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Abstract: Recent advances in topological and structural characterization of the prostacyclin (PGl,) and
thromboxane A, (TXA,) synthases have led to the understanding of the biosynthesis of PGI, and TXA, at a
structural level. This mini-review focuses on the molecular mechanism of the isomerization of the
prostaglandin H, to PGI, and TXA, by their synthases in the endoplasmic reticulum (ER) membrane
coordinated with cyclooxygenase-1 or -2. This review summarizes the evidences in which the biosynthesis of
PGI, and TXA, are influenced/modulated by the membrane anchor residues of the synthases and the ER
membrane itself, and provides the structural basis for engineering the synthases for the next generation of gene

therapy and drug designs targeting the specific synthases.

1. INTRODUCTION

Eicosanoids are a family of bioactive, oxygenated
metabolites of polyunsaturated fatty acids. The major
eicosanoids synthesized by vascular smooth muscle,
endothelium and platelets are prostaglandins and
thromboxane [1,2]. These compounds are formed via the
"cyclooxygenase" (COX) pathway from arachidonic acid
(AA) in three steps [1,3]: (a) stimulus-induced mobilization
of AA from membrane phosphoglycerides; (b) conversion of
AA to the prostaglandin endoperoxide (prostaglandin H,
(PGHj)), by COX; and (c) isomerization of PGH; to
biologically active end-products prostaglandin D, (PGD;),
prostaglandin E, (PGEj), prostacyclin (or called
prostaglandin I, (PGI,)) or thromboxane A; (TXA,) by
individual synthases in a tissue specific manner [3] (Fig. 1).

TXA,, produced from PGH, by TXA, synthase (TXAS),
has been implicated in various pathophysiological
conditions as a proaggregatory and vasoconstricting mediator
causing thrombosis, stroke and heart attack [4,5]. PGH, is
also converted to PGI, by PGI, synthase (PGIS). PGI, is the
main AA metabolite in vascular walls and has opposing
biological properties to TXAj, representing the most potent
endogenous inhibitor of platelet aggregation [6]. PGI; is
also a strong anti-hypertensive agent through its vasodilatory
effect on vascular beds. Thus, it serves as one of the most
important cardiovascular protectors. PGIS is mainly present
in vascular endothelial cells and smooth muscle cells [7-10].
The PGIS and TXAS genes have been cloned from several
sources by our research group and others [11-15]. The two
synthases were characterized as cytochrome P450s by optical
and EPR spectroscopy, but they lack the monooxygenase
activity found in other P450s [16-18]. Like many other
membrane-bound mammalian P450s, PGIS and TXAS are
both located in the endoplasmic reticulum (ER). As PGI,
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and TXA, play important roles in physiological and
pathological actions, their productions, in quick response to
the biological and pathological changes in the human body
by keeping efficient co-ordination of PGIS and TXAS with
the up-stream synthase, COX-1 or -2 in vivo, are extremely
important.
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Fig. (1). Biosynthesis of the prostanoids.

In this review, the current structure/function studies
described focused upon understanding how the topology and
structures of the membrane anchor domains of PGIS and
TXAS influence their enzyme functions and their
coordination with upstream COX-1 or -2 in the biosynthesis
of TXA, and PGI, in the native membrane-bound
environment. The data summarized here are essentially
generated by our research group.

© 2004 Bentham Science Publishers Ltd.
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2. MOLECULAR MODELING OF PGIS AND TXAS

It is believe that cytochrome P450 enzymes share similar
backbones in protein folding evidenced by the structural
similarity in the crystallographic structures known for
several soluble bacterial P450s, including P450.,, [19],
P450gMm.3 [20] and P450¢, [21], and an engineered
microsomal P450 (P450 2C5) with deleted N-terminal
membrane anchor domain and modified helix F/G loop
[22,23]. Several 3D structural models of the catalytic
domains of mammalian P450s have been constructed by
homology modeling based on the crystal structures of the
soluble P450s. P450g\.3 is considered to be functionally
and structurally related to the microsomal P450s including
PGIS and TXAS [20,24], as reflected in their about 25%
sequence identity and their substrate similarities. PGH>, the
substrate for PGIS and TXAS, is derived from AA that is
also a substrate for P450gp.3. Thus, the substrate binding
cavities and docking sites of PGIS and TXAS are likely to
have general structural features roughly similar to P450gps.3.
Thus, the x-ray structure of P450g\.3 provides a useful
template for PGIS and TXAS model construction. We have
constructed working 3D structural models for human PGIS
[25] (Fig. 2A) and TXAS [24] (Fig. 2B) based on the
crystallographic structure of the P450gy.3. The overall
features of these 3D models of TXAS and PGIS have been
supported by our site-directed mutagenesis of several
important residues in the predicted substrate- and haeme-
binding sites [25-26]. Recently, we have also constructed the
3D structural model of PGIS [27-29] and TXAS (data not
published) using the engineered microsomal P450 2CS5. One
major limitation of the homology modeling for PGIS and
TXAS was that they provided no structural information
about the N-terminal membrane anchor structures and about
the membrane topology because the soluble P450s and
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engineered P450 2CS5 used as templates lack N-terminal
membrane anchor domains [22-24,30]. The PGIS and TXAS
models have played important roles to guide our
experimental designs for the structural and functional
characterization and topology studies of the synthases.

3. OVERALL MEMBRANE TOPOLOGY OF THE
CATALYTIC DOMAINS OF PGIS AND TXAS

To understand the biosynthesis of PGI, and TXA, in the
ER environment through coordination with COX, it is
crucial to localize the catalytic domains of the synthases in
respect to the ER membrane. Kinetic studies for PGIS and
TXAS using several specific inhibitors with modified PGH,
endoperoxide oxygen structures suggested that the C-9
endoperoxide oxygen of PGH, is likely to interact with the
heme ferric iron of TXAS [31]. In contrast, the C-11
endoperoxide oxygen of PGH, interacts with the heme iron
of PGIS [31]. This brings up interesting questions of how
the protein structures and the membrane environment
influence the substrate presentations differently in the
synthases.

The overall membrane topology of microsomal P450s
has been proposed to have two possible models: (a) the large
catalytic domain exposed on the cytoplasmic side of the ER
membrane with an N-terminal membrane anchor, or (b) deep
immersion of the catalytic domain in the ER membrane
[32]. To find out which membrane topological model is
adopted by PGIS and TXAS, we have characterized the
membrane topology of the catalytic portion of PGIS using
site-specific antibodies targeted at specific protein segments
identified as being surface-exposed by molecular modeling.
The 3D working model of human PGIS, constructed by
homology modeling using the P450g .3 crystal structure as

Fig. (2). Putative overall structural models of PGIS (A) and TXAS (B). The 3D structural working models were constructed by
homology modeling using P450g).3 as a template [24,25]. The dark lines in the center of the models indicated heme. The N- and C-

terminal positions were indicated with N and C respectively.
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a template (Fig. 2A), was used to design three hydrophilic
peptides corresponding to different regions of the putative
surface portion of PGIS, along with a N-terminal
hydrophobic peptide (residues 1-28). Each peptide was
synthesized and used to prepare the site-specific antibodies.
All of the three antibodies against the putative surface
segment of PGIS had high titer and specifically recognized
human PGIS [33]. In contrast, the hydrophobic N-terminal
peptide antibody had a much lower titer binding to the PGIS
protein. The overall arrangement of the PGIS polypeptide
with respect to the ER membrane was examined by
immunocytochemistry in COS-1 cells transiently transfected
with recombinant human PGIS ¢cDNA and in ECV cells
expressing endogenous PGIS [33]. The immunofluorescence
staining for the cells with selective permeabilization of the
plasma membrane using streptolysin O indicated that all of
the three-peptide antibodies against the putative surface
segments had access to their targets on the cytoplasmic side
of the ER membrane. These results directly support both the
structural model for PGIS based on P450gps.3, in which the
segments are located on the protein surface, and the
membrane topology model in which PGIS has the bulk of
the catalytic domain exposed on the cytoplasmic side of the
ER membrane [33]. To test whether the catalytic domain of
TXAS is similar to PGIS located on the cytoplasmic side of
the ER, similar immunocytochemistry studies had been
performed as described [33]. A putative surface segment
(residues 373-390) predicted from the 3D structural model of
TXAS, corresponding to the residues 353-368 of PGIS was
synthesized and used for peptide antibody production. The
site-specific antibody recognized TXAS protein with a high
titer. The cell staining results indicated that the peptide
antibody had access to its target on the cytoplasmic side of
the ER membrane (data not shown). This information
directly demonstrated that the localization of the segment of
TXAS is likely similar to PGIS on the cytoplasmic side of
the ER, and has led to propose a model for the topological
arrangement of PGIS and TXAS coordinated with PGHS in
the biosynthesis of PGI, and TXA; in the ER membrane as
shown in Fig. 3. In this “global” model, AA passes through
the ER membrane, binds to COX-1 or -2 localized on the
inside of the ER membrane and is converted into PGH, by
the enzyme. And then the PGH, moved to the down stream
synthases, PGIS or TXAS is through the ER membrane and
binds to the catalytic sites of the synthases located on the
cytoplasmic side, where it is converted to PGI; or TXA,.

4. PRESENTATION OF THE PGH, TO PGIS AND
TXAS FROM COX IN THE ER MEMBRANE

Despite the two isoforms, COX-1 and -2 have been
crystallized and 3D structure were used to understand the
topological arrangement on the ER membrane and the
reaction mechanism of the conversion of AA to PGHj,
however, little information is available for the precise
presentation of the COX product, PGH, to the downstream
PGIS and TXAS at the structural level, particularly in vivo,
in membrane bound environments. The findings of the
topological arrangement of the catalytic domains of PGIS
and TXAS shown in Fig. 3 have led us to hypothesize that:
The ER membrane itself and membrane anchor domains of
PGIS and TXAS are involved in coordination between COX
and PGIS or TXAS. In the Fig. 3 model, whether the PGH;
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is presented to the synthase by directly crossing through the
hydrophobic membrane or being exposed to the cytosol aqua
and then moving into the binding side of the synthase is
dependent on the orientation of the substrate access channel
opening. Because the PGH, is not stable in polar
environments, the paths of the hydrophobic membrane and
polar medium in cytosol will make a difference in the rapid
biosynthesis of PGI, and TXA, in response to the
environment stimulation. Elucidation of their topological
arrangement of the substrate channels of PGIS and TXAS in
respect to the ER membrane is an important step to
understand the path of PGH; presented to the synthases.

P

PGL,

Lumen

TXA,

Fig. (3). The proposed location of the PGIS, TXAS, and COX-1
and -2 in respect to the ER membrane. The two synthases, PGIS
and TXAS are likely to be at the cytoplasmic side of the ER
membrane, which are opposite to the COX-1 and -2 located at
the luminal side of the ER membrane.

The topology model having the large PGIS cytoplasmic
domain anchored to the endoplasmic reticulum (ER)
membrane by the N-terminal segment orients the substrate
access channel opening to face the membrane. To test this
orientation, we have explored the accessibility of the PGIS
substrate channel opening to site-specific antibodies. The
working 3D PGIS model, constructed by protein homology
modeling (Fig. 2A), was used to predict surface portions
near the substrate access channel opening. Two peptides
corresponding to the surface immediately near the opening
[residues 66-75 (P66-75) and 95-116 (P95-116)], and two
other peptides corresponding to the surface about 10-20 A (1
A=0.1 nm) away from the opening [residues 366-382 (P366-
382) and 472-482 (P472-482)] were used to prepare site-
specific antibodies. All four anti-peptide antibodies
specifically recognized the synthetic segments of PGIS and
recombinant human PGIS protein, as shown by binding
assays and Western-blot analysis. The site-specific
antibodies were used to probe the accessibility of the
substrate access channel opening in transiently transfected
COS-1 cells expressing recombinant human PGIS, and in
spontaneously transformed human endothelial cell line ECV
cells expressing endogenous human PGIS [34].
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Fig. (4). The substrate access channel orientation of the PGIS and TXAS in respect to the ER membrane. The proposed substrate access
channel opening of the PGIS and TXAS are positioned close to the ER membrane and covered by the membrane.

Immunofluorescence staining was performed for cells
selectively permeabilized with streptolysin O and for cells
whose membranes were permeabilized with detergent.
Antibodies to peptides in the immediate vicinity of the
substrate channel (P66-75 and P95-116) bound to their
targets only after general permeabilization with Triton X-
100. In contrast, the two antibodies to peptides further from
the channel opening (P366-382 and P472-482) bound to
their targets even in cells with intact ER membranes [34].
These observations support our topology model in which the
PGIS substrate access channel opening is positioned close to
the ER membrane (Fig. 4). From these studies we concluded
that the substrate access channel faces the ER membrane and
is covered by the membrane. This raised the possibility that
the bilayer itself forms part of the access channel. In this
case, the PGIS lipophilic substrate, PGH,, derived from AA
by COX-1 or -2, would then have ready access to the
substrate-binding site of PGIS without even leaving the
membrane to contact the polar medium. This is consistent
with the results from the studies of the relationship between
the ER membrane and the substrate access channel for other
P450s using hydrophobic drugs [35,36], and fluorescence
energy transfer [37].

5. STRUCTURAL AND FUNCTIONAL STUDIES OF
THE N-TERMINAL MEMBRANE ANCHOR
DOMAINS OF PGIS AND TXAS

To more precisely define the orientation of the substrate
access channel and the substrate presentation, it is important
to identify the membrane anchor residues, and to test
whether the hydrophobic membrane anchor residues and the
membrane itself facilitates the substrate presentation.

The hydrophobic N-terminal domain of PGIS and TXAS
were synthesized, and the secondary and 3D structures and
membrane anchor residues had been characterized.

a. Secondary Structure and Membrane Anchor Function
of the N-Terminal Domain of PGIS

PGIS and TXAS have only 16% amino acid sequence
identity. Hydropathy analysis suggests that the putative N-

terminal membrane anchor domain of PGIS is similar to
many other membrane-bound microsomal P450s, which are
thought to be anchored by a single transmembrane segment,
and thus different from the TXAS anchor, which appears to
have longer transmembrane segments [38]. To characterize
the membrane anchor function of the PGIS N-terminal
region, two overlapping peptides, mimicking putative N-
terminal membrane anchor segments of PGIS were
synthesized and their ability to insert in a lipid bilayer was
evaluated. These peptides contain residues 1-28 (LP1) and
residues 25-54 (LP2) of human PGIS. The results indicated
that the LP1 peptide of PGIS became bound to the lipid
bilayer, whereas the LP2 peptide could not bind to the lipid.
The LP1 peptide was further characterized as to their
conformation using CD spectroscopy. Helical structure was
induced in the LP1 peptide by addition of trifluoroethanol
(TFE), or dodecylphosphocholine (DPC), or by
incorporation into liposomes, indicating that these segments
tend to adopt a helical structure in a hydrophobic
environment, and thus could function as membrane anchor
segments [39]. Identical results were obtained by similar
experiments using a well-characterised P450 2C1 as a
control [39]. These results support that PGIS, like P450
2C1, appears to have a membrane anchor segment in the N-
terminal region within the first 28 residues [39].

b. Solution Structure and Topology of the N-Terminal
Membrane Anchor Domain of Prostaglandin I,
Synthase

To further identify the membrane anchor residues in the
N-terminal region, the solution structure of the PGIS LP1
peptide was determined by 2D 'H NMR spectroscopy in
TFE and DPC micelles, which mimic the hydrophobic
membrane environment. A combination of 2D NMR
experiments, including NOESY, TOCSY and double-
quantum-filtered COSY, were used to obtain complete 'H
NMR assignments for the peptide. Using the NOE data
obtained from the assignments and simulated annealing
calculations; the solution structure of the N-terminal
membrane domain was obtained. The PGIS N-terminal
domain reveals a bent-shaped structure comprised of an
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Fig. (5). Overall topology of the N-terminal membrane anchor domain of PGIS. The NMR 3D structure of residues 1-25 (dark line) of
human PGIS was grafted on to a structural working model (backbone) constructed by homology modeling using P450g);.3 as a
template [24,25], and then inserted into the ER membrane with the first 20 hydrophobic residues [27]. The helix F/G loop was labeled
with letters. The proposed substrate access channel was indicated with an arrow.

initial helix (residues 3-11), followed by a turn (residues 12-
16) and a further atypical helix (residues 17-23) [27]. The
hydrophobic side chains of the helix and turn segments
(residues 1-20) are proposed to interact with the hydrocarbon
interior of the phospholipid bilayer of the ER membrane.
The hydrophilic side chains of residues 21-25 (Arg-Arg-Arg-
Thr-Arg) point away from the hydrophobic residues 1-20 and
are expected to be exposed to the polar environment on the
surface of the ER membrane on the cytoplasmic side. The
distance between residues 1 and 20 is approximately 20 A,
which is less than the thickness of the lipid bilayer (Fig. 5).
This indicates that the N-terminal membrane anchor domain
of PGIS may not penetrate the ER membrane. The
membrane anchor segment features in the N-terminal
domains of other microsomal P450s may be similar to
PGIS. Thus, the first NMR solution structure of the N-
terminal domain is not only for PGIS, but also serves as a
reference structure for other microsomal P450 superfamily
members since no crystal structure for the N-terminal
membrane anchor domain is available for any microsomal
P450 enzyme.

6. STRUCTURE AND MEMBRANE CONTACT
FUNCTION OF THE PGIS HELIX F/G LOOP

It has been reported that by simply removing the N-
terminal domain of the microsomal P450s, the enzymes still
associated with the membrane. Larson et al [40] expressed

rabbit liver P450 2E1 in E. coli and found that the enzyme
was localized to the inner membrane even when residues 3-
29 were deleted. Yabusaki et al [41] obtained similar results
when residues 1-30 were removed from a P450 expressed in
yeast. These results suggest that the residues 1-30 at the N-
terminus for the microsomal P450 enzymes are not the only
membrane anchor component in the protein. Our working
models for overall membrane topology of PGIS and TXAS
have suggested that the helix F/G loop (corresponding to the
helix F/G loop of the crystal structure of P450g);.3) may
contact the ER membrane (Fig. 2). This interaction might
explain why the deletion of the N-terminal membrane anchor
regions of TXAS [42,43] and other microsomal P450s
[40,41] did not release the proteins from the membrane.
Direct support for the interaction of the F/G loop with the
membrane comes from recent crystallography studies, in
which modification of the F/G loop residues in a
microsomal P450 enzyme, P450 2C5, lacking N-terminal
residues 3-21, resulted in a soluble form which could be
crystallized without using detergent [22,23]. In our PGIS
and TXAS models, the helix F/G loops are in a position to
influence the orientation of the substrate access channel with
respect to the ER membrane (Fig. 2). Thus, characterization
of the membrane contact function of the helix F/G loop has
become a key step in further defining the PGIS and TXAS
membrane topologies and substrate channel orientations,
along with determining the influences of the F/G loop on
the enzyme catalytic activity.
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a. Identification of the Residues Contacted with the ER
Membrane in the Helix F/G Loop of PGIS

To provide direct experimental data to see whether the
helix F/G loop of PGIS contains a membrane contact region
distinct from the N-terminal membrane anchor domain, we
have explored the relationship between the ER membrane
and the PGIS helix F/G loop using high resolution 2D
NMR spectroscopy and spine labeled technique. Using the
distance between the F/G helix measured from the PGIS
model as a guide, the helix F/G loop was mimicked in a
synthetic peptide by introducing a spacer to maintain the
distance of about 7 A (PGIS residues 208 and 230). The
synthetic peptide was constrained on both ends through a
disulfide bond with added Cys residues [28]. The orientation
and the residues contacted with the membrane of the PGIS
F/G loop were evaluated from the effect of incorporation of a
spin-labeled 12-doxylstearate into the center position of the
DPC micelles in the present of the peptide using 2D 'H
NMR spectroscopy. The proton resonances of three residues
in the peptide inserted into the DPC micelles were clearly
perturbed by the paramagnetic effect of the spin labeled
compound in the micelles. The three residues demonstrated
to be incorporated into the DPC micelles in the peptide are
corresponding to the PGIS residues, L217, L222 and V224
[28]. These results indicated that the residues are involved in
contact with the ER membrane in the native membrane-
bound PGIS. These studies provided the first experimental
evidence localizing the membrane contact residues in the
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helix F/G loop region of the microsomal P450 and are
valuable to further define the membrane topology of PGIS
and those of other microsomal P450s in the native
membrane environment.

b. Solution Structure of the Helix F/G Loop of PGIS

To demonstrate the membrane contacts of the F/G loop
region in the native PGIS in 3D structural terms, the
solution structure of the constrained PGIS F/G loop peptide
was also determined. High-resolution !'H 2D NMR
experiments including TOCSY, DQF-COSY and NOESY
spectra were collected for the F/G loop. Through the
combination of 2D NMR experiments in the presence of
DPC micelles used to mimic the membrane environment,
complete 'H NMR assignments of the F/G loop segment
were obtained and the solution structure of the peptide was
determined. The PGIS F/G loop segment shows a defined
helix turn helix conformation, which is similar to the 3D
crystallography structure of P450g).3 in the corresponding
region. The identified membrane contacted residues in the
F/G loop of PGIS were highlighted when the 3D structure of
the F/G loop peptide was adopted into the 3D working
model bound to the ER membrane. The substrate access
channel is stabilized by the L.217, L22 and V224 in the F/G
loop and the first 20 hydrophobic residues in the N-terminal
domain of the PGIS (Fig. 6). The orientation of the
substrate access channel favors adopting the lipophilic

C-terminus —

Fig. (6). Configuration of the NMR structure of the PGIS F/G loop relative to the PGIS 3D structural working model (residues 1-500),
which was constructed as described in Fig. 5. The NMR structure of the F/G loop (dark bold line) and the N-terminal segment (light
bold line) were grafted to the corresponding region of the model. The side chains of the residues (Leu217, Leu222, Val224) within the
F/G loop in contact with the ER membrane were shown. Heme (dark) and substrate (light) were displayed in the center of the model

[28].
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substrate, PGH>, into the binding site of PGIS from the
membrane in a highly efficiency way.

7. MEMBRANE ANCHOR REGIONS ARE
INVOLVED IN SUBSTRATE PRESENTATION

As the model shows in Fig. 5, the hydrophobic
membrane anchor residues in the N-terminal and the F/G
loop region are highly probable to be involved for the
substrate presentation. To test this hypothesis, we have
explored an approach to identify the residues in the N-
terminal and the helix F/G loop domains important to the
catalytic function of the membrane-bound PGIS and TXAS
by 2D NMR experiment and mutagenesis methods.

The first evidence showing the interaction between the
substrate and the membrane anchor domains was shown by
the interaction between the TXAS N-terminal domain and
the PGH, analog, U44069 in a membrane environment
using high resolution 2D NMR spectroscopy studies [44]. A
synthetic peptide corresponding to the N-terminal membrane
anchor domain (residues 1-35) of TXAS, which adopted a
stable helical structure and exhibited a membrane anchor
function in the membrane-bound environment identified by
CD spectroscopy, was used to interact with a stable PGH,
analog, U44069. 2D 'H NMR experiments, NOESY and
TOCSY, were performed to solve the solution structures of
U44069 in a membrane-mimicking environment using DPC
micelles. Completed 'H NMR assignments were obtained,
and the data were used to construct 3D structures of the
PGH, analog in DPC micelles, showing the detailed
conformation change upon the interaction with the
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membrane anchor domain. Different conformations of
U44069 were clearly observed in the presence and absence of
the TXAS N-terminal membrane anchor domain. This
observation supported the presence of a substrate interaction
site in the N-terminal region of TXAS. This implied that the
presentation of PGH; to the binding site of the membrane-
bound TXAS through the substrate access channel can be
influenced/modulated by the N-terminal membrane domain.

Very recently, the constrained F/G loop peptide of PGIS
was used to interact with the enzyme substrate analogue,
U46619 (another stable PGH, mimic). High-resolution 2D
NMR experiments were performed to determine the contacts
between the F/G loop peptide and U46619. The interaction
was confirmed by the observation of the conformational
changes of the peptide and U46619 using the comparison of
the cross-peaks between the NOESY spectra of U46619 with
the peptide, without the peptide, and the peptide alone.
Through the combination of the 2D NMR experiments,
completed '"H NMR assignments of the F/G loop segment
in the presence and absence of U46619 were obtained, and
the intermolecular NOEs were used to predict the contact
residues (Leu214 and Pro215) of the F/G loop with the
PGIS substrate. The predicted influence of residues on
enzyme catalytic activity in membrane-bound environments
was further confirmed by the site-directed mutagenesis of the
F/G loop residues of human PGIS [29]. The observations
supported that the F/G loop is involved in forming the
substrate access channel for membrane-bound PGIS and that
the substrate presentation to the binding site of the
membrane-bound synthase could be influenced/modulated by
the F/G loop residues (Fig. 7).

Fig. (7). Refined topological model of the native PGIS in respect to the ER membrane with the NMR structures of the bound form of
F/G loop (dark bold line) and the N-terminal segment (light bold line) connected. The side chain of the identified residues (Leu214
and Pro215) that contacted with U46619 were displayed. U46619 was placed in the position of the substrate access channel based on
the data from the NMR experiments [29]. Heme was displayed in the center of the model.
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Fig. (8). A model of the coordination of PGIS and COX in the biosynthesis of PGI, in the ER membrane.

8. COORDINATION OF PGIS OR TXAS AND COX
IN THE BIOSYNTHESIS OF PGI, AND TXA; IN
THE ER MEMBRANE

Crystallographic studies of detergent-solubilized COX-1
and -2 suggest that the catalytic domains of the proteins lie
on the lumenal side of the ER, anchored to the ER
membrane by hydrophobic side chains of amphipathic
helices A-D (Fig. 8). These hydrophobic side chains of the
membrane anchor domains also form an entrance to the
substrate-binding channel and potentially form an initial
docking site for the lipid substrate, AA [45,46]. The
topology models, developed from the above studies, of
PGIS and TXAS, have their proteins localized on the
cytoplasmic side of the ER and the substrate access channel
entrances opened to the ER membrane. The inside-by-
outside arrangement in the ER membrane for COX and
PGIS/TXAS reflects that their coordination in the
biosynthesis of PGI, and TXA; is facilitated by the
enzyme’s anchoring in the lipid membrane and the ER
membrane itself (Fig. 8). This suggested that the efficiency
of eicosanoid biosynthesis will be different in the soluble
and the membrane-bound enzymes. One indication of such
differences has been reported from Eling et al [47] who
found channeling of AA through prostaglandin G, (PGGj)
to PGH, in microsomal PGHS, but not in detergent-
solubilized PGHS. Another observation, which supports this
hypothesis, is that COX side products are much less
plentiful in the biosynthesis of PGI, and TXA, with intact
membrane-bound systems as compared to solubilized
enzymes. This suggests that the lipid substrates, AA and
PGHj, have higher-efficiency access to the active sites, and
less chance to be degraded, in the membrane-bound system
compared to the cytosol aqueous system. The details of the
coordination between the COX enzymes with PGIS/TXAS
in the ER membrane, which includes the physical contact of
the synthases, dynamic changes of the topological

arrangement of the synthases and the different PGH,
presentations between the membrane bound PGIS and
TXAS, remain challenging in the eicosaniod biosynthesis
studies.

9. CONCLUSIONS

Overall, the information described above included that: a.
3D structural working models of human PGIS and TXAS
constructed by molecular modeling using P450g).3 and
2C5 as templates could be used as initial guides to design
experiments for structural and functional studies of the
synthase; b. Catalytic domains of PGIS and TXAS are
localized on the cytoplasmic side of the ER membrane; c.
The substrate access channel of PGIS faces toward and is in
contact with the ER membrane; d. The 3D solution
structures of the N-terminal and F/G loop domains of PGIS
in membrane-bound environments have been solved; e. The
membrane anchor residues within the N-terminal domain and
F/G loop have been identified; f. The residues within the N-
terminal membrane region of TXAS and in the F/G loop
that influenced the substrate presentation have been
determined; g. The presentation of PGH, from COX to
downstream PGIS or TXAS is within the ER membrane.
These findings have provided a great advancement in our
understanding the biosynthesis of PGI, and TXA; in the
native ER membrane via COX pathway at cellular and
submolecular levels and provide the structural basis in the
synthase engineering for the next generation gene therapy
and drug designs specifically targeting the biosynthesis of
PGI, and/or TXA; in vivo.
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