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Peroxidases are heme containing enzymes that catalyze peroxide-dependant oxidation of a variety of

substrates through forming key ferryl intermediates, compounds I and II. Cytochrome c peroxidase

(Ccp1) has served for decades as a chemical model toward understanding the chemical biology of this

heme family of enzymes. It is known to feature a distinctive electronic behaviour for its compound I

despite significant structural similarity to other peroxidases. A water-assisted mechanism has been

proposed over a dry one for the formation of compound I in similar peroxidases. To better identify the

viability of these mechanisms, we employed quantum chemistry calculations for the heme pocket of

Ccp1 in three different spin states. We provided comparative energetic and structural results for the six

possible pathways that suggest the preference of the dry mechanism energetically and structurally. The

doublet state is found to be the most preferable spin state for the mechanism to proceed and for the

formation of the Cpd I ferryl-intermediate irrespective of the considered dielectric constant used to

represent the solvent environment. The nature of the spin state has negligible effects on the calculated

structures but great impact on the energetics. Our analysis was also expanded to explain the major

contribution of key residues to the peroxidase activity of Ccp1 through exploring the mechanism at

various in silico generated Ccp1 variants. Overall, we provide valuable findings toward solving the current

ambiguity of the exact mechanism in Ccp1, which could be applied to peroxidases with similar heme

pockets.
Introduction

Heme enzymes are crucial in biology and exist in almost all
living organisms.1 Exploiting the catalytic redox power of the
iron-containing heme cofactor, they catalyze a wide range of
biological redox reactions.2 Heme peroxidases are the most
abundant heme enzymes and activate hydrogen peroxide to
oxidize a variety of substrates.3 A dening feature across the
whole heme enzyme family is the formation of key ferryl inter-
mediates (compound I), involving a porphyrin p-cation radical,
during their catalytic cycle.4–6 Identifying the chemical nature of
the oxyferryl bond in compound I has been extensively studied
but its precise chemical identity remains a matter of increasing
debate.4,5,7–10

The most widely accepted catalytic pathway for the forma-
tion of compound I (Cpd I) by peroxidases is the Poulos–Kraut
acid–base mechanism.11 In this mechanism, the conserved His
amietta University, New Damietta, 34517,

mation (ESI) available. See

the Royal Society of Chemistry
residue in the distal site acts as an acid–base catalyst that
promotes heterolytic cleavage of the O–O bond of the peroxide
group.12 The resting-state ferric iron binds H2O2 and the reac-
tion is triggered by an electron transfer from the iron toward the
substrate leading to the formation of compound I, a ferryl
intermediate with an unprotonated iron–oxo double bond
(FeIV]O).13 Previous computational studies explored this
mechanism in various peroxidases and reported a two-step
mechanism in which the heterolytic cleavage of the O–O bond
is the rate-limiting step.12–15 According to these studies, the rst
step to form the ferric-hydroperoxide (FeIII–OOH) intermediate
(Cpd 0) takes place through proton abstraction from the bound
peroxide in FeIII–O2H2 by the nearby His acid–base catalyst
(IC1), Scheme 1. This step is followed by a structural rear-
rangement of the imidazole side chain of the newly protonated
His generating a second conformation of Cpd 0 (IC2), in which
the His residue is hydrogen-bonded with the distal OH group of
Fe–OOH, Scheme 1. Subsequently, the protonated His residue
releases its proton to the distal OH, promoting heterolytic
cleavage of the O–O bond together with formation of a water
molecule.16 However, other theoretical studies support the
proposal that a nearby water molecule may assist proton
RSC Adv., 2022, 12, 15543–15554 | 15543
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Scheme 1 Proposed catalytic mechanism of Cpd I formation in heme peroxidases.
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transfer from H2O2 to the His acid–base catalyst.17,18 This
proposal is in consistent with the long distance reported
between the catalytic His and H2O2 and the presence of crys-
talized water molecules around the ferryl oxygen.2,12 According
to these studies, the incorporation of a bridged water molecule
in the rst step of the mechanism lowered the activation
barrier.12,17 Thus, in contrast to the initial no-water (dry)
pathway, an water-mediated (wet) mechanism has been
proposed for peroxide activation by peroxidases.2,17,18 Indeed,
water-assisted mechanism is well-known approach in facili-
tating the reaction in other fundamental enzymes.19,20

Cytochrome c peroxidase (Ccp1) served for decades as
a benchmark biochemical model for understanding the chem-
ical and structural properties of other peroxidases.6 Its principal
function is to eliminate the toxic H2O2 from the cell with the
assistance of its redox partner cytochrome c (Cc).21 The ferrous
heme in Cc is approximately 20�A away from the ferric heme of
peroxidase and the combined Ccp1–Cc complex has been
considered as a paradigm for probing long-range electron
transfer in biology.6,22 Despite the presence of a universal heme
pocket amongst heme-peroxidases, Ccp1 known to stand out,
with a well-characterized tryptophan (W191) p-cation radical
compound I.23 This distinctive electronic feature of Ccp1's ferryl
intermediate is attributed mainly to the electrostatic effect of
the surrounding environment of the critical W191 residue.24 In
fact, the nearby methionine residues (M230 and M231) are
found to be vital for the stabilization of the W191 radical
through S-aromatic interactions.25 The absence of these resi-
dues together with the presence of a cation binding site in
ascorbate peroxidase (APX) resulted in a porphyrin p-cation
radical instead as Cpd I.24,26 The W191 residue in Ccp1 together
with the nearby redox-active (Trp, Met and Tyr) residues play an
important role in the hole hopping pathway from the heme
pocket to Ccp1's surface and eventually to Cc.27

The axial H175 is conserved amongst heme peroxidases and
its ligation to the Fe centre is paramount to the redox activity of
15544 | RSC Adv., 2022, 12, 15543–15554
the system.28–30 Its strong H-bond interaction with the adjacent
D235 residue is vital to induce imidazole character and thus
lower the redox potential of the iron centre.31,32 Mutagenesis
studies demonstrated the severe modulation of peroxidase
activity upon changing the chemical identity of the axial
ligand.32–34 Moreover, the proximal triad H-bond interaction
between the conserved D232, W191 and H175 residues, Fig. 1, is
found to play a fundamental role in correctly positioning W191
for the hole hoping pathway and thus efficient peroxidase
activity of Ccp1.31,35–38

Various key intramolecular interactions in both the proximal
and distal sites around the heme are central for the system
stability and reactivity.39–41 Three residues located in the distal
site of the heme, namely W51, H52 and R48, are within close
proximity to inuence, via strong H-bond interactions, the
proper positioning of H2O2 near the Fe(III) ion to trigger the
peroxidase reaction.42 H52 residue is ideally oriented to act as
an acid–base catalyst and its mutation leads to a signicant
drop in the catalytic rate of the reduction process.2,40,43,44 Both
R48 and W51 residues feature side-chain geometries consistent
with H-bond interaction with the oxyferryl oxygen in compound
I and thus help stabilize it.5,45,46

Recent all-atom molecular dynamics (MD) simulations con-
ducted by our group on Ccp1 with H2O2 bound to the ferric iron
suggest that the catalytic H52 residue lies close to H2O2, with an
average distance r(H52N/HO) ¼ 2.32 �A consistent with strong
H-bond interactions.47 This observation brings support for the
dry mechanism of Cpd I formation in Ccp1, and not the water-
assisted one proposed earlier.2,17 This is in agreement with
previous MD investigations of horseradish peroxidase (HRP)
that demonstrated the very low probability for a catalytic water
molecules to bridge the catalytic His residue and H2O2.15,17,46 In
addition to other quantum chemistry calculations (QM) on
different heme peroxidases that suggested a dry mechanism for
the formation of the Fe–hydroperoxide containing complex
(Cpd 0).13,14 This warrants further investigation of the feasibility
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cluster structures along the wet-mechanism pathway of Cpd I formation, with selected distances between heavy atoms (�A), for three
different spin states: doublet (black), quartet (blue) and sextet (red). Geometries are optimized with UB3LYP-D3BJ/6-31G(d,p).
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of the water-assisted vs. dry mechanism for the formation on
Cpd I in heme peroxidases with Ccp1 as a case study. Accord-
ingly, we report in this manuscript the results of QM calcula-
tions of the dry and wet mechanisms for Cpd I formation in
Ccp1. Careful considerations were given to the possible spin
states of each model which results in probing the catalytic
mechanism for a total of 6-different models, our objective is to
better characterize the preferable pathway and shed light onto
the role of essential residues in both the formation and stability
of the high-valent oxyferryl intermediate, Cpd I.

Detailed comparison between the structural and electronic
features of Cpd I at different spin states has been also con-
ducted for both wet and dry models. We obtained a kinetically
preferred pathway in which we underlined various structural
parameters that align with experimental ones. Moreover, the
preferred mechanism was explored at various in silico generated
variants for key residues to further clarify their precise roles in
the mechanism, the geometry, and the electronic behaviour of
© 2022 The Author(s). Published by the Royal Society of Chemistry
Cpd I. Deep investigations were conducted to analyze all the
obtained structures during the mechanism for each model. Our
ndings explain the impact of each point of mutation on the
structures collected during the reaction mechanism. Due to the
conserved nature of the heme pocket amongst heme-
peroxidases, the obtained ndings from our extensive investi-
gation could be universal amongst them.
Computational methodology

QM cluster calculations have been successfully applied to
model numerous catalytic reactions.48–52 The cluster model used
herein is obtained from the crystal structure (PDB ID: 3M2I
resolution: 1.40�A) of the compound I ferryl intermediate.53 The
resting-state ferric-containing heme structure was generated by
morphing the bound oxygen and the nearby oxygen into H2O2

for the dry model. A single additional water molecule was
placed in a bridging position between H52 and peroxide to
RSC Adv., 2022, 12, 15543–15554 | 15545
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build the water-assisted model. Our cluster models include the
heme pocket residues that have been previously suggested to
directly participate in the catalytic mechanism. These crucial
residues participate in the mechanism through either activating
H2O2 and/or neutralizing the developing charges in the transi-
tion states and intermediates, and therefore enhance the
chemical reactivity of the heme. This QM model includes the
distal R48, W51 and H52 residues in addition to the proximal
H175, W191 and D235 residues. All the residues are truncated at
their a-carbons and these latter carbons are kept frozen to their
coordinates in the crystal structure (PDB ID: 3M2I). This resul-
ted in dry and water-assisted models with a total of 170 and 173
atoms, respectively, and an overall charge of +1, as a starting
point to investigate the mechanism of H2O2 activation, Scheme
1.54–56 The open d-shell of the heme iron allows for various
possible electronic congurations and thus different multi-
plicity states, namely, doublet, quartet and sextet states, have
been considered for each pathway.57,58 The spin multiplicity is
indicated as a le-hand superscript for each structure calcu-
lated throughout.

Density-functional theory (DFT) calculations are performed
with the unrestricted B3LYP functional,59–61 which has been
highly recommended for heme-system studies,62,63 in conjunc-
tion with the 6-31G(d,p) basis set, as implemented in Gaussian
16 (revision B.01).64 The D3 version of Grimme's dispersion with
Becke–Johnson damping (GD3BJ) correction is used to improve
the treatment of noncovalent and dispersion interactions.65

Spin contamination was investigated for all the optimized
structures to ensure that it is not signicant. Following geom-
etry optimization, vibrational frequency analyses are performed
to characterize the nature of the stationary points. Visualization
of the atomic motion associated with the calculated imaginary-
frequency mode was performed to connect every transition state
(TS) to the corresponding intermediates on the potential energy
surface. Electronic energies were further rened with a larger
basis set, and the cluster environment was taken into account
with the integrated effective fragment polarizable continuum
model (IEFPCM) and a dielectric constant 3 ¼ 4 which is
generally believed to represent the protein environment
[IEFPCM-B3LYP-GD3BJ/6-311+G(2d,2p)].50,51,66 Another set of
functions namely [IEFPCM-B3LYP-GD3BJ/6-311+G(2df,2p)] was
conducted to calculate the energy for one full pathway to
conrm the negligible impact of changing the basis set, Table
S3.† The efficiency of using the current basis set for geometry
optimization was conrmed to be accurate by comparison of
structural results obtained for Cpd I in the three different spin
states relative to more expensive basis sets (cf. ESI Fig. S1†).
Environmental effects were further explored by repeating the
calculations for Cpd 0 and Cpd I with dielectric constants 3 ¼ 4,
8, 16 and 78.4 (cf. ESI Tables S3 and S4†).
Results and discussion

The optimized structures of all intermediates and transition
states along the wet and dry-mechanism pathways of Cpd I
formation are shown in Fig. 1 and 2, respectively, while free
15546 | RSC Adv., 2022, 12, 15543–15554
energy proles are depicted in Fig. 3 and the associated free
energy values for all structures are collected in Table S1.†
I. Wet mechanism of cpd I formation

The reaction mechanism starts from a fully optimized reactive
complex (RC) in which the H2O2 is bound to the Fe(III) ion and
close to the bridged water molecule (W). From the structures in
Fig. 1, the latter water molecule is properly positioned to facil-
itate a proton transfer from H2O2 to the nearby catalytic H52
residue. The R48 residue geometry is consistent with H-bond
interactions with the two oxygens of H2O2, demonstrating its
role in positioning the ligand in the catalytic distal site. The H-
bond interactions between the proximal H174, W191 and D235
residues appear to be maintained regardless of the system's
spin state. The RC geometries obtained in the three spin states
align structurally, with 6RC thermodynamically the least stable.
The structures of 2RC and 4RC lie very close in energy, within
0.5 kcal mol�1, and 4RC is slightly more stable, Fig. 3a.

The formation of the Cpd 0 intermediate IC1, in which the
H52 residue becomes protonated, and a FeIII–OOH single bond
is formed, takes place through the rst transition state (TS1),
Fig. 1. TS1 exhibits a water-assisted double proton transfer from
H2O2 to the nearby H52 residue. The lowest free energy barrier
for this concerted step is found to be 1.1 kcal mol�1 for 2TS1
relative to its 2RC, Fig. 3a. The second lowest free energy barrier
is for 6TS1 (2.4 kcal mol�1 higher in energy than 2TS1) with has
an activation energy of 2.1 kcal mol�1 relative to 6RC. It is also
worth mentioning that the higher energy values of IC1 relative
to its TS1 is noticed only upon adding the Gibbs energy
correction. In fact, the relative energies for the obtained struc-
tures before adding the Gibbs correction are collected in Table
S2† and TS1 is higher in energy than the following IC1. The
structural parameters for TS1 in different spin states are very
similar, and the most signicant change is obtained for the
length of Fe–O bond, which is 0.28 and 0.16 �A longer in both
4TS1 and 6TS1, respectively, than in 2TS1. Notably, the H52N/H-
bond distance in 6TS1 is found to be 0.05 �A shorter than its
value in both 2TS1 and 4TS1, Fig. 1.

The optimized geometries of 2IC1 and 6IC1 are found to be
the most thermodynamically stable and pseudo-degenerate,
with similar structures except for the elongation of the Fe/O
bond by 0.41�A in 6IC1 relative to 2IC1, Fig. 1. This intermediate
encountered a structural rearrangement of the H52 imidazole
side chain consistent with H-bond interactions with the distal
OH of the ligated hydroperoxide group, Scheme 1 and Fig. 1, to
form the other conformation of Cpd 0 intermediate (IC2). The
structures of the IC2 intermediate are very similar in all three
spin states but its most thermodynamically stable form is that
of the doublet state. It is also worth noting that the axial Fe/O
bond in 6IC2 remains the longest, with a difference of 0.29 �A
relative to that for the doublet analogue (2IC2).

The second step of the mechanism proceeds through
a proton transfer from the newly protonated H52 residue to the
H-bonded distal –OH group, promoting heterolytic cleavage of
the O–O bond. The lowest free energy barrier for this step is
found to be 11.8 kcal mol�1 for 2TS2 relative to 2RC, Fig. 3a.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cluster structures along the dry-mechanism pathway of Cpd I formation, with selected distances between heavy atoms (�A), for three
different spin states: doublet (black), quartet (blue) and sextet (red). Geometries are optimized with UB3LYP-D3BJ/6-31G(d,p).
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Notably, 4TS2 and 6TS2 are found to be thermodynamically
pseudo-degenerate with a single structural difference in the
distance between the distal oxygen and the bound one (0.90 �A
shorter in the doublet), Fig. 1 and 3a. The activation barrier for
heterolytic cleavage of the O–O bond calculated here is in a good
agreement with those obtained for similar peroxidases which
were in the range of 9–14 kcal mol�1.12,13 This step is followed by
formation of Cpd I (PC) which is found to be thermodynami-
cally stable in all spin states, Fig. 3a. Geometries for PC in the
three spin states exhibit minimal structural differences, and
2PC is found to be the most thermodynamically stable, Fig. 1
and 3. In these ferryl intermediates, the average Fe–O bond
distance is 1.66 �A, in agreement with experimental observa-
tions,4,5 indicative of double-bond character (FeIV]O), Fig. 1.
The most considerable structural change is obtained at the
distance between W molecule at the oxo-ferryl oxygen in 6PC
that is only 0.15 �A longer than the corresponding distance in
both 2PC and 4PC. While the second most signicant change is
© 2022 The Author(s). Published by the Royal Society of Chemistry
at the distance of R48 with the oxo-ferryl group in 6PC which is
0.11 and 0.10 longer than the corresponding distances in 2PC
and 4PC, respectively.

Inspection of the H175NH/�OOCD235 and D235COO
�/

HOW191 distances in the various structures, Fig. 1, indicates that
the tight H-bond interactions between the proximal residues
persist throughout the entire mechanism. Moreover, the
geometry of the R48 residue suggests consistent H-bond inter-
actions with the two oxygens of peroxide along the pathway,
indicating its crucial role in the entire mechanism. Meanwhile,
the W51 residue does not seem to be involved in any H-bond
interaction with the distal oxygen up until IC2 formation,
Fig. 1. Importantly, there are two water molecules, W molecule
and the one liberated aer the O–O bond cleavage, in the heme
pocket of Cpd I upon Cpd I formation and both are H-bonded to
the oxyferryl group, Fig. 1. This structure is consistent with the
crystal structures of other ferryl intermediates which contain
more than one single water molecule (PDB ID: 1ZBZ and
RSC Adv., 2022, 12, 15543–15554 | 15547
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Fig. 3 Free-energy profiles (kcal mol�1) for both the wet (a), and dry (b) mechanisms of Cpd I formation for three different spin states: doublet
(black line), quartet (blue line) and sextet (red line). Free energies are estimated with UB3LYP-GD3BJ/6-311+G(2d,2p) with 3 ¼ 4 (see text for
details).
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6P43),10,67 but unlike the crystal structure which was used to
build the current model (PDB ID: 3M2I).53 In general, the free
energy prole for Cpd I formation through the wet mechanism
indicates the kinetic and thermodynamic preference of doublet
spin state, Fig. 3a.
II. Dry mechanism of cpd I formation

The structures of the reactive complex (RC) for the dry mecha-
nism are found to be very similar regardless of spin state but
6RC is found to be the most thermodynamically stable, Fig. 3b.
In all spin states, H2O2 is orientated properly with respect to
both the catalytic H52 residue and the Fe(III) centre with average

H52NH/HOH2O2
and H2O2

O/Fe distances of 2.50 and 2.55 �A,
respectively, Fig. 2. This positioning of H2O2 illustrates the
feasibility of a direct proton transfer toward the H52 residue in
the rst step of the reaction to access IC1 (Cpd 0), Scheme 1.

The rst transition state in the dry mechanism displayed low
energy barrier relative to RC regardless of the spin states and
6TS1 suggests a barrierless reaction, Fig. 3b. The highest free
energy barrier for this step is obtained for 2TS1, with a value of
3.0 kcal mol�1, Fig. 3b. Relative to the lowest barrier for the
corresponding step in the water-assisted mechanism, the Gibbs
free energy for this step is only 1.4 kcal mol�1 higher in energy
than the corresponding step in the water-assisted mechanism,
Fig. 3. Thereby, the inclusion of a water molecule to bridge the
proton transfer from the peroxide to the catalytic H52 did not
result in signicant drop in the energy barriers unlike previous
suggestions.17,18

The IC1 and IC2 (Cpd 0 intermediates) obtained in this
mechanism differ only in the orientation of the H52's side chain
relative to the distal hydroxyl of Fe–OOH, Scheme 1 and Fig. 2.
Except for Fe–O distances (longer in 4IC1 and 6IC1 by 0.43 and
0.32 �A relative to 2IC1), the optimized IC1 geometries align
structurally very well in all spin states, Fig. 2. Similar structural
parameters are obtained for IC2 with the single geometrical
difference lying in the Fe–O bond, which elongates by 0.34�A in
6IC2. The determined 2IC1 and 2IC2 are found to be the most
thermodynamically stable forms of the system aer PC and lie
0.3 and 2.8 kcal mol�1 lower in energy than 2RC, respectively,
Fig. 3b. Interestingly, 2IC1 is found to be more stable stationary
15548 | RSC Adv., 2022, 12, 15543–15554
point than 2RC. In fact, this latter observation is consistent with
earlier studies on Ccp1 and APX that showed the better stability
of the ferric hydroperoxide intermediate as a result of the high
acidity of Fe–OOH2.12,14 Moreover, a barrier free process for the
proton transfer from the distal Fe–OOH2 to the catalytic His has
been obtained in these earlier studies.

The newly protonated H52 residue is within tight H-bond
distance with the distal Fe–OOH group with r(H52N/O) ¼
2.74�A in 2IC2 triggering the hydrolytic cleavage of the O–O bond
as in TS2, Scheme 1 and Fig. 2. Despite structurally analogous
TS2 for the three spin states, our obtained data demonstrate
that 2TS2 is the most kinetically preferable with an activation
energy of 7.7 (10.5) kcal mol�1 relative to the corresponding 2RC
(2IC2), Fig. 3b. In comparison to the obtained energy barriers for
the analogous step in the wet mechanism, the energy barrier for
the current step relative to 2IC1 (a more stable intermediated
the 2RC) is 1.3 kcal mol�1 lower and thus more kinetically
preferable. Then, the collapse of latter TS resulted in the
generation of a thermodynamically stable Cpd I by splitting of
a water molecule associated with the formation of the unpro-
tonated high-valent iron–oxo double bond (FeIV]O) bond,
Fig. 2. The average iron–oxo distance is 1.66 �A, indicative of
double bond character in agreement with generally accepted
bond-order to bond-distance values.5,68 The calculated Cpd I PC
geometries are almost identical in the three spin states but 2PC
is found to be the most thermodynamically stable, lying 28.4
(28.1) kcal mol�1 lower in free energy than 2RC (2IC1), in
agreement with previous studies, Fig. 3b.14,69 The only observed
structural difference between Cpd I in the three spin states is
the position of the leaving water molecule relative to the prox-
imal oxygen in FeIV]O in 4PC, and thus affects its interactions
with the nearby R48 residue, Fig. 2.

The role of the R48 residue is further claried through
positioning in conformation consistent with tight H-bond
distances with the oxygen atoms of the H2O2 ligand in all the
reaction steps regardless of the spin states, Fig. 2. This obser-
vation demonstrates its role in properly orienting the H2O2,
neutralizing the developed charges in TSs and nally facili-
tating the formation of Cpd I. Meanwhile, W51 residue is within
tight H-bond distance with the axial Fe–O group but only upon
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01073a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 4
:0

6:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the IC2 formation and remained until the generation of Cpd I at
all the spin states, Fig. 2. Notably, the distal H-bonded network
in the proximal site (H175, W191, D235) and around the oxy-
ferryl group in Cpd I is in a good agreement with the crys-
talized ferryl-intermediated Cpd I, Fig. S2.† In this structure, the
R48 and W51 residues and the nearby water molecule is within
tight H-bond distances with the oxyferryl group whereas H52
residue is H-bonded to the departed water molecule.

The spin density distributions for Cpd I in all three spin
states of the dry model are shown in Fig. 4. The major
contributing components in the spin density are found to be the
oxyferryl group, and more importantly the H175 and W191
residues. It is observed from both the density surface that the
spin density of the radical is localized on both W191 and H175
residues. The closer distance together with the p-stacking
interaction between H175 and W191 residues resulted in mix-
ing of their p-orbitals and thereby equal spin density distribu-
tion.70 Across all the three spin densities, the spin
contamination on these two proximal residues is almost similar
regardless of the spin states, Fig. 4. The major increase in the
spin density is found to be located on the oxyferryl group of the
sextet spin state. The antiferromagnetic coupling between the
alpha radicals on oxyferryl group and the radical over the p

orbitals of W191 and H175 residues generates doublet state,
whereas the ferromagnetic coupling between them resulted in
the quartet state, Fig. 4.

Previous study concluded the dependency of the spin-energy
splitting in peroxidases on the external perturbation.71 Thereby,
to conrm the thermodynamic preference of Cpd 0 and Cpd I in
the doublet spin states in various environments, we reopti-
mized the structures for both Cpd 0 and Cpd I for the three spin
states at four different dielectric constants to represent four
surrounding environments, Fig. S2.† The free energy values for
Cpd 0 and Cpd I structures are collected in Table S2† while their
corresponding geometries are depicted in Tables S3 and S4.†
Our calculations demonstrate the negligible structural pertur-
bation of the geometries in the studied environments. In
Fig. 4 Spin density surfaces together with values for the three major
Calculated with UB3LYP-D3BJ/6-31G(d,p).

© 2022 The Author(s). Published by the Royal Society of Chemistry
addition, upon conducting energetic comparison between the
Cpd 0 and Cpd I structures in different spin states, the doublet
spin state for both intermediates dominate the other spin states
supporting our initial ndings. This observation also supports
the proper representation of our current chemical cluster to
explore the mechanism of Ccp1. In particular, the size of our
chemical model aligns perfectly with the generally suggested
size that is known to be less affected by the nature of the
surrounding dielectric constants.50,72,73
III. Studying the mechanism of cpdI formation at different
in silico generated QM variants

To further probe the impact of various key residues and their
associated interactions on the mechanism of Cpd I formation,
we studied the peroxidase mechanism for eight generated Ccp1
variants. Comparative structural, energetic, and electronic
analysis of each individual point of mutation relative to the
corresponding values in WT Ccp1 have been conducted. The
generated in silico Ccp1 variants include the following: W191Y,
W191A, W51A, R48A, W51/W191F (to model the active site of
HRP)68 D235E, neutral D235, D235N, and D235A. For each one
of these in silico generated variants, we explored the mechanism
of Cpd I formation starting from the rst conformation of Cpd
0 (IC1) in the doublet state through a dry model, the most
preferred pathway obtained at WT Ccp1, Fig. 3b. Our attempts
to locate RC for most of the studied Ccp1 variants have failed
and the structure of the reactive complex fell apart toward more
stable intermediate (IC1) and thus the latter has considered as
the reaction starting complex. All the structures along the
pathway for each of the variant models (starting from IC1) have
been fully characterized and the distances for various key
interactions are collected in Tables S7–S10,† while their asso-
ciated Gibbs free energy for chemical reactions are collected in
Table 1. Overall, none of the studied Ccp1 variants resulted in
considerable geometrical change in the obtained key distances
relative to WT Ccp1, except for a local change nearby the point
spin contaminated components of (A) doublet (B) quartet (C) sextet.

RSC Adv., 2022, 12, 15543–15554 | 15549
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Table 1 Gibbs free-energy (kcal mol�1) for themechanisms of Cpd I formation for WT and the other studied in silico variants in the doublet state,
estimated with UB3LYP-GD3BJ/6-311+G(2d,2p) + DG with 3 ¼ 4

WT R48A W51A W51F/W191F W191Y W191A D235E D235N D235H D235A

IC1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IC2 �2.5 3.3 0.8 1.6 �2.6 �3.8 �3.1 �3.1 �4.1 �5.6
TS2a 8.0 (10.5) 13.0 14.3 11.8 8.3 (10.9) 8.8 (12.6) 7.4 (10.5) 9.1 (12.2) 7.4 (11.5) 6.3 (11.9)
PC �31.9 �22.6 �19.1 �22.0 �25.3 �25.4 �26.8 �24.5 �25.5 �27.2

a The energy values between brackets are calculated relative to IC2 in cases where it is thermodynamically more stable than IC1.
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of mutations, which is in a good agreement with former
experimental observation.39,41,74–76

However, relative to the calculated Gibbs energy barrier ob-
tained for WT Ccp1, the studied Ccp1 variants demonstrated
higher energy barrier for the rate-limiting step, and thus lower
reaction rate, that is the heterolytic cleavage of O–O bond. The
maximum inuence on the reaction barrier is obtained for W51A
and R48A Ccp1 variants which gave energy barriers that are 3.8
and 2.5 kcal mol�1 higher than the barrier obtained for WT Ccp1,
Table 1. This noticeable impact on the activation energies clearly
indicates the essential roles of these residues in the overall Cpd I
formation determined experimentally.34,39,41,67,76

The similar chemical electronic and chemical behaviour
between the readily oxidizable tyrosine and tryptophan residues
at 191 position has been shown experimentally.74 In agreement
with that, the calculated barrier for W191Y Ccp1 is only
0.4 kcal mol�1 than the value of WT Ccp1. Greater impact on the
Fig. 5 Spin density surfaces together with values for the three major sp
variants. Calculated with UB3LYP-D3BJ/6-31G(d,p).

15550 | RSC Adv., 2022, 12, 15543–15554
energy barrier is found on the other proximal site substituted
models except for D235E Ccp1. The Glu235 residue at the latter
D235E Ccp1 model adopts a geometry consistent with forming
H-bond interaction with both H175 and W191 residues similar
to WT Ccp1 during its reaction coordinate, Table S7–S10.†
Thereby, a similar reaction barrier to the WT Ccp1 is obtained
for this variant. Except for variants related to the distal site
residues, the 2nd conformation of Cpd 0 (IC2) is thermody-
namically more stable than the corresponding 1st conformation
(IC1). Furthermore, all the energy proles possess a thermody-
namically stable product complex (indicative of Cpd I) relative
to their IC1, Table 1.

Analysis of the spin density distributions for Cpd I for all in
silico Ccp1 variants were conducted and provided in Fig. 5 and
their values are collected in Table S11.† Relative to WT Ccp1
which shows the major contribution of W191 in the overall spin
contamination, W191Y, W51A and R48A Ccp1 variants display
in contaminated components of WT Ccp1 and its in silico generated

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a similar electronic manner. However, W191A and all mutations
at D235 position adopt porphyrin p-cation radical withminimal
spin density over 191 positions but on W51 residue instead.
W51F/W191F Ccp1 doublet mutant, that resembles the heme
pocket of HRP, demonstrates a porphyrin p-cation radical in
consistence with experimental observation.2 The geometry of
E235 at D235E resulted in a spin contamination over W191
residue similar to WT Ccp1, whereas N235 residue at D235N,
which affords only a single and weaker H-bond interaction with
the nearby H175 residue, shows less spin density accumulated
over W191. Overall, changing the net of interactions around the
essential W191 display a great impact on the electronic behav-
iour of the system.

Conclusions

Extensive DFT calculations on a cluster model containing the
heme pocket of Ccp1 were conducted to explore the mechanism
of cpd I formation. Two different mechanisms, namely the
water-assisted (wet) and no-water (dry) mechanisms previously
proposed, in three possible spin states (doublet, quartet, and
sextet) have been investigated. The overall mechanism proceeds
through two main stages; the rst is the formation of hydro-
peroxide containing intermediate (Cpd 0) which decomposes
toward ferryl-intermediate (Cpd I) in the second stage. All the
geometries for the studied six reactions have been fully char-
acterized and analyzed from a structural and energetic
perspectives.

Our calculations demonstrated that the inclusion of
a bridged water molecule to facilitate the reaction mechanism,
did not result in signicantly lowering the activation energy for
the rst step as suggested previously. The productive posi-
tioning of the H2O2 in RC of the dry model relative to both H52
residue and Fe(III) centre demonstrate the unnecessarily of
a water molecule to assist this process. This observation is
further supported by obtaining low free energy barrier for the
associated step. The dry mechanism in the doublet spin sate
resulted in low energy barriers and therefore, highlight its
kinetic and thermodynamic preference.

Due to the thermodynamic stability of doublet Cpd
0 intermediates (IC1 and IC2) over its RC together with high
kinetic feasibility of rst step of the reaction, we suggest the
Cpd 0 (2IC1) to be the initial reacting complex for the doublet
state mechanism in the direct pathway. The geometry of the
calculated Cpd I agrees structurally with available crystal
structures and the doublet state is the most stable. Our data
also support the notion that Cpd 0 and Cpd I exist in the
doublet spin state and Fe]O bond has a double-bond char-
acter at all the considered models, spin states and in presence
of various dielectric media. The profound roles of the W51
and R48 distal residues in the chemical reactivity of Ccp1
have been also claried. The geometries of the two residues
are within tight H-bond distances to H2O2 and the oxo-ferly
group and thus contribute to the charge neutralization
developed over the transition states. Moreover, the R48
residue dictates the proper positioning of the H2O2 for the
reaction to proceed.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Our investigation was further expanded to reveal the impact
of the hem pocket residues in the mechanism of Cpd I
formation by exploring the mechanistic, structural, and elec-
tronic behaviour of various in silico generated Ccp1 variants.
Relative to the Gibbs energy barrier of WT Ccp1, the calculated
barriers of the Ccp1 mutants are lower indicating the signi-
cance of the substituted residues in the overall mechanism.
The role of these residues in obtaining a distinctive Trp p-
cation radical was also explored by displaying the radical
distributions for the Cpd I of the studied variants. Globally,
our ndings should pave the road toward further investigation
of the feasibility of the proposed dry mechanism in other
peroxidases due to conserved structure of the heme pocket
amongst a wide range of peroxidases.
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 Cytochrome c peroxidase

Cpd0
 Compound 0 intermediate

Cpd1
 Compound I intermediate

RC
 Reactive complex

IC
 Intermediate complex

TS
 Transition state

PC
 Product complex
Acknowledgements

I am thankful for Concordia University for the Horizon Post-
doctoral Fellowship at the beginning of this study and
Compute Canada for the Computational resources.

References

1 C. J. Reedy and B. R. Gibney, Heme Protein Assemblies,
Chem. Rev., 2004, 104, 617–650.

2 T. L. Poulos, Heme Enzyme Structure and Function, Chem.
Rev., 2014, 114, 3919–3962.

3 G. Smulevich, A. Feis and B. D. Howes, Fieen Years of
Raman Spectroscopy of Engineered Heme Containing
Peroxidases: What Have We Learned?, Acc. Chem. Res.,
2005, 38, 433–440.

4 P. C. E. Moody and E. L. Raven, The Nature and Reactivity of
Ferryl Heme in Compounds I and II, Acc. Chem. Res., 2018,
51, 427–435.

5 A. Gumiero, C. L. Metcalfe, A. R. Pearson, E. L. Raven and
P. C. Moody, Nature of the ferryl heme in compounds I
and II, J. Biol. Chem., 2011, 14, 1260–1268.

6 T. L. Poulos, Thirty years of heme peroxidase structural
biology, Arch. Biochem. Biophys., 2010, 500, 3–12.

7 H. Kwon, J. Basran, C. M. Casadei, A. J. Fielding,
T. E. Schrader, A. Ostermann, J. M. Devos, P. Aller,
M. P. Blakeley, P. C. E. Moody and E. L. Raven, Direct
RSC Adv., 2022, 12, 15543–15554 | 15551

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01073a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 4
:0

6:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
visualization of a Fe(IV)–OH intermediate in a heme enzyme,
Nat. Commun., 2016, 7, 13445.

8 C. M. Casadei, A. Gumiero, C. L. Metcalfe, E. J. Murphy,
J. Basran, M. G. Concilio, S. C. Teixeira, T. E. Schrader,
A. J. Fielding, A. Ostermann, M. P. Blakeley, E. L. Raven
and P. C. Moody, Heme enzymes. Neutron cryo-
crystallography captures the protonation state of ferryl
heme in a peroxidase, Science, 2014, 345, 193–197.

9 R. K. Behan and M. T. Green, On the status of ferryl
protonation, J. Inorg. Biochem., 2006, 100, 448–459.

10 C. A. Bonagura, B. Bhaskar, H. Shimizu, H. Li,
M. Sundaramoorthy, D. E. McRee, D. B. Goodin and
T. L. Poulos, High-Resolution Crystal Structures and
Spectroscopy of Native and Compound I Cytochrome c
Peroxidase, Biochemistry, 2003, 42, 5600–5608.

11 T. L. K. J. Poulos, The stereochemistry of peroxidase
catalysis, J. Biol. Chem., 1980, 255, 8199–8205.

12 E. Derat and S. Shaik, The Poulos-Kraut Mechanism of
Compound I Formation in Horseradish Peroxidase: A QM/
MM Study, J. Phys. Chem. B, 2006, 110, 10526–10533.

13 H. Chen, H. Hirao, E. Derat, I. Schlichting and S. Shaik,
Quantum Mechanical/Molecular Mechanical Study on the
Mechanisms of Compound I Formation in the Catalytic
Cycle of Chloroperoxidase: An Overview on Heme
Enzymes, J. Phys. Chem. B, 2008, 112, 9490–9500.

14 M. Wirstam, M. R. A. Blomberg and P. E. M. Siegbahn,
Reaction Mechanism of Compound I Formation in Heme
Peroxidases: A Density Functional Theory Stud, J. Am.
Chem. Soc., 1999, 121, 10178–10185.

15 C. Zazza, A. Amadei, A. Palma, N. Sanna, S. Tatoli and
M. Aschi, Theoretical Modeling of Enzyme Reactions: The
Thermodynamics of Formation of Compound 0 in
Horseradish Peroxidase, J. Phys. Chem. B, 2008, 112, 3184–
3192.

16 T. L. Poulos, Heme Proteins, Heme Peroxidases,
Encyclopedia of Metalloproteins, ed. R. H. Kretsinger, V.N.
Uversky and E. A. Permyakov, Springer, New York, NY. 2013.

17 P. Vidossich, G. Fiorin, M. Alfonso-Prieto, E. Derat, S. Shaik
and C. Rovira, On the Role of Water in Peroxidase Catalysis:
A Theoretical Investigation of HRP Compound I Formation,
J. Phys. Chem. B, 2010, 114, 5161–5169.

18 E. Derat, S. Shaik, C. Rovira, P. Vidossich and M. Alfonso-
Prieto, The Effect of a Water Molecule on the Mechanism
of Formation of Compound 0 in Horseradish Peroxidase, J.
Am. Chem. Sci., 2007, 129, 6346–6347.

19 M. M. Aboelnga, J. J. Hayward and J. W. Gauld, Unraveling
the Critical Role Played by Ado7620OH in the Post-Transfer
Editing by Archaeal Threonyl-tRNA Synthetase, J. Phys.
Chem. B, 2018, 122, 1092–1101.

20 M. M. Aboelnga, J. J. Hayward and J. W. Gauld, A water-
mediated and substrate-assisted aminoacylation
mechanism in the discriminating aminoacyl-tRNA
synthetase GlnRS and non-discriminating GluRS, Phys.
Chem. Chem. Phys., 2017, 19, 25598–25609.

21 T. L. Poulos, S. T. Freer, R. A. Alden, S. L. Edwards,
U. Skogland, K. Takio, B. Eriksson, X. Nguyen-huu,
15552 | RSC Adv., 2022, 12, 15543–15554
T. Yonetani and J. Kraut, The crystal structure of
cytochrome c peroxidase, J. Biol. Chem., 1980, 255, 575–580.

22 K. Van de Water, Y. G. J. Sterckx and A. N. Volkov, The low-
affinity complex of cytochrome c and its peroxidase, Nat.
Commun., 2015, 6, 7073.

23 M. Sivaraja, D. B. Goodin, M. Smith and B. M. Hoffman,
Identication by ENDOR of Trp191 as the free-radical site
in cytochrome c peroxidase compound ES, Science, 1989,
245, 738–740.

24 C. A. Bonagura, M. Sundaramoorthy, H. S. Pappa,
W. R. Patterson and T. L. Poulos, An engineered cation site
in cytochrome c peroxidase alters the reactivity of the
redox active tryptophan, Biochemistry, 1996, 35, 6107–6115.

25 Y. T. Meharenna, P. Oertel, B. Bhaskar and T. L. Poulos,
Engineering Ascorbate Peroxidase Activity into Cytochrome
c Peroxidase, Biochemistry, 2008, 47, 10324–10332.

26 T. P. Barrows and T. L. Poulos, Role of electrostatics and salt
bridges in stabilizing the compound I radical in ascorbate
peroxidase, Biochemistry, 2005, 44, 14062–14068.

27 T. P. Barrows, B. Bhaskar and T. L. Poulos, Electrostatic
control of the tryptophan radical in cytochrome c
peroxidase, Biochemistry, 2004, 43, 8826–8834.

28 T. L. Poulos, The role of the proximal ligand in heme
enzymes, J. Biol. Inorg Chem., 1996, 1, 356–359.

29 P. Rydberg, E. Sigfridsson and U. Ryde, On the role of the
axial ligand in heme proteins: a theoretical study, J. Biol.
Inorg Chem., 2004, 9, 203–223.

30 T. H. Yosca, R. K. Behan, C. M. Krest, E. L. Onderko,
M. C. Langston and M. T. Green, Setting an Upper Limit
on the Myoglobin Iron(IV)Hydroxide pKa: Insight into
Axial Ligand Tuning in Heme Protein Catalysis, J. Am.
Chem. Soc., 2014, 136, 9124–9131.

31 J. Heimdal, P. Rydberg and U. Ryde, Protonation of the
Proximal Histidine Ligand in Heme Peroxidases, J. Phys.
Chem. B, 2008, 112, 2501–2510.

32 A. P. Green, T. Hayashi, P. R. E. Mittl and D. Hilvert, A
Chemically Programmed Proximal Ligand Enhances the
Catalytic Properties of a Heme Enzyme, J. Am. Chem. Soc.,
2016, 138, 11344–11352.

33 J. Hirst, S. K. Wilcox, J. Ai, P. Moënne-Loccoz, T. M. Loehr
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Loccoz, B. Hedman, K. O. Hodgson, E. I. Solomon and
K. D. Karlin, Tuning the Geometric and Electronic
Structure of Synthetic High-Valent Heme Iron(IV)-Oxo
Models in the Presence of a Lewis Acid and Various Axial
Ligands, J. Am. Chem. Soc., 2019, 141, 5960.

68 G. I. Berglund, G. H. Carlsson, A. T. Smith, H. Szöke,
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