperoxidase reconstituted with
vanadate 7 H404A mutant of CPO where histidine
404 was replaced by an alanine 7 H496A mutant of
CPO where histidine 496 was replaced by an alanine 7
D292A mutant of CPO where aspartate 292 was
replaced by an alanine 7 R360A mutant of CPO
where arginine 360 was replaced by an alanine 7
Sol solvent water molecule

Introduction

Haloperoxidases are enzymes which catalyse, in the
presence of hydrogen peroxide, the oxidation of halides
(iodide, bromide and chloride) to their corresponding
hypohalous acids:

H2O2cHccX–]H2OcHOX

A diverse number of halogenated substrates can subse-
quently be generated if the appropriate nucleophilic ac-
ceptors are present. Three classes of haloperoxidases
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are presently known. One of these has been identified
mainly in bacteria and contains no prosthetic group [1,
2]. The remaining two classes comprise the heme-con-
taining haloperoxidases [3, 4] and the vanadium-con-
taining haloperoxidases [5–9]. Vanadium haloperoxi-
dases bind a vanadate ion as a prosthetic group and in-
clude the vanadium bromoperoxidases, mainly found in
marine algae, and the vanadium chloroperoxidases,
mainly isolated from terrestrial fungi.

The chloroperoxidase (CPO) secreted by the fungus
Curvularia inaequalis [10] is a vanadium enzyme which
is involved in the production of hypochlorous acid
(HOCl). HOCl is a strong bactericidal agent which may
oxidise plant cell walls [11], thus facilitating the pathog-
enic role of the fungi. This enzyme is largely thermo-
and chemostable, resisting to temperatures up to 70 7C
and to oxidative inactivation in the presence of high
concentrations of peroxide. The crystal structure of na-
tive CPO, a 67 kDa protein, has been determined to
2.03 Å resolution. It shows 2 four-helix bundles as the
main structural motifs [12, 13]. These helical structures
have been proposed to be the major structural elements
of the protein, providing a strong stabilising hydro-
phobic effect. The vanadium binding site is located at
the top of the C-terminal second four-helix bundle. The
vanadium coordination geometry is trigonal bipyrami-
dal with three oxygen atoms in the equatorial plane
(bond lengths about 1.65 Å), one apical oxygen atom
(bond length 1.93 Å) and the other apical nitrogen
atom from His496 (bond length 1.96 Å). The negative
charge is compensated by hydrogen bonding interac-
tions with positively charged or hydrophilic residues lo-
cated at the active site. Residues Lys353, Arg360,
Ser402, Gly403 and Arg490 form hydrogen bonds with
the equatorial non-protein oxygens of vanadate. Each
of the three equatorial oxygen atoms is hydrogen
bonded with at least one positively charged function,
which means that these oxygen atoms are deproton-
ated. The apical oxygen ligand has a bond length
(1.93 Å) which is in the range of a V(V)-hydroxyl bond
and it is hydrogen bonded to nitrogen Nd1 of His404.
This residue was proposed to function as the acid-base
group in catalysis [12]. It has been shown [14] that bind-
ing of hydrogen peroxide is inhibited when a group of
pKa larger than 5 is protonated. Thus, in the active pro-
tein, the apical hydroxyl group is the H-donor and the
nitrogen Nd1 of His404 is the H-acceptor of the hydro-
gen bond. This residue was proposed to function as the
acid-base group in catalysis.

Sequence alignment between this vanadium chloro-
peroxidase and the vanadium-containing bromoperoxi-
dase from Ascophyllum nodosum [7], an enzyme which
is believed to have a similar catalytic mechanism [14],
revealed high similarities in the metal binding site, but
very low similarities in the remaining regions. Surpris-
ingly, those stretches of the sequence were also found
to be present in three families of acid phosphatases, in-
dicating similarities in the anion-binding active sites of
all these enzymes [15, 16]. Furthermore, studies with

the apo-CPO produced recombinantly showed that it
can also function as an acid phosphatase, supporting
the hypothesis for the common architecture of the ac-
tive sites from these enzymes [15].

In order to further analyse the putative structural
implications of the active site residues in cofactor bind-
ing and peroxidase activity, we have determined the
crystal structure of active site mutants of CPO. Further,
a correlation is made with the available preliminary ki-
netic data obtained for each of these mutants. Further-
more, we obtained data and solved the structure of the
recombinant apo-chloroperoxidase (APO) at 1.66 Å re-
solution and determined the crystal structure of recom-
binant chloroperoxidase reconstituted with vanadate
(HOLO).

Materials and methods

Activity measurements and mutants

Enzyme activity was determined by measuring the chlorination of
monochlorodimedon (Ep20.2 nM–1.cm–1 at 290 nm). The reac-
tion mixture contained 50 mM citrate (pH 5.0), 5 mM NaCl,
1 mM H2O2 and 100 mM sodium vanadate. A detailed description
of the procedures to construct the mutants and their expression
will be published elsewhere.

Crystallisation and data collection

Recombinant apo-chloroperoxidase (APO) and mutants of CPO
(D292A, H496A, H404A and R360A) were produced in a Sac-
charomyces cerevisiae expression system as described previously
[15]. The recombinant material tends to form crystalline precipi-
tates when the crystallisation conditions determined for the native
crystals are used [13]. Thus, the crystallisation conditions were al-
tered in order to allow for slower equilibration rates. The crystals
from the recombinant material take 2–3 months to grow. Crystals
of D292A, H496A, R360A and recombinant holoenzyme
(HOLO) grew at 4 7C by vapour diffusion. Hanging drops were
made from 3 ml of protein solution [5 mg/ml in 5 mM MOPS (3-
morpholinopropanesulfonic acid) (pH 7.5), 1 mM vanadate], 3 ml
of precipitating buffer containing 1.7 M ammonium sulfate, 0.1 M
Tris-H2SO4 (pH 8.0), 1 mM sodium vanadate and 0.3 ml 0.1 M l-
cysteine. Crystals from APO were prepared in a similar way from
a precipitating buffer without sodium vanadate. The material
from the mutant H404A was largely insoluble when added to the
crystallisation buffer mentioned above. Thus, crystals from
H404A were obtained from 1.3 M ammonium sulfate, 0.1 M Tris-
H2SO4 (pH 8.0) at 20 7C, after microseeding pre-equilibrated
protein drops with native protein crystals [13]. For the crystallisa-
tion of the recombinant material it was always necessary to in-
duce crystal nucleation. This was the main reason for the inclu-
sion of l-cysteine as an additive, which crystallises as hexagonal
plates in the crystallisation conditions used. All crystals belong to
space group R3 and all but the crystals from the mutant H404/A
are isomorphous with the native enzyme crystals. The H404A mu-
tant crystals have a smaller unit cell when compared with the na-
tive protein crystals.

Room temperature diffraction data were collected on a Hen-
drix/Lenfter X-ray image-plate system (Mar-Research, Hamburg,
Germany) mounted on a Rikagu rotating anode generator oper-
ating at 5.4 kW (lCuKap1.5418 Å). Cryo data were collected
from a flash-cooled APO crystal [15% glycerol, 2.6 M ammonium
sulfate, 0.15 M Tris-H2SO4 (pH 8.0) on the wiggler beamline BW6
at DORIS (DESY, Hamburg). Data were processed with
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Table 1 Data collection and refinement statistics

Parameter H404 A D292 A H496 A APO HOLO R360 A

Crystal parameters
Space group R3 R3 R3 R3 R3 R3

Unit cell constants
apb (Å) 129.60 131.96 131.34 130.04 131.84 131.64
c (Å) 104.45 112.90 112.66 112.15 112.83 112.85
a (7) 90 90 90 90 90 90
b (7) 90 90 90 90 90 90
g (7) 120 120 120 120 120 120

Diffraction data
Resolutiona (Å) 2.20/ 2.15/ 2.11/ 1.66/ 2.15/ 2.35/

2.20–2.26 2.15–2.27 2.11–2.16 1.66–1.69 2.15–2.27 2.35–2.48

Total observations 249169 326397 112709 430434 164218 267056
No. of unique observations 33094 39193 40714 81916 39327 30310
Completenessa (%) 99.6/100 98.3/100 97.6/75.6 99.0/99.0 99.2/95.6 99.8/99.8
Rmerge

a,b (%) 10.3/47.5 8.2/37.7 8.7/44.7 6.9/33.9 6.9/27.8 9.7/39.0
Multiplicity 3.1 3.7 3.2 3.1 2.7 3.2
I/SIGIa 7.0/1.6 7.0/1.9 7.0/0.6 7.0/2.3 6.2/2.4 5.7/1.8

Refinement
Resolution range (Å) 8.0–2.20 8.0–2.15 8.0–2.11 8.0–1.66 8.0–2.15 8.0–2.35
No. of reflections
in this range

32533 38577 39954 81244 38638 29585

Ra,c (%) 18.2/27.2 17.9/26.0 18.8/32.5 17.9/34.3 18.1/25.8 18.8/32.5
Rfree

a,d 21.3/24.8 21.7/30.2 21.9/37.2 21.6/32.1 22.6/24.3 22.8/32.4
Mean coordinate error (Å)e 0.23 0.22 0.24 0.19 0.23 0.21
s of mean coordinate error (Å)e 0.01 0.01 0.02 0.02 0.01 0.02

No. of atoms
All non-hydrogen atoms 4700 4754 4744 5031 4739 4715
Non-hydrogen protein atoms 4479 4481 4479 4484 4484 4478
Solvent 216 268 260 537 250 232
Ligand 5 (VO4) 5 (VO4) 5 (VO4) 2!5 (SO4)f 5 (VO4) 5 (VO4)

Average temperature factor (Å2)
All atoms 24.90 27.13 29.82 26.23 31.22 30.86
Protein atoms 24.46 26.55 29.27 24.91 30.71 30.38
Solvent 33.85 37.02 39.07 36.92 40.51 40.11
Ligand 21.60 16.19 37.50 24.66/58.88f 20.90 28.20
R.m.s. deviation for
bonded B values (Å2)

1.89 2.01 1.72 1.62 1.84 1.95

R.m.s deviations from standard geometries
Bonds (Å) 0.006 0.006 0.006 0.007 0.006 0.008
Angles (7) 1.504 1.511 1.615 1.673 1.574 1.511

Protein Data Bank (PDB) accession codes
1vng 1vne 1vnh 1vns 1vni 1vnf

a Overall/outer shell
b RmergepSS/I(h)I–~I(h)1h/SSI(h)I, where I(h)I is the observed
intensity of the ith source and ~I(h)1 is the mean intensity of
reflection h over all measurements of I(h)
c RpS(Fo–Fc)/SFc

d Rfree is the cross-validation R-factor computed for the test set of
reflections (5% of total number of reflections) which were omit-
ted in the refinement process
e Determined from Luzzati plot
f Two sulfates were built into this APO structure. The first num-
ber represents the sulfate found at the active site and the second
corresponds to a sulfate localised at the protein surface

MOSFLM [17] and programs from the CCP4 suite [18]. Crystal
parameters and data collection statistics are depicted in Table 1.

Structure determination and crystallographic refinement

The crystallographic phases of the native enzyme structure[12, 13]
were used as the starting phases for the refinement of the APO,
HOLO, H496A, D292A and R360A. The initial phases for the
H404A model were obtained after molecular replacement with
AMoRe [19], using the native protein model [12, 13]. The models

were refined with XPLOR [20] using the parameters derived by
Engh and Huber [21], and model building was done with Turbo-
FRODO [22]. For all the structures refined the Fobs were scaled
to the Fcalc by using overall anisotropic B-factor refinement with
XPLOR [20]. The equilibrium bond lengths and angles for the
sulfate group were derived from sulfate refined in the crystal
structure of rubredoxin [23]. For the determination of the equili-
brium bond lengths and angles for the vanadium metal site in
each of the structures described, electron density maps were cal-
culated from refined models without vanadate and the vanadium
and oxygen atoms were optimally placed in the resulting differ-
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Table 2 Average r.m.s.d. val-
ues of atomic coordinates (Å) HOLO APO H404A D292A H496A R360A

NATIVE[13] 0.281 0.309 0.421 0.357 0.256 0.228
HOLO 0.289 0.257 0.151 0.174 0.170
APO 0.379 0.328 0.212 0.233
H404 A 0.247 0.325 0.336
D292 A 0.236 0.260
H496 A 0.127

ence electron density. For these experimentally determined bond
distances and angles, force constants of 1000 and 200 kJ mol–1,
respectively, were applied in the energy restrained refinement.

The refinement statistics for the current models are shown in
Table 1. In all structures, residues 1–3 and 578–609 were excluded
from the models because they were not visible in the electron
density and are probably mobile or disordered. Residues 118–127
are also not defined in the electron density and thus their occu-
pancies were set to zero. Additionally for some of the structures,
residues 390–395 were not clearly visible in the electron density
and the occupancy of their side chains was set to zero. Hydrogen
bonds were calculated with HBPLUS [24]. Figures 1, 2 and 4–9
were prepared with SETOR [25]. Figure 3A and B were pro-
duced with INSIGHTII (Biosym/MSI) and Fig. 3C and D were
prepared with GRASP [26].

Results and discussion

Overall structure

Superpositions of the refined protein models with the
native enzyme [13] revealed that, within the error limits
of the electron density maps, the overall backbone
structure remains unchanged. The root mean square
(r.m.s.) deviations of the atomic coordinates between
the analysed structures are depicted in Table 2. The
mean positional errors, as estimated from the Luzzati
plots (Table 1), are around 0.2 Å and are likely to be
lower for the well-defined parts of the structure and for
the metal binding site.

The residues in the active site are clearly defined in
the electron density maps for all models. Alterations in
conformation are observed at the surface of mutant
H404A. The crystals of this mutant display a smaller
cell, particularly a 8 Å shorter c-axis. In the H404A
model the side chains of residues Arg177 and Glu182
are in a different conformation and do not form a salt
bridge as observed in the native protein structure
(Fig. 1). The different conformations of these residues
alter the crystal contacts, resulting in a smaller crystal-
lographic unit cell and affecting its solubility under high
salt conditions. This does not seem to be a direct effect
of the mutation of the active site residue His404, which
is relatively far from the site where these changes oc-
cur. Instead it seems to result from an alteration of the
main chain conformation of residues 123 and 124 which
are not defined in the electron density of any of the
structures.

Residues Asp390-Pro396 are very flexible in the re-
combinant protein material (as observed from the high
B-values in this region), although their density was

clearly defined in the native protein structure. A similar
situation occurs for the protein segment including resi-
dues Glu196-Gln220. Residues Asp390-Pro396 form
part of the broad channel leading to the anion-binding
site. In the native protein structure, Pro395 and Phe393
are in the immediate vicinity of the bound vanadate ion
(see Figs. 2, 3A). The side-chain of Lys394 points away
from the active site and is fixed by a hydrogen bond
with the main-chain carbonyl of Gly494. In the struc-
tures of the mutants D292A and R360A, most of these
residues are well defined in the electron density map.
In the D292A mutant the main chain of residues such
as Phe393 deviates more than 7 Å from its original po-
sition in the native structure (Figs. 2, 3B) and the side
chain of Lys394 is hydrogen bonded to Ala292O. The
displacement of the mentioned residues causes small al-
terations in the conformations of the side chains of
Glu196, Phe218 and Gln220. In the APO form of the
recombinant protein the well-defined electron density
indicates that this region assumes a conformation simi-
lar to the native protein. In the R360A mutant the con-
formation of the region containing residues Asp390-
Pro396 is well defined and similar to the native CPO.
For the mutants H404A, H496A and for the HOLO
form of the recombinant native protein this region is
not well defined and it seems that the conformation of
this protein stretch is alternating between the two main
observed conformations. The movements of this region
generate considerable alterations of the electrostatic
potential distribution in the vicinity of the active site
channel (Fig. 3C, D). The amino acid residues included
in these regions are the same present in the native en-
zyme and the nucleotide sequence in this region has
been reconfirmed. Thus the alterations in the confor-
mations of these residues could be a consequence of
misfolding of the protein in the Saccharomyces cerevi-
siae expression system. As a result the protein ex-
pressed recombinantly is more difficult to crystallise
and the crystals obtained have one or the other pre-
dominant conformation.

Oxyanion binding site in apo-chloroperoxidase

In the initial difference electron density maps for the
recombinant apoenzyme (APO), strong electron densi-
ty (maximum four times the standard deviation of the
difference electron density map, 4s) was found at the
active site. The spherical electron density located close
to His496 was too strong to simply represent a bound
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Fig. 1 Movements of the side chain of Arg177 in the mutant
H404A alter the crystal contacts with the main chain of residues
545–546 of the symmetry related molecule. Schematic view of the
crystal contacts in the H404A mutant (red) in comparison to the
corresponding region in the native protein structure [13] (green)

Fig. 2 Stereo view of the main chain and side chain conforma-
tional changes in stretch Asp390-Pro396 in mutant D292A (green)
superimposed with the native protein (red). The active site resi-
dues displayed in blue and labelled in black correspond to mutant
D292A. The vanadate ion is depicted in blue. In the APO protein
structure this stretch of residues is similar to the native protein.
The same is true for the mutant R360A, where only the confor-
mation of the side chain Lys394 is altered. For the HOLO protein
structure and for mutants H404A and H496A this region is not
well defined in the electron density and seems to alternate be-
tween its conformation in the native protein [13] and in the mu-
tant D292A

water molecule as previously modelled into the apo-
chloroperoxidase after removal of the vanadium cofac-
tor from the native protein [27]. Because no vanadate
was added to the recombinant protein before or during
crystallisation, it was assumed that the species bound to
the metal cofactor binding site could be a tetrahedral
sulfate anion, present in high concentrations in the
crystallisation buffer. The presence of a number of po-
sitively charged residues, which usually form hydrogen
bonds with the vanadate, probably compensate the

strong negative charge of the sulfate ion. This hypothe-
sis was further confirmed in the electron density maps
calculated with the higher resolution data obtained
from frozen apo-CPO crystals. Thus, a tetrahedral sul-
fate was built into the difference electron density and
refined. The final omit map for His496 and the sulfate
group close by is displayed in Fig. 4 and shows clearly
the density for the bound oxyanion. Figure 4A shows a
scheme of the interactions between the sulfate and the
active site residues. The sulfur is 2.92 Å away from the
Nε2 of His496 and the sulfate is held by hydrogen
bonds to the side chains of Lys353 (2.81 Å), Arg490
(3.20 and 3.01 Å), Arg360 (3.01 and 3.24 Å) and Ser402
(2.69 Å) and additionally to the main chain nitrogen
atoms of Gly403 (2.80 Å) and His404 (3.19 Å) and to a
water molecule (2.53 Å). His496 is positioned by a hy-
drogen bond to the side chain of Asp500 (2.93 Å). Mi-
nor differences are observed in the positions of the am-
ino acid side chains in the sulfate bound form when
compared to the native enzyme. Most deviations occur
for the side chains of His404, which gets closer to the
apical oxygen of the bound oxyanion (2.99 Å), and
His496, which moves further away from the sulfate be-
cause a covalent bond is no longer formed. Residues
His404 and His496 are within hydrogen bonding dis-
tances to the sulfate ion as depicted in Fig. 4A. In the
absence of the covalently bound vanadate, the sulfate
ion could possibly cause a pKa shift so that both His496
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Fig. 3A-D View of the wide channel leading to the active site va-
nadium. The vanadate is represented as red (A, B) or as yellow
spheres (C, D). In this view the vanadate binding His496 comes
from the right and is protected from the solvent. Ser402 comes
from the back of the plane of the figures and Lys353, as well as
residues Trp350 and Phe397, are visible at the bottom. Arg360 is
located to the right side of the vanadate. His404, in this orienta-
tion, is located at the top of the vanadate ion to its left. In frames
A and B the Connolly surface is represented as small white dots
and the protein as a stick model (carbon, yellow; oxygen, red; ni-
trogen, blue). In frames C and D the electrostatic potential in the
immediate vicinity of active site entrance is displayed from
–15kBT (red) to 15kBT (blue) (where kB is the Boltzmann’s con-
stant and T is the absolute temperature). In the calculation of the
molecular surface and the electrostatic potential, the vanadate
was omitted and a salt concentration of 0.145 M was used. In
frames A and C the native protein model [13] is shown for com-
parison with the D292A mutant (frames B and D). To the left of
the vanadate and to the exterior of the active site a clear differ-
ence in the electrostatic potential is visible, resulting partially
from the movement of the 390–396 loop

and His404 could become doubly protonated and in-
deed form additional hydrogen bonds.

The protein seems to form a rigid matrix, allowing
the formation of a very well-defined oxyanion binding
site as seen previously in the structure of the tungstate-
bound CPO [27]. The structure of the recombinant
apo-enzyme showed that this active site frame provided
by the protein residues remains mainly unchanged. The
residues Asp292, Lys353, Arg360, Ser402, Gly403,
His404 and Arg490 involved in binding of the vanadate
(HVO4

2–) in the native enzyme show only small confor-
mational changes necessary to accommodate an anion
with a smaller size and different protonation state
(SO4

2–).

The vanadium binding site in the reconstituted
chloroperoxidase (HOLO)

The recombinant enzyme reconstituted by addition of
sodium vanadate in a final concentration of 1 mM
clearly showed the vanadium covalently bound to
His496 (1.94 Å) with a trigonal bipyramidal geometry
with three equatorial (bond distances around 1.60 Å)
and one apical (2.15 Å) non-protein oxygen ligands.
The distance to the apical ligand is within the range of a
water ligand at this position, according to structural
studies with model compounds [28–32]. As observed in
Fig. 5B, there is still some extra density above this li-
gand. The reasons for this extra density are not clear,
considering that no chloride was used in the protein
preparation and crystallisation. The strong affinity of
this enzyme for vanadate, even with the high concentra-
tions of sulfate present, also exclude the possibility that
this density could represent a mixture between sulfate
and the vanadate at the active site. Several trials to fit
into this density different types of ligands such as me-
thoxide or ethoxide did not allow us to explain this
electron density unambiguously.

This active site is very similar in conformation and
geometry to the active site of the native protein [13]. As
previously observed in the native protein structure, the
anion binding site provides a rigid matrix stabilised by a
number of hydrogen bonds (Fig. 5A). As observed for
the native protein, the side chains of the amino acid re-
sidues interacting directly with the vanadate are held in
an ideal conformation by additional hydrogen bonds
with residues in the proximity of the active site (Ta-
ble 3). A strong salt bridge is also observed between re-
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Fig. 4A,B Sulfate interactions at the active site of apo-chlorope-
roxidase (APO). The sulfate ion is displayed with oxygens in red
and the sulfur atom in yellow. A The hydrogen bonds are repre-
sented as grey spheres and the distances are indicated in Å. B The
electron density map contoured at 4s was calculated after omit-
ting His496 and the bound sulfate ion. For comparison the con-
formation of the same residues in the native protein [13] is dis-
played in black

Fig. 5A,B Active site view of HOLO. The vanadate is displayed
as a ball and stick model with oxygens in red and the vanadium
atom in blue. For comparison the conformation of the same resi-
dues in the native protein [13] is displayed in black. Part of the
main chain is represented as a red ribbon. A The hydrogen bonds
are represented as grey spheres and the distances are indicated
in Å. B The electron density map contoured at 4s was calculated
after omitting His496 and the bound vanadate

sidues Asp292 and Arg490 which seems to hold Arg490
in a perfect conformation for a hydrogen bond to the
bound vanadate.

H404A

Histidine 404 is proposed to play a crucial role as a gen-
eral base in catalysis [12]. Steady-state kinetic data indi-
cate that protonation of a residue with a pKa higher
than 5 prevents binding of the peroxide during the cata-

lytic reaction [14]. This residue was proposed to be
His404. Hydrogen bonding between H404 and the api-
cal protonated oxygen of the bound metal cofactor is
believed to increase the nucleophilicity of the apical hy-
droxyl group, allowing it to take up a proton from the
incoming peroxide and then leave the vanadium coor-
dination sphere as a water molecule.

At the active site, removal of the His404 side chain
causes a rupture of the salt bridge between Arg490 and
Asp292 (Fig. 6). Arg490 moves into the space originally
occupied by the side chain of His404 and makes hy-
drogen bonds to the carbonyl groups of Ala290
(3.09 Å) and Trp298 (2.79 Å, not shown in Fig. 6A). In
the native protein structure a hydrogen bond is ob-
served between His404Nε2 and Trp289O. Close to the
vanadium binding site, solvent molecules replace part
of the hydrogen bonds to the vanadate oxygens which
were disrupted by the large movement of Arg490 side
chain. The side chain of Asp292 also moves away from
its original position and is only stabilised by a hydrogen
bond with one of the new solvent molecules.

At the active site the vanadate ion is found covalent-
ly bound to His496 (1.96 Å). The apical oxygen atom is
2.0 Å away from the vanadium as observed in omit
maps analysed after the final refinements, possibly cor-
responding to a mixture between hydroxyl and water
ligands at this position [28, 33]. The bond distances be-
tween the vanadium and the equatorial oxygen atoms
are on average 1.60 Å.
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Table 3 Possible hydrogen
bonding interactions involving
residues in the active site of
recombinant chloroperoxidase
(HOLO)

Donor (D) Acceptor (A) Distance D-A (Å) Angle D-H-A (7)

Trp350 Nε1 His222 O 3.03 144.8
Lys353 Nz Pro398 O 3.01 139.3
Lys353 Nz Pro401 O 2.58 118.4
Arg360 Nε Phe397 O 3.04 158.1
Arg360 Nh1 Val495 O 2.82 158.1
His404 Nε2 Trp289 O 2.81 128.4
His404 Nε2 Ala290 O 2.80 135.3
Ala405 N Ser402 Og 3.13 169.3
His496 Nd1 Asp500 Od2 2.97 153.7
Trp497 N Asp500 Od2 3.01 161.3

Fig. 6A,B Active site view of mutant H404A. The vanadate is
displayed as a ball and stick model with oxygens in red and the
vanadium atom in blue. For comparison the conformation of the
same residues in the native protein [13] is displayed in black. Part
of the main chain is represented as a red ribbon. A The hydrogen
bonds are represented as grey spheres and the distances are indi-
cated in Å. B The electron density map contoured at 4s was cal-
culated after omitting His496 and the bound vanadate

As observed in the native structure, the vanadate is
held by hydrogen bonds to Lys353 (2.79 Å), Arg360
(3.21 Å) and Ser402 (2.77 Å) side chains, and to the
amide groups of residues Gly403 (3.09 Å) and Ala404
(3.07 Å). In addition, two hydrogen bonds are formed
between Sol1207 (2.61 Å), Sol1210 (2.53 Å) and the
equatorial oxygen OV1. The apical oxygen is hydrogen
bonded to Sol1089 (2.68 Å) and to Sol1051 (2.81 Å).
The number of hydrogen bonds formed with the bound
anion is not strongly reduced when compared with the
native enzyme. Thus, the vanadate is strongly bound to
the protein as suggested by the relatively low average
B-value for this anion after refinement (21.6 Å2). The
overall structure of the active site remains virtually un-
changed, as expected from the large number of interac-
tions fixing the position of both side chains and the
main chain in the anion binding pocket. The movement
of the Arg490 side chain seems to be necessary for sta-
bilisation of this H404A mutant. This side chain helps
to fix the conformation of the loop containing residues
Trp289 and Ala290. Maintaining the conformation of
this region is probably very relevant for the folding and

stability of V-CPO. The removal of the His404 side
chain nearly completely abolishes the chlorinating ac-
tivity of the chloroperoxidase. The activity of this mu-
tant is less than 0.1% of the holoenzyme produced re-
combinantly (HOLO), suggesting the importance of
this residue for catalysis. It is unclear, however, wheth-
er this loss of activity is a direct result of the removal of
His404 or from the structural changes in the active site
that are accompanied by this mutation.

D292A

The residue Asp292 is located close to the vanadate
binding site and forms a strong salt bridge with Arg490.
This salt bridge helps to orient the side chain of Arg490
for optimal hydrogen bonding with the bound vanad-
ate. When the Asp292 is mutated to an Ala, the confor-
mation of the active site remains unchanged (Fig. 7).
The carboxyl group of the Asp292 is replaced by a sol-
vent molecule which hydrogen bonds to the side chain
of Arg490. Although the salt bridge is destroyed, the
conformation of Arg490 is almost unaltered and seems
to be fixed simply by the interaction with internal sol-
vent molecules (Sol1115 and Sol1197). The active site
vanadium is covalently bound to His496 (1.97 Å), to
three equatorial oxygen ligands (1.60 Å) and to an api-
cal oxygen (2.20 Å) which could constitute a water li-
gand [28–32]. The bound vanadate is held by hydrogen
bonds to the side chains of Lys353 (2.91 Å), Arg360
(2.97 and 3.26 Å), Ser402 (2.74 Å), Arg490 (3.11 and



217

Fig. 7A,B Active site view of mutant D292A. The vanadate is
displayed as a ball and stick model with oxygens in red and the
vanadium atom in blue. Part of the main chain is represented as a
red ribbon. For comparison the conformation of the same resi-
dues in the native protein [13] is displayed in black. A The hy-
drogen bonds are represented as grey spheres and the distances
are indicated in Å. B The electron density map contoured at 4s
was calculated after omitting His496 and the bound vanadate

2.98 Å) and to the amide groups of Gly403 (2.84 Å)
and His404 (3.26 Å). The side chain His404 Nd1 is
3.06 Å away from the apical oxygen of the vanadate
ion. This apical oxygen is hydrogen bonded to Sol1053
(3.03 Å).

The active site vanadate ion is strongly held in the
active site by a large number of hydrogen bonds. This
explains the very low average B-value calculated for
this oxyanion (16.19 Å2). From the analysis of this
structure we could expect this D292A mutant to display
some peroxidase activity. Still, a closer analysis of the
electrostatic potential distribution in the proximity of
the active site for this mutant reveals that removal of
the negative charge creates a strongly positive (blue
colour in Fig. 3D) electrostatic potential in the proximi-
ty of the active site. This is increased by the above-
described movement of the region 390–396, which
brings the side chain of Lys394 to the proximity of the
active site channel. This side chain makes a strong hy-
drogen bond to the carbonyl of Ala292. The combina-
tion of the mutation and the movement of the Lys394
side chain cause an alteration of the electrostatic poten-
tial in the vicinity of the active site channel. Activity
measurements under standard chloroperoxidase assay
conditions revealed a large decrease in chlorinating ac-
tivity in this mutant (2% of that of the recombinant ho-
loenzyme). It remains to be determined whether this
large reduction in the activity is the result of the change
in the electrostatic potential or from a direct role of
Asp292 in the catalytic mechanism of the enzyme.

H496A

Upon removal of the His496 side chain a vanadate ion
is still found at the active site of the enzyme. Because a

covalent bond is no longer formed, the vanadate is
found in a tetrahedral conformation, with three non-
protein oxygen ligands at a distance of 1.56 Å, and one
non-protein oxygen ligand at a distance of 1.67 Å.

At the active site of the H496A mutant (Fig. 8) the
tetrahedral vanadate is found forming hydrogen bonds
to the side chains of Lys353 (2.76 Å), Arg360 (2.89 and
3.06 Å), Ser402 (2.84 Å), Arg490 (3.14 and 2.96 Å), to
the main chain amide groups of Gly403 (2.95 Å) and
His404 (3.18 Å) and to solvent molecule Sol219 (2.98
and 2.66 Å). The apical oxygen of the vanadate ion
forms a hydrogen bond with the side chain of His404
(3.01 Å) and with Sol1002 (2.54 Å). Most of the side
chains at the active site remain in a conformation very
similar to their conformation in the native enzyme. The
empty space left by removal of the His side chain is
filled up by new solvent molecules which interact with
the vanadate and help fix the conformation of residues
in the active site such as Asp500 (2.72 Å). Since the
covalent bond between the vanadate and the protein is
missing, this anion is much more loosely bound to the
active site of the enzyme as seen from the relatively
high average B-value it displays (37.50 Å2). This mu-
tant does not exhibit any haloperoxidase activity. The
binding of the vanadate(V) with the covalent bond be-
tween the vanadium and the Nε2 of His496 could be
necessary for the formation of the monoperoxo-vana-
dium(V) complex intermediate as observed in the crys-
tal structure of the CPO-peroxo complex [13].

R360A

The residue Arg360 is involved in the compensation of
the negative charge of the metal cofactor. In the native
enzyme the conformation of the side chain of this resi-
due seems to be optimised for the interaction with the
vanadate. The position of the side chain is stabilised by
the formation of hydrogen bonds with the carbonyl
groups of Phe397 and Val495, residues located at the
metal binding site.

The metal in the R360A mutant is found covalently
bound to His496 (2.01 Å), to three equatorial non-pro-
tein oxygen atoms (1.58–1.62 Å) and to an apical hy-
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Fig. 8A,B Active site view of mutant H496A. The vanadate is
displayed as a ball and stick model with oxygens in red and the
vanadium atom in blue. Part of the main chain is represented as a
red ribbon. For comparison the conformation of the same resi-
dues in the native protein [13] is displayed in black. A The hy-
drogen bonds are represented as grey spheres and the distances
are indicated in Å. B The electron density map contoured at 4s
was calculated after omitting the vanadate

Fig. 9A,B Active site view of mutant R360A. The vanadate is
displayed as a ball and stick model with oxygens in red and the
vanadium atom in blue. Part of the main chain is represented as a
red ribbon. For comparison the conformation of the same resi-
dues in the native protein [13] is displayed in black. A The hy-
drogen bonds are represented as grey spheres and the distances
are indicated in Å. B The electron density map contoured at 4s
was calculated after omitting His496 and the vanadate

droxide group (1.77 Å [32]). The hydrogen vanadate is
then held by a number of hydrogen bonds (Fig. 9) to
the side chains of Lys353 (2.83 Å), Ser402 (2.52 Å),
His404 (3.18 Å) and Arg490 (3.22 and 2.77 Å) and to
the main chain nitrogens of Gly403 (2.81 Å) and His404
(3.17 Å). The apical hydroxyl ligand is forming an addi-
tional hydrogen bond to Sol1193 (2.55 Å), and one of
the equatorial oxygens (OV1), which was originally hy-
drogen bonded to Arg360 in the native protein, is now
hydrogen bonded to a new solvent molecule (Sol1217,
2.53 Å). Curiously, the side chain of Lys394 moves in

order to replace the hydrogen bond Arg360 was mak-
ing with Phe397O. This side chain is fixed by an addi-
tional hydrogen bond with the new water molecule. As
observed for mutant H404A, it seems to be necessary
for the enzyme to fulfill some of the hydrogen bonding
potential of the residues forming the metal binding site.
This could be necessary for the enzyme to maintain the
integrity and overall stability around the active site.

Activity measurements, under standard conditions
for chlorination, reveal residual activity for this mutant
(6% of that of the recombinant holoenzyme), which
might be predicted from the structure. Interestingly,
preliminary analysis of the kinetic parameters shows in-
creased Km values for the substrates, showing that this
residue affects the activity but is not essential. A de-
tailed kinetic analysis of this mutant (together with the
mutants R490A and K353A) will be reported else-
where.

Conclusions

The active site of V-CPO forms a very rigid matrix de-
signed for oxyanion binding. This rigidity results from
the large number of hydrogen bonding interactions in-
volving both the side chains and the main chain of the
residues providing this oxyanion binding frame. The
presence of a significant number of positively charged
residues in this frame provides favourable electrostatic
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interactions with the negatively charged oxyanions.
Thus this site has relative affinities for
HVO4

2–1HPO2
2–1SO2

2– (data not shown), binds
tungstate and we could predict it to bind molybdate, as
was shown for the vanadium bromoperoxidase [34].
The differences in affinities for these oxyanions could
result first from the possibilities they have to form a
covalent bond with the active site His496, and addition-
ally from the distribution of hydrogen bond donors in
the protein in correlation with the protonation state of
the oxyanion. Thus, this active site is optimised for the
stabilisation of the binding of a tetrahedral oxyanion.
We could expect the phosphate to bind in a similar way
to the sulfate but with stronger interactions. Additional
groups attached to the phosphate in the phosphatase
substrates could also play a role in determination of ac-
tive site affinities.

The rigidity of this active site frame is also observed
when the residues which constitute the active site are
mutated to alanines. In general, no large shifts of the
remaining side or main chains occur and the empty
space left by removal of the large side chains is usually
occupied by additional solvent molecules. Those sol-
vent molecules also replace some of the hydrogen
bonding interactions disrupted by the absence of the
mutated residues, maintaining the conformation of the
vanadate and of other side chains. It seems that the side
chains directly interacting with the vanadate are posi-
tioned in optimal conformation through a number of
hydrogen bonds with residues forming this metal bind-
ing site. As observed from the structure of the CPO
mutants, it can be concluded that maintaining the con-
formation of the active site is much more complex than
could be expected and does not depend solely on the
optimisation of the interactions with the oxyanion me-
tal group. Instead, the large number of hydrogen bonds
observed in the metal binding site seem to act synergis-
tically, favouring the interactions with the vanadate and
additionally maintaining the overall stability of this re-
gion. Thus, in the mutant H404A we could observe the
movement of the Arg490 side chain towards the carbo-
nyls of Ala290 and Trp298, at the expense of breaking a
strong salt bridge with Asp292 and, most surprisingly,
loosening the interactions to the metal cofactor.
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