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Abstract: Proton assisted O—0O bond splitting of cytochromes’ P450 hydroperoxo Compound 0 has been
investigated by density functional theory, showing a barrier for the slightly endothermic formation of the
iron-oxo Compound |. The barrier and the endothermicity increase with decreasing acidity of the distal
proton source. Protonation of the proximal iron heme ligand favors the O—O bond scission and provides
an important regulatory component in the catalytic cycle. The Compound 0 — | conversion is slightly
exothermic for the peroxidase and catalase models. Implications of the energetic relationship between the
two reactive intermediates are discussed in terms of possible oxidative pathways.

Introduction Scheme 1. Cytochrome P450 Catalytic Reaction Cycle?

Cytochromes P450 form a ubiquitous family of metabolizing enzygz -
heme-thiolate enzymes that catalyze the monooxygenation of enzyme 0 HyO —pi enzyme 0
hydrophobic substratésin this two-electron oxidation one of ROH ﬁ cysé \ RH
the oxygen atoms derived from dioxygen inserts, for example, —r 1 —F o
into the C-H bond of a substrate. Most P450 enzymes share Cysé " f CysS
similar chemistry, enabling a general description, shown in 9 2 Y
Scheme 1. It is commonly agreed upotthat the catalytic cycle enzyme 0 f ROH envyme
starts from the resting statd)(by displacing its axial water R® Ho 1 RH !
ligand for a substrate, followed by iron(IH}- iron(Il) reduction —r enzyme '—‘ —_—
(2 — 3), oxygen binding 4), a second reductiord(— 5), and CysS RH 0IV CysS
proton transfer to give iron-hydroperogpknown as Compound 8 —fe=— 3
0 (Cpd 0), which was recently characterized spectroscopically, \ Cysfo j 0,
be it under cryogenic conditiortsThe rest of the catalytic cycle enzyme 0 Compound 11 enzyme 4
is less firmly established. For a long time it has been presumed R Q +0OH RH o0 1
that6 leads to iron(IV)oxo porphyrin radicad-cation7, known —Femt A
as Compound | (Cpd I) and considered to be the active CysS v\|-|+ CysS
oxidant®7 based on the ability of synthetic models to transfer 7 -H O enzyme B epzme o e 4
their oxygen atom to hydrocarbof$Vhile this oxidant has been Compound 1 RH (l)’OH . RA (I)‘“O
observed for heme-containing peroxidases and catalaises, Fotm < Fen

CysS CysS
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a2 RH represents the substrate; ROH, the product; -aRé—, the iron
protoporphyrin IX.

remains elusive for the P45&%19There is a growing consensus
that the oxidative mechanism may be more complex than
hitherto assumed, and recently this has been formulated in the
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two-stateversusmultiple oxidant models=14 For example,

current theoretical studies indicate the oxygen rebound mech-

anism of Cpd | with substrates to possibly involve both the
doublet and quartet staté®Ve also note that Cpd 0 is thought
to be the active oxidant for enzyme mutants wherein its lifetime
is prolonged® and for the conversion of heme to biliverdin by
heme oxygenas¥.Further, two alkane hydroxylation pathways

were recently described that are energetically (nearly) competi-

tive with the Cpd | route, but which start with a different
cleavage of the oxygeroxygen bond of Cpd 0. In both a
hydroxyl radical is formed, H-bonded to the anionic metal oxide
(—FeO--HOes, Cpd Il), that converts to water on abstraction of
a hydrogen atom from the alkak®They differ in that the
subsequent hydroxylation step involves either a concerted
hydrogen atom transfer of this water molecule with a concomi-
tant rebound of the carbon radical to the incipient hydroxyl
radical?® or a direct rebound to the oxygen atom of Cpd?2A.

Scheme 2. Proton Delivery Models for (A) P450cam and (B)
Peroxidases
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peroxidase®-?2 for which Cpd | has been determined experi-
mentally. Instead, a conserved aemlcohol pair is speculated
to enable the protonation of P450s’ Cpd’0On the case of
P450cam (CYP101), aspartic acid D251 or glutamic acid E366

Depending on the alkane and the theoretical method that is@nd threonine residue T252 are presumably part of a complex

used, the estimate for the activation energy for the homolytic
O—0 bond cleavage for the Cpd9 Il conversion ranges from
19.4 to 24.8 kcal mol,'2 and that for the rate-determining
H-abstraction from the alkane in the Cpd | oxygen rebound
process ranges from 14.0 to 28.6 kcal madt® If these two

hydrogen-bonded network that enables proton delivery (Scheme
2A),5223which then depends on the protein conformation and
on the local pH. The site of protonation and the conditions for
releasing a water molecule are thus critical for generating Cpd
I, for which its properties have been studied by theoretical

. . . H Y24 . . .
routes are to present competing oxidation channels, as theMethods in far greater deta2*than the manner in which it

similarity in reaction barriers (using similar levels of theory)
might suggest, then it is critically important to carefully calibrate
the relationship between Cpd 0 and I, which is the intent of the
present study.

The Cpd 0— I conversion likely occurs by protonating the
outer oxygen atord] implying that acid-base chemistry

underlies the dioxygen bond scission. However, the P450s have

no strategically positioned acithase catalyst for dioxygen to
be protonated such as the histidine amino acid residue in
peroxidases and catala¥&g° or the glutamic acid in chloro
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may be formed®cd Using a bare proton reportedly gives a
highly exothermic reaction (about330 kcal mot™) without
barrier?s resulting in the assumption that water is released
spontaneously to form Cpd I. This assumption contrasts with
the fact that Cpd 0 is sufficiently long-lived to be observed at
low temperature, while Cpd | is né® The exothermicity of

the O-0O bond scission reduces from330 to —158.6 kcal
mol~! when the hydronium ion is the protonating agent and
becomes even endothermic #4.2 kcal mot! when neutral
water is used®® These large energy differences reflect the
dominance of electrostatic effects in the gas-phase calculations.
Proton transfer from threonine via an intervening water molecule
reportedly gives a more realistic exothermicity of orhp.5

kcal mol™®, which contrasts, however, strongly with the80

kcal mol! obtained in a QM/MM study#-252.26Dyring the
course of the present study, Shaik and co-wofkéosind, using
geometry scans, similar energies for Cpd 0 and |, suggesting
that a barrier exists for the interconversion. In summary, it
appears that there is no consensus concerning the relative
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energies of Cpd 0 and Cpd I. To enhance the insight into the Scheme 3. Cpd 0 Models?

catalytic cycle, as either one of the reactive intermediates could charge P450 peroxidase catalase

be the kinetically active oxidant for alkane hydroxylatit?! )‘ o

we evaluate in detail the energetic relationship between Cpd 0 o1 HSo ¢) \©\

and | using density functional theory (DFT) for model structures. Q . ol

The GGA exchange functional OPXin combination with e F O 2 ¢ ¢

the PBE® correlation functional (OPBE) is used because of its X . Ho

demonstrated superior performance (spin states, electronic n=0 H,S Hﬁ\lj \©\
6

structures) for iron complex&8:3?
b d f
aThiolate @) and sulfide ) mimic the cysteine ligand in P450s;
| imidazolate €) and imidazole) mimic the histidine ligand in peroxidases;
and 4-methyl phenolates and 4-methyl phenolf] mimic the tyrosine
ligand in catalases.

Computational Details

Calculations were performed with the Amsterdam Density Functional
(ADF) program?? The atomic orbitals on all atoms were described by
an uncontracted triplé-valence plus polarization STO basis set (TZP).

The inner cores of carbon, nitrogen, and oxyger?)(asd those of Table 1. Relative Energies (kcal:mol™) of the Electronic States of

sulfur and iron (12s2p°) were kept frozed?*33 The exchange-  Cpd O (6) with Different Axial Ligands®

correlation potential is based on the newly developed GGA exchange spin state

functional OPTX® in combination with the nonempirical PBEfor -

. L . L axial ligand doublet quartet sextet

correlation (OPBE). The Farkas similar weighted combination of the

BFGS and SR1 schemes is used for updating the Hessian in the HS 6a  00(0.81) 15.0 (3.86) 13.8(8.87)
Im 6¢c 0.0 (0.79) 17.2 (3.85) 13.6 (8.84)

geometry optimizations. In calculating the potential energy surface MePhO- 6 0.0 (081 123 (387 6.8 (8.83
(PES, Figure 2) a DZP basis set was used for the porphyrin periphery e © 0 (0.81) 3B8D 8883

carbon and hydrogen atoms, whereas all other atoms were described ayjgjyes in parentheses refer to compuddalues (for pure spin states
by a TZP basis set. The vibrational eigenvectors associated with thethe values are 0.75 (doublet), 3.75, (quartet), and 8.75 (sextet)).
imaginary frequency of all the transition states were analyzed to confirm

their connectivity with the reactants and products; no IRC calculations Results and Discussion

were performed. _ Cleaving the G-O bond in hydroperoxo Cpd ®)(is a crucial
als'n ?r?vdéts"t)inéttgg Zrt]etrk?y d'fl\f;rl\‘;r’\‘/fel ki/‘ztl"vefﬁegpdcglcirl‘:ﬂgﬁsd :IV"GY?S mechanistic step in the catalytic cycle of heme containing
° 9 e Q eve. © © oxygenating enzymes that include cytochromes P450, peroxi-

performed using a recent implementation within ADF using the d d | = bl Cod | is f d .
AMBER95* force field for describing the interactions within the protein ases, and catalases. Presumably Cpd | is formed on protonating

environment and those of the QM atoms with the MM atoms. The the outer oxygen atom of Cpd 0. We investigated this reaction
QM/MM boundaries were treated by using the AddRemove coupling for the hydroperoxo iron porphyrin species bearing a thiolate
scheme developed by SwattThe QM/MM model used the geometry ~ (68), imidazolate ¢c), and a 4-methylphenolaté€) proximal

of the crystal structure of the cytochrome P450cam (1B5%&83 the ligand to mimic the cysteine, histidine, and tyrosine moieties
starting structure and consists of 7580 atoms. The QM subsystemin the active site of P450s, peroxidases, and catalases, respec-
consists of the heme (without the full propionate side chains), the tively (Scheme 3). The charge of these ligands-is which

side chains of Cys357 and Glu366, and four crystal water molecules may, however, be neutralized by second sphere amino acid
W523, W566, W902, and W901. The covalent bonds cut at the QM/ i iaractions and by the local pH in the proximal reg?8e-37

MM border are saturated by hydrogen link atoms, giving a QM Hence, because neutral ligands are feasible for peroxidases and

subsystem of 125 atoms that was treated at the DFT level as describe tal nd for th ke of completen we also include in
above. The reported energies refer to QM energies computed in thecq alases a 0 . esa e_o completeness, we also include
this study neutral ligands, i.e6p,d,f (Scheme 3).

presence of the MM point charges. See Supporting Information for e .
Cpd 0 can exist in a doublet, quartet, or sextet state, with

more details. ; s ; .
respectively one, three, and five unpaired electrons. The active
(26) A surprisingl)),/zslarge exothermicity of80 kcal mot® was reported in a site models were optimized for each spin state. The relative
QM/MM study?>2that contrasts with our results using a similar methodology ] s e :
(vide infra). It has been recognized, however, that the optimization protocol energies for the an_lomc I|gands (_Table 1) show that in all cases
and choices of the starting structure are of critical importance for energy the doublet state is the lowest in energy. The doublet/sextet
evaluations as shown, for example, for the hydrogen abstraction and oxygen :
rebound steps; see: (a) Altun, A.; Shaik, S.; Thiel, JWComput. Chem. energy gap of the_ 4-methyl phen0|at.e.m0.de| 1S abOUt_ half that
2006 27, 1324. (b) Altun, A; Guallar, V.; Friesner, R. A,; Shaik, S.; Thiel,  of the other two ligands due to stabilization of the high spin
W. J. Am. Chem. So@006 128 3924.

(27) Coon, M. JBiochem. Biophys. Res. Comm@003 312 163-168. state by a larger contribution of the XC energy, probably caused
(28) Handy, N. C.; Cohen, A. Mol. Phys.2001, 99, 403-412. by reduced repulsion of electrons with different spins. The
(29) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys Re. Lett. 1996 77, 3865 . . .

3868, doublet state is the only viable one when Cpd O carries an

(30) igggf{-&g?ﬁy&gfd Ehlers, A. W.; LammertsmaJKPhys. Chem.  yncharged proximal ligandsb,d,f) as the quartet and sextet
(31) Groenhof, A. R.; Swart, M.; Ehlers, A. W.; Lammertsma,JKPhys. Chem. states were found to be dissociative for the proximal lig&nd.
A 2005 109, 3411-3417. ; ; ;
(32) (a) Te Velde, G.; Bickelhaupt, F. M.; Van Gisbergen, S. J. A.; Fonseca Hence, we prUS on the doublet Spin State_ or_1|y n evaluatmg
Guerra, C.; Baerends, E. J.; Snijders, J. G.; Ziegled. Tomput. Chem. the protonation and oxygeroxygen bond scission process.
2001, 22, 931-967. (b) Fonseca Guerra, C.; Snijders, J. G.; Te Velde, G.; P i
Baerends, E. Jrheor. Chem. Accl988 99, 391-403. (¢) ADF2005.01. To describe the (gas phase) protonation that leads to Cpd |,
SCM, Theoretical Chemistry, Vrije Universiteit: Amsterdam, The Neth- charge separation and recombination must be avoided to prevent

(33) ?gf‘ggz?ré‘ﬁsiﬁw-%ﬁg-cgmé_Rosmeor Chim. Actd972 27, 330 the otherwise dominant electrostatic effects. Therefore, un-
354

(34) Corhell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.; (36) Perera, R.; Sono, S.; Sigmandagger, J. A.; Pfisterdagger, T. D.; Ludagger,

Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell J. W.; Kollman, P. Y.; Dawson, J. HProc. Natl. Acad. Sci. U.S.£2003 100, 3641-3646.
A. J. Am. Chem. S0d.995 117 5179-5197. (37) Derat, E.; Cohen, S.; Shaik, S.; Altun, A.; Thiel, W.Am. Chem. Soc.
(35) Swart, M.Int. J. Quantum Chen2002 91, 177—-183. 2005 127, 13611-13621.
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Scheme 4. Cpd | Formation Model Reactions Starting with Either
an Anionic (eq 1) or a Neutral (eq 2) Cpd 0 Species

o’o‘H—Ie 0

—Fe— + A —> —Fom— & A+ H,0 M
xXe Xe
Q/O\H 0 °

_F;e— + 9y —> —F;e— + A+ HO @
HX HX

Table 2. Cpd 0 — | Reaction Energies (kcal-mol~1) with ZPE
Correction Values in Parentheses for P450 (HS™), Peroxidase
(Im~), and Catalase (MePhO~) Models Using Model Reaction 1
(See Scheme 4)

(heme protein) proximal ligand X

(P450) (peroxidase) (catalase)
HS™ Im~ MePhO~

proton source AH (pKa) (6a) (6¢) (6e)
formic acid (3.8) 3.6 (0.3) 9.8 (6.2) —0.9 (—4.5)
3-aminopropanoic acid 5.8 (2.4) 12.0 (8.3) 1.32.3)

[-alanine (3.6)
imidazole (14.5) 9.3(5.8) 15.5(11.7) 4.8 (1.1)
isopropanol (17.1) 35.2(30.7) 41.5 (36.6) 30.7 (25.9)

Table 3. Compound 0 — Compound | Reaction Energies
(kcal-mol~—1) with ZPE Correction Values in Parentheses for P450
(H2S), Peroxidase (ImH), and Catalase (MePhOH?) Models Using
Model Reaction 2 (See Scheme 4)

(heme protein)
proximal ligand HX

(P450) (peroxidase) (catalase)
Proton source A'H” (pK)) H.S ImH MePhOH™
hydronium ion -93.6 -99.4 [-97.9]

HN_~._OH:

jf \/\H,O

0 i

3-ammonio propanoic acid

p-alanine-H' 23(-3.6) -34(9.0) [-19][(-7.2)]

aThe phenolate oxygeriron bond is frozen in the optimizatiodg.

charged acids should be used for anionic Cpéd)c(e; model
reaction J), and cationic ones, for uncharged Cpd@b,,f;
model reaction 2 (Scheme 4). Yet, as noted, strong acids like
the hydronium ion give improbably large exothermicities for

(local pH). Formic acid and isopropanol mimic glutamic (or
aspartic) acid and threonine that are present in the P450 active
site (Scheme 2A) and imidazole as the histidine in peroxidases
and catalases (Scheme 2B). For these acids, the OPBE/TZP
calculated (gas phase, 298 K) proton affinities of the conjugate
bases are in excellent agreement with experimentally determined
values with a mean deviation of only 1.3 kcal mb(Table

S1), thereby validating the DFT method for the proton-transfer
reactions. The reaction energies for the combined protonation
and O-0 bond cleavage for Cpd 0 bearing anionic proximal
ligands @ac,e) are listed in Table 2 that also gives in
parentheses those corrected for harmonic zero-point energy
(ZPE) contributions.

With formic acid (K4 3.8), the O-O bond cleavage is
essentially isoenergetic for catalase mo@el(non-ZPE-cor-
rected), while this reaction is less favorable for the P4&) (
and peroxidase6€) models by as much as 4.5 and 10.7 kcal
mol~1, respectively. By including ZPE corrections the dissocia-
tion energies reduce by 3-31.8 kcal motl, making that for
the catalase model modestly exothermic and that for the P450
model nearly isoenergetic. Decreasing the acid strength of the
proton source (82 3.6 — 17.1) increases the endothermicity
for each system by about 30 kcal mal Thus, the proton
assisted @0 bond cleavage appears feasible at modest acidities,
having different rates that depend on the proximal ligand. This
is in accord with the experimental observation that histidine
coordinated porphyrins are able to catalyze P450 type oxygen
transfers and that cysteine coordinated porphyrins can catalyze
peroxidase type reactiof%.#4 It is important to emphasize,
however, that the formation of Cpd | is modestly endothermic
for the P450 model bearing a proximal thiolate ligard)(
irrespective of the proton donor source. This finding relates to
recent QM and QM/MM studies that reported similar energies
for Cpd 0 and I, taking charge balancing into accod@tPand
that suggested the presence of a barrier for the Cpd 0
conversiontt.252

Comparing the two model reactions 1 and 2 with each other
using the same proton donor, i.8-alanine (K, 3.6) and its
conjugate acidB-alanine-H (Tables 2 and 3), shows that
protonating the proximal ligands facilitates the-O bond
cleavage of the Cpd 0 P4564 vs 6b) and catalasedg vs 6f)

the protein mediated protonations (Table 3), underscoring thatmodels, be it with only a very modest 3.5 and 3.2 kcal Thol
moderate acids should be used instead. Moreover, to compargespectively's

model reactions 1 and 2 with each other the same ultimate proton

In contrast, the effect is rather substantial on protonating the

donor should be applied, which can be accomplished by usingimidazolate ligand of the peroxidase mod&t ¢s 6d), changing

a zwitterion. Thus, the carboxylic acid group of 3-aminopro-
panoic acid §-alanine) is used as a proton donor with the amino
moiety serving to differentiate between the neutral (Table 2)
and protonated acid (Table 3). The involvement of a carboxylic

acid side chain in the P450 proton machinery forms another

reason for usingg-alanine as a proton donor mimic in these
QM calculations (Scheme 2AJ.In model reaction 1, three
additional proton donors, i.e., formic acid, imidazole, and

isopropanol, are used to study the influence of the acid strength

(38) Optimizations of both the 4-methyl phenol Compounéf)#nd Compound

I (7f) species as isolated molecules (gas phase) result in cleavage of the

phenolate oxygeniron bond. This may indicate a critical role of the
surrounding polar pocket for the protonation of the phenolate. In the present
study, 6f and 7f are fully optimized while restraining their phenolate
oxygen-iron bonds to 2.287 and 2.602 A, respectively. These bond
distances were estimated from the optimized structuBeand 7) with
4-methyl phenolate coordinated to methyl-guanidinium as an axial ligand
to mimic the tyrosine/arginine pair in catalases.

an endothermic ©0 bond cleavageAE 12.0 kcal mof?) to
an exothermic one—<3.4 kcal mot?). These calculations are
in accord with the current view of heme proteins where the

(39) Blanke, S. R.; Hager, L. B. Biol. Chem.1988 263 18739-18743.

(40) Sundaramoorthy, M.; Terner, J.; Poulos, T.Structure1995 3, 1367
1377.

(41) Fraaije, M. W.; Roubroeks, H. P.; Hagen, W. R.; Van Berkel, Et. J.
Biochem1996 235, 192—-198.

(42) Rusvai, E.; Vegh, M.; Kramer, M.; Horvath,Biochem. PharmacolL98§
37, 4574-4577.

(43) Nakamura, S.; Mashino, T.; Hirobe, Metrahedron Lett1992 33, 5409—
5412

(44) Osman, A. M.; Koerts., J.; Boersma, M. G.; Boeren, S.; Veeger, C.; Rietjens,
I. M. C. M. Eur. J. Biochem1996 240, 232-238.

(45) This is interpretation differs from the mechanistic “push effect” (Dawson,
J. H. Sciencel988 240, 433-439. Poulos, T. LAdv. Inorg. Biochem
1987 7, 1-52) in which the anionic thiolate ligand serves as a strong
electron donor to facilitate the heterolytic-@ bond cleavage in the
catalysis of the natural P450 enzymes. However, more recently, this effect
has been considered to have only a relatively minor influence (Poulos, T.
L. J. Biol. Inorg. Chem 1996 1, 356-359).
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Table 4. Reaction Energies (kcal-mol~1) for the Proximal
Protonation of Cpd 0 by Zwitterion 3-Aminopropanoic Acid (n = 0)
and 3-Ammoniopropanoic Acid (n = 1) Generating the
Hydrogenperoxide Complex

—In-l —In
Q/O\H H\Q/O\H
F n ! n-1 3)
— G+ AH" > [ Cmm—— + A
(HX (HX
(H)X
(P450) (peroxidase) (catalase)
Hp1S ImH, MePhOH,?
n=0 +24.4 +34.6 +30.5
n=1 +30.9 +21.4 [H35.6]
aFor n = 1, 4-methyl phenolate coordinated to a methylguanidinium —

cation has been used, as a mimic for the conserved arginine in catalases._.

Figure 1. QM/MM-optimized geometry for Cpd 0 showing the glutamic

o ) o . acid as a proton source and the water molecules (W523, W566, W902)
presence of an uncharged histidine amino acid is assumed inacting as the proton-transfer network in the formation of Cpd I (optimized

peroxidases and a neutral arginine/tyrosine pair in cataf88és.  QM/MM geometry in the Supporting Information). The atoms included in

; ; i ; the QM(DFT(OPBE/TZP)) part are displayed as balls-and-sticks, and the
These uncharged proximal regions facilitate the formation of atoms in the MM(amber) part are displayed as sticks. The labels of the

the exPerimer_‘ta”y detected de_'- For cytoghromes P4591 WhiCh MM residues are given in parentheses. The energy difference between Cpd
have a negatively charged proximal cysteine ligand, this is not | and Cpd 0 is 7.7 kcal mot.

the case, which could suggest that it is the protonation of the
axial ligand that influences the chemistry of Cpd 0 rather than However, a note of caution is necessary as we found the relative
the nature of the ligand. energy to be sensitive to small perturbations in the QM/MM
As the DFT calculations show that the heterolytic cleavage setup (i.e., starting structure). Similar observations were made
of the O—-0 bond of the three models can be endothermic, it by the groups of Shaik and Thiel, who studied the protonation
becomes relevant to evaluate this path@er-f against that of machinery with B3LYP/CHARMM!” However, these authors
protonating the proximal (inner) oxygen of Cpd 0. Namely, the found the chain of water molecules to be broken by the alcohol
so-called peroxide shunt mechanism is initiated by the hydrogengroup of Thr252 indicating the dynamic character of the
peroxide complex that ultimately results in the unwanted assembly, which warrants a more thorough investigation in the
consumption of the oxidantQvithout substrate oxidation. The ~ future?®
energies of protonating thgoximal oxygen of Cpd 0, carrying Next we investigate the Cpd-© | process in more detail at
an ionic or neutral ligand6@—f), and usings-alanine as the DFT. Because of the complexity of locating transition structures
moderate proton source are listed in Table 4 (eq 3). The datafor large systems containing several water molecules and amino
clearly show the formation of the hydrogen peroxide complex acid residues, we used the thiolate iron porphyrin hydroperoxide
to be highly endothermic (2435 kcal mot?). In fact, this path model with the noted three acids as mimics for the amino acids
is disfavored from protonation of thaistal oxygen atom that  present in the active sites of heme containing oxidoreductases.
leads to Cpd I, by as much as-198 kcal mof! when using The Cpd 0— | conversion can be mapped by varying (1) the
p-alanine as a proton source, Consequently, we assume that th@©—0 distance of the OOHgroup and (2) the AHO distance
distal oxygen atom is protonated first. between the outer oxygen atom of Cpd 0 and the proton of the
In contrast to the extensive theoretical work that has been acid (AH), for which the moderate imidazole, the strong formic
performed on P450 models, the corresponding formation of Cpd acid, and the weak isopropy! alcohol are used to mimic the distal
| from the peroxidase and catalase models has hardly beenproton delivery. We include imidazole in our evaluation even
addressed. However, we note that our peroxitgaséel reaction though histidine is not present in the P450 active site, for reasons
2 agrees with a study in which an imidazole moiety was used of consistency with the earlier part of this study and for
to protonate the outer oxygen atom of an imidazole ligated iron providing insight into the dependency of the acidity on the

hydroperoxo model with concomitant-@ bond cleavagé® reaction barrier.
Inthis study the porphyrin was replaced by two [(NH) §IH)] ~ The potential energy surface (PES), shown in Figure 2A,
groups. gives a+11.7 kcal mof? barrier for the imidazole assisted

So far, we have seen that the formation of Cpd | is heterolytic G-O bond cleavage (Figure 2BY;this result
endothermic at OPBE/TZP for the P450 models. This is also contrasts with the notion that the formation of Cpd | occurs

the case when the protein environment of P450cam is included.yithout a barrie#325 but substantiates the recently suggested
We established this using our QM/MM approach (Figure 1 and barrier based on constrained geometry optimizatiériBhe

Supporting Information) with glutamic acid (Glu366) acting as
a proton donor via a H-bonded network of water molectdes.  (47) zheng, J.; Wang, D.; Thiel, W.; Shaik, $.Am. Chem. So@006 128

i 13204-13215.
In fact, the CalCUIate_d_energy d|ﬁerenge of 7.7 keal Tﬁo' (48) One of the referees stressed the importance of this hydrogen bridged Thr252
between the fully optimized Cpd 0 and | is remarkably similar because it hampers or even prevents protonation at an earlier stage of the

; i H catalytic cycle, I.e., structure 4 (Scheme 1).
to that obtained at DFT using moderate acids as proton SOUI’CGS(49) To account for spin contamination in the doublet transition st&eB1:

1.13;TS2 0.93) and Compound | (1.27), a correction based on the expected
(46) Wirstam, M.; Blomberg, M. R. A.; Siegbahn, P. E. 8.Am. Chem. Soc. value of & calculated over the KohnSham determinants is used, as
1999 121, 10178-10185. described in ref 31.
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Table 5. Selected Bond Distances (A), Activation Energies (EA),

_8 and ZPE Corrected Energies in Parentheses (kcal-mol~1) for the

= 16 Proton Assisted O—O Bond Cleavage of Model P450 Cpd 0

9 (doublet)

= 12

é‘, bond distances (A)

ﬁ 83 acid AH Fe-O 0-0  O-H H-A EA (kcal mol-)

o 4 imidazoleTS1 ~ 1.650 2.278 1.619 1.072 +11.7 (49.2)

B o formic acidTS2 1.636 2.235 1.075 1.398 +7.8(+4.7)

E 12 isopropanolfS3 1.651 2.339 1.690 1.006 +12.2 (+10.0)
Oé’o% lowering the X, of the proton source decreases the endother-

micity of the reaction. The manner by which the proximal heme
ligand of Cpd O is protonated is an important regulatory
component in the catalytic cycle of heme containing oxi-
doreductases. Protonation of the proximal Cpd 0 ligand favors
N distal heterolytic G-O bond scission. The Cpd-@ | conversion
for cytochromes P450 is endothermic and has a sizable barrier
with the magnitude depending on the strength of the proton
donor, while the Cpd = 0 back reaction has a very small
barrier of ca. 2 kcal mot. This result is in agreement with
Cpd 0 being the last observable reaction intermediate in the
catalytic cycle of the P450s. A slightly exothermic Cpe-0l
conversion is estimated for the peroxidases and catalases for
which Cpd | has been observed experimentally. These calcula-
tions demonstrate that the nature of the proton delivery channel
Figure 2. (A) Potential energy surface (doublet) for formation of s critically important in the_energeti_c relationship betwgen Cpd
Compound | as a function of the-@D and O-H bond distances with O @nd . For the P450s this could imply that conversion(s) of
imidazole as a proton donor. (B) The optimized OPBE/TZP transition Cpd O to potential oxidants other than Cpd | may have to be
structure for formation of Cpd | by protonation of Cpd 0 with imidazole  considered in light of, for example, the reported barrier for the
(distances in A). homolytic O-0O bond cleavage (ranging from 19.4 to 24.8 kcal
mol~1)12 and that for the alkane H-abstraction by Cpd | (ranging
from 14.0 to 28.6 kcal mot).”26 Carefully calibrated QM/MM
studies on the influence of the protein environment on the
reaction energies and barriers for such potentially competing/
complementary alkane oxidations starting from Cpd O are
needed and are being performed by us to obtain a more
comprehensive mechanistic understanding.

optimized transition structure, depicted in Figure 2B, has an
imaginary frequency of 121cm™! that reflects the 60
stretching mode. Increasing the-@ distance leads to a ca. 2
kcal mol~! lower plateau for several isoenergetic structural
combinations of Cpd I, water, and the imidazolate anion. Using
formic acid and isopropyl alcohol as proton sources gives
barriers for the G-O scission of+7.8 and+12.2 kcal mot?,
respectively. On including the ZPE corrections these barriers  Acknowledgment. Dr. M. Swart is acknowledged for provid-
reduce by 2.23.1 kcal mof?, which we presume to be an upper ing the AddRemove coupling scheme prior to the official release
limit due to the harmonic approximation. The corresponding of ADF. The Center of Complex Molecules of the Vrije
optimized transition structures have imaginary frequencies of Universiteit is acknowledged for financial support and the
130 cm™?® and 146 cm™!. Also for these acids a smooth National Computing Facilities Foundation (NCF) for the use
potential energy surface is reached on further stretching of the of their supercomputer facilities with financial support from the
O—0 bond. Cpd | formation in the presence of isopropanol can Netherlands Organization for Scientific Research (NWO). We
best be described as an acid-assisteeOObond elongation. also want to thank the referees for their critical, yet constructive
Increasing the acidity with imidazole gives essentially the same comments.
picture, whereas further decrease of thg (formic acid) gives
O—0 bond scission with concurrent protonation. This behavior
is also reflected in the transition structures with that of formic
acid showing a shorter-©H and a longer HA bond distance
and isopropanol showing relatively long-® and short H-A
bond distances (Table 5).

In conclusion, the acidity of the distal heme region influences
significantly the proton assisted formation of Cpd I|. As expected, JA0685654

Supporting Information Available: Additional computational
details, gas-phase proton affinities, Cartesian coordinates, ener-
gies, and tables with key optimized geometries together with
selected bond distances, charges, and spin densities. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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