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This paper investigates the enzyme chloroperoxidase (CPO) by means of hybrid quantum mechanical/molecular
mechanical (QM/MM) calculations. The effects of anionic substrate, protein environment, and proximal ligand
mutation on the high-valent iron—oxo species, compound I (Cpd I), and the ferric hydroperoxide complex,
compound 0 (Cpd 0), are studied. The results indicate that the presence of an anionic substrate (acetate) and
the protonation state of one critical residue (Glu104) have a considerable impact on the relative stabilities of
Cpd I and Cpd 0. In the absence of the substrate or when the substrate is protonated, Cpd I is considerably
more stable, and its formation barrier is smaller than in the case where the substrate is in its anionic state and
when Glul04 is deprotonated. This trend, which is shown to be a simple manifestation of the Hammond
principle, reproduces the experimental observation that the working pH of the enzyme is acidic. Furthermore,
in the absence of substrate (or when it is protonated), the relative Cpd 0/Cpd I energies are found to be a
good index of Cpd I stability in heme enzymes and to follow the experimental order: horseradish peroxidase
(HRP) > CPO > P450. In silico mutation of the proximal ligand from cysteine to selenocysteine was found
to have no effect at all on the properties of Cpd I (e.g., spin density on the chalcogen, Mossbauer parameters,
etc.) and its relative stability to Cpd O or on the corresponding barrier for formation. This surprising finding
shows that the polar CPO pocket applies a leveling effect that stabilizes the anionic forms of the proximal

ligands (CysS™ and CysSe™). This in turn means that the Se—Cpd I of the mutant CPO is observable.

1. Introduction

Chloroperoxidase (CPO) has received considerable attention
because of its outstanding versatility among the known heme
enzymes. In addition to its native halogenation and dehaloge-
nation reactions, CPO can catalyze reactions characteristic of
classical heme peroxidase, catalase, and cytochrome P450.!?
The enzyme has a unique active site that shares features with
both peroxidase and P450 enzymes; it contains a proximal
cysteine—thiolate ligand as P450 and, at the same time, has a
polar distal pocket, as in peroxidases. This polarity of the pocket
may account for its versatile function. Moreover, CPO is the
only thiolate-ligated heme enzyme, whose oxoiron(IV)—por-
phyrin cation radical active species, termed compound I (Cpd
I), has been well-characterized by various spectroscopic
methods,>™> thus providing key insight into the behavior of
P450s where this species is elusive.®’

Like other peroxidases, CPO Cpd I is generated by the
reaction of the enzyme with hydrogen peroxide. By analogy
with the distal histidine residue in the plant peroxidases, in CPO
Glul83 is postulated to act in an acid—base catalysis of the
formation of Cpd I, starting from the hydrogen peroxide
complex.® It was proposed that Glul83 plays the double role
of both proton acceptor and donor during the generation of
the catalytically active species Cpd 1.° In other words, Glu183
is thought to act as a shuttle that delivers the proton of the
proximal O atom of the Fe—HOOH complex to the distal O
atom, so as to facilitate heterolytic cleavage of the O—O bond
(see Scheme 1), in a similar fashion to the Poulos—Kraut
mechanism for Cpd I formation in peroxidases.'® This mecha-
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SCHEME 1: Schematic Mechanism for CPO Cpd I
Formation from Ferric Hydrogen Peroxide (Fe—HOOH)
via Cpd 0
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nistic proposal has later been supported by MD simulations!!
and recently by quantum mechanical/molecular mechanical
(QM/MM) calculations,'? which showed that Glu183 initially
deprotonates the ferric hydrogen peroxide to yield a ferric
hydroperoxide species, called compound 0 (Cpd 0), followed
by the generation of Cpd I in a mechanism that involves O—O
bond cleavage and reprotonation of the departing OH moiety
to water by means of proton coupled electron transfer (PCET).

However, this previous QM/MM study'? showed that Cpd I
is merely 1.5 kcal/mol more stable than Cpd 0. Using the relative
energy of Cpd 0/Cpd I as an index of the stability of Cpd I and
recalling that, for P450cam, QM/MM calculations lead to a
reaction exothermicity of about 8 kcal/mol (from Asp251
channel),' one is led to a puzzle: this result is counterintuitive,
since Cpd I of CPO can be probed in the native cycle, whereas
Cpd I of P450cam is still elusive.

Alerted by this puzzling result, we have decided to revisit
the problem and find the root cause of the apparent counterin-
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Figure 1. Active site of CPO from the X-ray structure of Cpd 0
(Protein Data Bank code 2J5M).

tuitive result. As shown from the X-ray structure of the ferric
hydroperoxide (Cpd 0) complex of CPO in Figure 1,' the active
site contains an acetate nestled above the heme, at a distance
of ~7.0 A to the heme iron. This acetate forms hydrogen bonds
with the amide group of Asn74 (distance: 2.7 A) and the crystal
water molecule Wat125 (distance: 3.7 A). In fact, the same site
was identified as a binding site of acetate in a CPO ferric
complex (which contained a Fe—OAc coordination and an
acetate bound to Asn74)."> This site is also known to be the
iodide-specific binding site and is thought to act as an
intermediate stopping station before the oxidative process."
Thus, the acetate anion that was included in our previous
calculation'? in fact is bound in the substrate binding site of
CPO, and as such the acetate may have modified the stability
of Cpd 1. This brings us to one of the central questions of this
study: does the substrate affect the stability of Cpd I?

Substrate effects have been reported for P450cam, where it
was found out that the substrate can modify the structure and
reactivity of the enzyme active site in the early stages of the
mono-oxygenase catalytic cycle, that is, the ferric, ferrous, and
oxyferrous states.'®"2° Recently, the influence of the presence
of substrate on the properties of the active-oxygen heme
intermediates was also probed using cryoreduction electron
paramagnetic resonance/electron—nuclear double resonance
(EPR/ENDOR) by Hoffman et al.?! It was found that substrates
of different sizes dramatically affected the lifetime of Cpd 0.
Thus, in the absence of the substrate (camphor) the lifetime of
Cpd 0 was extremely short,?'* while in the presence of camphor
derivatives of increasing size, the lifetime increased by as much
as 80-fold.?!™® As such, substrates are not just oxidizable entities;
they also gauge the lifetime of the active oxidant species. Since
acetate was present in our previous study'? in the substrate
binding site, we decide to explore its effect on the stability of
Cpd 0/Cpd I by including it in the MM part in different
protonation states, that is, deprotonated and protonated acetate,
as well as in the absence of acetate.

Another factor that can affect the relative stability of Cpd
0/Cpd I is the nature of the proximal ligand that can be mutated
in silico. Thus, our recent work?? on the selenocysteine mutant
of P450cam, in which the cysteinate ligand was replaced by
selenocysteinate, postulated that the Se—Cpd I will be formed
faster and consumed more slowly than the wild-type (WT)
S—Cpd I, thus suggesting that P450 Se—Cpd I would have more
chances of being observed than WT species.”? Recent expression
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of CPO in Aspergillus niger, which enabled mutations of this
enzyme and follow-up of its epoxidation activity by Cpd L.}
suggests that such a C29Se—C mutation may be possible also
in CPO and may thereby allow it to further probe factors that
stabilize the unstable and highly active Cpd I species. As such,
we decided to explore also the role of mutation of Cys29 to
Se-Cys in CPO, as part of our attempt to understand factors
that affect the stability of Cpd 1.

In summary, the main goal of the present paper is to clarify
what factors influence the stability of CPO Cpd I. To this end,
we gauged the impact of QM regions, protonation states,
different enzyme conformations obtained from a molecular
dynamics (MD) trajectory, and Cys mutation to Se-Cys. The
study was limited to the doublet state that was shown to be the
ground state of Cpd I and Cpd 0 by experiment® and previous
QM/MM study.'?

2. Computational Methodology

2.1. Setup of the System. An initial geometry was built from
the X-ray structure with the Protein Data Bank (PDB) code
2J5M.'* The glycosyl groups were removed. The complete
model of solvated enzyme was constructed by adding missing
hydrogen atoms and a 16 A thick water solvent layer. The inner
layer (<8 A) was equilibrated for 3 ps at 300 K with CHARMM
MD. The resulting structure was used as one starting point
(snapshot 0) of the QM/MM calculations. For this snapshot no
MM minimization was done on the enzyme itself before QM/
MM calculations, and thus the coordinates of enzyme heavy
atoms correspond exactly to those in the PDB file. The details
of the preparatory force field calculations are as described in
our previous study.!?

2.2. Protonation States. Protl Model. On the basis of the
pK, calculation with the PROPKA program?** as well as further
visual inspection of the hydrogen-bonding environment of the
residues under pH = 3.9 (a working pH of CPO), a neutral
protonation scheme, labeled as Protl, was created. The following
residues in Protl were protonated: Asp123, Asp149, Aspl68,
Glul, Glu51, Glu69, Glu80, Glu99, Glu104, Glul33, Glul55,
Glul6l, Glul66, Glu201, Glu233, and Glu266. All of the
other Glu and Asp residues were ionized; Arg and Lys residues
were used as positively charged (Arg26, Arg46, Arg50, Argll1l,
Argl28, Argl57, Argl60, Arg206, Arg232, Lys112, Lys115,
Lys145, Lys177, and Lys211). One His residue (His107) was
singly protonated at the imidazole N° position, and all of the
others were doubly protonated. The propionate side chains of
heme were ionized. The total charge of the enzyme in Prot1 is
0, in the absence of substrate acetate or in the presence of neutral
acetic acid, and —1 in the presence of the acetate anion.

Prot2 Model. The acidic amino acid residue (Glul04, see
Figure 1) near the heme center is predicted by PROPKA to be
on the border between being protonated and deprotonated (pK,
= 4.8). Thus, a second protonation scheme (Prot2) was created,
in which all titratable residues are the same as in Protl except
for Glul04, which is deprotonated. The total charge of the
enzyme in Prot2 is —1 in the absence of substrate acetate.

Prot3 Model. The third protonation scheme, labeled as Prot3,
corresponds to the protonation states used in our previous
study,'? in which all of the Glu and Asp residues were
deprotonated, all Arg and Lys residues were used as positively
charged, and all His residues were doubly protonated. The
propionate side chains of heme were ionized. The total charge
of the enzyme system in Prot3 is —15 in the absence of acetate
or in the presence of neutral acetic acid and —16 in the pres-
ence of acetate anion.
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Figure 2. Hydrogen-bonding situations in CPO. Only hydrogen-bonded
hydrogens are shown.

Substrate Models. To evaluate the effect of acetate as a
substrate located at the substrate-binding site near Asn74, the
presence of acetate as an anion (deprotonated) and acetic acid
(protonated) as well as the absence of acetate was explored with
Protl and Prot3. In the setup of the system with Prot1-2/Prot3,
the substrate acetate was protonated/deprotonated, respectively.

2.3. Snapshots. To investigate the effect of different enzyme
conformations on the stabilization of Cpd I, we performed a
300 ps force field MD simulation with a time step of 1 fs starting
from the Fe—HOOH species with the residue protonation
scheme of Protl and in the absence of acetate substrate. Then
we selected four snapshots from the equilibrium trajectory, at
80, 150, 220, and 290 ps, which after MM energy minimizations
were subsequently subjected to QM/MM geometry optimization.
The 300 ps MD and subsequent MM energy minimization
calculations were performed with the CHARMM?22 force field*
as implemented in the CHARMM program,?’ during which the
coordinates of the heme, H,0,, the proximal ligand Cys29, the
distal residues His105 and Glul83, and the outer 8 A thick water
of solvent layer were kept fixed.

Hydrogen Bonding Patterns. As shown in Figure 2, snapshot
0 (derived from the crystal structure) and all advanced snapshots
reveal the existence of hydrogen bonds between the sulfur atom
of Cys29 and the backbone NH groups of Ala31 and Leu32. In
addition, in snapshot 290, one crystal water (Wat125) and one
solvent water (WatS2273) molecule entered into the pocket and
formed hydrogen bonds with the distal oxygen and carboxyl
oxygen of Glul83, respectively. These two water molecules in
snapshot 290 were admitted into the QM/MM optimization
region.

Selenocysteine Mutant. The species of the selenocysteine
mutant of CPO were generated, for protonation scheme Protl
and in the absence of the acetate substrate, by replacing the
Cys29 by selenocysteine in all five snapshots for WT CPO. The
generated structures were subjected to QM/MM geometry
optimization. The details of the force field parameters were
described in our previous study.?

2.4. QM/MM Calculations. Software, Functional, and
Geometry Optimization Methods. The QM/MM calculations
were performed using ChemShell®® interfaced with Turbomole®
and DL_POLY.* The hybrid B3LYP functional® ~* was used
throughout this study for the QM part, and the CHARMM?22
force field*® was used for the MM part. An electronic embedding
scheme® was applied to include the polarizing effect of the
enzyme environment on the QM region. Hydrogen link atoms
with the charge shift model*® were used to treat the QM/MM
boundary.

The optimized region considered in the QM/MM calculations
is the same as our previous work!? and involves Cys29/Se-
Cys29, heme, H,0,, Ala27, Pro28, Pro30, Ala31, Leu32,
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Phel03, His105, Glu183, Phel86, Wat71, Wat330, and Wat332.
For snapshot 290, Wat125 and WatS2273 were also included
in the MM optimized region. The QM/MM geometry optimiza-
tion used the HDLC optimizer®’ which is part of ChemShell. A
rational function optimizer with the Powell update (P-RFO) for
an explicit Hessian®’ was used for transition-state optimizations.
The nature of the transition states (TS’s) as first-order saddle
points was confirmed by vibrational mode analysis based on
the numerical calculation of a finite-difference Hessian for a
selected set of QM atoms.

OM Models. Figure 3a specifies the three QM regions,
QMI1-3, which were investigated for the WT enzyme. They
all included the iron porphine moiety, with its distal ligand
(H,0,), and CH;COO™ (representing Glul83) but differed in
the representation of other residues. In QM1, as in the previous
study,'? the cysteine proximal ligand was modeled as the SH
group, while His105 was modeled as a protonated imidazole.
In QM2, the full Cys29 residue was included as well as part of
the proximal loop that avoids cutting the QM system through
the peptide bond, including the CO group of Pro28 and the
pyrrolidine ring of Pro30. His105 was modeled by a protonated
5-methylimidazole in QM2. QM1 was used only in a snapshot
0 calculation, while the larger QM2 was used through all five
snapshots that we studied in this paper. The last model in Figure
3a, labeled QM3, utilizes SH for Cys29, protonated 5-meth-
ylimidazole for His105, and the backbone of three amino acids
that forms hydrogen bonds with the sulfur of Cys29
(HCO—NHCH,CO—NHCHj, i.e., the HCO group of Pro30, the
NHCH,CO group of Ala31, and NHCHj; of Leu32). This model
was used only for the calculation of Mossbauer spectroscopic
parameters. QM1, QM2, and QM3 consist of 60, 87, and 79
atoms, respectively. Figure 3b describes the QM model (Se-
QM2) for the Se-Cys mutant in CPO. It corresponds to QM2
by replacing Cys29 with selenocysteine.

Basis Sets. QM/MM geometry optimization was performed
using the standard double-G basis set B1, which involves
LACVP on Fe and 6-31G on all other atoms except for Se in
the CPO selenocysteine mutant system, hence LACVP(Fe):
6-31G(rest).>®* For the Se atom, the B1 basis set involves the
double-¢ SV basis set of Binning and Curtiss.*

A basis set labeled Bla, which includes polarization and
diffused functions on the three O atoms in the FeOOH--*
HOC(GIu183) moiety involved in the O—O bond cleavage, was
utilized to get a better description of the O—O cleavage TS,!?
en route to the formation of Cpd I from Cpd 0.

In all cases, the energy was corrected by single point
calculations with a larger basis set B2, which describes iron by
Wachters’s all electron basis set,*! augmented with diffused d*?
and polarization f functions®* (8s7p4d1f), and the rest of the
atoms except Se in the CPO selenocysteine mutant system by
the 6-31++4G(d,p) basis set. For the Se atom, the B2 basis set
augments Bl by a set of an s,p diffused function with an
exponent of 0.022 and a polarization d function with an exponent
of 0.315.% These single point calculations are labeled as B2//
B1 or B2//Bla.

2.5. Calculations of Mossbauer Spectroscopic Parameters.
The Mossbauer parameters of CPO Cpd I were calculated with
the ORCA® program using a single-point B3LYP calculation
at the corresponding QM/MM-optimized geometries at the B1
level. Iron was described by the triply polarized core properties
basis set CP(PPP),* and the other atoms were described by the
SV(P) basis set’’ with the inner s functions left uncontracted.
For the iron atom, an enhanced integration grid was used, and
the overall integration accuracy was increased to seven. The
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Figure 3. Definitions of the QM regions: (a) three QM models (QM1, QM2, and QM3) for the WT enzyme and (b) one QM model (Se-QM?2) for

the selenocysteine mutant (C29-SeC).

MM point charges were included in these calculations to probe
the effect of the protein environment. The acetate was absent
in all of the Mdssbauer calculations in this study. Here, for
snapshot 0, two QM regions (QM2 and QM3) as well as two
protein protonation schemes (Protl and Prot3) were employed.
The calculations were also performed without the water
hydrogen-bonded to the iron—oxo moiety to ascertain its
influence. For the other four snapshots and Se-Cys mutant, only
QM2 and Protl were used.

3. Results

3.1. Relative Energies of Cpd I and Cpd 0. The energy of
Cpd I relative to Cpd 0 can serve as an index of stability of
Cpd 1. The previous QM/MM calculations'? on the Cpd I
formation mechanism in CPO using Prot3 and QM1 showed
that Cpd I is only 1.5 kcal/mol lower than Cpd O at the QM/
MM B2 level. As already mentioned, this relative energy,
compared with that from the QM/MM calculation on cyto-
chrome P450cam,"® does not explain why Cpd I of CPO can be
probed in its native cycle, while that of P450cam is too short-
lived to be detected in its native cycle. To address this issue,
we extensively studied the effect of the following five factors
on the relative Cpd 0/Cpd I energy: (1) substrate, (2) QM
regions, (3) protonation states of residues, (4) protein conforma-
tions, and (5) proximal ligand mutation. Only the results at the
B2 level are reported here. The rest of the data are collected in
the Supporting Information document.

3.1.1. Effect of Substrate. To evaluate the effect of acetate
as a substrate, three models (the presence of deprotonated and
protonated acetate and the absence of acetate substrate) were
used for snapshot 0. In our previous study,'? the substrate acetate
was modeled as a deprotonated species, while the protonation
scheme of the rest of the enzyme and the QM region were
limited to Prot3 and QM1, and optimization was done with the
basis set Bla. For comparison, we studied here both protonation
states, Protl and Prot3. For the sake of consistency, we used
here the basis set B1 for geometry optimization throughout,
while the relative energies were evaluated with B2.

The B2//B1 relative energies are shown in Figure 4. Figure
4a,b shows the effect of acetate protonation within Prot3/QM1
which represents the protonation scheme Prot3 and the QM
region QMI1. It is seen that protonation of the acetate favors
Cpd I relative to Cpd 0 by 11.6 kcal/mol. In fact, as can be
seen from Figure 4b, the removal of the protonated acetate
almost does not change the relative energy. Moreover, as can
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deprotonated Glul04  deprotonated Glu104
= Cpd 0 Cpd 0
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|
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Figure 4. Relative energies (kcal/mol) of Cpd I to Cpd O for the
snapshot 0 of WT CPO at the B2//B1 level. (a) Prot3/QMI1 in the
presence of AcO™. (b) Prot3/QMI in the presence of AcOH and in
the absence of acetate (in parentheses). (c) Prot1/QM?2 in the presence
of AcO™. (d) Prot1/QM2 in the presence of AcOH and in the absence
of acetate (in parentheses). (e) Prot3/QM2 in the absence of acetate.
(f) Prot2/QM2 in the absence of acetate.

be seen from Figure 4c,d, this conclusion is not dependent on
the protonation state of the entire enzyme or on the chosen QM
system.

These results indicate that the acetate anion significantly
destabilizes Cpd I by unfavorable electrostatic interaction with
the heme center. From our calculations of Protl in the absence
of acetate in the substrate binding site or with protonated acetate,
Cpd I is about 15.0 kcal/mol more stable than Cpd O (Figure
4d), which is in between the calculated values of 27 kcal/mol
for horseradish peroxidase (HRP)***° and of about 8—10 kcal/
mol for P450cam (Asp251 channel).'* Hence, without the
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Figure S. Energies (kcal/mol) of Cpd I relative to Cpd O for five
snapshots of WT CPO using Protl/QM2 in the absence of substrate
acetate at the B2//B1 level.

destabilization effect of anion acetate substrate, the order of the
relative energy of Cpd I in various heme enzymes is in accord
with the experiment: HRP > CPO > P450. Therefore, we used
the substrate-free model in the following studies.

3.1.2. Effect of QM Regions and Protonation States. The
data in Figure 4e,f show the effect of the QM region and
protonation schemes of specific residues on the relative Cpd
0/Cpd I energy (Prot3/QM2 and Prot2/QM?2 in the absence of
acetate). Comparison of Prot3/QM1 versus Prot3/QM2 in Figure
4b versus Figure 4e shows that increasing the QM system from
QMI1 to QM2 raises the relative energy of Cpd I by 4.7 kcal/
mol, which is similar to the value in a previous QM/MM
calculation of cytochrome P450cam.'* Comparison of Figure
4e to Figure 4f shows, in turn, that changing from Prot3 to Prot2
(both having deprotonated Glul04) has a very small effect on
the relative Cpd 0/Cpd I stability (0.3 kcal/mol). This result is
similar to our previous QM/MM calculation,'> which used a
neutral protonation scheme in which acetate and Glu104 were
both deprotonated. Finally, comparison of Figure 4f to Figure
4d shows that the protonation of Glu104 favors the Cpd I relative
to Cpd 0 by 6.2 kcal/mol.

In summary, all of the above results indicate that the most
important factors to affect the Cpd I relative energy to Cpd 0
are the protonation states of substrate acetate and Glul04.

3.1.3. Effect of Protein Conformation. To probe the influ-
ence of different conformations of the enzyme environment on
energetic stabilization, we compared the QM/MM energies of
Cpd I relative to Cpd O for the five selected snapshots for the
acetate substrate-free model with Prot1/QM2. The data displayed
in Figure 5 show that Cpd I is favored in all snapshots. With
the exception of snapshot 290, the Cpd 0/Cpd I relative energy
value is 16.5 % 1.5 kcal/mol, thus exhibiting a small dependence
on the protein environment. For snapshot 290, in which two
additional water molecules entered the pocket (Figure 2), Cpd
I is significantly more stable than Cpd 0. Inspection of the
relative energy of Cpd O to the Fe—HOOH species (Table S4
in the Supporting Information) revealed that, for snapshot 290,
this relative energy is 6.7—11.4 kcal/mol higher than for the
other four snapshots, whereas at the same time, the energy of
Cpd I relative to Fe—HOOH is within a range of 3.1 kcal/mol
for all five snapshots. As such, it seems that the root cause of
the large Cpd 0/Cpd I relative energy in snapshot 290 is the
destabilization of Cpd 0 by the two water molecules. As shown
below this destabilization has a geometric origin.

3.1.4. Geometric and Electronic Features. Figure 6a,b shows
geometrical parameters and spin densities for the QM/MM
optimized structures derived from the five snapshots for the WT
enzyme. It can be seen from Figure 6a that the Fe—N distances
show a minor variation for all three species: Fe—HOOH, Cpd
0, and Cpd I. The Fe—O distances of Fe—HOOH and Cpd 0
were found to be more flexible. The longest bond was found
for snapshot 290 in which one water molecule (Wat125) forms
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a hydrogen bond (H-bond) with the distal oxygen of the
FeHOOH/FeOOH moiety. This H-bond pulls the Fe—OO unit
and causes the lengthening of Fe—O by 0.02—0.04 A. The
weakened Fe—O bond destabilizes Cpd 0 and results in a higher
relative energy of Cpd O to Cpd I In addition, the Fe—S
distances of Cpd 0 and Cpd I exhibit some fluctuation similar
to a previous finding in P450 Cpd 1.°°

The spin densities in Figure 6b are what one expects from
these species.’’ The sulfur spin density in Cpd I is close to that
of previous studies of P450 Cpd I*° and to the experimental
datum from ENDOR spectroscopy of CPO Cpd 1.3

3.1.5. Effect of Selenocysteine Mutation. The relative ener-
gies of Se—Cpd 0/Se—Cpd I, for the selenocysteine mutant,
are shown in Figure 7 for all of the snapshots and Prot1/QM2.
It is seen that these relative energies are very similar to those
of the WT enzyme in Figure 5, to within 1 kcal/mol. Apparently,
the mutation of cysteine to selenocysteine has little if any effect
on the relative Cpd 0/Cpd I stability, even though one might
have reasoned that the effect should be considerable since the
selenocysteine ligand has a stronger push effect compared with
the cysteine ligand.?

The geometric parameters and spin densities for the seleno-
cysteine mutant are given in Figure 8a,b. Inspection of Figure
8a reveals that the calculated Fe—Se bonds of ferric hydrogen
peroxide (Se—Fe—HOOH), Se—Cpd 0, and Se—Cpd I are about
0.08 A longer than the Fe—S bonds of the corresponding WT
species (Figure 6a), while other key geometric parameters are
very similar for the WT species and selenocysteine mutants.
By contrast, in the case of P450cam Cpd I,>> the QM/MM result
showed that the Fe—Se bond is significantly longer than Fe—S
by 0.18 A. In fact, inspection of Figure 8b shows that the Se
spin density of Se—Cpd I is almost identical to that in the WT
Cpd I (Figure 6b). Again, this is in contrast to the results of
P450cam, where the sulfur spin density, 0.25, was much smaller
than the selenium spin density, 0.40.22 Apparently, the polar
pocket of CPO stabilizes the Cys-Se™ anionic form much more
so than the P450cam pocket and thereby applies a leveling effect
on the two ligands.

3.2. Mossbauer Spectroscopic Parameters. The calculated
Mossbauer parameters of the WT Cpd I of snapshot 0 with
Prot1/Prot3 and QM2/QM3 are collected in Table 1, while those
of the WT and Se—Cpd I of all snapshots with Prot1/QM?2 are
in Table 2. The calculated quadrupole splitting (AEq) and isomer
shifts (9) parameters in Table 1 are in reasonably good accord
with experimentally observed Mdossbauer parameters for CPO
S—Cpd I (last entry in Table 1). The values for QM3 are closest
to the experimental values, as found in a previous study,> using
a different basis set for geometry optimization. Within the results
for Protl, the QM2 values are slightly better than those of QM3.
It is clear that removing the water molecule, which is liberated
during the process of Cpd I formation from Cpd 0, results in a
slightly lower AEq, which deviates from the experimental value.

Table 2 compares the Mossbauer parameters of S—Cpd I and
Se—Cpd I for the five snapshots derived from Prot1/QM2. Once
again, it is apparent that Se—Cpd I is very similar to the WT
Cpd I in CPO. This is again in contrast to P450cam (see last
entry), where the Se—Cpd I was calculated to have Mossbauer
parameters more akin to a gas-phase species with a large radical
on the chalcogen ligand (spin density (Se) = 0.40). The different
pocket polarities seem to play a major role: In P450cam with
the nonpolar pocket, the selenolate anion is not stabilized, and
the WT Cpd I differs considerably with relation to Se—Cpd 1.
On the other hand, in CPO with the polar pocket, there is a
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Figure 6. QM/MM optimized (a) geometries and (b) spin densities of Fe—HOOH, Cpd 0, and Cpd I of the WT enzyme. The given values

correspond to snapshots 0, 80, 150, 220, and 290 in descending order.

C29Se-C
Prot1/QM2
no Acetate

Cpd 0

snapshot 0; 80; 150; 220; 290
15.9; 16.6; 19.1; 18.2; 24.7

— Cpd 1

Figure 7. Energies (kcal/mol) of Se—Cpd I relative to Se—Cpd 0 for
five snapshots of C29Se—C using Prot1/QM2 in the absence of substrate
acetate at the B2//B1 level.

leveling effect, and the two Cpd I species are virtually
indistinguishable.

3.3. Barriers for Cpd I Formation from Cpd 0. Since our
previous study'? indicated that the rate-limiting step of the
formation of Cpd I in CPO is the O—O bond breaking step, we
limited the study here to this step. A model with Prot1/QM?2 in
the absence of acetate was used for snapshot 0. At the QM/
MM B2//Bla level, the barrier of O—O cleavage from Cpd 0
to generate Cpd I is 10.1 kcal/mol, passing via the familiar
homolytic/heterolytic hybrid TS. This barrier is smaller than
the one calculated (12.4 kcal/mol) in the previous study'? using
Prot3/QMI in the presence of the acetate anion. As shown in
Figure 9a, in the absence of acetate, the O—O bond distance
(1.783 A) in the TS structure S-TSqo is shorter than the previous
value (1.816 A), indicating an earlier TS with a lower energy.
We noticed that, for the corresponding step in P450cam, the
QM/MM estimation of a barrier with a similar QM region and
computational level is larger by about 4—5 kcal/mol than the
one obtained here.

Interestingly, the corresponding barrier for Se—Cpd I forma-
tion in the selenocysteine mutant is also 10.0 kcal/mol, namely,
the same as for WT CPO. As shown in Figure 9b, the TS
structure (Se-TSoo) is indeed very similar to the WT one (S-
TSoo). The O—O bond distance is 1.781 A in Se-TSoo

compared with 1.783 A in S-TSeo. Thus, once again we witness
that within the CPO pocket the “push” effect of the selenocys-
teine ligand is not expressed, and Se—Cpd I is predicted to be
formed at the same rate as the S—Cpd I and be as stable. Since
S—Cpd I is observable, so must be Se—Cpd I!

4. Discussion

The above results reveal two major trends: (a) the presence
of an anionic or neutral substrate (like acetate and acetic acid)
and the protonation state of Glu104 have a considerable effect
on the stability of Cpd I relative to Cpd 0; the anionic substrate
also raises the barrier for Cpd I formation. (b) The mutation of
the proximal ligand from cysteine to selenocysteine has little
or no effect on the stability of Cpd I and its rate of formation.
We shall now discuss these features in turn.

4.1. Role of Anionic Substrate and Glul04. As argued in
Section 3.1.1, the interaction between the acetate and the heme
center is mainly of classical electrostatic character (recall the
acetate is in the MM region). So we can view deprotonated
acetate as a negative point charge and consider its charge—dipole
interaction energy with the QM system, using the following
expression:

V = QR/IR (1)
Here, Q is the point charge, and z is the heme dipole moment
vector; R is the vector from the center of the dipole to point
charge. Since eq 1 has an inner product of R and z, the dipole
components perpendicular to the vector R will have no contribu-
tion to the charge—dipole interaction.

Figure 10 shows the heme, acetate, and Glu104 in a Cartesian
coordinate system, where z is oriented along the FeO bond and
x and y lie in the demi-plane defined by the two nitrogen atoms
of the porphine. It is seen that a positive dipole along the z-axis
is defined from a negative to a positive charge along the z-axis.
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Figure 8. QM/MM optimized (a) geometries and (b) spin densities of Se—Fe—HOOH, Se—Cpd 0, and Se—Cpd I of selenocysteine mutants. The
values correspond to snapshots 0, 80, 150, 220, and 290 in descending order.

TABLE 1: Calculated Mossbauer Parameters for S—Cpd I
of CPO

AEqg (mm/s) O (mm/s) n

water QM2  Protl 0.92 0.12 0.29
Prot3 0.83 0.12 0.41

QM3 Protl 0.87 0.13 0.29

Prot3 0.95 0.12 0.26

without water QM2  Protl 0.89 0.13 0.30
Prot3 0.81 0.14 0.32

QM3 Protl 0.84 0.13 0.30

Prot3 0.88 0.14 0.27

exp’ 1.02 0.15 n/a

4 Value from ref 3.

Since acetate lies very near to the z-axis, it will stabilize any
species with a positive dipole in proportion to the size of the u,
dipole component.

Table 3 shows the calculated dipole moments of the QM
system with the MM point charges included, for Prot3/QM1
and Prot1/QM?2 in the Cartesian coordinate system defined
in Figure 10. It can be seen that the u, component of the
heme dipole is positive for both Cpd 0 and Cpd I and is
larger for Cpd 0. As such, the charge—dipole interaction with
acetate will stabilize both species but be more stabilizing
for Cpd 0 and thereby impact the relative Cpd 0/Cpd I
stability. Accordingly, in the absence of acetate anion, or
when acetate is protonated, the exothermicity of the Cpd I
formation is significant, —13.8 (—15.0) kcal/mol. By contrast,
in the presence of acetate, the reaction is almost thermoneu-
tral, and Cpd I is only 1.5 (2.9) kcal/mol more stable than
Cpd 0, for Port3/QM1 (Prot1/QM?2).

The above rationale, based on eq 1, explains also the effect
of protonation/deprotonation of Glul04 on the stabilization
of Cpd I relative to Cpd 0. Thus, as can be seen from Figure
10, Glul04 lies near the positive x-axis, and therefore, the
dominant charge—dipole interaction term will involve the
x-component of the heme dipole moment. As the CPO species
changes from Cpd 0 to Cpd I, the x-dipole component in

Table 3 decreases, and therefore the deprotonated Glul04
will stabilize Cpd O relative to Cpd I, whereas a protonated
Glu104 will not have this favorable interaction with Cpd 0.
Indeed, as can be seen in Figure 4d versus Figure 4f, when
Glul04 is protonated, the exothermicity of Cpd I formation
is —15.0 (for Protl/QM2), whereas with deprotonated
Glul104, the exothermicity is only —8.8 kcal/mol (for Prot2/
QM2).

It appears therefore that the working pH of CPO will affect
its activity markedly. A basic pH will prefer deprotonated
Glul04 and acetate, decrease the exothermicity of Cpd I
formation, and increase the corresponding barrier. By contrast,
an acidic pH will increase the stability of Cpd I and lower the
barrier to its formation. As can be seen from the TS structures
in Figure 9, this is a simple Hammond effect; Cpd I becomes
more stable and the TS leading to it earlier and lower in energy.
It is interesting to note that the optimum pH of CPO is 2.85 for
chlorination.*

4.2. Effect of Proximal Ligand Mutation. The above
results indicate that selenocysteine mutation of CPO has
almost no effect on the formation of Cpd I. This is different
from the case of P450 in which Se—Cpd I was found to have
different geometry and a different spin density from S—Cpd
I. Thus, in P450cam, the spin density on Se was calculated
to be almost twice as large as that on S, and the Fe—Se bond
was significantly longer than Fe—S.?? By contrast, in CPO,
the Se and S spin densities are nearly identical, and the Fe—Se
and Fe—S bonds are not very different in length; the Cpd
0/Cpd I relative stability as well as the barriers for Cpd I
formation are virtually identical for the WT and the mutant.
As we already noted, these different findings are rooted in
the pocket polarities of P450cam versus CPO. The pocket
of CPO is polar, and therefore it stabilizes the anionic form
of the proximal ligand (Cys-S™ and Cys-Se™) relative to the
radical form (Cys-S® and Cys-Se’). The pocket polarity is
evidently sufficiently large to exert a leveling effect and
render the two ligands almost identical. By contrast, the
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TABLE 2: Calculated Mossbauer Parameters for S—Cpd I and Se—Cpd I for Five Snapshots Generated for QM2/Protl

S—Cpd 1 Se—Cpd 1
AEq (mm/s) O (mm/s) n AEq, (mm/s) O (mm/s) n
CPO snapshot 0 0.92 0.12 0.29 1.01 0.12 0.25
snapshot 80 1.09 0.13 0.15 1.11 0.13 0.14
snapshot 150 1.15 0.13 0.12 1.18 0.12 0.10
snapshot 220 1.11 0.13 0.13 1.14 0.12 0.12
snapshot 290 1.14 0.12 0.12 1.03 0.12 0.20
P450cam* snapshot 2 1.00 0.12 0.02 0.67 0.13 0.09

“ Snapshot 2 (40 ps) of P450cam in the doublet state from ref 22.

(a) w $TSeo (b) v Se-TSoo
1.397; :
1 4"9‘ e
J.‘:_l 783
W 713

Figure 9. Structures of the TS of Cpd I formation from Cpd 0, for (a)
S—TSOO and (b) SC—TSOO‘

.-\cetal:&

a0 Glul 04

Figure 10. Heme center in the coordinate axes system, the substrate
acetate, and Glul0O4. Shown also is the convention for a positive
z-component of the dipole moment.

TABLE 3: Calculated Dipole Moment Components (in
Atomic Units) for Various CPO Species®”

Prot3/QM1 Prot1/QM2
Uy thy e e Hy e
S—HOOH 557 —042 821 463 —421 7.63

S—Cpd 0 870 —0.12 11.11  7.57
S—Cpd I —2.86 0.02 6.28 337

—4.78  9.53
—3.76  3.07

@ All u calculations are in the absence of substrate acetate. * The
QM system is calculated with the B2 basis set, and all MM charges
are included.

P450cam pocket is less polar, and therefore the selenocysteine
ligand donates more electron density to the porphyrin cation
radical and acquires a larger radical character. This difference
in pocket polarities is reminiscent of the leveling effect of
water on acidities compared with the intrinsic acidities in
the gas phase.

This difference is in line with the role of proximal ligand in
these two enzymes. In P450, the ability of the axial ligand to
donate electrons to the iron—porphyrin, that is, the push effect,
has been implicated to have a significant impact on the O—O
bond cleavage and the formation of Cpd I from Cpd 0.>*%° By
contrast, in CPO, the role of the proximal ligand has been
examined before by the replacement of the axial cysteine residue

with a histidine, and the results indicated that the nature of the
axial ligand in CPO does not affect the enzymatic activities.*®
Thus, CPO poses a unique opportunity for making Se—Cpd I
and observing it.

5. Conclusions

The effects of the anionic substrate, protein environment, and
proximal ligand mutation on the high-valent iron—oxo species,
Cpd 1, and the ferric hydroperoxide complex, Cpd 0, of CPO
reveal a few intriguing trends. Thus, in the absence of the
substrate or when it is protonated, Cpd I is considerably more
stable, and its formation barrier is smaller compared with the
case where the substrate is in its anionic state and when Glu104
is deprotonated. This trend, which is shown to be a simple
manifestation of the Hammond principle, reproduces the
experimental observation that the working pH of the enzyme is
acidic. Furthermore, for a protonated substrate (or in its absence),
the relative Cpd 0/Cpd I energy is found to be a good index of
Cpd I stability in heme enzymes, thereby reproducing the
experimental stability order: HRP > CPO > P450.

In silico mutation of the proximal ligand from cysteine to
selenocysteine was found to exert no effect at all on the
properties of Cpd I (e.g., spin density on the chalcogen,
Mossbauer parameters, etc.) and its relative stability to Cpd O
or on the corresponding barrier for formation. This is unlike
the case of P450cam where Se—Cpd I was found to be very
different from S—Cpd I, having a considerably long Fe—Se
bond, a large Se-spin density, and Mdssbauer parameters akin
to a gas-phase species, in contrast to S—Cpd I with the relatively
short Fe—S bond, small S-spin density, and very different
Mossbauer parameters. This intriguing difference highlights the
impact of the protein environment on the chameleonic Cpd I
species.’’ ™ Thus, the polar CPO pocket applies a leveling effect
that stabilizes the anionic forms of both proximal ligands (CysS™
and CysSe™) to an extent that diminishes the radical characters
(CysS® and CysSe’). On the other hand, within the relatively
nonpolar pocket of P450, the more reducing selenocysteine
ligand acquires a high radical character (spin density of 0.40)
by donating more electron density to the porphyrin cationic
radical macrocycle.

The leveling effect in CPO means in turn that the Se—Cpd I
of the mutant is observable. This poses a unique opportunity
for making Se—Cpd I, observing it, and perhaps using it to learn
how to make the corresponding species in P450.
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