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Abstract: Chloroperoxidase (CPO) is uniqgue among the metabolizing heme proteins because it is a hybrid of
two different families, peroxidases and cytochromes P450 (CYP450s). Unlike all other known peroxidases,
with a conserved histidine as the proximal ligand of the heme iron, CPO has a cysteine ligand in common
with the CYP450s. In addition, CPO can perform both peroxidase and CYP450 types of substrate oxidations.
Despite these differences, the first steps of the CPO catalytic cycle are similar to those in the traditional heme
peroxidases. Specifically, formation of the catalytically active Compound | species from the inactive ferric
resting form proceeds via a transient peroxide complex. However, in CPO, the role of the protein environment
in the distal peroxide binding site must be significantly different than that in typical peroxidases. This difference
results from the presence of a unique glutamate residue instead of the two highly conserved residues, histidine
and arginine, thought to be involved in Compound | formation of typical peroxidases. The goal of the
computational studies presented here was to further elucidate the role of this unique glutamate residue, Glu
183, in transforming the transient peroxide intermediate to Compound | in CPO. Specifically, the proposed
double role of Glu 183 in the CPEHOOH complex first as a proton acceptor and then as a proton donor was
investigated. The criteria used were the extent to which stable H bonds were formed between this unique
residue and the peroxide ligand of the heme iron in the €p&oxide complex, during unconstrained MD
simulations. Analysis of these simulations provided evidence for the double role of the Glu 183 first as proton
acceptor and then as proton donor in CRGompound | formation from the peroxide intermediate.

Introduction peanut peroxidase (PN and horseradish peroxidase isoen-

Chloroperoxidase (CPO), a secretory fungal heme eroxidaseZyme C (HRP-C),'" reveals that CPO has none of the three
p ’ y lung P key conserved residues found in both the proximal and distal

from Caldariomyces fumagms unique In its ab|I|ty to catalyze ._regions of the heme unit in all the other peroxidases. Specifi-
the hydrogen peroxide-dependent halogenation of aliphatic . . o 8 )
) - ) . cally, in CPO the proximal axial ligand of the heme iron is a
molecules, a process that gives rise to a wide variety of natural . . . . .
mercaptide of a cysteine residue in common with the cyto-

produlcts, some of which like chloramphen|col are .of.medlcmal chromes P450 (CYP450s) but unlike the traditional heme
valuel It also catalyzes other reactions characteristic of heme id hich h histidi id h - nal axial
eroxidases (dehydrogenation), catalasegOgHlismutation) peroxidases, which have a histidine residue as the proximal axia

znd cytochromes P450 (oxygen’ insertian) ! ligand. Moreover, neither the conserved His nor Arg, which
Comparison of the X-ray crystallographic structure of CPO, g;er ozg Se en; v\l/ri]thtgek n(i)l\?\;[r?l St?::::l:r;g isslt]%u?]f d Ezecgg]elrnsif;cti
with other known peroxidases, nhamely cytochrome C peroxidase ; . - . Lo .
(CCP)* ascorbatep eroxidase (APX)iyni)r/lt eroxidase?LiP? a unique glutamate residue (Glu 183) is present in a similar but
’ P gnin p ’ not identical position as the conserved His residue of traditional

tmh?g]r%;:;‘::?aﬁzgfg;?)s(a“:mnmg&l)pﬁmfgﬁzerzug@)ré heme peroxidases. These structural features shared with both
' heme peroxidases and CYP450s make CPO the most versatile
* To whom correspondence should be addressed. of the known heme enzymes.
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Figure 1. Proposed general reaction mechanism for chloroperoxidase-catalyzed reactions.
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Figure 2. Total and kinetic energies during 1050 ps of MD simulations of EHOOH.

assisted conversion to an oxywater complex (Figure 1c). This common to all peroxidases, the formation of Compound | from

oxywater complex is then thought to undergo facite@bond
cleavage leading to formation of water and Compound | (Figure of the present work is to further elucidate the role of the unique

1d).

the peroxide intermediate (Figures-id). Specifically, the goal

Glu 183 in Compound | formation of CPO from the peroxide

The second part of the enzymatic cycle, also shown schemati-intermediate.
cally in Figure 1, is unique to CPO and involves dechlorination
of substrates by CPOCompound I. The mechanism of this
reactior? 14 s still a subject of active experimental investiga-

Previous studié8 based on the crystallographic structure of
CPC already suggested a key role of Glu 183 in this pathway.
Specifically, Glu 183 was propos¥Edo play the double role of

tion. Figures 1e and 1f show a schematic representation of theproton donor and proton acceptor to the peroxide ligand leading
most widely accepted mechanism. As indicated, Compound | {5 compound | formation. Although plausible, computational
is thought to abstract a chlorine atom from a substrate to form sdies can be very useful for further assessment of this proposed
a hypochloride intermediate (Figure 1e). This species is then yo|e for the following reasons: (1) Deductions were made using
thought to be protonated by a hydronium ion, which permits the X-ray structure of the ferric-aquo resting form and not of
the formation of the intermediate shown in Figure 1f. The ine peroxide complex that is the essential precursor to Com-
supseque_nt release of HOCI leads to the return of the enzymepound 1. (2) The peroxide species is too transient for experi-
to Its resting state. mental structure determination. However, computational meth-
The computational study reported here focuses on further o4 are ideally suited to characterize this transient intermediate
elucidation of the portion of the enzymatic cycle of CPO ysing experimental information obtained for the more stable
(12) Libby, R. D.; Beachy, T. M.; Phipps, A. Kl. Biol. Chem 1996 ferric form. (3) As is so far the case for proteins of this size, no
271, 21820-21827. hydrogen atoms are resolved in the X-ray structure. Yet, the
(13) Sundaramoorthy, M.; Temer, J.; Poulos, TOhem. Biol 1998 5, mechanistic inference made using the X-ray structure invokes

461-473. o
(14) Wagenknecht, H. A.; Woggon, W. EZhem. Biol 1997, 4, 367— a key role for the§e missing H atoms. (4) The X-ray §tructure
372. represents a static form of the enzyme corresponding to an
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Figure 3. Distances calculated during the unconstrained MD simulations of 1 ns of-Ef®H between (a) the heme iron and the peroxide O1
and (b) the heme iron and the peroxide O2.

energetically stable form. To further probe the role of the protein acceptor and proton donor, providing direct confirmation of the
environment in Compound | formation, the dynamic behavior hypothesis based on crystallographic restits.

of the protein could be important. Computational methods, using

an X-ray structure, are ideally suited to provide this additional Methods

information. The suite of programs embedded AMBERS.Wvas used for all

In this work, the X-ray structure of the ferric-aquo CPO calculations carried out in the present work. The CPO X-ray crystal-
species was transformed to an initial structure of the ferric- lographic structurgincluding all crystallographic waters was used to
peroxide CPO complex by adding peroxide as a ligand to the dock the hydrogen peroxide ligand. Construction of the initia-Fe
heme iron in a geometry determined from previous ab initio HOOH complex was guided by the optimized structure of a heme model
studies in our laboratory of a heme model for the HRROOH peroxide |nterm§Q|§te of peroxidases previously determined in our
complext® Although HRP and CPO differ in their proximal laboratory by ab initio method§.Parar_neters forthe_hydrogen peroxide
ligands, this difference is not expected to have a significant molecule were taken from these previous Stum&m"arly’ parameters
effect o,n the geometry of the peroxide ligand. Moreover, the for the anionic form of peroxide and the heme unit were taken from

clie ' previous studies in our laboratotyThe water molecule, which was
initial CPO—HOOH complex formed was subjected to uncon-

strained energy minimization of the entire protein to allow
possible peroxide geometry relaxation.

To explore an initial role of Glu 183 as a proton acceptor
from the peroxide ligand, unconstrained full protein molecular
dynamics simulations were performed for this transient EPO
peroxide complex, with Glu 183 in an anionic form. In addition,

the initial heme ligand at a distance of 3.2 A from the iron in the
crystallographic structure of the native enzyme, was not removed from
the complex model. Instead, the initial complex was formed based on
the assumption of a natural substitution reaction in which the peroxide
takes the place of the water ligand. In addition to retaining all the
crystallographic water molecules 7 Asolvent shell of water molecules
was added around the X-ray crystallographic structure using the SOL
option of AMBER. As a result, there are 1813 noncrystal solvent

to explore the subsequent role of Glu 183 as a proton donor to mojecules in the system studied.

the peroxide ligand, a second unconstrained MD simulation was
performed for a second putative form of the transient species,

with a neutral Glu 183 and an anionic species HO&3 the
ligand of the heme iron.

Analysis of the H-bonding interactions between nearby

residues and bound water molecules of the CPO distal binding

site monitored during these two unconstrained simulations
provided evidence that Glu 183 plays a double role of proton

(15) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.;
Kollman, P. A J. Am. Chem. Sod 995 117, 5179-5197.

(16) Loew, G.; Dupuis, MJ. Am. Chem. S02996 118 10584-10587.

(17) Harris, D. L.; Loew, G. HJ. Am. Chem. Sod 996 118 6377
6387.

Energy minimization of the two different forms of the CPO
peroxide complex considered was carried out in two steps, both using
a dielectric constart = 1 and a cutoff of 13 A. The purpose of the
first step was to reorient the water molecules in the electric field of
the system. Accordingly, the complex with all heavy atoms constrained
by a harmonic constraint of 10 kcafAvas subjected to 2000 cycles
of steepest descent followed by the conjugate gradient method until
the rmsd between the structures of two consecutive iterations was less
than 0.1 A. In the second step, unconstrained minimization was carried
out using the same procedure reported above.

MD simulations were carried out using the resulting energy
minimized structures of each of the two forms of the CR@roxide
complex as a starting point. A dielectric constant 1 was used and
the nonbonded interactions were truncated at the relatively long distance
of 13 A. The nonbonded pair list was updated every 10 steps. A four-
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Figure 4. Distances calculated during the unconstrained MD simulations of 1 ns of-EfX®DH between (a) the & atom of the Glu 183 side
chain and the peroxide H1 and (b) the,@tom of the Glu 183 side chain and the peroxide H2.
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Figure 5. Distances calculated during the unconstrained MD simulations of 1 ns of-EfXDH between (a) the & atom of the Glu 183 side
chain and the HN atom of the cationic His 105 and (b) theeDatom of the Glu 183 side chain and a hydrogen of the crystallographic water
molecule HOs3q.

stage heating procedure was performed. First, all atoms in the systeml ps, using the final velocities of the first step. In step 3, the simulations
were constrained with a harmonic constraint of 10 kcalid 1 ps, were continued for 2 ps with a reduced harmonic force constant of 1.0
using a 300 K initial velocity distribution. Second, the harmonic force kcal/A2 Finally, in step 4, the harmonic force constant was reduced to
constant was reduced to 5 kcal/dnd the run was continued for another 0.5 kcal/& for another 2 ps. At the end of heating, all constrained
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were removed with the exclusion of a harmonic constraint of 0.1 kcal/
A2 to the oxygen atoms of the noncrystallographic water molecules.
The reason for keeping the oxygen atoms of the shell water molecules
under a very small constraint was to prevent them from completely @&
evaporating, while allowing them to move large distances. Using these
conditions, equilibration was achieved in 50 ps for the MD simulations
of the two different forms of the CPEperoxide complex. After
equilibration, production runs of 1 ns were carried out. Coordinates
were saved for further analysis along the entire equilibrated trajectories.

His105 )

Results and Discussion

Assessment of the Role of the Anionic Glu 183 as a Proton
Acceptor from the Peroxide Ligand in CPO Compound |
Formation. Figure 2 shows the total and kinetic energies
calculated during 1050 ps of MD simulations carried out using
the energy-minimized CPOHOOH complex with the anionic
form of Glu 183. As can be seen in this figure, equilibration
was achieved after 50 ps and the complex was energetically|
stable during the entire unconstrained MD simulations of 1 ns.
The rms deviation between all heavy atoms of the CPO structure
obtained at the end of the unconstrained MD simulation and
those of the crystal structure was 1.4 A, indicating that the three-
dimensional protein structure is conserved during the simulation.

The mode of binding of peroxide to the heme iron of CPO
was determined by monitoring the +©1 and Fe-O2 distances
during the unconstrained MD simulation of 1 ns. The results
are shown in Figure 3a,b. As shown in this figure, the peroxide
binds primarily in an end-on fashion but with alternating
domains during the MD trajectory in which either the peroxide
oxygen atom O1 or the peroxide oxygen atom O2 can be ligands
to the heme iron. At the beginning of the simulations-4@0
ps) there is a rapid exchange between the peroxide O1 (Figurg
3a) and O2 (Figure 3b) as ligands for the heme iron. This is
followed by two more well-defined domains of longer duration
in each of which either the O1 (460’65 ps) or the O2 (765
ps-1 ns) is clearly the only ligand for the iron. The finding that
one or the other peroxide oxygen atom is always a ligand for
the heme iron with a distance of about 2.5 A indicates the
formation of a stable complex, even with no a priori imposition
of a formal bond between the iron and the peroxide oxygen.

The MD trajectory was analyzed to identify robust H-bonding
interactions of the peroxide with its surrounding distal residues
and bound waters. The presence and nature of such stabld
H-bonding interactions was the main property used to assesg
the role of the protein environment in Compound | formation
of CPO. The results of this analysis indicate that during the rjgyre 6. Typical snapshots of the distal binding pocket of the GPO
entire 1 ns of unconstrained MD simulations, the anionic Glu HOOH complex representative of the two different binding modes of
183 is the only distal residue that maintains a stable interaction peroxide with O1 (a) or O2 (b) as ligands for the heme iron.
with the peroxide ligand. Moreover, there are no crystallographic
water molecules in the distal binding site of CPO that maintain ically, in the interval from 400 to 765 ps, where the peroxide
stable interactions with the peroxide ligand during the entire oxygen atom O1 is the ligand for the heme iron (Figure 3a),
MD simulation of 1 ns. Nor is any other residue linked to the the peroxide hydrogen H1 forms a stable H bond with tk& O
peroxide ligand by a stable H-bonding network. Thus Glu 183 atom of Glu 183 (Figure 4a). Similarly, when O2 is the peroxide
is the only distal residue that can act as a proton acceptor fromligand to the iron, i.e., from 765 ps to 1 ns (Figure 3b), the
the peroxide ligand. These results are shown in Figures 4a andperoxide hydrogen atom H2 is the one that interacts with the
4b. Oe, atom of Glu 183 (Figure 4b).

The detailed analysis of the manner in which the carboxylate  Another important deduction that can be made from the MD
oxygen atom @2 of Glu 183 interacts with the peroxide ligand simulation is the manner in which the other carboxylate oxygen
(Figures 4a and 4b) provides further direct support for the of Glu 183, @1, interacts with its immediate environment.
proposed role of Glu 183 as a proton acceptor from the proximal Although it does not interact with the peroxide ligand, thelO

hydrogen atom of the peroxide ligand. Comparison of Figures
3a,b with 4a,b shows that the Glu 1832oxygen interacts
with whichever hydrogen of the peroxide is bound to the
proximal oxygen atom. This behavior is most clearly demon-
strated in the 4061000 ps portion of the simulation. Specif-

of Glu 183 finds other favorable partners in the immediate
environment of the distal binding site. As shown in Figures 5a
and 5b, during the entire 1 ns of unconstrained MD simulations,
the carboxylate €L atom of the Glu 183 side chain is involved
in two stable interactions. One is a salt bridge formed between
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Figure 7. Distances calculated during the unconstrained MD simulations of 1 ns of the-OR®I~ complex with Glu 183 in its neutral form,

between (a) the peroxide proximal oxygen and the heme iron and (b)

the HNe atom of the cationic His 105 and the carboxylat€lO
atom of the Glu 183 (Figure 5a). The other is an H bond of the
same carboxylate € atom with a hydrogen of the crystal-
lographic water molecule #Ds39 (Figure 5b). The formation

of the stable salt bridge rules out a direct role for either partners,
the HNe atom of His 105 and the carboxylateDatom of Glu
183, in Compound | formation. However, this strong interaction
involving Oel helps to firmly orient the other carboxylate
oxygen, @2, in a favorable position for H bonding to the
proximal H of the peroxide ligand.

Figure 6a shows a typical snapshot of the distal binding
pocket of the CPGHOOH complex in the domain of the MD
trajectory, when O1 is the ligand atom. Shown in this figure is
the stable H bond found between the;@tom of Glu 183 and
the hydrogen on the peroxide oxygen directly bound to the heme
iron.

Figure 6b shows a typical snapshot of the distal binding
pocket of the CPGHOOH complex in the alternative domain
of the MD trajectory, when O2 is the ligand atom. Again, as
seen in this figure, the & atom of Glu 183 forms a stable H
bond with the hydrogen of the peroxide oxygen bound to the
heme iron.

Also indicated in Figures 6a and 6b are the stabilizing
interactions between thee® atom of the Glu 183 and two
partners: (i) the HM atom of the cationic His 105 and (ii) a
hydrogen of the crystallographic water moleculgOgko.

The formation of a stable H bond between the, @om of
Glu 183 H and the hydrogen of the peroxide oxygen bound to
the heme iron, shown in Figures 6a and 6b, is indicative of
facile transfer of the proximal proton from the peroxide ligand
to the G, atom of Glu 183, and thus supports the postulated
initial role of Glu 183 as a proton acceptor.

d¢hatdm of the neutral Glu 183 and the distal peroxide oxygen.

The consequence of this postulated proton transfer is a neutral
form of Glu 183 and an anionic form (HOQ of the peroxide
ligand. Thus, this form of the complex was further investigated
for the plausibility of the subsequent role of the neutral Glu
183 as a proton donor to the peroxyanion ligand.

Assessment of the Role of the Neutral Glu 183 as a Proton
Donor to the Peroxyanion Ligand in CPO Compound |
Formation. The Fe-OOH~ form of the transient CPO
peroxide intermediate with a neutral Glu 183 was constructed
to investigate the role of the neutral Glu 183 as a proton donor
to the peroxyanion ligand in CPO Compound | formation. This
complex was then subjected to energy minimization and 1 ns
of unconstrained MD simulations, using the procedure described
in the methods section.

Support for structural stability during 1 ns of unconstrained
MD simulations is given from the small rmsd value of 1.5 A
obtained after superimposition between all heavy atoms of the
enzyme at the end of the unconstrained MD simulations and
those of the initial energy minimized structure.

As shown in Figure 7a, during the entire simulation the
anionic oxygen of the HOOspecies remains as a ligand to the
heme iron.

The MD trajectory was analyzed to identify robust H bonding
interactions of the peroxyanion with its surrounding distal
residues and bound waters. Analysis of the H bonding interac-
tions of the hydrogen peroxide ligand with the nearby neutral
Glu 183 residue as well as with the crystallographic water
molecules during the MD simulation led to the identification
of stable H bonds between theeMatom of Glu 183 and the
distal oxygen of the peroxyanion. Figure 7b shows this important
hydrogen bond between thecsMatom of the neutral Glu 183
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H20339

Figure 8. Typical snapshot of the distal binding site of the CPO
OOH neutral Glu 183 complex, during the entire 1 ns of unconstrained
MD simulations.

and the distal peroxide oxygen that is stable during the entire
nanosecond of unconstrained MD simulations.

Figure 8 is a typical snapshot of the distal binding pocket
during this trajectory. It shows the stable H bond found between
the He2 of Glu 183 and the distal O2 atom of the peroxide.
Also indicated in this figure are the stabilizing interactions
between the @l atom of the Glu 183 and two partners: (i) the
HNe atom of the cationic His 105 and (ii) a hydrogen of the
crystallographic water molecule,Bs3 These interactions are
maintained during this unconstrained MD trajectory as well.

These results taken together clearly support a role for the
neutral Glu 183 as proton donor to the distal oxygen of the
peroxide, leading to the formation of the oxywater complex
thought to be required for Compound | formation.

Conclusions

The main goal of this computational study was to further
explore the postulated double role of the unique distal Glu 183

residue, first as proton acceptor and then as proton donor, in

J. Am. Chem. Soc., Vol. 122, No. 15, 3608

CPO Compound | formation. To this end, MD simulations of
the CPG-HOOH complex with an anionic Glu 183 were
performed to assess the role of Glu 183 as proton acceptor. In
addition, MD simulations of the CPOOOH" complex with a
neutral Glu 183 were performed to assess its subsequent
postulated role as proton donor. The combined results of these
simulations provide evidence for a dual role of the distal Glu
183 consistent with a previous hypothésisased on crystal-
lographic results.

The stable H bond maintained during the entire simulation
of the CPG-HOOH complex with an anionic Glu 183 allows
the inference that the & atom of the anionic Glu 183 can act
as a proton acceptor of the H atom on the proximal oxygen
atom of the peroxide. During subsequent MD simulations of
the CPG-OOH~ complex with a neutral Glu 183, the stable
hydrogen bond formed between theHatom of the neutral
Glu 183 and the distal oxygen atom of the peroxyanion ligand
allows the inference that theeblatom of the neutral Glu 183
can act as a proton donor to this distal oxygen atom. These two
sequential steps lead directly to the oxywater species, allowing
facile formation of Compound | and water.

This result for CPO reported here together with a recent
similar study for the typical peroxidase HRE clearly
indicate how Glu 183 can take the place of the conserved His
42 and Arg 38 in the distal binding site of the more typical
peroxidases. In that study,it was found that His 42 cannot
play the role of both proton donor and acceptor. His 42 can act
as proton acceptor and Arg 38 as donor in either a sequential
or simultaneous fashion to form the oxywater species. By
contrast, the single Glu 18, can play the role of both proton
acceptor and donor in the CPO distal binding site. This proposed
mechanism clearly implies a two-step sequential pathway to
formation of the oxywater complex, involving two forms of the
peroxide intermediate of CPO, CR®IOOH, and CPG-OOH".
Further experimental studies using sthe topped flow spectro-
scopic method are suggested to try to obtain the electronic
spectra of these two transient species to further assess this
proposed mechanism of formation of CRO
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