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Chapter 8

Mechanistic Insights into Prostanoid
Transformations Catalyzed by
Cytochrome P450. Prostacyclin and
Thromboxane Biosyntheses
Tetsuya K. Yanai and Seiji Mori
Ibaraki University, Bunkyo, Mito, Japan

Abstract
Cytochrome P450s (P450) are an important class of proteins found in living
organisms as they play a critical role in the metabolism of many endogenous and
exogenous molecules. Examples of the former include the metabolites Prostacyclin
(PGI2) and thromboxane A2 (TXA2), which are biosynthesized from the substrate
prostaglandin H2 (PGH2) by the P450s, prostalyclin and thromboxane synthases,
respectively. Both metabolites play a key role in renal, cardiovascular, and pulmonary
diseases so greater mechanistic understanding of the processes leading to their formation
is highly desirable. Unlike typical cytochrome P450 reactions such as monooxygenations,
synthases do not require O2 or electron transfer from reductases for catalytic function.
This is an area of active scientific interest in the area although there are several
mechanistic proposals on the isomerization reactions of PGH2, many aspects of the
reaction still remain unclear. Recent research highlights include resonance Raman
spectroscopic analyses that show the resting state of the thromboxane synthase bound
with a substrate analogue contains a low-spin six coordinate heme. In addition, X-ray
crystallographic studies on prostacyclin synthase indicate that the catalytic pocket is
small and hydrophobic in character. Also worth mention are recent quantum mechanical
(QM) studies that indicates homolytic O−O bond cleavage of PGH2, is followed by one
electron transfer from substrate to the heme, is essential for the generation of TXA2 and
PGI2. In this chapter, we review the basic processes involved in heme and prostanoid
chemistry and discuss the most recent studies in the area.
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Introduction
TXA2 and PGI2 are arachidonic acid metabolites of considerable importance, the former
being a potent mediator of platelet aggregation, vasoconstriction, and bronchoconstriction,
and the latter a potent mediator of platelet anti-aggregation and vasodilation. [1, 2, 3,4]. In
addition, these mediators have implications for diabetes mellitus and arrhythmia, and play a
key role in cardiovascular and pulmonary diseases. [5, 6, 7]. Interestingly, PGI2 and TXA2
have opposing actions such as platelet aggregation and inhibition of platelet aggregation,
respectively, although they are biosynthesized from the same substrate, PGH2, and by same
enzyme superfamily. TXA2 and PGI2 are formed from the same chemical precursor
prostaglandin H2 (PGH2), in the former case being modified by the P450 as well as
thromboxane synthase (TXAS), and in the latter case by the P450 prostacyclin synthase
(PGIS). [8, 9] Scheme 1 and Figure 1)
A nonenzymatic hydrolysis step then leads to the conversion of TXA2 into the more
stable compound, thromboxane B2 (TXB2). TXB2 is not the sole product of this reaction, with
two other breakdown products namely, 12-L-hydroxy-5,8,10-heptadecatrienoic acid (HHT)
and malondialdehyde (MDA) being produced in approximately equal amounts [10] dependent
on the exact reaction condition [11]. PGI2 is also converted into a more stable compound, 6keto-prostaglandin F1, by noneenzymatic hydrolysis.

Scheme 1. Prostaglandin H2 isomerizations to thromboxane A2 and prostacyclin
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Figure 1. Heme-thiolate, Fe(III)-protoporphyrin IX with a cysteinate as an axial ligand, is an active
center of cytochrome P450

Scheme 2. Monooxygenation by cytochrome P450

Scheme 3. Hydroxylation reactions catalyzed by cytochrome P450

The standard P450 catalytic cycle has been extensively studied by using spectroscopic
[12] and theoretical approaches [13] and is shown in Scheme 4.
It is proposed that the Cytochrome P450 catalytic cycle starts from the resting
hexacoordinate FeIII complex (1) which has a water molecule as a distal ligand. 17O electron
spin-echo envelope modulation spectroscopy data for P450CAM shows that 1 has a doublet
low-spin (LS) state. [14]. High-resolution optical and EPR spectroscopies at low temperature
for P450CAM also show that the doublet ground state stays in spin equilibrium with a sextet
high-spin (HS) state. [15, 16] Such a spin equilibrium can be observed in many kinds of
cytochrome P450s [17, 18] using UV-vis spectra (HS and LS have ~390 and ~420 nm,
respectively).
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Scheme 4. Schematic representation of the catalytic cycle of cytochrome P450. R-H is a substrate. Spin
states are texted in Italic

The spin equilibrium finding is also supported by quantum mechanics/molecular
mechanics (QM/MM) calculations. [19]. A network of the water molecule occupy the active
site pocket of the P450 and these must be displaced when a substrate binds into enzyme. [20].
This leads to the formation of a pentacoordinate FeIII complex (2) with a sextet state] which is
supported by QM/MM and density functional theory (DFT) calculations [21, 22, 23].
Substrate binding is also known to increase the redox potential of the protein following one
electron reduction. [24]. The electron acceptor strength of the pentacoordinate complex (2) is
higher than that of the resting state and, it can more easily accept an electron from a
reductase, leading to a pentacoordinate FeII complex (3). The complex 3 has a high spin
quintet state based on results from Mössbauer spectroscopy [25, 26] and DFT calculations
[21, 23]. The formation of the pentacoordinate complex 3 then allows the binding by an O2
molecule, leading to a hexacoordinate FeII peroxo complex (4). The some electron donation
into the O-O * orbital of complex 4 has been observed by resonance Raman spectroscopy.
[27, 28]. The electronic configuration of this complex is suggested to be a resonance structure
of FeIIIO2-/ FeIIO2 based on the results of theoreticaland spectroscopicstudies. Subsequent
reduction of 4 leads to a FeIII peroxo complex (5). The distal peroxo in the complex 5 is
sufficiently basic to be protonated by a water molecule or adjacent acidic residue leading to a
FeIII hydroperoxo complex (6), which is commonly referred to as ―Compound 0‖. Kinetic
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solvent isotope effect studies support this hypothesis that a water molecule is either directly or
indirectly involved in the protonation step [29]. Compound 0, which has a high Lewis
basicity, is protonated one more time. On protonation for a second time, the OO bond
cleaves, leading to a free water molecule and a high-valence FeIV oxo-complex (7), the socalled ―Compound I‖. [30, 31] Theoretical studies suggest that the two steps involved in the
formation of compound I proceed via doublet states [32, 33, 34].
Compound I is generally believed to be the active species in the cytochrome P450
catalytic cycle, although some suggest that Compound 0 can also be the active specis [35].
The chemical reactivity of compound I has been extensively studied but only indirect
spectroscopic observation of this transient species has been reported [36, 37, 38, 39]. A P450
X-ray structure was initially reported to be that of compound I [40], however subsequent EPR
and ENDOR experiments suggest that this was incorrect [36]. Given these difficulties, a large
number of theoretical studies of P450s have been conducted to investigate this transient
species. The majority of theoretical studies predict that Compound I has FeIV coordinated to a
porphyrin -cation radical [13].
The reactions catalyzed by compound I have been extensively studied in the literature.
For example Groves and McClusky proposed a hydroxylation mechanism catalyzed by
compound I which they term the ―rebound mechanism‖ [41]. (Scheme 5) This mechanism
proceeds through hydrogen abstraction, reorientation of the OH group, and rebound to form
an alcohol molecule. It is suggested that the rate limiting step is either reduction of oxyferrous complex 4 or the subsequent protonation of FeIII species 5 [42, 43]. More recently,
experimental studies from Compound I that lead to the production of alcohols suggest that the
activation energies for hydrocarbon oxidation are ~52-68 kJ/mol, considerably lower than the
theoretical values [44]. In contrast, QM and QM/MM results of this mechanism show much
lower activation energies at ~70-110 kJ/mol. [13, 45, 46, 47, 48]. Note that Friesner and
coworkers predicted that the activation energy of the hydrogen abstraction for P450camcatalyzed hydroxylation is 48.9 kJ/mol by B3LYP/MM calculations. [49]. Compound II, a
Fe(IV)-oxo neutral porphyrin complex is proposed to be a short lived intermediate arising
from compound I which has been characterized by UV-vis spectroscopy [50, 51] and
XANES. [52]. In the final step, the monooxidized substrate described by complex (8) is
displaced by a water molecule to complete the catalytic cycle of the cytochrome P450.

Scheme 5. A proposed mechanism for the compound I formation
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Previously Proposed Reaction Mechanisms
The biosynthesis of TXA2 and PGI2, by TXAS and PGIS respectively, are classified as
isomerization reactions, and are rather unusual among the cytochrome P450 catalyzed
reactions. The mechanism leading to the formation of TXA2 and PGI2 are very similar due to
the common substrate involved, which has lead to many mechanistic studies on both
biosyntheses being conducted in parallel. As is the case for the standard P450 catalytic cycle,
spin and electronic states of the reactive intermediates also remain unclear in the TXA2/PGI2
production.
Several reaction mechanisms associated with TXA2/ PGI2 formation have been proposed
in the literature before information about TXAS and PGIS was known [53, 54, 55] on the
basis of reactions of an endoperoxide with the Fe(II)-Fe(III) redox system (Scheme 6), [56,
57, 58] Diczfalusy et al. subsequently incubated [1-14C]PGH2 with purified TXAS from
human platelet and proposed a mechanism involving heterolytic endoperoxide O−O bond
cleavage induced by protonation (Scheme 7) [59, 60]. They also showed that the breakdown
products of PGH2, MDA and HHT were not formed alongside TXA2. Fried and Barton
proposed mechanisms of TXA2 and PGI2 formations initiated by heterolytic O−O bond
cleavage (Scheme 8). [61].
In the 1980s, Ullrich and co-workers concluded that TXAS and PGIS were responsible
for TXAS and PGIS formation with the aid of EPR and optical spectroscopic analyses. They
also determined that both proteins belonged to the cytochrome P450 superfamily [62, 63]
(Table 1) They found that reduction of both TXAS and PGIS by sodium dithiolate in the
presence of CO shifted the Soret maxima at 418 and 417 to 450 and 451 nm, respectively.
The red-shifted peaks at ~450 nm are typical as well as EPR spectra data confirmed the
proteins were members of the P450 superfamily. The fact that these spectra are similar to that
of hexa-coordinate P450, having a water molecule as the axial ligand, [64] suggests that the
resting TXAS and PGIS structures correspond to aqua-coordinated low spin Fe complexes.

Scheme 6. Previously proposed Fe(II)-induced reaction mechanisms of TXA2 and PGI2 biosyntheses
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Scheme 7. Previously proposed reaction mechanism of TXA2 involving heterolytic endoperoxide O-O
bond cleavage

Scheme 8. Previously proposed reaction mechanism of PGI2 involving heterolytic endoperoxide O-O
bond cleavage

Table 1. Spectral properties of resting TXAS and PGIS. Data
are taken from references of 63, 64, and a review 66

g-value
(oxidized)
abs [nm]
(oxidized)
abs [nm]
(reduced + CO)

TXAS
2.41, 2.25, 1.92

PGIS
2.42, 2.25, 1.92

P450CAM
2.45, 2.26, 1.91

418, 537, 570

417, 532, 568

417, 536, 569

424, 450, 545

424, 451, 545

In 1989, the reaction mechanisms for TXA2 and PGI2 biosynthesis were proposed by
Hecker and Ullrich based on experiments with isotope labeled PGH2 and analogues (Scheme
9 and 10) [65]. In the case of TXA2 biosynthesis, the endoperoxide oxygen atom at C(9) must
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attach to the heme iron(III) of TXAS (i). The mechanism proceeds with the homolytic
cleavage of the PGH2 endoperoxide O−O bond, resulting in a hexacoordinate FeIV-porphyrin
intermediate (ii) with an alkoxy radical. This is followed by -scission of the alkoxy radical
yielding products with a carbon-centered radical (iii). Finally, the substrate forms a zwitterion
(iv) by one electron transfer from the carbon-centered radical to the heme-iron to give TXA2,
or alternatively, decomposes into HHT and MDA.
The mechanism of PGI2 biosynthesis is similar to that of TXA2 as previously discussed
(Scheme 10). In the first step, the endoperoxide oxygen atom at C(11) attaches to the heme
iron of PGIS (i). Next, the mechanism proceeds with the homolytic cleavage of the PGH2
endoperoxide O−O bond, which results in a hexacoordinate FeIV-porphyrin intermediate with
an alkoxy radical (ii), followed by CO bond formation that yields a carbon radical complex
(iii). Finally, a substrate forms a zwitterion (iv) to give PGI2 by the elimination of a C(6)proton.

Scheme 9. Previously proposed reaction mechanism of TXA2 biosynthesis. (R1:
CH2CH=CHC2H6COOH, R2: CH=CHCH(OH)C5H11)

Scheme 10. Previously proposed mechanism of prostacyclin biosynthesis. (R1 : C3H6COOH, R2 :
CH=CHCHOHC5H11)
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Figure 2. Structures of U44069 and U46619

Table 2. Biomimetic PGH2 conversion. Data are taken from ref. 67. PPIXDME :
protoporphyrin IX dimethyl ester. hemin : ferric protoporphyrin IX. Structures of
PPIXDME and hemin are illustrated in Figure 3
Test sytem
%
Buffer
FeCl2/buffer
FeCl2/CH3CN
FeSO4/buffer
Hemin/buffer
Hemin/CH3CN
PPIXDME-S/CH2Cl2
PPIXDME-Cl/CH2Cl2

Product formation
6-keto-PGF1 TXB2

PGF2

PGE2

PGD2

HHT

Others

0.5
1.0
1.2

0.5
0.8
0.6

0.8
1.4
0.7
0.8
2.4
1.0
0.3

88.9
59.1
19.7
8.2
51.6
28.5
9.9

5.8
11.2
4.4
2.3
11.8
6.6
4.3

0.8
6.9
14.1
25.8
9.3
32.8
36.0

3.7
21.4
61.1
62.9
23.9
29.3
47.7

0.5

1.0

2.4

5.9

7.5

23.2

59.5

Figure 3. Structures of PPIXDME (protoporphyrin IX dimethyl ester) and hemin (ferric protoporphyrin
IX)

In TXA2/ PGI2 biosyntheses, it is not clear which endoperoxide oxygen atom binds to the
heme iron. The ligand binding mode to heme iron in both TXAS and PGIS were suggested
from optical difference spectra using inhibitors, 9,11-epoxymethano-PGF2 (U44069) and
11,9-epoxymethano-PGF2 (U46619). (Figure 2) In case of TXAS with U44069, a ligandtype (i.e 6-coordinate) spectrum was observed, whereas with U46619 bound with TXAS an
unbound, five-coordinate-type spectrum was found [65]. Interestingly, the trends were
reversed for PGIS. More recently, resonance Raman spectroscopic analyses on U46619
binding to TXAS have shown the possibility that the oxygen atom at C(11) binds to heme
iron, in contradiction to the optical difference spectroscopic studies. [66]. These suggest that
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both the O(9) and O(11) atoms can coordinate TXAS. Further studies are necessary to
distinguish the endoperoxide oxygen binding of TXAS for the real substrate, PGH2 rather
than analogs.
It is proposed that TXA2/PGI2 biosynthesis occur from an FeIII-porphyrin complex. This
is based on the findings of Hecker and Ullrich who demonstrated that the formation of TXA2
and PGI2 is only catalyzed by FeIII-porphyrin catalysts: Hemin, PPIXDME-S, and
PPIXDME-Cl. (Table 2 and Figure 3) Spectroscopic investigation of the spin state of the
TXAS-PGH2 complex was subsequently performed by Wang and co-workers using a
recombinant TXAS-U44069 protein complex as a mimic of the TXAS-PGH2 [67]. The
resultant absorption spectra peaks at (414, 531.5 & 563 nm) [67] are characterized as being a
typical oxygen donor-coordinated ferric low-spin P450 complex akin to the P450CAM complex
which displays peaks at: 416~420, 533~539, 566~571 nm. [68]. Magnetic circular dichroism
(MCD) spectra also showed Soret crossover and peaks of typical low-spin P450. Moreover,
electron paramagnetic resonance (EPR) investigations, one of the most useful approaches for
assignment of spin state, measured a g-value of 2.484, 2.252, and 1.900, showing the hexacoordinate ferric complex was low-spin (S = 1/2). This compares with several hexacoordinate P450CAM structures having oxygen-based axial ligand have EPR g-values of
2.43~2.48, 2.25~2.27, and 1.91~1.93. (Note that in camphor-bound P450cam, the EPR gvalues are 3.95, 7.80, and 1.78. [69]) In addition to the EPR and MCD spectra, resonance
Raman spectra has provided the same conclusion. [59]/.
Comparable results were reported in PGIS by Wang and co-workers using a recombinant
PGIS-U46619 complex [70]. Absorption, MCD, and EPR spectra indicate that the U46619
complex corresponds to a hexa-coordinate ferric low-spin P450 structure. The results also
suggest that the starting complexes, TXAS-PGH2 and PGIS-PGH2 must have a hexacoordinate ferric low-spin heme.

Figure 4. Lipid hydroperoxides, 10-hydroperoxyoctadeca-8,12-dienoic acid and 15hydroperoxyeicosatraenoic acid

Scheme 11. Radical trapping of alkoxyradical by TBPH
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Scheme 12. PGH2 transformation catalyzed by TXAS. EP refers an intermediate

Table 3. Rate constants for kinetic simulation of TXAS
Explt.

k1 × 10-6

k1

k2[a]

k3[a]

k4[a]

5 μM PGH2

M-1s-1
12

s-1
360

s-1
15,000

6,000

4,000

15 μM PGH2

20

360

15,000

6,000

4,000

50 μM PGH2

12

360

15,000

6,000

4,000

s-1

[a] The numerical values are set to be 0.01.

Experimental kinetic data for the TXA2 and PGI2 biosyntheses provide us with valuable
information on the reaction mechanism. For example, Hecker and Ullrich suggested that the
rate limiting step for TXA2 and PGI2 formation is not the O-O bond cleavage step. This was
based primarily on the basis of a lack of primary hydrogen kinetic isotope effect when
deuterated PGH2 was used [65]. The kinetics for PGH2 and its analogues U44069 (Figure 2)
with TXAS suggest that the rate-limiting step for TXA2 biosynthesis is not the isomerization
process but the substrate-binding step into TXAS [71]. The authors also simulated rate
constants for the isomerization step based on the kinetic experiments.(Scheme 12, Table 3)
The calculated rate constant k2, of 15,000 s-1 suggests that the chemical reaction is extremely
fast. However, the kinetics associated with the isomerization step of PGI2 biosynthesis have
not been reported.

Structural Information of PGIS
The known amino acid sequences of bovine, [72, 73] human, [74], rat, [75], mouse, [76]
and zebrafish [77]. PGISs have been used to guide site-directed mutagenesis studies of human
PGIS [78, 79] until X-ray crystal structures are available. These results indicate that Ile67,
Val76, Pro355, Glu360, Asp364, and Leu384 residues are essential for catalytic activity.
Recently, the group of Chan and Wang‘s succeeded in their efforts to obtain an X-ray
structure of human PGIS (Figure 5) [80]. In the resting state structure, Cys441 is connected
to Gly443 and Arg444 by two inter-molecular H-bonds. Note that some residues such as
Ile67, Glu360, Asp364, and Leu385 demonstrating the important catalytic activity [79] do not
exist in the active site. A docking study of PGH2 into the active site suggested that that the
binding pocket of human PGIS is relatively small compared with that of other cytochrome
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P450s, and also suggested that Trp282, which lies towards the top of the active site cavity,
forces the PGH2 side chains to adopt an outstretched binding conformation. This outstretched
binding conformation has also been proposed by Ullrich and Brugger [80]. In contrast, highresolution NMR spectroscopic and docking studies of U46619 with PGIS suggested that two
side chains of PGH2 are compacted on substrate binding due to the narrower PGIS active site.
[81]. Subsequently, the X-ray crystal structures of the resting state of human PGIS, (a)
minoxidil-bound human PGIS, (b) ligand-free zebrafish PGIS, and (c) U51605-bound
zebrafish PGIS, were reported by the group of Chan and Wang [72]. These structures showed
that heme moiety changes its position on the direct Fe binding of the inhibitor minoxidil.
Both the human and zebrafish PGIS showed the same trend (Figure 6).

Figure 5. Active site of human PGIS (PDB ID: 2IAG [84])

Figure 6. Superimposed structure for U51605-free and U51605-bound zebrafish PGIS (PDB ID: 3B98
and 3B99)
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Structural Information of TXAS
Although an X-ray crystal structure of TXAS is not yet available, a number of
mutagenesis studies and homology modeling exercises have been published. A schematic
representation of the predicted model of human TXAS is shown in Figure 7. The amino acid
sequences of human, [82, 83, 84] rat, [85] murine [86], porcine [87]. TXASs have been
established. Ruan and co-workers used homology modelling to generate a 3-D model for
TXAS using P450CAM and P450BM3 as templates (26.4% residue identity and 48.4% residue
similarity). The results helped to elucidate characteristics of the substrate binding pocket and
allowed docking studies of PGH2 to be performed [88]. Subsequent mutagenesis studis [92,
89] showed that Ala408, Arg413, Asn110, Phe127, Arg478, and Cys480 are essential for
catalytic activity [90]. The following insights were suggested: Ala408 is essential for creation
of the hydrophobic substrate binding pocket, interacting with hydrophobic region of PGH2.
The dissociation constants of imidazole-based, pyridine-based, and pyrimidine-based ligands
with recombinant TXAS confirm that the active site is hydrophobic in nature and larger than
typical cytochrome P450s [64]. Arg413 interacts with the carboxylate group of PGH2 while
Asn110, Phe127, and Arg478 are critical for binding the heme moiety.
Additional Mutagenesis and EPR studies [91] on TXAS have shown that the propionates
groups of the heme form a number of H-bonds with active site residues including: Asn110,
Arg413, Arg478, Trp133, and Arg137 through direct or indirect hydrogen bonds. In addition
to these mutagenesis studies, resonance Raman spectra on a resting state, recombinant TXASPGH2 analogue complexes (U44069 and U46619, see Figure 2) have given us additional
structural information [66].
The resultant spectra indicated that the vinyl groups of heme in the resting TXAS
complex assume an in-plane conformation and that substrate binding causes displacement of
one of the vinyl groups. Additionally, a strong hydrogen-bond between 6-propionate group
and Arg137 is disrupted upon binding of U44069 [66]. These suggestions are supported by
the earlier mutagenesis study [89]. Furthermore, comparison of Fe-S vibration of TXAS with
that of other heme thiolate enzymes, typical P450, chloroperoxidase, and nitric oxide
synthase, indicated that the proximal thiolate group has two hydrogen bonds with peptide NH
groups.

Figure 7. A Schematic representation of predicted human TXAS active site bound by PGH2. Residues
required for catalytic activity are shown
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Recently Proposed TXAS Mechanism
Although many approaches to elucidate the aspects of reactivity and structure have been
proposed, experimental constraints make it difficult to study the isomerization process,
especially the oxidation state of Fe over the course of the reaction. Most recently, Yanai and
Mori investigated the mechanisms of PGH2 isomerization cytochrome P450 model using the
symmetry-broken unrestricted Becke-three-parameter plus Lee–Yang–Parr (UB3LYP) DFT
method [92, 93]. They proposed a new reaction mechanisms for TXA2 [94] and PGI2 [95]
biosyntheses on the basis of their theoretical results and the previously experiment results as
shown in (Scheme 13 and 14)
The first step in TXA2 mechanism sees the endoperoxide oxygen atom at the C(9)position of PGH2 attach to the heme iron bound in the TXAS active site. Next, an alkoxy
radical intermediate is formed by OO hemolytic bond cleavage, followed by the formation
of an allyl radical intermediate (compound II), with C(11)C(12) bond cleavage of the alkoxy
radical intermediate. Finally, the formation of a 6-membered ring in conjunction with one
electron transfer leads to the production of TXA2. The homolytic cleavage of C(8)C(9) bond
competitively leads to fragmentation products (HHT and MDA). This mechanism differs
from the previous one by Ullrich, et al with respect to the one electron transfer step that leads
to the six-membered ring formation. The theoretical results also show that the one electron
transfer to the heme iron from the allyl group in the oxanyl ring formation step is essential to
facilitate TXA2 formation. Moreover, two possible reaction pathways through the FeIV
intermediates or FeIII-porphyrin -cation radical intermediates are suggested by the theoretical
results, although the later one is a minor pathway. The rate limiting step following PGH2
binding to TXAS is the homolytic cleavage of the OO bond in PGH2 as suggested by Hecker
and Ullrich [65]. The TXA2 formation should proceed spontaneously with a homolytic O−O
bond cleavage since the overall reaction is exothermic and has lower activation barriers of
~52.5 kJ/mol. This compares to theoretically estimated activation energies of typical
cytochrome P450-catalyzed reactions, hydroxylation, are ~70-110 kJ/mol [13]. The lower
activation barrier associated with TXA2 is consistent with previous kinetics studies [72].

Scheme 13. Newly proposed reaction mechanism of thromboxane A2 (TXA2) biosynthesis
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Scheme 14. Newly proposed reaction mechanism of prostacyclin (PGI2) biosynthesis

Recently Proposed PGIS Mechanism
The proposed reaction mechanism for PGI2 biosynthesis is similar to that for TXA2. First, the
endoperoxide oxygen atom at C(11) attaches to the heme iron of PGIS. Next, the mechanism
proceeds with the homolytic cleavage of the PGH2 endoperoxide O−O bond, which results in
a hexacoordinate intermediate with an alkoxy radical (compound II). This is followed by
C−O bond formation that yields products with a carbon radical complex. Docking simulations
of PGIS with PGH2 based on the resting state X-ray crystal structure predicted that the C(6)
atom lies near the O atom at C(9) position. The docking simulations are supported by highresolution NMR spectroscopic studies on structure of PGH2 analogue (U46619) binding to
PGIS [81]. Finally, a substrate forms zwitterion to give PGI2 by the elimination of a C(6)proton. The density functional mechanistic investigation of PGI2 biosynthesis also revealed
that the rate-limiting step for the reaction of endoperoxide with FeIII-porphyrin is the OO
bond homolytic cleavage as is the case for TXA2 [95]. The activation energy for the PGI2
process is ~45 kJ/mol, also lower than other that of classical P450-catalyzed reaction. The
theoretical studies also showed that the PGH2 isomerization into PGI2 by atypical P450
enzyme proceeds through proton coupled electron transfer (PCET) [96] to give a PGI2-PGIS
complex with low activation energy. The doublet electronic configuration of heme moiety in
the PGI2 mediated process is similar to that in the TXA2, and is consistent with the previous
experimental results [70]. Additionally, theoretical studies on an extended model including an
important active site residues Trp282 [95]based on the X-ray crystal structure of zebrafish
PGIS, also showed that the isomerization proceeds in the doublet low-spin state which is
consistent with earlier experimental studies. [66, 67]
An interesting observation from recent experimental and theoretical studies described
herein is that both biosyntheses proceed through a process involving one-electron transfer
coupled with proton transfer and CO bond formation. This mechanism is novel in P450
catalysis and evidence for its existence comes from recent theoretical studies of C-C bond
formation of chromopyrrolic acid with P450 StaP (CYP245A1) (Figure 8). [96, 97].
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Figure 8. (a) Proton-coupled electron transfer and (b) C-C bond formation coupled electron
transfer processes in P450StaP-catalyzed reaction. The mechanism is taken from ref. and modified.

Conclusion
The isomerization processes associated with PGH2are unusual from a cytochrome P450
perspective, so their investigation is important to shed light on this relatively under-studied
subject. Presented herein is a review of recent studies on the mechanism of TXA2 and PGI2
formations catalyzed by cytochrome P450, which has been compared and contrasted with
typical reaction mechanisms catalyzed by cytochrome P450 and those of prostaglandin
chemistry and biochemistry. The radical mechanism initiated by homolytic O-O bond
cleavage and one-electron transfer from substrate to Fe is essential to such a kind of
transformation.
Our understanding of TXA2 and PGI2 biosyntheses has increased dramatically over the
past few years as result of many biochemical, biomimetic, and theoretical studies reported in
the literature. As a result of this research work we have obtained considerable mechanistic
insight into this important, catalytically driven process and it is expected that this trend will
continue given the amount of research in this important area of science. From the
considerable amount of literature on the subject we can conclude the TXA2 and PGI2
biosynthetic mechanisms, which involves radical mechanism starting from homolytic O-O
bond cleavage, can be compared with other prostanoid biosyntheses from PGH2 to PGD2 or
PGE2, which are assumed to be transformed through nucleophilic/base mechanism with
deprotonated glutathione [98, 99, 100, 101].
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