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Chloroperoxidase (CPO) is a heme-thiolate enzyme that catalyzes hydrogen peroxide-dependent halogenation reactions.
Structural data on substrate binding have not been available so
far. CPO was therefore crystallized in the presence of iodide or
bromide. One halide binding site was identified at the surface
near a narrow channel that connects the surface with the heme.
Two other halide binding sites were identified within and at the
other end of this channel. Together, these sites suggest a pathway for access of halide anions to the active site. The structure of
CPO complexed with its natural substrate cyclopentanedione
was determined at a resolution of 1.8 Å. This is the first example
of a CPO structure with a bound organic substrate. In addition,
structures of CPO bound with nitrate, acetate, and formate and
of a ternary complex with dimethylsulfoxide (Me2SO) and cyanide were determined. These structures have implications for
the mechanism of compound I formation. Before binding to the
heme, the incoming hydrogen peroxide first interacts with Glu183. The deprotonated Glu-183 abstracts a proton from hydrogen peroxide. The hydroperoxo-anion then binds at the heme,
yielding compound 0. Glu-183 protonates the distal oxygen of
compound 0, water is released, and compound I is formed.

Chloroperoxidase (CPO)2 is a 42-kDa heme-containing glycoprotein that is secreted by the fungus Caldariomyces fumago.
The enzyme catalyzes the hydrogen peroxide-dependent chlorination of cyclopentanedione during the biosynthesis of the
antibiotic caldarioymcin (1, 2). Additionally, CPO catalyzes the
iodination and bromination of a wide range of substrates (3–5).
Besides performing H2O2-dependent halogenation reactions,
the enzyme catalyzes dehydrogenation reactions (6). These
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reactions can be performed in a stereoselective manner by CPO
(7). CPO also functions as a catalase, facilitating the decomposition of hydrogen peroxide to oxygen and water (6). Furthermore, CPO catalyzes P450-like oxygen insertion reactions (8).
Of particular interest for commercial applications is the enantioselective formation of epoxides from alkenes (9, 10), because
CPO utilizes H2O2, whereas P450 enzymes depend on both
molecular oxygen and electron transfer proteins. The capability
of CPO to perform these diverse reactions makes it one of the
most versatile of all known heme proteins. Structurally, CPO is
unique, but it shares features with both peroxidases and P450
enzymes (11). As in cytochrome P450 enzymes, the proximal
heme ligand of CPO is a cysteine (Cys-29), but similar to peroxidases, the distal side of the heme in CPO is polar. However,
unlike other peroxidases, the normally conserved distal arginine is lacking in CPO and the catalytic acid base of CPO is a
glutamic acid (Glu-183) and not a histidine. When Glu-183 is
mutated to a histidine, the chlorination activity is reduced by
85%, which indicates the importance of this acidic residue for
the catalytic activity of CPO (12). CPO is reactive at low pH with
an optimum at pH 2.8 (1), which is likely due to the high redox
potential required to oxidize a chloride anion, and therefore a
glutamic acid residue instead of a histidine is used as a catalytic
acid base. The crystal structure of CPO in the ferric ground
state was determined more than 10 years ago by the group of
Thomas Poulos (11). On the distal side of the heme, a water
molecule is located 3.4 Å away from the iron. This water is
displaced by the incoming H2O2. It is generally assumed that
Glu-183 abstracts a proton from the hydrogen peroxide bound
to heme, yielding a short-lived peroxo-anion species (compound 0) (13). In the next step Glu-183 is expected to protonate
the terminal oxygen to facilitate the heterolytic cleavage of the
O–O bond. Subsequently, water is released and compound I,
the oxoferryl(IV) porphyrin  cation radical, is formed. Compound I can oxidize a chloride anion and has been proposed to
form an Fe(III)-hypohalite intermediate (14). Such a species has
been detected spectroscopically at pH 4.4 (13). However, it has
not yet been entirely resolved whether this hypohalite intermediate directly chlorinates the organic substrate (15), or if HOCl
is released upon protonation of the intermediate, and free
HOCl or Cl2 perform the chlorination reactions (16). Because
CPO shows only low substrate specificity and chlorinates a
wide range of substrates non-stereospecifically (17), it might
indeed be that free HOCl or Cl2 perform these reactions in
VOLUME 281 • NUMBER 33 • AUGUST 18, 2006
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Chloroperoxidase Complex Structures

EXPERIMENTAL PROCEDURES
Co-crystallization with Halides—CPO was expressed and
purified as described previously (25). Crystals were grown by
the hanging drop method at 20 °C. 1 l of 15 mg/ml CPO in 5
mM sodium acetate buffer, pH 3.8, was mixed with 1 l of the
reservoir solution. The reservoir solution for the iodide crystals
contained 50 mM NaI, 20% PEG 3350, and 0.1 M sodium citrate
at pH 3.6, similar to previously published crystallization conditions (11). Rod-like crystals grew within a few days. CPO crystals were flash-cooled in liquid nitrogen after transfer into 10%
(w/v) sucrose, 10% (w/v) xylitol, 50 mM NaI, 20% PEG 3350, and
0.1 M sodium citrate at pH 3.6. Bromide-containing crystals
were grown in a similar fashion as the iodide crystals in a reservoir solution containing 0.1 M KBr, 22% PEG 3000, and 0.1 M
sodium citrate at pH 3.6. The cryoprotectant solution for the
bromide crystals consisted of mother liquor supplemented with
10% (w/v) sucrose and 10% (w/v) xylitol.
Complexes with Cyclopentanedione and Me2SO—A 2 M CPD
stock solution was prepared in Me2SO. Crystals grown in
mother liquor containing KBr were transferred into a soaking
solution containing 200 mM CPD, 10% Me2SO, 50 mM KBr, 22%
PEG 3000, and 0.1 M citrate at pH 3.6 and were incubated for 15
min at 20 °C. Crystals were then moved into the soaking solution supplemented with 15% ethylene glycol for cryoprotection
and flash-cooled in liquid nitrogen. A CPD-cyanide ternary
complex was attempted by first soaking the crystals in 50 mM
KCN, 50 mM KBr, 22% PEG 3000, and 0.1 M sodium citrate at
pH 6 for 5 min at 20 °C. Crystals were then transferred to a
solution containing 50 mM KCN, 200 mM CPD, 10% Me2SO, 50
mM KBr, 22% PEG 3000, and 0.1 M sodium citrate at pH 6 for 10
min at 20 °C. Crystals were subsequently moved into a cryoprotectant containing 15% ethylene glycol, 50 mM KCN, 200 mM
CPD, 10% Me2SO, 50 mM KBr, 22% PEG 3000, and 0.1 M sodium
citrate at pH 6 and cryogenically cooled.
AUGUST 18, 2006 • VOLUME 281 • NUMBER 33

Nitrate-, Formate-, and Acetate-bound Complexes—The reservoir solution for the nitrate complex contained 50 mM
Mg(NO3)2, 20% PEG 3000, and 0.1 M citrate at pH 3.6. The
cryoprotectant solution contained 30% ethylene glycol, 50 mM
Mg(NO3)2, 20% PEG 3000, and 0.1 M citrate at pH 3.6. The CPO
formate crystals were grown in a solution containing 100 mM
sodium formate, 24% PEG 3000, and 0.1 M citrate at pH 3.6. The
acetate complex was prepared by soaking CPO crystals grown
in the presence of 50 mM KBr in a solution containing 300 mM
acetic acid, 50 mM KBr, 22% PEG 3000, and 0.1 M citrate at pH
2 for 10 min at 20 °C. Crystals were transferred into a cryoprotectant consisting of mother liquor supplemented with either
15% ethylene glycol, or 10% (w/v) xylitol and 10% (w/v) sucrose,
and then cryo-cooled in liquid nitrogen.
Data Collection and Structure Solution—Diffraction data of
cryo-cooled crystals were collected at 100 K with a Nonius
FR591 rotating anode or at synchrotrons at beamlines X06SA,
X10SA (Swiss Light Source, Villigen, Switzerland), and ID 14-4
(European Synchrotron Radiation Facility, Grenoble, France).
Data were processed with the XDS software package (26) (see
Table 1). Structures were determined by molecular replacement with Amore (27) using the previously published CPO
structure (pdb accession code: 1cpo) (11) as a search model.
The graphics program O was used for manual rebuilding of the
model (28). Refinement was carried out initially with CNS (29)
and at later stages with Refmac5 (30). Waters were picked with
ArpWarp (31). Figures were prepared with Molscript (32),
Bobscript (33), and Pymol.3

RESULTS
Halide-bound Structures—CPO catalyzes chlorination, bromination, and iodination reactions. CPO has been previously
crystallized in the presence of 300 mM NaCl, but despite the
high chloride concentration and good resolution of the data
(1.9 Å) no chloride ions were included in the model (11). We
attempted to identify halide binding sites by making use of the
anomalous signals of bromine and iodine (Fig. 1A). This
approach was not feasible with chlorine, because the K-edge of
this element is at 4.39 Å. Therefore, CPO was crystallized in the
presence of either NaI or KBr. A 1.7-Å resolution data set of a
CPO-iodide crystal was collected in-house (Table 1). Iodine
shows a strong anomalous signal at the copper K␣ wavelength.
An anomalous bromine data set (K-edge) was measured at the
synchrotron. Using anomalous difference electron density
maps, a bromide/iodide binding site (I/Br1) was identified at
the surface of CPO (Fig. 1, A and B). This binding site has occupancies of 60% for bromide and 30% for iodide and likely serves
as a docking site for halide anions. The anion binds in a dent on
the surface and is stabilized by a hydrogen bond with the backbone amide of Ala-265, and by participation in a water network.
This site is close to a narrow channel connecting the protein
surface with the heme. In addition, there is a second channel
with a larger diameter connecting the surface and active site but
no halides bound in proximity to this channel.
8 Å away from the docking site I/Br1, a second binding site
(I/Br2) is located within the narrow channel (Fig. 1B). The
3

W. L. DeLano (2002) Pymol, DeLano Scientific, San Carlos CA.
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solution. In contrast, it has been reported that glycals (18) and
steroids (19, 20) are stereospecifically halogenated, indicating
that there must be an interaction between the organic substrate
and CPO. Binding of organic substrates at the active site is also
supported by the observation that epoxidation and sulfoxidation reactions (21) are catalyzed stereospecifically. Binding of
the substrate cyclopentanedione (CPD) to CPO has been
shown by NMR titration experiments (22).
The structures of CPO bound with small diatomic or triatomic ligands, e.g. carbon monoxide, nitric oxide, cyanide, and
thiocyanate have been determined, but so far the soaking of
organic substrates into CPO crystals has been unsuccessful
(23). Therefore information on the structural basis of substrate
binding and specificity has been limited.
Here we present crystal structures of CPO bound to its substrate CPD and of a ternary complex of the enzyme with cyanide and Me2SO. We co-crystallized CPO with either bromide
or iodide and could identify several binding sites, which suggest
a pathway for halide access to the heme. Also described are the
structures of CPO complexed with acetate, nitrate, and formate, which have been shown to bind to the enzyme (24). The
implications of these structures for the mechanism of compound I formation are discussed.

Chloroperoxidase Complex Structures

anions bound at this position do not interact directly with the
protein but instead participate in a water network, which might
explain the low occupancy observed for this site (20% for iodide
and 30% for bromide). The channel has a radius of ⬃2 Å. A third
binding site specific for iodide (I3), occupancy 40%, is present at
the end of the channel above the heme (Fig. 1, A–C). This site is
located 6 Å from halide binding site 2 and 8.8 Å from the heme
iron. The amide group of Asn-74 forms a hydrogen bond with
the iodide (distance, 3.5 Å). The iodide also forms hydrogen
bonds with water molecules, which are present in the middle of
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the wider channel (Fig. 1C). The other neighbors of I3 are
hydrophobic with distances of ⬃4 Å to the side chains of residues Leu-70, Phe-103, Ile-179, and Ala-267, respectively. These
three sites suggest a pathway for halide access to the heme
through the narrow channel. Although no binding sites of
halides were observed in the wide channel, we cannot exclude
diffusion of halide anions through the wider channel to the
heme.
Soaking crystals with high concentrations of bromide or
iodide can be used to prepare heavy atom derivatives for phasVOLUME 281 • NUMBER 33 • AUGUST 18, 2006

Downloaded from http://www.jbc.org/ at Max Planck Inst.Biophysikalische Chemie,Otto Hahn Bibl,Pf.2841,37018 Goettingen on March 12, 2014

FIGURE 1. Binding of halides to CPO. A, anomalous difference maps calculated from iodide (blue) and bromide data (red) shown at ⫹4 (iodine) and ⫹3.5 
(bromide) contour levels. Besides the halide binding sites, the heme iron and manganese ion (green) located next to the heme also show anomalous signals.
The weaker peaks visible in the iodide anomalous difference map are caused by the sulfur atoms of methionines and cysteines. B, slice through a surface
representation of CPO (including sugars attached to the protein). The two channels leading to the active site are marked by arrows, and the heme is shown in
magenta. The halide binding site 2 (yellow sphere, bromide; blue, iodide) is located within the narrow channel and the iodide specific binding site 3 at the end
of the channel implicating a pathway for halide access from the surface (site 1) to the heme though this narrow channel. C, stereoview of the active site with
bound iodide. The 1.15-Å electron density map (sigmaA-weighted 2mFo ⫺ DFc map with 1 contour level) is shown for selected residues, including the water
funnel and the iodide (magenta).
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ing. The anions mainly bind in the ordered solvent region at the
protein surface (35). Also in CPO, four additional halide binding sites, showing different occupancies, are located at the surface of the molecule. At these sites, the anions replaced water
molecules from the solvent shell. The halide anions form
hydrogen bonds with side chains and amides of the protein
backbone, and form ion pairs with positively charged basic residues. The iodide and bromide at binding site 4 also interact
with a symmetry-related CPO molecule. These binding sites on
the surface are far away from the channels leading to the heme
and are unlikely to be of catalytic relevance.
We obtained a 1.15-Å resolution data set from an exceptionally well diffracting CPO-iodide crystal at the synchrotron. The
high resolution structure gives detailed insight into the location
of water molecules at the active site (Fig. 1C). Near the heme,
the wider channel is lined by mainly hydrophobic side chains
with the exception of Glu-183 and Asn-74. A narrow water
funnel is present in the center of this channel. The water molecules are arranged like pearls on a string within this funnel,
although not at fixed positions. The side chains of Phe-186 and
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Phe-103 are located almost parallel atop of the heme plane and
shield the active site from solvent. The distance between Phe186 and Phe-103 is 6.2 Å. A water molecule is ⬃3.5 Å away from
both aromatic side chains and is stabilized at this position by a
hydrogen bond with Glu-183. The distance between the iron
and this water is 3.5 Å.
Complexes of CPO with Organic Substrates—CPO has been
proposed to catalyze the chlorination of CPD during biosynthesis of caldariomycin (1, 2). NMR titration experiments showed
that CPO binds CPD with only low affinity (Kd ⫽ 33 mM) (22),
which might explain why diffusing organic substrates into CPO
crystals was previously unsuccessful (23). Because CPD binds
only weakly, crystals were soaked in solutions containing very
high concentrations of CPD (200 mM). A data set was collected
to a resolution of 1.8 Å. CPD binds above the heme and is
sandwiched between Phe-103 and Phe-186, with a distance of
⬃3.5 Å to both aromatic side chains (Fig. 2, A and B). The
substrate displaces the heme water, with one carbonyl oxygen
of CPD adopting the position of the water. The distance
between this carbonyl oxygen and Glu-183 is 2.5 Å. The second
VOLUME 281 • NUMBER 33 • AUGUST 18, 2006
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FIGURE 2. CPO complexed with cyclopentanedione and a ternary complex with cyanide and Me2SO. A and B, cyclopentanedione bound at the active site
is shown in two orientations. The final electron densities are shown (sigmaA-weighted 2mFo ⫺ DFc map, 1 contour level). C, CPO complexed with Me2SO and
cyanide. D, close up of the active site with bound cyanide. Distances in Å are shown for hydrogen bonds (black) and selected interatomic distances (red).

Chloroperoxidase Complex Structures

AUGUST 18, 2006 • VOLUME 281 • NUMBER 33

interaction with a reactive oxygen species. Nevertheless, it is
very likely that Me2SO binds transiently at this site when it
diffuses through the channel to the heme. The distance
between the methyl group of Me2SO and the nitrogen of the
cyanide (3.3 Å) would permit a direct halogenation of Me2SO
by the hypohalite iron intermediate.
CPO Complexed with Acetate, Nitrate, and Formate—Nitrate, acetate, and formate all bind to the active site of CPO.
The dissociation constants have been previously determined
spectroscopically. The values reported at pH 3 are 0.55 mM
for nitrate, 93 mM for acetate, and 0.135 mM for formate,
respectively (24).
At low pH, both nitrate and acetate bind at the distal site of
the heme and are sandwiched between Phe-103 and Phe-186
(Fig. 3B). The acetate adopts two conformations (Fig. 3, A and
B). In its first conformation, the acetate and also the nitrate are
located in a similar orientation perpendicular to the heme plane
but do not bind straight above the iron, because that would
cause steric clashes with Phe-186 (Fig. 3, A–C). This aromatic
residue also causes acetate to bind in a tilted orientation toward
the heme in its second conformation. The angle between the
planes spanned by the heme and the acetate molecule is ⬃60°.
The distance between the acetate oxygen and the iron is only
2.4 Å compared with 3.5 Å in the conformation further away,
thus heme and the “closer” acetate can interact. The two conformations of acetate observed in the high resolution crystal
structure (1.3 Å) are consistent with spectroscopic data showing that the CPO-acetate complex has a mixed spin state (24).
Also, the long distance of 3.5 Å between the nitrate oxygen and
heme iron agrees with the observation that the nitrate-CPO
complex adopts a high spin state (24). In the CPO-acetate structure, the aromatic side chain of Phe-103 moves 0.5 Å away from
the active site, very similar to the CPD-complexed structure but
unlike the nitrate-bound structure. The oxygen atoms of both
nitrate and the first conformation of the acetate occupy the
same position as the ferric water and form hydrogen bonds with
Glu-183. In the nitrate structure an ethylene glycol molecule is
bound above the ligand (Fig. 3C), which was added as a cryoprotectant. This ethylene glycol forms hydrogen bonds with
both nitrate and Asn-74.
Glu-183 needs to be protonated to form a hydrogen bond
with the nitrate anion. CPO shows a much lower affinity toward
acetate and formate at pH 6 compared with pH 3 (24). At pH 6
Glu-183, acetate and formate are deprotonated and negative
charges on both the catalytic residue and the ligands are repulsive. At lower pH weaker acidic ligands than glutamic acid
(pKa ⬃ 4.1) are protonated, and the ligands can form hydrogen
bonds with the deprotonated Glu-183; therefore, the affinity is
significantly increased in comparison to higher pH values.
The structures of CPO complexed with formate were determined in the presence of either ethylene glycol or xylitol/sucrose cryoprotectants. The formate binds in a single conformation parallel to the heme plane in the ethylene glycol structure
(1.7-Å resolution, Fig. 3D). This is in contrast to the situation in
horseradish peroxidase, where the formate adopts a position
perpendicular to the heme and the proximal oxygen atom of
formate directly interacts with the iron (39). In contrast to the
acetate, nitrate, and CPD-bound CPO structures, the oxygen
JOURNAL OF BIOLOGICAL CHEMISTRY
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carbonyl oxygen of CPD forms hydrogen bonds with two water
molecules, one of which in turn forms a hydrogen bond with
Asn-74, whereas the former participates in a network of water
molecules (Fig. 2B). Only a small conformational change is
observed in the protein upon substrate binding; the side chain
of Phe-103 moves 0.5 Å away from the active site for steric
reasons.
The position of the bound substrate observed here seems
unproductive with respect to the chlorination reaction for two
reasons. First, the methylene group, which becomes halogenated, is in an unfavorable orientation. It points away from the
active site, and the distance between the carbon and the iron is
5.8 Å. Second, the molecule binds too close to the active site,
which would not permit formation of the hypohalite intermediate from hydrogen peroxide and chloride, because the distance between the CPD carbonyl oxygen and iron is only 3.4 Å.
Nevertheless, the CPD-bound structure explains the results of
NMR titration experiments (22). CPD binds with only low
affinity (Kd ⫽ 33 mM), but when iodide was present the affinity
between CPO and CPD decreased even further (Kd ⫽ 123 mM).
When superimposing the iodide and the CPD-bound structure
it became clear that CPD clashes with the iodide-specific binding site, because the distance between the second carbonyl oxygen and the iodide is only 1.9 Å. The dissociation constant of
CPD binding in the presence of NaCl is 31 mM, very similar to
the value observed in the absence of halides (22), indicating that
chloride does not bind at this site and further supports the idea
that this binding site is specific for iodide.
To force CPD to bind at a different, catalytically more sensible site, we tried to block the above described binding site by
soaking the crystals first in cyanide, which coordinates to the
iron, and then transfer the crystals into a CPD-containing solution. Diffraction data were collected to a resolution of 1.7 Å. A
cyanide molecule bound at the heme iron is visible in the electron density map (Fig. 2C). The diatomic ligand binds in a
slightly bent orientation with an Fe–C–N angle of 156°. The
distance between the cyanide carbon and the iron is 1.9 Å
(Fig. 2D). This differs significantly from the previously
reported value of 2.6 Å for a CPO-cyanide complex (23). The
shorter distance is in agreement with previously reported
values (36, 37).
However, no CPD was observed in the CPO-cyanide complex. Instead, previously unobserved density was visible at the
iodide binding site (Fig. 2C). This density corresponds to
Me2SO, which was used to prepare the CPD stock solution. The
final Me2SO concentration in the soaking solutions was 10%
(v/v). It has been observed earlier that Me2SO is also a substrate
of CPO (38). CPO reacts with Me2SO and H2O2 in the absence
of halides and forms dimethyl sulfone. When the reaction is
carried out with bromide or chloride, dimethyl sulfone remains
the major product and ⬃1% of either bromodimethyl sulfoxide
or chlorodimethyl sulfone are formed (38).
The sulfoxide oxygen and the side-chain amide group of
Asn-74 form a hydrogen bond (distance 2.9 Å). The Me2SO
molecule is not in a favorable orientation for the sulfur to react
with the compound I intermediate to form dimethyl sulfone,
because the sulfur faces away from the active site. Also, the
distance between sulfur and iron is too large (7.8 Å) for a direct
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atom of formate does not occupy the position of the ferric water
molecule. However, binding of formate does not leave enough
space for the water molecule to bind. The formate molecule
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forms hydrogen bonds with Glu-183 and an ethylene glycol
molecule bound at a similar position as observed in the nitrate
structure. Addition of formate to CPO yields a low spin comVOLUME 281 • NUMBER 33 • AUGUST 18, 2006
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FIGURE 3. Complexes of CPO with acetate, nitrate, and formate. A and B, acetate binds in two conformations at the active site (shown in light and dark gray). A
second acetate molecule binds in the solvent channel near the iodide binding site. Two orientations rotated by 90° are shown. Final sigmaA-weighted 2mFo ⫺ DFc
maps are shown with a contour level of 1. C, CPO complexed with nitrate. An ethylene glycol molecule used as cryoprotectant is located above the nitrate. The
ethylene glycol binds at the iodide specific binding site 3 and forms a hydrogen bond with Asn-74. D, complex of CPO with formate in the presence of ethylene
glycol. A formate molecule is bound at the active site and forms hydrogen bonds with an ethylene glycol molecule. E, CPO-formate complex with a xylitol and
sucrose-containing cryoprotectant. The formate binds in two orientations (shown in light and dark gray). F, solution spectra of CPO measured in the presence
or absence of sodium formate and/or ethylene glycol. Measurements were done with solutions containing 0.06 mM CPO in 0.1 M sodium citrate, pH 3.6. Spectra
were recorded at 20 °C with a path length of 1 mm using a ND-1000 spectrophotometer (NanoDrop Technologies Inc., Philadelphia, PA).
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for the binding of those compounds.
In all structures described here and
the previously published complexes
of CPO with diatomic or triatomic
ligands (23), the catalytic Glu-183
does not undergo conformational
changes. The side chain of Glu-183
is “locked,” because it forms hydrogen bonds to a water molecule,
which also interacts with the propionate group of the heme, and a second hydrogen bond with His-105
(Fig. 2D). The carboxylate group of
Glu-183 is further stabilized by -
FIGURE 4. Proposed mechanism of compound I formation catalyzed by chloroperoxidase.
interactions with heme. Another
indicator for the immobility of the
plex in solution (24), which means that formate binds as the Glu-183 side chain is that the side-chain atoms have comparasixth ligand of the heme iron, however, in our structure the ble B-factors with the main-chain atoms in proximity of this
distance between the carbon and iron is too long (4.1 Å) for a residue. It has been proposed that Glu-183, His-105, and Aspdirect interaction. To evaluate the influence of ethylene glycol 106 function together as a proton relay shuttle facilitating
on formate binding, we measured solution absorption spectra cleavage of H2O2 (11, 13).
If one assumes that hydrogen peroxide, the substrate of CPO,
of CPO in the presence of either formate or ethylene glycol
alone, and with both formate and ethylene glycol in a sodium binds at the heme in a similar orientation as cyanide, Glu-183
citrate buffer at pH 3.6, comparable to the conditions used for cannot abstract a proton from the proximal oxygen atom
crystallization (Fig. 3F). Addition of formate resulted in a Soret bound to the iron (which would correspond to the position of
band shift from 404 to 424 nm, as expected for the formation of the cyanide carbon) because the distance (3.6 Å) is too long (Fig.
a low spin complex (24). Addition of ethylene glycol (15%) alone 2D). Molecular dynamics simulations of a CPO-hydrogen percaused a small shift of the Soret band to 407 nm. However, oxide complex yielded a distance of ⬃2.5 Å between the proxwhen both 100 mM formate and 15% ethylene glycol were imal oxygen and iron (42). In this case, the distance between the
added, the Soret peak was at 424 nm, indicating that in solution proximal oxygen and deprotonated oxygen of Glu-183 would
and at room temperature, addition of ethylene glycol has no be 3.3 Å, which is still too long to allow for efficient proton
abstraction by Glu-183. Therefore, we conclude that Glu-183
influence on formate binding to CPO.
To exclude any influence of ethylene glycol on formate com- is not capable of catalyzing a 1,2-proton shift required for
plex formation in the crystal, we also determined the structure heterolytic O–O cleavage of a heme-bound hydrogen peroxof the CPO-formate complex with a sugar-containing cryopro- ide molecule.
Based on the structures presented here we propose a new mechtectant. In this structure (1.6-Å resolution, Fig. 3E) the formate
binds in two conformations, the first is similar to the one anism for H2O2 binding to the heme in CPO (Fig. 4). We suggest
observed in the ethylene glycol-formate complex. But in the that the deprotonated Glu-183 first abstracts a proton from the
sugar structure, this formate forms hydrogen bonds to a water incoming hydrogen peroxide. The generated hydroperoxo-anion
and Glu-183. In the second conformation, the formate mole- then binds at the heme yielding the ferric-hydroperoxo species,
cule binds in a perpendicular orientation above the heme. In compound 0. In the next step, Glu-183 protonates the distal oxythis orientation, the formate is a ligand of the heme iron, gen of compound 0 and the O–O bond is cleaved, water is released,
because the distance between formate oxygen and iron is only and compound I forms, similar to the Poulos-Kraut mechanism
2.1 Å. In contrast to the spectroscopic data, which show the for peroxidases (43–45).
Observation of compound 0 was reported during the reacformation of a low spin complex, our crystal structure indicates
a mixed spin state of the formate complex similar to the acetate tion of horseradish peroxidase with various peroxides from
complex structure. This could be a temperature effect because stopped flow experiments at low temperature, i.e. ⫺16 °C or
the diffraction data were collected at 100 K, whereas the solu- less (46). However, I. Morishima and colleagues could not
tion spectra were recorded at room temperature. It has previ- observe the horseradish peroxidase compound 0 intermediously been observed that temperature changes can affect the ate at ambient temperature with a microsecond-resolved
absorption spectrometer (47), although resonance Raman
heme spin state (40, 41).
evidence for an Fe–OOH fragment in peroxo-bound myoDISCUSSION
globin has in fact been reported (34). Difficulty in detecting
We determined the crystal structures of CPO complexed the compound 0 species might be due to the fact that the
with its substrates and with small ligands, including nitrate, substrate hydrogen peroxide already carries the two protons
acetate, and formate. Only binding of CPD and acetate induced required for catalysis and that the subsequent heterolytic
minor conformational changes at the active site. The side chain O–O bond cleavage is rapidly catalyzed by the enzyme,
of Phe-103 moved 0.5 Å away from the active site to make room forming compound I.
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Compound I reacts with a halide anion to form the hypohalite intermediate. Based on the iodide- and bromide-CPO
complexes we suggest that access of halides to the heme is likely
to occur through the narrow channel connecting the heme with
the surface, although we cannot exclude diffusion via the wide
channel. Halide binding sites were identified at the surface close
to the narrow channel, within the channel, and at the other end
of the narrow channel above the heme.
The iodide-specific binding site above the heme is also a
binding site for other polar compounds, including the substrate
Me2SO, acetate, and ethylene glycol. This binding site might act
as an intermediate stopping site, possibly orienting the substrate on the path to the heme. Binding at this position is favorable because Asn-74 forms hydrogen bonds with these polar
compounds. Polar moieties of larger substrates could also interact with Asn-74. Mutating this residue might affect the stereoselectivity of CPO-catalyzed halogenation and epoxidation/
sulfoxidation reactions. We speculate that the stereoselectivity
of these reactions might be altered by mutation of Asn-74 to an
aliphatic residue (e.g. Leu), and Val-182, located on the opposite
side of the wide channel, could be changed to Asn or Gln.
CPO has been extensively characterized during the last four
decades by biochemical, kinetic, and spectroscopic studies.
Here we present crystal structures of CPO complexed with
small ligands and its substrates, including the first examples of
bound organic compounds, and discuss the implications for
compound 0 and compound I formation. For the future it is
hoped that crystallographic structure determination of the
short-lived reaction intermediates will help to gain a better
understanding of the catalytic mechanism of this enzyme.

