Theor Chem Acc (2011) 128:191-206
DOI 10.1007/s00214-010-0814-7

REGULAR ARTICLE

Theoretical studies on model reaction pathways of prostaglandin
H, isomerization to prostaglandin D,/E,

Naoto Yamaguchi - Tatsuya Naiki -
Takamitsu Kohzuma * Toshikazu Takada -
Fumihiko Sakata - Seiji Mori

Received: 30 June 2010/ Accepted: 3 September 2010/ Published online: 18 September 2010

© Springer-Verlag 2010

Abstract Model reaction mechanisms in the biosynthesis
of prostaglandin D, (PGD,) and prostaglandin E, (PGE,)
from prostaglandin H, with PGD,/E, synthase were
examined using the ab initio second-order Mgller—Plesset
perturbation method and density functional theory. The
reaction was modeled similar to the isomerization of 2,3-
dioxabicyclo[2.2.1]heptane to 3-hydroxycyclopentanone in
the presence of MeS™. An explicit solvation of two H,O
molecules was also considered, and two probable types of
reaction mechanisms were demonstrated. One mechanism
starts with proton abstraction from an oxygen-bound car-
bon at the endoperoxide by a thiolate ion and the other is
stepwise and involves attack of a thiolate anion on an
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oxygen of the endoperoxide group in the first step with
protonation of the other oxygen, followed by deprotonation
from a carbon-attached oxygen to break an O-S bond to
yield PGD, or PGE,. We also found that the mPWI1LYP
hybrid method was superior to the B3LYP functional for
systems with respect to the state-of-the-art CCSD(T)
energetics.
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1 Introduction

Prostaglandin D, (PGD,) and prostaglandin E, (PGE,) are
derived from arachidonic acid through prostaglandin H,
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(PGH,) [1-3]. PGH, is biosynthesized by two continuous
catalytic reactions in the presence of PG endoperoxide
synthase (cyclooxygenase, COX), through oxidation to
PGG; and its concomitant reduction to PGH, [4-6]. Since
PGHj is unstable [7], it is efficiently converted into more
stable prostaglandins [PGD,, PGE,, prostaglandin F,,,
prostacyclin (PGI,)] and thromboxane A,. The arachidonic
acid cascade resulting in biologically active compounds
called prostanoids is shown in Fig. 1. Among prostanoids,
prostaglandins were first discovered in human seminal
plasma by Goldblatt [8] and in the male prostate gland by
von Euler et al. in the 1930s [9]. Furthermore, they were
first characterized by Bergstrom, Ryhage, Samuelsson, and
Sjovall [10].

PGD, was first discovered in a rat brain in 1976 [11]. It
is produced in the central nervous system, mast cells [12],
and Th2 cells [13]. It promotes sleep [14, 15], mediates
allergy and inflammatory reactions [12, 16], and decreases
body temperature [17]. Furthermore, it is isomerized from
PGH, by a catalytic reaction of PGD, synthase (PGDS).
There are two different types of PGDS. One is the lipo-
calin-type prostaglandin D, synthase (L-PGDS) [18].
L-PGDS is expressed in the leptomeninges [19], choroid
plexus [19], oligodendroglia [19], pigmented epithelial
cells of the retina [20], male genital organs [21], and heart
[22] of various mammals, including humans. It also plays a

Fig. 1 Arachidonate cascade to
prostanoids
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role not only in the regulation of sleep [23] and pain [24]
but also in the neuroendocrine function of melanocytes
[25, 26]. Site-directed mutagenesis studies reported that the
Cys65 residue of the active site is involved in reactions
[27]. L-PGDS acts as a catalyst in the presence of SH
compounds such as glutathione (GSH), dithiothreitol
(DTT), and mercaptoethanol [28]. Most recently, X-ray
and NMR structures of the Cys65Ala mutant of wild-type
L-PGDSs have been reported [29-31]. The structure of
wild-type L-PGDS has also been recently reported based
on NMR and X-ray spectroscopy [32, 33]. As shown in
Fig. 2, two polar amino acid residues (Ser45 and Thr67)
interact with the Cys65 residue in the catalytic center of
L-PGDS.

Another type of PGDS is hematopoietic prostaglandin
D, synthase (H-PGDS) [34-36] that is localized in mast
cells [37], megakaryocytes [38], macrophages [39], Th2
cells [13], microglia [40], necrotic muscle fibers [41], and
apoptotic smooth muscle cells [42]. The H-PGDS type is a
member of the GSH-S-transferase (GST) family, thus
requiring GSH [43].

X-Ray structures of rat and human H-PGDS were
determined [42, 44—47]. Figure 3 shows that Tyr8 interacts
with GSH in the catalytic pocket. Site-directed mutation of
H-PGDS shows that Argl4, Trpl04, and Cysl56 are
important for PGDS activity [48]. The activity of H-PGDS
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Fig. 2 Proposed structure of
the active site of mouse
L-PGDS binding with PGH,
(33]

w104

Fig. 3 Proposed structure of the active site of H-PGDS binding with
GSH and PGH, (based on PDB ID: 11YH)

is increased to 150% of the basal levels in the presence of
Ca*" or Mg*" [45]. Ultraviolet resonance Raman spec-
troscopy showed that the Tyr8 residue deprotonated GSH
in H-PGDS, and the environment of Tyr8 can be changed
by inclusion of Ca®* or Mg [49].

PGE, was first discovered in sheep vesicular glands in
1962 [50]. A positional isomer of PGD,, i.e., PGE,, shows
biological activity such as relaxation/contraction of smooth
muscle [51], excretion of Na* [52], control of body tem-
perature [53-55], secretion of gastric acid [56], inhibition
of immune responses [56], pain, induction of ovulation
[57], and waking [58, 59]. PGE, is isomerized from PGH,
by PGE, synthase (PGES). Three different types of PGES
are known. The first, called membrane-associated PGES
(mPGES)-1, has been purified from microsomal fractions
of bovine and sheep vesicular glands [60, 61]. A human
mPGES-1 expressed in Escherichia coli was also discov-
ered [62, 63]. This enzyme completely requires GSH [60,
61, 64], and primarily couples with COX-2 [65]. The
mPGES-1 is therapeutically the most important PGES,

PGH,
N/F112
H HON
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W
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Fig. 4 Proposed structure of the active site of mPGES-2 complex
with PGH, in the presence of RSH [81]

because this enzyme can be induced by proinflammatory
stimuli [66]. The docking structure of the mPGES-1-PGH,
complex has been proposed based on homology modeling
followed by molecular dynamics (MD) simulation [67-69];
at the same time, a crystal structure of mPGES-1 by
electron crystallography was reported [70]. Recent site-
directed mutagenesis shows that Argl26 residue is crucial
for the mPGES-1 activity [71]. Another type of PGES, the
second mPGES (mPGES-2), which is expressed in most
cells, requires various sulfhydryl compounds such as DTT,
GSH, and pf-mercaptoethanol in the heart, uterus, and
spleen [72, 73]. The mPGES-2 is functionally coupled with
both COX-1 and COX-2 [74]. The third type of PGES,
cytosolic PGES (cPGES), is purified from the cytosol of
the human brain [75] or Ascaridia galli [76]. A member of
the GST family, cPGES also requires GSH and is coupled
with COX-1 [77]. X-ray structures of PGES are known
only for mPGES-2 [78]. Figure 4 shows that an SH group
of Cysl10 in the active site of mPGES-2 is involved in
catalytic reactions [79]. Tyr107 is considered to interact
with sulfhydryl compounds. A GSH-heme complex in the
mPGES-2 catalyzes PGH, degradation [80].

Today, non-steroidal anti-inflammatory drugs such as
aspirin, ibuprofen, and indomethacin are often used to
inhibit sleep and prevent allergies and inflammatory reac-
tions [81, 82]. However, these drugs inhibit production of
not only PGG, but also the other various prostanoids that
are derived from PGG,, thus resulting in various side
effects [83—85]. Investigation of reaction mechanisms of
PGDS or PGES will be important for highly selective
design of anti-allergy, anti-inflammatory, and analgesic
drugs [86].
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In principle, several types of reaction pathways were
proposed for reaction mechanisms of PGDS/PGES [28, 78,
87, 88], and these are summarized in Fig. 5. For brevity,
only the 2,3-dioxabicyclo[2.2.1]heptane ring of PGH, has
been shown. In 1980, the first reaction mechanism (Path A)
was proposed based on observed deuterium isotope effects
in the biosynthesis of PGE, [89]. In Path AO, a base
(thiolate anion: shown as RS™) abstracts a proton that
bonds to C* of PGH,, and PGD,/E, is then produced
directly [87]. It remains unclear whether RS™ attacks with
concomitant O*~O” bond cleavage. In Path A, stabilization
of the O” atom of the endoperoxide group occurs with an
acid (B-H) [88]. The second reaction mechanism, Path B,
starts with nucleophilic substitution followed by S—O bond
cleavage [90]. First, a thiolate anion activated by depro-
tonation attacks the oxygen atom O” of PGH,, and the O*~
O’ bond is then cleaved with S—-O* bond formation [28].
Next, an appropriate base B [B = OH ™, water (H,0), and
so on] attacks a hydrogen atom on C%, followed by con-
version to O-deprotonated PGD,/E, and the thiolate ion
with S—O” bond cleavage [28]. This reaction mechanism
involves a nucleophilic attack of a base on an electronegative
oxygen atom. In Path C, the O-O bond cleavage starts with
attack of an RSH molecule to form a hydroxycyclopentane
derivative with an S—O bond, followed by deprotonation by a
base B—H to form PGD,/E, [78].

Theoretical studies for enzyme reaction mechanisms
relating to the arachidonic acid cascade were conducted on
a model system of COX-1 (PGHS-1) [91, 92]. Theoretical
studies on reaction mechanisms for a model system of
isomerization of PGH, to TXA, and PGI, were investi-
gated by our group [93, 94]. Computational studies of
mechanisms for GST, which catalyzes the nucleophilic
addition of GSH to electrophilic substrates, are seminal
examples [95-99]. Although both H-PGDS and cPGES are
classified as members of the GST family, it remains
unclear whether these enzymes react through similar
mechanisms. Although the biological activities of PGD,
and PGE, have been studied extensively, the reaction
mechanisms of these biosyntheses are still in question. In
this study, we investigated the validity of quantum chemi-
cal methods, and using these methods, we investigated
model reaction mechanisms of isomerization of PGH, to
PGD,/PGE, [100-103].

Since the minimum number of atoms other than
hydrogen atoms in PGDS and PGES is more than 1,000
[29, 78], it is not practical to treat all the systems using
quantum mechanical calculations with present computa-
tional resources. Therefore, in this study, we modeled
simple systems for isomerization of PGH, to PGD,/E,. We
investigated whether previously proposed reaction mecha-
nisms can be used for the modeled system [100-103].
Since there are numerous H,O molecules inside catalytic
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Fig. 5 Previously proposed and currently investigated reaction
pathways. C-9 and C-11 substituents are omitted for clarity

pockets in those PGDS and PGES (for an X-ray crystal
structure of H-PGDS shown in Fig. 6), we also considered
the effects of H,O molecules. At the same time, we
investigated the validity of calculation methods for various
ab initio and density functional theory methods such as
second-order Mgller—Plesset perturbation (MP2) [104],
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Fig. 6 Water molecules in pink small squares in the active site of
H-PGDS binding with GSH (PDB ID: 1IYH)

B3LYP [105, 106], mPWILYP [106, 107], and CCSD(T)
[108].

2 Theoretical approach
2.1 Models

We focused on the interaction between the SH group and
substrate because PGDS and PGES catalyze isomerization
of PGH, to PGD,/E; in the presence of an SH compound
such as GSH, DTT, or mercaptoethanol. The thiol group of
the Cys65 residue in the catalytic center can be activated
by polar amino acid residues such as Ser45, Thr67, and
Ser81 in L-PGDS [29]. In H-PGDS, bonding of a GSH
molecule to Tyr8 results in deprotonation of the SH group
[49]. In mPGES-2, Cys110 is considered to be already
deprotonated by an O’ bond to C” (Fig. 4) [78]. We focused
on the five-membered ring because the five-membered ring
of PGH, is in the active site in these enzyme reactions.
In this study, we modeled the isomerization of PGH, to
PGD, and PGE, with a GSH molecule in H-PGDS, the
Cys110 residue in mPGES-2, and the Cys65 residue in
L-PGDS, similar to the isomerization of 2,3-dioxa-bicy-
clo[2.2.1]heptane to 3-hydroxycyclopentanone (Eq. 1) by
CH3S™ or CH;3SH, using a thiolate ion or thiol, respec-
tively. In Fig. 5, we termed the concerted pathway from
proton abstraction of the endoperoxide by RS™ in the case
of B—H= none as Path AO. We considered the attack of
RS™ on an endoperoxide oxygen for the case of B = OH™
as Path Bh. Another pathway starting with a nucleophilic
attack of MeSH on O” of PGH,, followed by hydrogen
abstraction by OH™ in the second step, is called Path Ch. In

Paths Bh and Ch, once an alkoxide ion intermediate is
formed, and OH™ may be a model of a base. We also
considered solvation of two H,O molecules. Paths AW,
BhW, and ChW denote the interaction of two H,O mole-
cules with two endoperoxide oxygen atoms in Paths AO,
Bh, and Ch, respectively.

HO
o2 - %
| O Isomerization §;|
o 4

2,3-dioxabicyclo[2.2.1]heptane 3-hydroxycyclopentanone (1 )

2.2 Theoretical calculations

We optimized structures with RHF [109], MP2 [104],
B3LYP [105, 106], and mPWILYP hybrid density func-
tional methods [106, 107] for investigating the validity of
computational methods. We also employed single-point
energy calculations at the CCSD(T)/6-31+G(d,p) level
[108] for optimized structures at the mPWILYP level of
theory. We used the 6-314+G(d,p) basis set for optimiza-
tions and the 6-311 + G(d,p) [110] basis set for single-
point energy calculations in some cases. We used GAMESS
[111] and Gaussian 03 softwares [112]. Normal coordinate
analyses were performed at stationary points on the poten-
tial energy surface. Zero-point energies (ZPE) were calcu-
lated based on normal coordinate analyses. Intrinsic
reaction coordinate (IRC) analyses [113-116] from the
transition states to reactants, intermediates, and products
were used for examining reaction pathways. Furthermore,
we added a few H,O molecules to consider explicit solva-
tion effects. Thermal corrections to the Gibbs free energy
(298.15 K, 1 atm) were added to the calculated energies.

3 Results

Figure 7 shows the energetics of the mPW 1LYP/6-314-G(d,p)
method that modeled GSH as MeSH in the gas phase. Figure 8
shows the stationary and saddle point structures in the iso-
merization reaction in the PGH, model. Table 1 shows natural
charges on o', 02, and S! for the model reactions.

3.1 Path AO

In Path A0, we found that MeS™ abstracted H' of 2,3-
dioxa-bicyclo[2.2.1]heptane and that 3-hydroxycyclopen-
tanone was produced through a transition state TSAQ with
the activation energy of 16.7 kJ/mol (with ZPE correc-
tions) and reaction energy of —251 kJ/mol (with ZPE
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Fig. 7 Energetics for the mechanism of isomerization of a PGH,
model in the gas phase at the mPWI1LYP/6-314+G(d,p) level with
corrections of ZPE. Energies are relative to the sum of the energies of
separated species

corrections) in a single step. As shown in Table 1, decrease
in the electron density of S! from —0.72e (INTAO0) to
—0.07e (PRAO) corresponds to the development of the
electron density of O? from —0.35¢ (INTAO) to —0.95¢
(PRAO). These results are consistent with B3LYP results
by very recent studies [100].

3.2 Path Bh

In Path Bh, at first, a backside attack on O' of the endo-
peroxide group by MeS™ occurs with O'-O? bond cleav-
age, followed by formation of an S—O' bond through the
transition state TSB. In this path, as shown in Table 1, as
the O' charge increases from —0.32e (INTB1) to —0.70e
(INTB2), the S' charge decreases from —0.70e (INTB1) to
+0.44e (INTB2) to become positive. Boys localized
Kohn—Sham orbital analyses demonstrated an interaction
between the g-orbital of S'~O" and the ¢* orbital of O'-0>
in TSB (Fig. 9) [117], indicating that this step can be
categorized as a nucleophilic attack. 3-Hydroxycyclopen-
tanone is then produced through H' abstraction of another
thiolate anion with cleavage of the S—O' bond. The acti-
vation energy of the first step O'-O? cleavage to yield
INTB2 is 38.7 kJ/mol, which is higher than that of the path
AO but a reasonable for the step to occur as reported in a
very recent paper [100]. The activation energy of proton
abstraction/S-O' bond cleavage of the second step from
INTB2 to PRB (=PRAO0 in Fig. 7) through TSBh is a large
value of 268 kJ/mol.

@ Springer

Table 1 Natural charges on Ol, o', Sl, and O® atoms at the reaction
of path A0, AW, Bh, Ch, and BhW at the mPWI1LYP/6-31+G(d,p)
level

o' o’ s! (o}
INTAO —0.34 —0.35 —0.72
TSAO —0.40 —0.51 —0.46
PRAO —0.63 —0.95 —0.07
INTAW —0.33 —0.39 —0.68
TSAW —0.36 —0.46 —0.55
PRAW —0.62 —0.95 —0.16
INTBI1 —0.32 —0.36 —0.70
TSB —0.33 —0.45 —0.56
INTB2 —0.70 —0.93 0.44
TSBh —0.59 —0.96 0.027 —1.13
PRBh —0.63 —0.95 —0.76
INTC1 —0.33 —0.32 —0.09
TSC —0.60 —0.71 0.62
INTC2 —0.72 —0.79 0.49
INTCh —0.71 —0.82 0.45 —1.39
TSCh —0.63 —0.82 022 —1.19
PRCh —0.64 —0.83 —0.63 —1.04
INTB1Wa —0.33 —0.34 —0.65
TSBWa —0.37 —0.47 —0.46
INTB2Wa —0.70 —0.95 0.48
INTB1Wb —0.33 —0.37 —0.65
TSBWb —0.34 —0.45 —0.54
INTB2Wb —0.70 —0.95 0.48
INTChWa —0.74 —0.84 0.43 —1.34
TSChWa —0.71 —0.84 0.30 -1.08
PRChWa —0.63 —0.85 —0.66 —1.07
INTChWb —0.74 —0.83 +0.44 —1.27
TSChWb —0.67 —0.82 +0.20 —1.10
PRChWb —0.63 —0.81 —0.64 —1.08
INTChWc —0.71 —0.84 0.46 —138
TSChWc —0.64 —0.84 0.25 —1.19
PRChWc —0.63 —0.86 —0.60 —1.04
INTChWd —0.70 —0.83 0.46 —1.28
TSChwd —0.63 —0.84 0.19 —1.14
PRChWd —0.65 —0.85 —0.62 —1.04
INTChWe —0.70 —0.82 0.45 —1.25
TSChWe —0.61 —0.81 0.09 —1.12
PRChWe —0.61 —0.82 —0.62 —1.08
INTChWT —0.70 —0.83 0.45 —1.28
TSChW{ —0.59 —0.85 0.13 —1.14
PRChWf —0.60 —0.85 —0.63 —1.08
INTChWg —0.73 —0.82 0.45 —1.27
TSChWg —0.63 —0.82 0.14 —1.14
PRChWg —0.61 —0.83 —0.62 —1.08
INTChWh —0.70 —0.81 0.43 —1.11
TSChWh —0.62 —0.82 0.12 —1.12
PRChWh —0.63 —0.82 —0.64 —1.07
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Fig. 8 Structures of stationary
points for the isomerization
reactions of a PGH, model.
Relevant distances are shown in
angstroms
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Fig. 9 Boys localized Kohn—Sham MO of TSB

3.3 Path Ch

When we investigated Path Bp, in which H* is additionally
bound to O” for Path B (Fig. 5), optimization of TS for the
nucleophilic attack of MeS™ on O' (0%) in Path Bp led to a
transition state (TSC) in the new Path Ch (Fig. 8), in which
MeS™ received a proton from the positively charged O*
(0%). In Path Ch, a lone pair of MeSH attacks O', and
S'-0' bond formation is then achieved through the tran-
sition state TSC. The alkoxide O? abstracts H* before
reaching INTC2 through IRC analysis. As shown in
Table 1, natural population analysis shows that the charge
in the electrophilic 0! increases from —0.33e (INTC1) to
—0.72e (INTC2) and the charge of S!' decreases from
—0.09¢e (INTC1) to +0.49¢ (INTC2) with formation of the
S—O' bond, suggesting that the reaction is also classified as
a nucleophilic attack, as in Path Bh. In the next step,
3-hydroxycyclopentanone complexed with an H,O mole-
cule and MeS™ (PRCh) was produced with H' abstraction
by an OH™ ion followed by S—O' bond cleavage from
INTCh, in which S interacts with a proton binding to the
O? atom. The activation energy of the first step for the
nucleophilic attack of MeSH through TSC is very high,
i.e., 190.3 kJ/mol, and that of the second step for the proton
abstraction by OH™ through TSCh is very low, i.e.,
9.0 kJ/mol (Fig. 7). It is noteworthy that the activation
energy of the second step in Path Ch decreases significantly
in comparison with that in Path Bh (268.0 kJ/mol), sug-
gesting that protonation of O? is very important for acti-
vating dissociation of the S—O bond.

3.4 Stepwise pathway

As discussed earlier, the second step of Path Bh (INTB2—
PRB) and the first step of Path Ch AINTC1-INTC2) can be

@ Springer

ruled out because of their high activation energies. INTC2
of Path C is a result of protonation of the O atom in INTB2.
Subsequently, in addition to the concerted pathway (Path
A), the stepwise pathway can also occur in the gas phase if
protonation occurs after formation of the S—O bond and an
alkoxide ion through INTB1, INTB2, INTC2, INTCh, and
PRCh. This stepwise pathway is denoted as Path (Bh—Ch).

3.5 Consideration of H,O solvation

As discussed earlier, there are several H,O molecules inside
the catalytic pockets of prostaglandin synthases. Figure 10
shows energetics of the system with explicit solvation of two
H,O molecules. Figure 11 shows stable and saddle point
structures in each reaction. If two H,O molecules are added
to O' and O? of Path AO (Fig. 8), this system is regarded as a
two-H,O-solvated Path AQ, denoted as Path AW. Paths BW
and ChW result from addition of two H,O molecules to
Paths B and Ch, respectively. There are several possibilities
for association of two H,O molecules with the O? of an
endoperoxide and the sulfide atom in Paths BW and ChW.
We compared two diaqua solvated paths, a concerted path-
way (Path AW), and a stepwise pathway [denoted as Path
(Bh—Ch)W] with each other (Fig. 11; Table 2). In Path AW,
a thiolate anion abstracts H' to produce 3-hydroxycyclo-
pentanone through a transition state TSAW with activation
energy of only 2.0 kJ/mol. In Path (Bh—Ch)W, in the first
step, a nucleophilic attack of a thiolate anion on O' followed
by O'-0? cleavage through TSBWa and TSBWb results in
INTB2Wa and INTB2Wb, respectively. In TSBWa, one
H,O molecule interacts with O' and O? and the other interact
with another H,O molecule. In TSBWb, two H,O molecules
interact with O' and O?, respectively. The energies of
TSBWa and TSBWb are comparable. The protonation of
O' in INTB2Wa and INTB2Wb yields INTChW. The
activation energies of the first step, S—O bond formation, and
the second step, proton abstraction through TSChWa, are
41.0 and 13.0 kJ/mol, respectively. The activation energies
both in the first and in the second steps are low enough to
complete the reaction course. There are eight possibilities in
the second step for INTChWx (x = a, b, ¢, d, e, f, g, h) to
PRBhWx. In TSChWa and TSChWb, an H,O molecule is
bridged between O' and O In the other TSChWx x =c,
d, e, f, g, and h), H,O directly interacts with o Among the
eight configurations of the paths, the lowest activation
energy of 13.2 kJ/mol for the second proton abstraction step
(Table 2) corresponds to the step through TSChWe from
INTChWec, in which proton abstraction takes place with a
pure OH™ ion, and an H,O dimer is complexed with the
hydroxyl O? atom. The second lowest activation energy of
30.0 kJ/mol for the second step (Table 2) corresponds to the
step through TSChWg, in which an OH(OH,) ™~ ion abstracts
an H' atom. The activation energy of 93.2 kJ/mol for the
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Fig. 10 Energetics for mechanisms of isomerization of a PGH, model
including two H,O molecules at the mPWI1LYP/6-314+-G(d,p) level
with corrections of ZPE. In Path(Bh-Ch)W, only the path through
TSBWa and TSChWa is shown. Energies are relative to the sum of the
energies of separated species (MeS™ + 2H,O + endoperoxide)

second step through TSChWb is higher than that in other
modes (Fig. 12).

We also compared the results of the model in the
absence of H,O molecules with those in the presence of
two H,O molecules. First, we considered Path A as a single
step path. Path AW including one H,O molecule decreased
the activation energies from 16.7 to 2.0 kJ/mol in com-
parison with Path AO, which involved no H,O molecule.
We believed that the reaction proceeds smoothly under
physiological conditions. Next, we compared stepwise
paths, Path (Bh—Ch)W and Path (Bh—Ch). In Path B,
association of two H,O molecules with each oxygen atom
of the endoperoxide decreased the activation energies for
the first step of Path BW from 41.9 to 41.0 kJ/mol
(INTB1Wa-TSBWa) and that for the second step from
9.0 kJ/mol (INTCh-TSCh) to 13.2 kJ/mol (INTChWc-
TSChWec in Table 2), in comparison with Path BO in the
absence of H,O molecules. Since INTB2 has a negatively
charged O in Path B0, O should be further hydrated or
protonated for stabilization of the intermediate and faster
transformation of the intermediate to the product. In sum-
mary, as mentioned earlier, even if we considered solvation
of two H,O molecules, both activation energies of the
single step pathway (Path A) and stepwise pathways [Path
(Bh—Ch)] are still low enough to allow the reaction to
proceed under physiological conditions.

3.6 Theoretical method evaluation
We performed single-point energy calculations using

mPWILYP/6-311 4+ G(d,p), B3LYP/6-314+G(d,p), MP2/
6-314+-G(d,p), and CCSD(T)/6-31+G(d,p) methods on the

stationary structures obtained by mPW1LYP/6-31+G(d,p)
in order to determine an appropriate method in this model
reaction system. Table 3 shows the activation energy AE"
and reaction energy AE for each reaction at the B3LYP/6-
314+G(d,p)//mPW1LYP/6-314+-G(d,p), MP2/6-31+G(d,p)//
mPWI1LYP/6-314+G(d,p), and CCSD(T)/6-314G(d,p)//
mPWI1LYP/6-314-G(d,p) levels. The table shows the stan-
dard deviation for each method with respect to the state-of-
the-art CCSD(T)/6-314+G(d,p)//mPW1LYP/6-31+G(d,p)
level. In Table 3, ZPE are not included in the energetics. As
shown in Table 3, the standard deviation of the mPW1LYP/
6-314-G(d,p) method was smaller than that of the B3LYP/6-
314-G(d,p)//mPW1LYP/6-31+G(d,p) method. In particular,
activation energies are underestimated by the B3LYP
method compared with the CCSD(T) energies, as expected
[118]. Therefore, investigation of the system shows that the
mPWI1LYP/6-31+G(d,p) method was superior to the
B3LYP/6-31+G(d,p) method. The standard deviation of
activation energies at the mPWILYP/6-314+G(d,p) level
gives the best performance among the three methods.
According to the standard deviation for reaction energies, the
MP2/6-314+G(d,p)//mPW1LYP/6-314+G(d,p) level gives
the best performance and the mPW 1LYP/6-31+G(d,p) level
gives the second best. The MP2 method is costlier than the
mPWI1LYP method, even though the MP2 method gives the
lowest standard deviation in the case of activation energies in
the presence of two H,O molecules. Consequently, we
concluded that the cost-effective mPWILYP/6-314G(d,p)
method can be used for investigating the reaction mecha-
nisms among the three methods.

4 Discussion

We examined possible reaction pathways (Paths AO, Bh,
and Ch; Fig. 5) to form PGD,/PGE, using density func-
tional calculations. As shown in Fig. 6, the energy of the
transition state of Path A0 (TSAO0), which starts with de-
protonation from the bridgehead carbon at the endoperox-
ide, is lower than that of the reactants by 36.9 kJ/mol,
whereas the relative energies of 4119 kJ/mol in TSC in
the second step of Path Bh and those of +180 kJ/mol in the
first step of Path Ch are too high. These theoretical results
support the prediction that GS™ is more reactive than GSH
when GSH attacks O' of the endoperoxide group [49].
We found that introduction of two H,O molecules into a
reaction system does not alter the energetics to a large
extent. In contrast, it was found that energies in Path A, the
first step of Path B, and the second step of Path C were
sufficiently low (9.0 kJ/mol in the gas phase and 13.2 kJ/
mol in the presence of two H,O molecules) for the reaction
to proceed at room temperature. Note that the activation
energies for the reaction of 1-chloro-2,4-dinitrobenzene
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Fig. 11 Structures of stationary
points for reaction systems
including two H,O molecules.
Relevant distances are shown in
angstroms
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Fig. 11 continued
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Table 2 Energies of stationary points for the proton abstraction
reaction relative to the energy of 2,3-dioxabicyclo[2.2.1]pentane in
path ChW and the activation energies (AE*) in the transition states

mPW ILYP/6-31+G(d.p) AE?*
INTChWa ~3977
TSChWa ~340.1 57.6
PRChWa —605.8
INTChWb —448.6
TSChWb ~355.4 932
PRChWb —611.1
INTChWe ~368.1
TSChWe —354.9 132
PRChWc —645.5
INTChWd —4279
TSChwd ~386.9 41.0
PRChWd —634.7
INTChWe —463.0
TSChWe —407.5 55.5
PRChWe —657.5
INTChWf —4275
TSChWf ~388.9 38.6
PRChWf —653.4
INTChWg —419.2
TSChWg ~389.2 30.0
PRChWg —658.7
INTChWh —462.4
TSChWh —400.6 61.8
PRChWh ~653.6

ZPE are corrected

catalyzed by Lucilia cuprina GST at 2.2-24.7 °C is 54 kJ/
mol [119]. Thus, as shown in Fig. 13, there is a possibility
of two types of reaction mechanisms. Path 1 starts with
proton abstraction of a thiolate anion. In the first step of
Path 2, the thiolate anion attacks O%. As discussed earlier,
O’ should be protonated to complete S—O dissociation.
When the environment of the substrate becomes acidic in
the presence of Tyr [44, 78] near the active site in H-PGDS
and mPGES-2, a base (B™) can deprotonate H* in the state
after the proton is added to O” in the second step. We are
not sure which species of the base is responsible for the
deprotonation. In mPGES-1, the Argl26 might be
responsible for both protonation of O” and deprotonation of
H” [70]. Figure 2 shows that the Ser45 and Thr67 residues
[33] are located surrounding the active site in a docking
model of L-PGDS with PGH,. We are still not sure which
species is responsible for Cys65 deprotonation. If the
L-PGDS catalyzed reaction occurs through Path 2, depro-
tonated hydroxycyclopentanone intermediate after the
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Fig. 12 Energetics for the reaction with two H,O molecules with
corrections of ZPE. Energies are relative to the sum of the energies of
separated species (MeSH + OH™ + 2H,0 + endoperoxide)

nucleophilic attack by a thiolate ion should be stabilized by
a proton [33]. Further studies are needed to give a complete
understanding of the whole catalytic mechanism.

Finally, we performed molecular docking simulations of
PGH, into H-PGDS using the AutoDock 4.0 Lamarckian
Genetic Algorithm [120-122]; however, we could not find
a good candidate for an H-PGDS-PGH, complex in which
the PGH; molecule is inside a catalytic pocket of H-PGDS.
To precisely investigate the effects of the enzyme (e.g.,
QM/MM calculations), it is necessary to have substrate
analog complexes with an enzyme. Site-directed muta-
genesis with a combination of MD simulation still provides
useful information for several possibilities of the binding
modes. Note that the docking simulations for PGH,/
mPGES-1, PGH,/mPGES-2, and PGH,/L-PGDS com-
plexes are already successful, although there are many
binding modes possible [32, 69, 100, 123]. Since there are
dissimilarities of catalytic pockets among various prosta-
noid synthases, the future biochemical, structural, and
computational studies are needed to explain the regios-
electivity of the outcome [123].

5 Conclusions

We investigated the reaction pathways of cyclopentanone
formation by MeS™ and an endoperoxide using quantum
mechanical calculations as a model of PGD,/PGE, bio-
synthesis from PGH,. First, based on the state-of-the-art
CCSD(T)/6-31+G(d,p) energies, the energetics at the
mPWI1LYP/6-31+G(d,p) and MP2/6-314+G(d,p) levels are
superior to those at the B3LYP/6-314+G(d,p) level. Fur-
thermore, the lower cost mPWI1LYP/6-31+G(d,p) level
can be discussed in similar terms as the MP2/6-31+G(d,p)
level. We have proposed two pathways. Although there is a
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Table 3 Activation energies (AEI) and reaction energies (AEi) in kJ/mol at the several level of theory, with values of standard deviation (o) at
each level of theory from the values for CCSD(T)/6-31+G(d,p)//mPW1LYP/6-31+G(d,p) as a reference

mPWILYP/ B3LYP/6-314+G(d,p)/ MP2/6-314+G(d,p)// CCSD(T)/6-31+G(d,p)/
6-314+G(d,p) mPWILYP/6-31+G(d,p) mPWILYP/6-31+G(d,p) mPWILYP/6-31+G(d,p)

AE*(TSAO-INTAO) 26.3 15.4 25.1 29.2
AE (PRAO-INTAO) —1785 —182.0 —177.3 —166.5
AEY(TSAW-INTAW) 7.64 0.7 7.8 8.4
AE (PRAW-INTAW) —339.7 —336.4 —334.9 —321.8
AEY(TSB-INTB1) 45.1 40.4 483 432
AE (INTB2-INTB1) —105.5 —104.2 —1245 —112.7
AE*(TSBh-INTB2) 329.8 321.7 311.8 333.9
AE (PRBh-INTB2) —87.7 —91.1 —67.8 —67.5
AEX(TSC-INTC1) 194.3 186.6 225.8 178.0
AE (INTC2-INTC1) —211.5 —207.6 —229.3 —217.6
AEY(TSCh-INTCh) 253 18.4 46.4 445
AE (PRCh-INTCh) —255.5 —257.5 —220.3 —223.1
AE*(TSBWa-INTB1Wa) 45.0 38.5 443 39.1
AE (INTB2Wa-INTB1Wa) —147.7 —1455 —174.7 —162.6
AE*(TSBWb-INTB1Wb) 257 226 252 20.5
AE (INTB2Wb-INTB1Wb) —169.8 —167.2 —191.5 —1783
AE*(TSChWa-INTChWa) 65.0 60.1 79.3 732
AE (PRChWa-INTChWa) —211.0 —210.7 —1779 —180.1
AE*(TSChWb-INTChWb) 107.6 102.7 119.8 113.5
AE (PRChWb-INTChWb) —159.2 —159.4 —125.4 —1283
AE*(TSChWc-INTChWe) 304 222 52.8 50.4
AE (PRChWc-INTChWc) —2716 —2743 —2343 —236.9
AE*(TSChWd-INTChWd) 53.7 46.1 69.9 67.9
AE (PRChWd-INTChWd) —204.7 —206.8 —169.0 —1724
AEX(TSChWe-INTChWe) 70.5 61.6 85.6 88.0
AE (PRChWe-INTChWe) —194.1 —194.4 —162.3 —163.9
AE*(TSChW{-INTChWT) 52.5 43.9 72.2 71.9
AE (PRChW{-INTChWf) —228.8 —229.0 —199.4 —201.5
AEXTSChWg-INTChWg) 41.8 34.2 59.2 58.9
AE (PRChWg-INTChWg) —2423 —2432 —207.0 —208.0
AE*(TSChWh-INTChWh) 74.9 65.9 88.7 89.8
AE (PRChWh-INTChWh) —192.6 —194.5 —166.4 —168.1
G(AE ) yithout water molecules 115 14.8 23.7

0(AE)without water molecules 18.4 20.8 9.0

O(AE ) it water molecules 134 19.7 3.6

0(AE)yith water molecules 27.3 28.2 7.0

6(AEM). 12.5 17.8 13.3

G(AE) 24.9 26.1 7.6

Note that ZPE are not included

considerable energetic difference between the two path-
ways, we cannot determine the most probable pathway in
the present stage. Although the enzyme itself is not
included in our present model, the results indicate that the
reaction occurs with low activation energy, even in the

absence of synthases. Enzymes usually exist to decrease
the activation energy for reactions [124]. Both PGDS and
PGES act as cofactors in the deprotonation of thiols.
However, the roles of PGDS and PGES are still unknown
and remain an interesting topic of research in biochemistry.
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