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Abstract: Reaction mechanisms for the
isomerization of prostaglandin H, to
thromboxane A,, and degradation to
12-L-hydroxy-5,8,10-heptadecatrienoic
acid (HHT) and malondialdehyde
(MDA), catalyzed by thromboxane
synthase, were investigated using the

cation radical intermediates was found.
Both reactions proceed with the homo-
lytic cleavage of endoperoxide O—O to
give an alkoxy radical. This intermedi-
ate converts into an allyl radical inter-
mediate by a C—C homolytic cleavage,
followed by the formation of throm-
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through a one electron transfer, or the
degradation into HHT and MDA. The
proposed mechanism shows that an
iron(III)-containing system having elec-
tron acceptor ability is essential for the
6-membered ring formation leading to
thromboxane A,. Our results suggest

unrestricted Becke-three-parameter
plus Lee—Yang—Parr (UB3LYP) density
functional level theory. In addition to
the reaction pathway through Fe™-por-
phyrin intermediates, a new reaction
pathway through Fe™-porphyrin -

Introduction

Thromboxane A, (TXA,) and prostacyclin (PGL,) are arach-
idonic acid metabolites. TXA, is a potent mediator of plate-
let aggregation, vasoconstriction, and bronchoconstriction,™
whereas PGI, is a potent mediator of platelet anti-aggrega-
tion and vasodilation.”” In addition, these mediators are also
related to diabetes mellitus and arrhythmias, and play a key
role in cardiovascular and pulmonary diseases.”) TXA, and
PGI, are produced from prostaglandin H, (PGH,) using
thromboxane synthase (TXAS) and prostacyclin synthase
(PGIS), respectively, which are members of the cytochrome
P450 (P450) superfamily™®! (Scheme 1). Nonenzymatic hy-
drolysis of TXA, and PGI, leads to more stable compounds,
thromboxane B, (TXB,) and 6-keto-prostaglandin F;, (6-
keto-PGF,,, respectively. TXB, is produced in a molar ratio
of 1:1:1 with two other breakdown products of PGH,, that
is, 12-L-hydroxy-5,8,10-heptadecatrienoic acid (HHT) and
malondialdehyde (MDA)."”! The molar ratio varies depend-
ing on the reaction condition.”!

The P450 superfamily has a heme-thiolate moiety as its
catalytic center (Figure 1). This enzyme group has a variety
of functions including drug metabolism and steroid biosyn-
thesis. Many studies have been conducted on this group of
enzymes because of their important medical and biological
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that the step of the endoperoxide O—O
homolytic bond cleavage has the high-
est activation energy following the
binding of prostaglandin H, to throm-
boxane synthase.

- density
isomeriza-

functions.® Typical reactions catalyzed by P450s are mono-
oxygenation reactions,®” which require an oxygen donor,
and electrons from reductases. TXA, and PGI, biosyntheses
by TXAS and PGIS, respectively, are classified as isomeriza-
tion reactions that are unusual among the reactions cata-
lyzed by P450. Interestingly, despite low amino acid se-
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Scheme 1. Conversion of prostaglandin H, into thromboxane A,, degra-
dation to HHT and MDA by thromboxane synthase, and conversion into
prostacyclin by prostacyclin synthase.
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Figure 1. Heme-thiolate, Fe"-protoporphyrin IX with a cysteinate as an

axial ligand, is an active center of cytochrome P450.

quence identity (16%) between human TXAS and bovine
PGIS," both enzymes catalyze isomerization reactions
from the same substrate, PGH,. Moreover their products,
TXA, and PGI,, have opposing actions.

Since TXA, was discovered to be a potent mediator for
platelet aggregation,!l many studies on TXA, and TXAS
have been conducted,? and hypothetical mechanisms were
reported.!*"! One is an Fe'-catalyzed mechanism proposed
by Turner and Herz,"®! and another is an ionic O—O bond
cleavage mechanism by a proton proposed by Diczfalusy
and Hammarstrom.'"¥ However, at that time, there had
been little information about what TXAS was, until it
became clear that TXAS was a member of the cytochrome
P450 superfamily, and that TXA, biosynthesis was not cata-
lyzed by Fe but by Fe"-porphyrin.'® A reaction mecha-
nism of TXA, biosynthesis has been proposed by Hecker
and Ullrich based on experiments with PGH, analogues and
[5,6,8,9,11,12,14,15-°H] PGH, (Scheme 2)."! First, the endo-
peroxide oxygen atom at C(9) attaches to the heme iron(I1I)
of TXAS (i). EPR, resonance Raman, and UV/Vis spectro-
scopic studies showed that a TXAS-PGH, analogue com-
plex has a hexacoordinate low-spin heme.>"' The mecha-
nism proceeds with the homolytic cleavage of the PGH, en-
doperoxide O—O bond, resulting in a hexacoordinate Fe'-
porphyrin intermediate (ii) with an alkoxy radical. This is
followed by f-scission of the alkoxy radical yielding prod-
ucts with a carbon-centered radical (iii). Finally, the sub-

Abstract in Japanese:
FOUREY U EEBERICLDZTOREYT S UUH, OROVKREFH AN
DEHEIERIE, RUM2-L-EROF -5 8 10-ATATHN) ITUEEHHT)ET
AV 7 LT ERMDAAND 7R RIE D RIGHEEIZ DL TUB3LYPE R
BSUEERVCTIRE L B OBER. FeV-RIL D) thRKEB DR
BEF-RIL T4 - hFASTHILDRGER BT IRBAROM
Stz MADBBRELIVRRILAFORDO-OFFEREY T4V IBRICK
YIEEY, TILAXIIPHIVERRT B, COTIILAFIITHILPRIKE
C-CHEHREYTAVIRRIZKYTUILSDANIZEDLD, TDHR. —8
FBEHEFE-ABBEBREARINENDUREHUAMNERL., K
BIREMELLEVEHHTEMDAN ST B, SEIDHEHI LY, —EF%2
BHeEE DR -RIL D)o A ROV REF YU AIZE S AR EPRK
DERICHETHLIEN b Motz Tz, TORET SO UHMROUR
FHUEREBERICEMLZZOBREREBNIVERILFXFIROO-OE
REVTvIRRTHLZEN LM,
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Scheme 2. Previously proposed reaction mechanism of TXA, biosynthe-
sis. (R": CH,CH=CHC,H,COOH, R*: CH=CHCHOHGC;H;). See
Ref. [15].

strate forms a zwitterion (iv) by one electron transfer from
the carbon-centered radical to the heme-iron to give TXA,,
or alternatively, decomposes into HHT and MDA.

Homolytic and heterolytic cleavage of the O—O bond of
peroxides are reactions of relevance to P450 chemistry and
organometallic chemistry.'*!”) Both TXAS and PGIS favor
the homolytic cleavage of the O—O bond based on the reac-
tions with 10-hydroperoxyoctadeca-8,12-dienoic acid and 15-
hydroperoxyeicosatraenoic acid.***! The kinetics for PGH,
and its analogues, suggest that the rate-limiting step for
TXA, biosynthesis is not the isomerization process
(Scheme 2) but the substrate-binding step of TXAS.

A number of studies by mutagenesis analyses and homol-
ogy modelling have been published for predicting the three-
dimensional TXAS structure.”?! However, the crystal
structure of TXAS is not available at the moment, although
X-ray structures were determined for human and zebra fish
PGISs.™! Magnetic circular dichroism and EPR analyses
showed that TXAS has a more hydrophobic distal heme
pocket than those in classical P450s.!"!

Although many experiments for TXAS have been report-
ed, the reactive intermediates are difficult to detect. There-
fore, the details of the fast isomerization process of TXA,
biosynthesis remain obscure. The role of the iron-porphyrin
system in TXA, biosynthesis and in its decomposition into
HHT and MDA has not yet been established. Although the
proposed mechanism by Hecker and Ullrich is rational,™ a
reaction pathway that considers the Fe™-porphyrin mt-cation
radical intermediates has not been proposed in mechanistic
studies of TXA, biosynthesis. The redox change from Fe'™
to Fe™ after the O—O bond cleavage of PGH, could not be
observed in the EPR spectrum of TXAS catalyzed PGH,
isomerization.”” Hence, in this study, we have investigated
the isomerization mechanism for TXA, biosynthesis and the
role of the iron(III)-porphyrin system using models of P450
(A), PGH, (B), TXA, (C), and HHT (D) (Figure 2), using
the unrestricted Becke-three-parameter plus Lee—Yang—Parr
(UB3LYP) density functional level of theory.?l Theoretical
studies on oxidation mechanisms of hydroxylation,"" ep-
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Figure 2. Models of TXAS (A), PGH, (B), TXA, (C), and HHT (D).

oxidation,®"*? sulfoxidation,™ and N-demethylation,*¥ and
on the mechanism of N—N bond formation in the presence
of NO reductase” by the model of P450, have contributed
significantly to the improvement in P450 science.’®! The
present studies are the first theoretical studies for isomeriza-
tion reactions catalyzed by cytochrome P450.

Results and Discussion
In order to examine the role of the Fe''-porphyrin system in
thromboxane A, biosynthesis, we investigated reaction
mechanisms of the isomerization of PGH, to TXA, both in
the presence and absence of the iron porphyrin, and com-
pared them. BII and BI basis sets are described in the Com-
putational Method section.

Isomerization in the Absence of Iron-Porphyrin

The isomerization reaction mechanism of PGH, model B, to
TXA, model C, in the absence of the iron porphyrin A at

—0.78 2454 0.81
B TS1

AE¥ =
12.2
kJ mol™"

++

CHEMISTRY

AN ASIAN JOURNAL

the UB3LYP/BII//UB3LYP/BI level was investigated. Both
singlet and triplet spin states are considered. The spin states
are symbolized as a symbol for the species with a number in
the upper left (for example, singlet: 'X, triplet: *X). The op-
timized structures of singlet and triplet reaction intermedi-
ates, and the transition states of isomerization from 'B to C
are illustrated in Figure 3. All potential energy profiles are
summarized in Figure 4.

First, the homolytic cleavage of the O(1)~O(2) bond in
singlet endoperoxide 'B leads to the singlet alkoxy radical
intermediate 1 through the transition state 'TS1. Along
with this process, the spin densities of O(1) and O(2) change
from 0.00 and 0.00 in 'B to —0.78 and 0.81 in '1, respectively.
The spin localizations on O(1) and O(2) in '1 indicate that
the formation of alkoxy radicals is homolytic. The formation
of the open-shell singlet alkoxy radical intermediate '1
occurs with an activation energy of 86.5 kJmol™'. The triplet
alkoxy radical 1 lies lower in energy than the singlet inter-
mediate "1 by 1.2 kImol ! (Figure 4).

In the second step, a (-scission of alkoxy radical O(2) in
the triplet intermediate *1 leads to an allyl radical *2 through
a transition state *TS2 with an activation energy of
122 kImol™ (Figure 4). The singlet transition state 'TS2
and the intermediate '2 cannot be located because of the
spontaneous fragmentation to products, MDA and D. Al-
though there would be conical intersections between singlet
and triplet potential energy surfaces, we cannot properly
locate the points using B3LYP functional theory. A zwitter-
ionic intermediate of 2, previously proposed by Hecker and
Ullrich™ (iv in Scheme 2), cannot be located at the

0.00

1.4711.443
0.00

c

Figure 3. Optimized structures of the formation of TXA, model (C) from PGH, model (B) for the singlet and triplet states at the UB3LYP/BI level. Dis-
tances are in angstrom. Activation energies are at the UB3LYP/BII//UB3LYP/BI level. Numbers in bold are spin densities.
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Figure 4. Energy profiles of the formation of TXA, model (C) from
PGH, model (B) for the singlet and triplet states in the absence of A.
Energies are in kJmol ™' at the UB3LYP/BII//UB3LYP/BI level.

UB3LYP/BII, UB3LYP/BI, and UB3LYP(CPCM)/BII
levels, leads to fragmentation products MDA, and a model
of HHT D (Figure 5a). The explicit water coordination to
the zwitterion 2 does not change the conclusion (Figure 5b).
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Figure 5. Trials for geometry optimizations of zwitterionic intermediate at
the UB3LYP/BII, UB3LYP/BI, and UB3LYP(CPCM)/BII levels.

In the third step, the allyl radical intermediate *2 forms a
6-membered ring intermediate including a carbon radical *3,
by the binding of the carbonyl oxygen O(2) to the allyl
carbon C(2) (Figure 3). The decrease of spin densities on
the allyl radical C(2) and C(4) atoms from 0.70 and 0.72 to
—0.03 and 0.00, and the increase of spin density on the car-
bonyl carbon atom C(1) from —0.02 to 0.95, show that the
formation of the six-membered ring proceeds by a radical
coupling bond formation between O(2) and C(2) atoms with
an activation energy of 102.7 kJmol'. This high activation
energy implies that the six-membered ring formation occurs
neither in the gas phase nor without catalyst. An optimiza-
tion of singlet 6-membered biradical intermediate leads to a
cationic intermediate '3, which is lower in energy by
63.9 kImol™' than *3 (Figure 4). Finally, the zwitterion '3
forms the TXA, model 'C with ionic rearrangement, and
proceeds with a low activation energy of 2.7 kJ mol ..

Isomerization in the Presence of the Iron-Porphyrin System

To examine the role of the Fe-porphyrin system in the

thromboxane biosynthesis, we investigated several electronic
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structures for a model reaction mechanism of PGH, isomeri-
zation catalyzed by P450, and compared the catalytic reac-
tion using iron-porphyrin with the noncatalytic reaction. It is
known that hydroxylation and epoxidation reactions, includ-
ing hexacoordinate iron-porphyrin species, favor doublet or
quartet reaction pathways.”**3"! Qur results show compara-
ble differences in the energetics. Hence, the following dis-
cussion describes primarily the structures for the doublet re-
action pathway. However details of structures of quartet in-
termediates are provided in the Supporting Information.

The optimized structures of doublet reaction intermedi-
ates, transition states of isomerization from B to C, and tran-
sition states of degradation to MDA and D are illustrated in
Figure 6. All potential energy profiles are summarized in
Figure 7. In Figure 6 and 7, spin states are symbolized as a
symbol for the species with a number in the upper left (for
example, doublet: 2X, quartet: *X, sextet: °X). In the penta-
coordinate Fe"-porphyrin A, the sextet state °A is lower in
energy than the doublet state >A and the quartet state ‘A by
29.3 kJmol™' and 9.0 kJmol™, respectively (Figure 7). It is
consistent with experimental evidence for sextet high-spin
pentacoordinate TXAS.>! In the first step, the endoperox-
ide O(1) of the substrate A coordinates with the Fe atom in
the formation of a hexacoordinate Fe complex, *4. The
quartet state of the iron-porphyrin complex “4 is degenerate
with ?4. Experimental observation shows the doublet low-
spin for hexacoordinate TXAS complexes with PGH, or its
analogues.®”*%! In the sextet state 4, the Fe—O(1) dis-
tance of 2.868 A was located (structural data are provided in
the Supporting Information). Compared to an X-ray Fe—
OH, distance of 2.28 A for a resting P450,,,,,*" the Fe—O(1)
distance is too long for °4 to be a hexacoordinate complex.
In addition, the iron-porphyrin °A is stabilized with only
1.3 kJmol™! by interaction with 'B. One can conclude that 4
is still a pentacoordinate system, and predict that much
weaker interaction occurs between the sextet cytochrome
P450 and PGH, than the doublet and quartet P450s. The ho-
molytic cleavage of the O(1)~O(2) bond of *4 leads to the
intermediate 25" through the transition state *TS5". Along
with this process, the negative spin density of O(2) increases
from 0.00 in 24 to —0.82 in ?5". The spin localization on
O(2) in 25" indicates the formation of an alkoxy radical as
well as an increase in the O(2) negative spin density. The in-
crease of spin density number on Fe from 1.26 to 2.07, and
the increase of positive charge from +0.99 to +1.10, indi-
cate that Fe is oxidized from Fe™ to Fe'. These results indi-
cate that the O(1)—O(2) bond cleavage is homolytic, and
that the Fe—O(1) bond length decreases as Fe' oxidises to
Fe'. The formation of the alkoxy radical intermediate 25"
occurs with an activation energy of 52.5 kJmol™, which is
much lower than the 86.5 kI mol™' required for '1 formation
(see above). These results indicate that the Fe™-porphyrin
system reduces the activation energy of the O—O bond
cleavage by 34.0 kJmol .

For the comparison of several electronic configurations,
we examined the doublet pathway leading to the doublet
Fe-porphyrin m-cation radical intermediate 5™ (Figure 8)

Chem. Asian J. 2008, 3, 1900-1911
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Figure 8. Electronic structures of the doublet Fe™-porphyrin complex
(35"), the doublet Fe"'-porphyrin m-cation radical complex (*5™) and the
quartet Fe'-porphyrin complex (*5").

through the transition state *TS5™, and the quartet pathway
leading to the Fe' intermediate 5™ (Figure 8) through the
transition state “TS5™. In Figure 8, ¢ and a,, refer to a singly
occupied orbital for the substrate and a high-lying occupied
orbital for the porphyrin moiety, respectively. In the present
paper, these electronic structures are symbolized as a com-
plex symbol with a Roman numeral in the upper right (for
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s for 2A and 'B.

example, Fe™-porphyrin: X", Fe'"-porphyrin m-cation radi-
cal: X", These electronic structures were determined based
on analyses of calculated spin densities, and Kohn-Sham
molecular orbitals.

In the doublet Fe™ pathway, the activation energy for the
formation of 5™ is 62.2 kJmol™' (Figure 6 and 7). The spin
density on Fe does not change very much (from 1.26 in %4 to
1.14 in 28™), whereas the negative spin density on the por-
phyrin moiety increases from —0.26 to —0.69 by loss of one
electron from the a,, orbital. These results indicate the for-
mation of the Fe™-porphyrin m-cation radical in 5™, The ac-
tivation energy for the 5" formation is 70.8 kJmol™
(Figure 7). The activation energies for the 5™ and 5" for-
mations are higher than that for ?5" formation, which is
52.5kJmol !, These results show that the homolytic cleav-
age of the O—O bond proceeds mainly through the transi-
tion state 2TS5"Y. The Fe'V intermediates, 28" and 45", are
more stable than the Fe™-porphyrin m-cation radical inter-
mediate 2™ by ~27 kJmol™'. The most stable sextet inter-
mediate, ®5™, is higher in energy by 33.3 kJmol™' than 25".
Note that we cannot locate ®5" because of its instability.
The previous DFT studies on hydroxylation also showed
that hexacoordinate sextet intermediates are much higher in
energy than the doublet and quartet intermediates.”

To investigate the effect of vinyl groups in the heme-thio-
late complex on the energy gap of the FeV-porphyrin and

Chem. Asian J. 2008, 3, 1900-1911
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Fe™-porphyrin m-cation radical complexes, we also calculat-
ed hexacoordinate complexes, 25" (vinyl), containing two
vinyl groups at the UB3LYP/BII//UB3LYP/BI level. A small
energy difference of 0.2 kJmol™' for the relative energies
between the Fe'Y and the Fe™-porphyrin m-cation radical
complexes is found (Figure 9).

2.303(2.435)
AE = 0(27.5) kJmol™"
25V (vinyl)(25"(vinyl))

\2303(2.435)
AE = 0(27.3) kJmol™’
25|V(25|l|)

Figure 9. Optimized structures of alkoxy radical intermediates at the
UB3LYP/BI level and relative energies at the UB3LYP/BII//UB3LYP/BI
level.

In the second step (Figure 6), the alkoxy radical 25" con-
verts to an allyl radical 26" with C(1)—C(2) bond cleavage
through the transition state *TS6" with an activation energy
of 11.4 kJmol™. This activation energy of 11.4 kJmol™ is
comparable to that for noncatalytic *2 formation
(12.2 kJmol ™). The decrease of negative spin density on the
alkoxy radical O(2) atom from
—0.82 to 0.00, and shortening
of the O(2)—C(2) bond length
from 1.350 A to 1.213 A show
that the formation of a formyl
group proceeds by [-scission.
The negative spin densities on
C(2), and C(4) increase from
—0.15 and —0.05 to —0.67 and
—0.71, respectively, indicating
the formation of an allyl radi-
cal with a C(1)—C(2) homolyt-
ic bond cleavage at 25"
During this step, the spin den-
sities of the Fe™-porphyrin
system do not change much,
indicating that the spin state of
Fe' is unchanged. In the case
of the Fe" pathway, an allyl
radical  intermediate, 26™,
forms with p-scission of the
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mediates 27"V and *7™ with an energy change of

—6.9kJmol™! and —7.1 kImol ™!, respectively. The Fe"'-por-
phyrin m-cation radical intermediates, 6™ and 7™, are
higher in energy by 20 kJmol™' than the Fe'" intermediates,
26" and 27"V (Figure 7). Note that the quartet pathway from
45"V 10 “7V through 6" is energetically similar to the doublet
pathway. An Fe™ complex with a zwitterionic intermediate
(%) cannot be located at the UB3LYP/BII/UB3LYP/BI
level, and leads to 6" (Figure 10).1*!

Figure 10. Trial for geometry optimization of zwitterionic Fe™

the UB3LYP/BI level.

complex at

The binding of the carbonyl oxygen O(2) to the allyl
carbon C(2) in the intermediate 7" leads to a six-mem-
bered ring oxanyl cation 8. The transition state between
27V and *8 could not be determined by conventional optimi-
zation techniques in the Gaussian 03 program arising from
the discontinuity of the energy curve between 27" and *8 at
the UB3LYP/BI level. Therefore, we performed a geometry
scan to determine O(2)—C(2) distance. The resultant energy
profile is summarized in Figure 11 at the UB3LYP/BII/

e _MO135 0132 _MO135 -0.149

vacant MO136 -0.123

; g M0134 -0.165

-1 MO134 -0.175

.

-~

MO131 -0.211 MO138 -0.038

MO131 -0.197

alkoxy radical as occurs in the 3.4
formation of %6™.

In the third step, the rota-
tion of the formyl group in 26"
and 26" results in the forma-

tion of other allyl radical inter-

the energy of 24"
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0(2)-C(2) distance

3.0 22 20
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Figure 11. Geometry scans for the O(2)—C(2) bond formation at the UB3LYP/BII//UB3LYP/BI level and key
 orbitals of the 6-membered ring formation at the UB3LYP/BI level. All energies for the scan are relative to
. The numbers in the plain text indicate orbital energies in Hartree.

1907

www.chemasianj.org



FULL PAPERS

UB3LYP/BI level. The point 2SP' in Figure 11 lies in the
highest energy region at the UB3LYP/BII/UB3LYP/BI
level along the energy curve. SP' can be regarded as a
transition state with six-membered ring formation. The acti-
vation energy is estimated to be 29.5 kJmol™'. Furthermore,
we investigated the changes in the molecular orbitals of the
geometries between 27" and 8 at the UB3LYP/BI level. The
key p-orbitals of representative points on the potential
curve 27V, R**® (a point with a O(2)—C(2) distance of
2.65 A), R*®(a point with a O(2)—C(2) distance of 2.63 A),
and 8 are also illustrated in Figure 11. In *7", the w*(d,,)-
(MO136) orbital, which consists of d,, (Fe), p (O(1)), and p
(S) orbitals, is vacant and an allyl radical orbital ¢ (MO134)
is occupied. With the shortening of the O(2)—C(2) bond
length, these m* and ¢ orbitals further overlap (R*® in
Figure 11). At the point of R*®, the order of energies of m*
and ¢ orbitals are reversed, leading to occupied m* and
vacant ¢ orbitals. As a result, 28 vacates ¢ orbitals and occu-
pies t* orbitals. Therefore, we conclude that the six-mem-
bered ring formation occurs with one electron transfer from
the allyl group to Fe (Figure 12). In the ring closure process

0]
Me:'* IJ' one electron Me +
- transfer
3 3
n,(d,z)+_i§_ +58-
SH
ZTIV 28

Figure 12. Schematic molecular orbital interaction of the one electron
transfer from the allyl orbital (¢) to the iron d orbital (7w*(d,,)).

from 27" to 28, the negative charge, by the natural popula-
tion analysis of O(1), increases from —0.68 to —0.85, and
that on C(1) decreases from +0.44 to +0.56. The spin densi-
ty on Fe of 1.14 in *8 indicates the low spin Fe'" state. These
results show that 28 can be classified as a complex of Fe'll-
porphyrin with the zwitterionic substrate. Since the transi-
tion state between *7™ and 28 could also not be located, a
geometry scan for the O(2)—C(2) bond formation from the
doublet Fe™ intermediate *7™ to 8 was also performed
(Figure 11). The highest energy region of the pathway from
27 t6 28 through 2SP™ is comparable to that of the pathway
from *7'V to 28 through 2SP". The activation energy in the
former pathway is estimated to be 9.5 kJmol™!. The activa-
tion energy of 102.7 kImol™" for *3 formation in the case of
a noncatalytic reaction (see above) is much greater than the
estimated activation energies of 29.5kJmol™ and
9.5 kJmol ™! for 28 formation from 27" and 7™, respectively.
These results imply that the one electron transfer from the
allyl group to Fe is essential to facilitate six-membered ring
zwitterion formation, and that the six-membered ring zwit-
terion formation can occur throughout the Fe™ pathway if
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the Fe™-porphyrin m-cation radical forms with an alkoxy
radical 27™ forms. In case of a quartet state *7'Y, ring forma-
tion without one electron transfer leads to a 2-oxanyl radical
Fe" intermediate “8"™. The reactive intermediates with cat-
ionic or radical substrate depending on spin states, such as
8 and ‘8", have been already located in previous density
functional studies on ethane epoxidation®™ and benzene hy-
droxylation® using the P450 model A, and on ethylbenzene
hydroxylation by an oxo-iron-porphyrin catalyst [(Fe=0)Cl-
(Por)].B"! These reports also show that the cationic complex
is more stable than the radical complex.

Finally, the O(1)—C(1) bond formation of the zwitterionic
intermediate 8 leads to a complex of a model of TXA, (C)
with A, *PD1, without any barrier. Even in the case of a
noncatalytic reaction, the activation energy of noncatalytic
C formation is 2.7 kJmol™ and is very low. The quartet
pathway for the formation of the complex of the TXA,
model with A, “PD1, from ‘8" through *TS7" is higher in
energy than the doublet pathway. The fragmentation prod-
uct 2PD2, a complex of MDA and D, is formed by homolytic
cleavage of the C(5)—C(6) bond through one transition state
*TS8"™ from 7%, or through the other transition state *TS8™
from *7™. The activation energy of 20.9 kimol ™ for frag-
mentation from *7' is lower than that of 29.5 kJmol ™' for
2PD1 formation (Figure 7). The activation energies for frag-
mentation and TXA, formation may change if one investi-
gates the free energy profile by using the whole enzyme
model, and if one carries out detailed dynamics of one elec-
tron transfer process from 7 to PD1. The doublet pathway
from *7™ through *TS8™ proceeds without any activation
energy at the UB3LYP/BII//UB3LYP/BI level. The quartet
fragmentation pathway from *7'V to “PD2 through “TS8"
with an activation energy of 28.8 kI mol ! is higher in energy
than the doublet Fe'Y fragmentation pathway of
20.9 kJmol .

Conclusions

As shown above, two reaction pathways through the Fe' in-
termediates or Fe"-porphyrin mt-cation radical intermediates
were located by using density functional calculations. The
overall reaction is exothermic, therefore TXA, formation
should proceed spontaneously with a homolytic O—O bond
cleavage. A very recent report on the endoperoxide isomeri-
zation reaction by a heme thiolate complex strongly sup-
ports the homolytic cleavage of the O—O bond."*!! Our re-
sults using model compounds show that the Fe™-porphyrin
ni-cation radical intermediates are higher in energy by ap-
proximately 20 kJmol™" than the Fe™-porphyrin intermedi-
ates. A comparison between the energetics of C—H hydrox-
ylation using model A with the aid of density functional
theory, and the energetics of the reaction using the whole-
enzyme model of cytochrome P450.,, with the aid of the
combined quantum mechanics/molecular mechanics (QM/
MM) calculations, show that the protein environment re-
verses relative energies between the Fe™ and Fe'V inter-
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mediates, and lowers the energy for the Fe™ intermedi-

ates.” In the case of TXA, biosynthesis, the protein envi-
ronment may make the Fe™-porphyrin m-cation radical
pathway more accessible by steric and electrostatic effects.

On the basis of the present results, we have proposed re-
action mechanisms through two different oxidation states
for thromboxane A, biosynthesis (Scheme 3). First, the en-
doperoxide oxygen atom at the C(9)-position of PGH, at-
taches to the heme iron of the TXAS active site. Next, an
alkoxy radical intermediate is formed by O—O homolytic
bond cleavage, followed by the formation of an allyl radical
intermediate with C(11)—C(12) bond cleavage of the alkoxy
radical intermediate. Finally, the formation of a 6-membered
ring with one electron transfer leads to the production of
TXA,, and the homolytic cleavage of C(8)—C(9) bond com-
petitively leads to fragmentation products (HHT and
MDA). The proposed mechanism differs from the previous
one with respect to the one electron transfer that occurs
with the six-membered ring formation (see Schemes 2 and
3).

Our results showed some mechanistic insights into TXA,
biosynthesis as follows. (i) The one electron transfer to the
heme iron from the allyl group in the oxanyl ring formation
step is essential to facilitate TXA, formation. In other
words, TXA, formation requires an Fe-containing catalyst
with one-electron acceptor ability. This situation is consis-

R4
—
R3, AX
2 1”6)
°
PGH, —iove
HoOC HO, é.P i .
8/ _ / rotein Protein
", 12
NN
92~ 0
o3
<& N RS
— ! - _
P4 \
50 Protein R% )’3'6\

e

“Protein

Scheme 3. Newly proposed reaction mechanism of TXA, biosynthesis.
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tent with previous results” which showed that TXA,
cannot be produced with non-heme Fe catalysts. Not only
Fe™-containing catalysts but also other metal-containing cat-
alysts with one-electron acceptor ability may catalyze TXA,
formation.™! (ii) The rate limiting step after PGH, binding
to TXAS is the homolytic cleavage of the O—O bond in
PGH,.

The present study shows the mechanism of the isomeriza-
tion reaction catalyzed by cytochrome P450, and the role of
the heme-thiolate system. The results provided important in-
sights into understanding the unusual reactions by P450, for
example, PGI, biosynthesis.

Computational Methods

Reasonable model selection with satisfactory accuracy is essential for
quantum mechanical studies. We used a model for P450, A, which con-
sists of a porphyrin ring that represents protoporphyrin IX, and an SH
ion that represents the cysteine residue. This model, A, has been studied
by Shaik and co-workers, and gave satisfactory results in the gas-phase,’!
and is a good model for the cytochrome P450 active site.*!! In the model
for PGH,, B, two side chains were replaced with methyl and vinyl groups
(Figure 2). All calculations in the present study were performed with the
Gaussian 03 program,®”! and by using the symmetry-broken unrestricted
Becke-three-parameter plus Lee-Yang-Parr (UB3LYP) DFT method.?
The B3LYP functional is able to provide a satisfactory description for
structures and energetics of the iron-containing system.***! For all geom-

R4 R4 R4
) HHT p P
TXA,
/ o) 0 Rsl,,, o
R3|||| \ R3|u| ~+
) MDA ol ) — S
0 e 0
! _,i—elu_ !
s S. S,
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etry optimizations, and normal coordinate analyses at stationary points,
we used LANL2DZ effective core potential with a basis set for Fe,*”! 6-
31G(d) basis set for all atoms in the PGH, model B, N atoms, and the
SH group, and 3-21G basis set for the others. This basis set combination
is termed BI in this paper. We also optimized the model A with a larger
basis set, BII (quasi-relativistic Stuttgart-Dresden—Cologne (SDD) effec-
tive core potential with one f function of exponent a=10.035 basis set!**!
for Fe, and 6-311+ G(d) for the others). No significant change was con-
firmed on bond distances and spin densities at the UB3LYP/BII/
UB3LYP/BII level compared to the UB3LYP/BI level (details are pro-
vided as Figure S4 and Scheme S1, Supporting Information), hence the
BI basis set was employed for geometry optimization. In single point
energy calculations, we used the BII basis set. Doublet (S=1/2: S refers
to total spin angular momentum), quartet (S=3/2), and sextet (§=5/2)
open-shell systems were considered. To investigate a reaction mechanism
of the isomerization reaction from the PGH, model, B, to the TXA,
model, C, in the absence of the iron-porphyrin A, we used the UB3LYP/
BI method for geometry optimizations, subsequent normal coordinated
analyses for the stationary points, and the UB3LYP/BII method for the
single point energy calculations of UB3LYP/BI optimized structures. The
molecular orbitals in Figure 11 were visualized using GaussView 3.0l
Natural charges are computed with the NBO 5.G program.©”!
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