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1. INTRODUCTION AND OVERVIEW OF CYCLOOXY-
GENASE PATHWAYS

Prostanoids are cyclic, oxygenated products of w3 and w6 20- and
22-carbon essential fatty acids (FAs) that are formed enzymatically
through “cyclooxygenases”. Prostaglandin endoperoxide synthases -1
and -2 (PGHS-1 and -2), which are also known as cyclooxygenases -1
and -2 (COX-1 and -2), catalyze the committed step in the bio-
synthesis of prostanoids (Figure 1). These compounds include what
are sometimes referred to as the “classical” prostaglandins (PGs)
PGD, PGE, and PGF as well as prostacyclins denoted as PGI's and
the thromboxanes abbreviated Tx’s; monohydroxy acids can also be
formed via PGHSs, but information on the Possible physiologic
importance of such compounds is incomplete.' > The most abun-
dant prostanoids are the “2-series” compounds (e.g, PGE,) that are
formed from arachidonic acid (AA; 5Z,8Z,11Z,14Z-eicosatetraenoic
acid; 20:4 w6; Figure 1). The “2” denotes the number of carbon—
carbon double bonds in the product.

PGHSs catalyze two distinct reactions that occur at physically
distinct but functionally interacting sites. The cyclooxygenase
(COX) reaction is a bisoxygenation in which two O, molecules
are inserted into the carbon backbone of AA to yield PGG,
(Figure 1). The peroxidase (POX) reaction is a transformation
in which the 15-hydroperoxyl group of PGG, undergoes a net
two-electron reduction to PGH, plus water. The POX reaction is

important in the enzyme mechanism, but other peroxidases such
as glutathione peroxidase may contribute importantly to the
reduction of PGG, to PGH, in vivo.

PGH, is thought not to accumulate in cells but rather to be
converted quickly to what are considered the biologically rele-
vant, downstream products. There are specific synthases in-
volved in forming PGD,, PGE,, PGF,,, PGI,, and TxA, from
PGH,. Except for the case of PGF,,, which is formed by a two-
electron reduction of PGH,, these enzymes catalyze nonoxida-
tive rearrangements. Finally, there is a PGH 19-hydoxylase that
converts PGHs to their corresponding 19-hydroxy derivatives,
which themselves are substrates for PGE synthase(s). There are
one or more specific G protein-linked receptors for each
prostanoid, and in some cases prostanoids may also act through
nuclear peroxisome proliferator activated receptors.

AA and other 20- and 22-carbon, highly unsaturated FAs are
found esterified at the sn2 position of glycerophospholipids.
Basal prostanoid formation generally occurs at a low rate relative
to stimulated formation. A major factor limiting prostanoid
formation is AA availability, which is controlled through the
net rates of deacylation and reacylation of glycerophospholipids.
Prostanoid formation is enhanced when phospholipase A,
(PLA,) activity is increased, and thus PLA,'s play a substrate-
limiting role in regulating prostanoid biosynthesis. Although
reacylation may also be important, its possible role in regulating
prostanoid biosynthesis is largely unexplored.

In this section we review the biochemistry and the biochemical
pharmacology of the enzymes involved in converting AA to
various prostanoid products. These enzymes include PGHS-1,
PGHS-2, hematopoietic PGD synthase (H-PGDS), lipocalin-
type PGD synthase (L-PGDS), microsomal PGE synthase-1
(mPGES-1), microsomal PGE synthase-2 (mPGES-2), cytosolic
PGE synthase (cPGES), PGF synthase (PGFS), PGI synthase
(PGIS), and TXA synthase (TXAS). The PLA,'s involved in
mobilizing AA and the receptors through which prostanoids
function are surveyed in other sections of this volume.

2. PROSTAGLANDIN ENDOPEROXIDE H SYNTHASES
(PGHSs)

We last provided a comprehensive review of PGHSs in 2000.*
Since then several cogent reviews have appeared that describe
specifics of enzyme mechanism, regulation of expression, COX
pharmacology, and roles of PGHSs in disease processes.”
Here we focus on advances in studies of enzyme mechanism and
biochemical pharmacology that have occurred during the last 10
years with particular emphasis on the functioning of PGHSs as
conformational heterodimers.

2.1. Primary Structure and Numbering PGHSs

PGHS-1 and PGHS-2 are the products of different genes.
Ovine (ov) PGHS-1 was the first PGHS whose ¢cDNA was
cloned and sequenced.'* '® The sequence encoded a protein
with an open reading frame of 600 amino acids (Figures 2 and 3).
Following removal of the signal peptide, the mature protein has
576 amino acids;'”'® this is also true of other mammalian
versions of this isoform. On the basis of the N-terminal sequence
of purified PGHS-2"" and assuming there is no further proces-
sing, the mature forms of PGHS-2 have 587 amino acids. Figure 2
compares the deduced amino acid sequences of several mamma-
lian PGHSs. More detailed amino acid sequence comparisons of
PGHSs from multiple sources and a discussion of evolutionary
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Figure 1. Biosynthetic pathway for the formation of prostanoids. Generally, a given cell type forms only one or two of these products in abundance. For
example, circulating human platelets form primarily thromboxanes. Abbreviations include cPLA,, cytosolic phospholipase A,; sPLA,, nonpancreatic,
secretory phospholipase A,; PG, prostaglandin; PGHS, prostaglandin endoperoxide H synthase; COX, cyclooxygenase; POX, peroxidase; H-PGDS,
hematopoietic PGD synthase; L-PGDS, lipocalin-type PGD synthase; cPGES, cytosolic PGE synthase; mPGES-1, microsomal PGE synthase-1; PGFS,
PGF synthase; PGIS, PGI (prostacyclin) synthase; TXAS, TxA synthase. DP1, DP2, EP1, EP2, EP3, EP4, FP, IP, and TP are designations for the G
protein linked PG receptors. Reprinted with permission from ref 9. Copyright 2008 Elsevier.

relationships among PGHSs and related plant oxygenases can be
found in a review by Simmons et al.’ There is 60—65% sequence
identity between PGHS-1 and -2 from the same species and
85%—90% identity among individual isoforms from different
mammalian species.*

The convention for numbering amino acid residues in pro-
teins is to number the methionine at the translational start site as
residue number 1. This system is useful in comparing human
(hu) PGHS variants associated with disease risk such as those
arising from single nucleotide polymorphisms.**~**

There is a major limitation to using the conventional number-
ing system in describing the results of biochemical and structural
studies that frequently involve comparing homologous residues

5823

among PGHSs. The problem arises because PGHS-1 forms from
different species have signal peptides of different lengths and
because PGHS-2 has a proline residue, not found in PGHS-1,
located 75 residues in from the N-terminus of mature mamma-
lian PGHSs. Therefore, a second, alternative numbering system
has developed that uses the numbering of processed ovine (ov)
PGHS-1 as the template (Figure 2). In this alternative system, the
N-terminal alanine of mature ovPGHS-1 is designated Ala-25 for
all PGHSs. This numbering system functions adequately for
mature forms of the enzymes from the most widely studied
species, although one is left with a spare residue at what, in this
alternate numbering system, is position 105 of the PGHS-2
sequence. Beyond residue 107, the alternate system provides one
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Signal Peptide 25 37 EGF-like Domain 68 70
Ovine-1 MSRQSISLRFPLLLLLLSPSPVFS--ADPGAPA]
Mouse-1 MSRRSLSLWFPLLLLLLLPPTPSVLLADPGVPSPVNPCCYYPCQNQGVCVRFGLDNYQCDCTRTGYSGPNCT
Human-1 MSRSLLLWFLLFLLLLPPLPVLL---ADPGAPTPVNPCCYYPCQHQGICVRFGLDRYQCDCTRTGYSGPNCT

Human-2 MLARALLLCAVLALSHT-------——————=—-— ANPCCSHPCQONRGVCMSVGFDQYKCDCTRTGFYGENCS
Mouse-2 MLFRAVLLCAALGLSQA---—-----——-----=- ANPCCSNPCONRGECMSTGFDQYKCDCTRTGFYGENCT
Membrane Binding Domain 107 120 140

Ovine-1 .EIWTWLRTTLRPSPSFIHFLLTHGRWLWDFVNAT-FIRDTLMRLVLTVRSNLIPSPPTYNIAHDYISWE
Mouse-1 IPEIWIWLRNSLRPSPSFTHFLLTHGYWLWEFVNAT-FIREVLMRLVLTVRSNLIPSPPTYNSAHDYISWE
Human-1 IPGLWTWLRNSLRPSPSFTHFLLTHGRWFWEFVNAT-FIREMLMRLVLTVRSNLIPSPPTYNSAHDYISWE
Human-2 TPEFLTRIKLFLKPTPNTVHYILTHFKGFWNVVNNIPEFLRNAIMSYVLTSRSHLIDSPPTYNADYGYKSWE
Mouse-2 TPEFLTRIKLLLKPTPNTVHYILTHFKGVWNIVNNIPEFLRNAIMSYVLTSRSHLIDSPPTYNADYGYKSWE
Helix A Helix B Helix C Helix D

144 159 210
Ovine-1 SFSNVSYYTRILPSVPRDCPTPMDTKGKKQLPDAEFLSRRFLLRRKFIPDPQSTNLMFAFFAQHFTHQFF
Mouse-1 SFSNVSYYTRILPSVPKDCPTPMGTKGKKQLPDVQLLAQQOLLLRREFIPAPQGTNILFAFFAQHFTHQFF
Human-1 SFSNVSYYTRILPSVPKDCPTPMGTKGKKQLPDAQLLARRFLLRRKFIPDPQGTNLMFAFFAQHFTHQFF
Human-2 AFSNLSYYTRALPPVPDDCPTPLGVKGKKQLPDSNEIVGKLLLRRKFIPDPQGSNMMFAFFAQHFTHQFF
Mouse-2 AFSNLSYYTRALPPVADDCPTPMGVKGNKELPDSKEVLEKVLLRREFIPDPQGSNMMFAFFAQHFTHQFF

280
Ovine-1 KTSGKMGPGFTKALGHGVDLGHIYGDNLERQYQLRLFKDGKLKYOMLNGEVYPPSVEEAPVLMHYPRGIP
Mouse-1 KTSGKMGPGFTKALGHGVDLGHIYGDNLERQYHLRLFKDGKLKYQVLDGEVYPPSVEQASVLMRYPPGVP
Human-1 KTSGKMGPGFTKALGHGVDLGHIYGDNLERQYQLRLFKDGKLKYQVLDGEMYPPSVEEAPVLMHYPRGIP
Human-2 KTDHKRGPAFTNGLGHGVDLNHIYGETLARQRKLRLFKDGKMKYQIIDGEMYPPTVKDTQAEMIYPPQVP
Mouse-2 KTDHKRGPGFTRGLGHGVDLNHIYGETLDRQHKLRLFKDGKLKYQVIGGEVYPPTVKDTQVEMIYPPHIP

350
Ovine-1 PQSQMAVGQEVFGLLPGLMLYATIWLREHNRVCDLLKAEHPTWGDEQLFQTARLILIGETIKIVIEEYVQ
Mouse-1 PERQMAVGQEVFGLLPGLMLFSTIWLREHNRVCDLLKEEHPTWDDEQLFQTTRLILIGETIKIVIEEYVQ
Human-1 PQSQMAVGQEVFGLLPGLMLYATLWLREHNRVCDLLKAEHPTWGDEQLFQTTRLILIGETIKIVIEEYVQ
Human-2 EHLRFAVGQEVFGLVPGLMMYATIWLREHNRVCDVLKQEHPEWGDEQLFQTSRLILIGETIKIVIEDYVQ
Mouse-2 ENLQFAVGQEVFGLVPGLMMYATIWLREHNRVCDILKQEHPEWGDEQLFQTSRLILIGETIKIVIEDYVQ

385 388 410 420
Ovine-1 QLSGYFLQLKFDPELLFGAQFQYRNRIAMEFNQLYHWHPLMPDSFRVGPODYSYEQFLFNTSMLVDYGVE
Mouse-1 HLSGYFLQLKFDPELLFRAQFQYRNRIAMEFNHLYHWHPLMPNSFQVGSQEYSYEQFLFNTSMLVDYGVE
Human-1 QLSGYFLQLKFDPELLFGVQFQYRNRIAMEFNHLYHWHPLMPDSFKVGSQEYSYEQFLFNTSMLVDYGVE
Human-2 HLSGYHFKLKFDPELLFNKQFQYONRIAAEFNTLYHWHPLLPDTFQIHDQKYNYQQFIYNNSILLEHGIT
Mouse-2 HLSGYHFKLKFDPELLFNQQFQYQONRIASEFNTLYHWHPLLPDTFNIEDQEYSFKQFLYNNSILLEHGLT

490
Ovine-1 ALVDAFSRQPAGRIGGGRNIDHHILHVAVDVIKESRVLRLOPFNEYRKRFGMKPYTSFQELTGEKEMAAE
Mouse-1 ALVDAFSRQRAGRIGGGRNFDYHVLHVAVDVIKESREMRLOPFNEYRKRFGLKPYTSFQELTGEKEMAAE
Human-1 ALVDAFSRQIAGRIGGGRNMDHHILHVAVDVIRESREMRLQPFNEYRKRFGMKPYTSFQELVGEKEMAAE
Human-2 QFVESFTRQIAGRVAGGRNVPPAVQKVSQASIDQSROMKYQSFNEYRKRFMLKPYESFEELTGEKEMSAE
Mouse-2 QFVESFTRQIAGRVAGGRNVPIAVQAVAKASIDQSREMKYQSLNEYRKRFSLKPYTSFEELTGEKEMAAE

504 530 560
Ovine-1 LEELYGDIDALEFYPGLLLEKCHPNSIFGESMIEMGAPFSLKGLLGNPICSPEYWKASTFGGEVGFNLVK
Mouse-1 LEELYGDIDALEFYPGLLLEKCQPNSIFGESMIEMGAPFSLKGLLGNPICSPEYWKPSTFGGDVGENLVN
Human-1 LEELYGDIDALEFYPGLLLEKCHPNSIFGESMIEIGAPFSLKGLLGNPICSPEYWKPSTFGGEVGFNIVK
Human-2 LEALYGDIDAVELYPALLVEKPRPDAIFGETMVEVGAPFSLKGLMGNVICSPAYWKPSTFGGEVGFQIIN
Mouse-2 LKALYSDIDVMELYPALLVEKPRPDAIFGETMVELGAPFSLKGLMGNPICSPQYWKPSTFGGEVGFKIIN

600
Ovine-1 TATLKKLVCLNTKTCPYVSFHVPDPRQEDRPGVERPPTEL
Mouse-1 TASLKKLVCLNTKTCPYVSFRVPDYPGDDGSVLVRRSTEL
Human-1 TATLKKLVCLNTKTCPYVSFRVPDASQDDGPAVERPSTEL

Human-2 TASIQSLICNNVKGCPFTSFSVPD; RSTEL (618)
Mouse-2 TASIQSLICNNVKGCPFTSFNVQD STEL (618)

594 27-AA IM

Figure 2. Comparison of amino acid sequences of ovine, murine (mu), and human PGHSs. Numbering of PGHSs utilizes the sequence of ovPGHS-1 as
a reference for alignment. For ovPGHS-1 the signal peptide is shown in yellow, the EGF-like domain is shown in green, and the membrane-binding
domain with its four helices is shown in cyan. Numbering of ovPGHS-1 from 1 to 600 begins with the Met at the translation start site. Ala-25 is the
N-terminal residue of the mature protein. Beginning with Phe-107 all of the sequences are appropriately aligned until approximately residue $84.
Immediately upstream of Phe-107, there is an additional residue in PGHS-2. In addition the signal peptides differ in lengths. Finally, PGHS-2 contains
eight more residues at the C-terminus than PGHS-1. The net result is that mature forms of PGHS-1 contain 576 residues whereas mature forms of
PGHS-2 contains 587 residues. Immediately upstream of the C-terminal endoplasmic reticulum (ER)-retention signal STEL, which is highlighted in
brown, PGHS-2 contains a 19 amino acid sequence (underlined) that contains Asn-594, a consensus glycosylation site unique to PGHS-2; the 27 amino
acid instability motif (27-AA IM) found near the C-terminus of PGHS-2 and shown in dark yellow includes this 19 amino acid insert. There are three
N-glycosylation sites common to both isoforms including Asn-68, Asn-144, and Asn-410 shown in red. Some other important residues are also shown in
red. Arg-120 is involved in interacting with the carboxyl group of fatty acid substrates, Tyr-385 is the tyrosyl residue involved in abstracting a hydrogen
from the substrate fatty acid, His-388 is the proximal heme ligand at the POX active site, Tyr-504 is a tyrosine radical reservoir, and Ser-530 is the site of
acetylation by aspirin. Cys-37 links the EGF-like domain to the catalytic domain via Cys-159. Ovine PGHS-1, NCBI reference sequence:
NP_001009476.1; murine PGHS-1, NCBI reference sequence: NP_032995.1; human PGHS-1, NCBI reference sequence: NP_000953.2; human
PGHS-2, NCBI reference sequence: NP_032995.1; murine PGHS-2, NCBI reference sequence: NP_035328.2.

with the ability to compare the same residues among different one less amino acid in its signal peptide than does ovPGHS-1).
species and isoforms. For example, to apply the ovPGHS-1 To number huPGHS-2 using the ovPGHS-1 system, one adds
numbering system to huPGHS-1, all that is needed is to add 14 residues (i.e., the true Arg-106 in huPGHS-2 is denoted as
one integer to the conventional numbering (i.e., the true Ser-529 Arg-120 in the ovPGHS-1 system). Unless otherwise noted, we
in huPGHS-1 is numbered as Ser-530 because huPGHS-1 has have used the ovPGHS-1 system (Figure 2) in this section.

5824 dx.doi.org/10.1021/cr2002992 |Chem. Rev. 2011, 111, 5821-5865
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Figure 3. Domain structures of human (hu) PGHSs. Comparison of the domain structures and numbering of huPGHS-1 and huPGHS-2. Numbering is
based on the ovPGHS-1 template noted in the text and the legend to Figure 2. The mature forms of huPGHS-1 and huPGHS-2 contain 576 and 587
residues, respectively. Both isoforms have a signal peptide (S), an epidermal growth factor (EGF)-like domain, a membrane-binding domain (MBD),
and a catalytic domain. PGHS-2 has a shorter signal peptide (17 amino acids) than PGHS-1 (23 amino acids). The C-terminal STEL sequences of
PGHS-1 and PGHS-2, respectively, are weak ER targeting signals. The asparagine N-glycosylation sites are shown; note the additional N-glycosylation
site at Asn-594 in PGHS-2. Arg-120, Tyr-38S, and His-388 are important in catalysis. Tyr-504 can serve as a reservoir for the tyrosine radical. Ser-530 is
the aspirin acetylation site. The amino acid sequence of the 27 amino acid instability motif (IM) comprising residues 586—612 is shown.

An mRNA splice variant of PGHS-1 that retains intron-1
was identified in canine brain and dubbed “COX-3".° A canine
protein reported to correspond to this variant sequence was
described as responding in an unusual manner to acetamino-
phen; however, the results were not compelling, and related
splice ;/ariants in most species including humans are out of
frame.

2.2. Cotranslational and Post-translational Modifications

One can infer from the N-terminal amino acid sequence'”"®
and the sequence of cDNAs of ovPGHS-1'*"" and the fact
that PGHSs are N-glycosylated®**® that signal sequences are
cleaved cotranslationally during the synthesis of PGHSs and
their entry into the lumen of the endoplasmic reticulum.
PGHS-1 and PGHS-2 have three common N-glycosylation
sites at Asn-68, Asn-144, and Asn-410>>">° that appear to be
glycosylated cotranslationally®®*' (Figures 2 and 3). NMR
and mass spectral analyses of the carbohydrate chains of
PGHSs indicate that the structures of the N-glycosyl moieties
are of the form (Man),(GIcNAc), (n = 6—9).>*** N-glyco-
sylation of Asn-410 appears to be important in the folding of
ovPGHS-1 to an active structure.?® As detailed below, PGHSs
function as conformational heterodimers with a single, cata-
Iytically active monomer defined by its ability to bind heme
with high affinity.*® It is not clear whether differences in
cotranslational N-glycosylation of the monomers comprising
a dimer contribute to the existence of the conformational
heterogeneity.

A fourth N-glycosylation site present only in PGHS-2 is
located at Asn-594 (Figures 2 and 3). This residue is seen in
its unglycosylated form in one muPGHS-2 crystal structure™®
(PDB 1CVU). N-glycosylation of this site appears to occur post-
translationally as opposed to cotranslationally and is associated
with enzyme degradation and/or enzyme trafficking.***"*’

2.3. Domain Structures of PGHSs

Figure 3 compares the domain structures of huPGHS-1 and
huPGHS-2. The numbering of the amino acids corresponds to
the numbering in Figure 2, which uses the ovPGHS-1 numbering
as the template. Figure 4 is a ribbon diagram of the X-ray crystal
structure of ovPGHS-1 (PDB 1CQE) complexed with an inhibitor
flurbiprofen (FBP). The major domains are color coded to match
the sequence and domain diagrams in Figures 2 and 3.

2.3.1. Signal Peptides and the N-Termini. The signal
peptides of PGHS-1 are 22—26 amino acids long whereas those
of PGHS-2 are all 17 amino acids long (Figures 2 and 3). There is
relatively little sequence conservation between signal peptides
from the two isoforms. The rate of translation has been reported
to be greater for PGHS-1 than PGHS-2 protein in an in vitro
system, and this has been attributed to differences in the signal
peptides;® however, this issue has not been addressed in sufficient
detail to make any generalizations. A signal nucleotide poly-
morphism in the signal peptide of huPGHS-1 that changes the
amino acid sequence (P17L) shows a modest association with a
lack of an effect of traditional nonsteroidal anti-inflammatory
drugs (NSAIDs) use on the development of colorectal polyps
related to colon cancer.”

Mature PGHS-1 has eight amino acids at its N-terminus that
are absent in mature PGHS-2 (Figures 2 and 3). A mutant in
which the first seven amino acids of the mature ovPGHS-1 are
deleted is reported to have the same Ky; but a much reduced
COX Vyax compared to native ovPGHS-1.>® This eight amino
acid segment is not seen in ovPGHS-1 crystal structures™***
and so is apparently unstructured. It is possible that this segment
plays some regulatory role perhaps in cross-talk between the
monomers comprising a PGHS dimer.

2.3.2. Epidermal Growth Factor-like Domains. PGHSs
contain an epidermal growth factor (EGF)-like domain of about

5825 dx.doi.org/10.1021/cr2002992 |Chem. Rev. 2011, 111, 5821-5865
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Figure 4. Structures of ovine PGHS-1. Ribbon diagrams of (A) ovPGHS dimer with flurbiprofen bound in the COX active sites (PDB 1CQE).”® (B)
Monomer of the structure in (A). Epidermal growth factor (EGF) domains are in green; membrane-binding domains (MBD) are in cyan; catalytic
domains are in dark and light blue; heme groups at the POX active sites are shown in red; carbohydrate groups (N-acetylglucosamines) are in black/gray;

and flurbiprofen are in yellow.

S0 amino acids (Figures 2—4). In ovPGHS-1 the EGF-like
domain begins at residue 33 and extends to at least residue 72
with additional homology beyond that point.® There is ~359%
amino acid sequence identity between the EGF-like domains of
PGHS-1 and PGHS-2 within a species. The EGF-like domains
contain seven cysteine residues. Six of these are involved in
intrachain disulfide bonds that generate a small 3-sandwich very
similar to that of EGF.”® The other cysteine in the EGF-like
domain, Cys-37, forms a disulfide bond with Cys-159 of the
catalytic domain, thereby linking the EGF-like and catalytic
domains. A Cys69Ser mutant of ovPGHS-1 lacks activity,
suggesting, not surprisingly, that an intact EGF-like domain is
essential for the structural integrity of the protein.* One surface
of the EGF-like domain forms a part of the interface between the
monomers comprising the PGHS homodimer. The carbohydrate
moiety found at Asn-68 faces away from the catalytic domain and
toward the solvent. Disruption of N-glycosylation of ovPGHS-1
at Asn-68/67 diminishes but does not eliminate COX or POX
activities.”* EGF-like domains are often involved in protein—
protein interactions. Garavito and colleagues provide more de-
tails about the EGF-like domain and its characteristics and an
erudite discussion of the potential role of this domain in the
interactions between the two monomers in their landmark paper
describing the first crystal structure of a PGHS-1.>*

2.3.3. Membrane-Binding Domains. PGHSs are integral
membrane proteins in the empirical sense that detergent is
required for their solubilization.* The topic of how PGHSs
interact with membranes was a confusing one until the ovPGHS-1
crystal structure was determined (Figure 4)2® It was clear from
the structure that there are no transmembrane domains of the
helical or -barrel type. Rather, there are four consecutive short
amphipathic a-helices on one surface of each monomer. The
hydrophobic residues point away from the body of the protein
and form the outlines of a rectangle with the center of the
rectangle providing an opening from the membrane into the
COX active site*® (Figure 4). This portion of the protein, which
involves residues 72—116, was designated as the membrane-
binding domain (MBD). Although it was clear that this segment
of the protein might anchor ovPGHS-1 in one surface of the
bilayer, it was also conceivable that membrane binding also
involved some associated, transmembrane protein. Subsequent
studies using mutagenesis and reagents that label segments of
protein or specific amino acids that are located in the membrane

have provided evidence that the four a-helices of PGHSs insert
directly into the membrane*” ** and that the protein can
associate directly with liposomes.** Although there are certainly
proteins that interact with PGHSs during their synthesis, traffick-
ing, and degradation, there is as yet no compelling evidence for
interacting proteins that anchor PGHSs to biological mem-
branes. Thus, PGHSs are monotopic membrane proteins that
insert into a single face of a lipid bilayer by virtue of their ability to
bind lipids in membrane bilayers. Similar lipid-interacting motifs
are found in squalene-hopene cyclase™ and fatty acid amide
hydrolase.*® Like PGHSs, both of these enzymes are dimers, their
MBDs both point in the same direction, and each monomer
provides an entrance to the active site.

It is worth noting that the major sequence difference between
PGHS isoforms occurs in the MBD where there is 38%
identity.*>* This is of unknown biologic significance, but there
are some differences in the sensitivities to isoforms from the same
organelle to detergent solubilization.* It is not known if differ-
ences in the sequences contribute to subtle differences in the
subcellular distribution of the two isoforms, a topic that is
discussed in further detail later.

2.3.4. Catalytic Domains. The catalytic domains of PGHSs
are large globular domains that encompass about 460 residues.
This domain begins just before Arg-120 near the end of Helix D
that contributes to the MBD. It had been known from sequence
comparisons and the fact that PGHSs possess POX activity that
these enzymes were somehow related to other peroxidases. The
original X-ray structure demonstrated that the closest structural
relative of ovPGHS-1 is myeloperoxidase.”® One can view
PGHSs as peroxidases having a hydrophobic channel that
extends ~25 A from the MBD to Gly-533. This channel is the
COX active site. COX inhibitors—traditional NSAIDs and
COX-2 inhibitors called coxibs—and both substrate and non-
substrate FAs bind within the COX channel. However, as will be
discussed later, the two COX channels differ in solution and
each FA and each inhibitor has a preference for binding one of
the two channels. As discussed later, differences between the
two monomers comprising a dimer are not apparent in most
X-ray crystal structures, most of which have been determined
using relatively high concentrations of both COX ligands and
Fe**-heme (or Co>*-heme).

2.3.5. C-Termini of PGHSs. The last six residues in the
sequences of both isoforms can be considered to be the same or
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homologous (Figures 2 and 3). PGHSs have a sequence at the
very C-terminus—PTEL in ovPGHS-1 and STEL in most other
forms—that is involved in ER retention of the proteins. This is a
“weak” ER retention signal*’ and probably provides for the ability
of PGHSs to traffic to the Golgi apparatus.

The last amino acid visible in the structure of ovPGHS-1 is
Arg-586, which is 14 amino acids in from the C-terminus. If one
considers Arg-586 to be the end of the catalytic domain of
ovPGHS-1, then there remain eight residues near the end of
ovPGHS-1 whose function is unknown (i.e., residues 587—594).
There is no sequence homology with any contiguous eight
residues in PGHS-2.

The C-terminal region of PGHS-2 is 19 amino acids longer
than that of PGHS-1. These 19 residues and at least another 9 or
10 residues immediately upstream encompassing a 27 amino acid
instability motif (Figures 2 and 3) are involved in aspects of
protein degradation and/or trafficking. As noted previously, Asn-
594 is post-translationally N-glycosylated in association with
PGHS-2 degradation. Residues both upstream and downstream
of Asn-394 appear to regulate the glycosylation.”***"?” One
structure of PGHS-2 is complete through Ser-596 (PDB 1CVU) .

2.3.6. PGHS Quaternary Structures—PGHS Homodi-
mers. PGHSs are sequence homodimers comprised of tightly
associated monomers with identical primary structures
(Figure 4).2+2829%8 Each monomer comprising a PGHS homo-
dimer has a physically distinct COX and POX active site. The
interface between the monomers is extensive,”¥*° and dis-
sociation of the dimers into monomers only occurs upon
denaturation.*®

Most of the X-ray crystal structures of PGHSs filed in the
Worldwide Protein Data Bank (http: / /www.wwpdb.org/ ) have
been determined using crystals formed in the presence of
a minimum of two Fe>*-protoporphyrin IX (i.e., heme) or two
Co**-protoporphyrin IX groups per dimer and a 5—10-fold
molar excess of either a COX substrate or inhibitor.”**"*
Crystals prepared in this way have an asymmetric unit containing
a biological dimer composed of monomers that have apparently
identical structures related by a noncrystallographic 2-fold sym-
metry axis. The highest resolution structure is at 1.7 A.* It is now
clear that the two monomers comprising PGHS homodimers
have different conformations and function cooperatively dur-
ing catalysis in solution.”>>***°73% Recently, structures of
ovPGHS-1*"¢ and muPGHS-2*>°"% have been determined
in which the monomers are occupied by different ligands,
ligands that are oriented differently in the two COX sites, or
solvent molecules. In these cases, some subtle differences are
apparent between the monomers.

The earliest evidence that monomers of PGHS homodimers
differ in solution was reported in 1984. Kulmacz and Lands
showed that maximal COX activity of ovPGHS-1 occurred with
one heme per dimer;”° recent studies with PGHS-2 have
indicated that this isoform is also maximally functionally with
one heme per dimer.>> Additionally, FBP and other traditional
NSAIDs were found to inhibit PGHS-1 at a stoichiometry of one
NSAID per dimer.”" There was no ready explanation for these
earlier results, and they were not immediately pursued. Twenty
years later, evidence was obtained that huPGHS-2 exhibits half of
sites COX activity with AA as the substrate® and that the
monomers comprising ovPGHS-1 and muPGHS-2 homodimers
can have slightly different crystal structures.*>*****” Indeed, the
enzymes function as conformational heterodimers with an
allosteric (E,j,) and a catalytic (E.,.) monomer. This introduces

a level of complexity that we will consider later in discussing the
COX and POX reactions and their regulation.

2.4. Cyclooxygenase Reaction

The basic kinetic properties of PGHS-1 and PGHS-2 are
summarized in Table 1. Both enzymes catalyze the same reac-
tions and have similar structures. However, there are subtle
kinetic differences between the isozymes as well as some major
differences in substrate and inhibitor specificities, some of which
are discussed below.

2.4.1. Formation of the 11-Hydroperoxyl Arachidonyl
Radical from AA and O,. The generalities of the chemical
changes occurring during the COX reaction catalyzed by both
PGHS-1 and PGHS-2 derive from the classic studies of Hamberg
and Samuelsson on ovine PGHS-1 preparations reported in
1967°*%° and have most recently been described in detail in
excellent reviews by Schneider et al.* and by Tsai and Kulmacz.""
The first chemical step in the COX reaction is removal of the 13-
proS hydrogen atom from AA to form an arachidonyl radical
(Figures S and 6). The hydrogen abstraction reaction was
originally ~demonstrated using mixtures of unlabeled
87,11Z,14Z-eicosatrienoic acid, [3-'*C] 8Z,11Z,14Z-eicosatrie-
noic acid, and 8Z,11Z,14Z-eicosatrienoic acid stereospecifically
labeled at C-13 with tritium® and was subsequently confirmed
using specifically deuterated AA.'"®" Hydrogen abstraction is
performed by a tyrosyl radical centered on the phenolic oxygen of
Tyr-385."7%%7%* As discussed below, the formation of this radical
involves an initial oxidation of the heme group.

Crystallographic studies have been performed to determine
the structure of both substrate and nonsubstrate FAs in the COX
active sites of both ovPGHS-1%"% and murine PGHS-2.%%°7*
AA is bound in a catalytically competent L-shaped conformation
in both COX active sites of a Co®>*-protopohyrin IX-reconsti-
tuted ovPGHS-1 homodimer. The 13-proS hydrogen modeled
from the structure of the carbon backbone of AA is appropriately
positioned for abstraction ~2.8 A from the phenolic oxygen of
Tyr-385 (Figure 6), and a stepwise conversion of AA to PGG,
can be rationalized.®® The situation is more complicated in the case
of PGHS-2. AA is found in a catalytically competent conformation
similar to that in ovPGHS-1 in only one of the two monomers of
muPGHS-2***" but is in an inverted, nonproductive conforma-
tion in the other monomer. The nonproductive conformation
in one monomer presumably relates to the allosteric regula-
tion of PGHS-2 by various FAs, which is discussed below.

The segment of AA involvin§ C-11 to C-15 is nonplanar in
AA/PGHS cocrystal structures.>”* In contrast, evidence from
electron paramagnetic resonance (EPR) studies of the arachido-
nyl radicals formed anaerobically by ovPGHS-1 and huPGHS-
2% and from AA having deuterium atoms positioned on C-11
through C-16 by ovPGHS-1 suggest that a planar 1,4-cis,cis-
pentadienyl structure involving C-11 to C-15""" is present in
the newly generated AA radical. Indeed, the lowest energy
configuration of a pentadienyl radical is planar.*”° It should be
noted that it is not known if a planar radical would be formed in
the presence of O,, which could, in principle, change the nature
of the arachidonyl radical. Although it is more difficult to remove
a hydrogen atom from a nonplanar pentadiene,® a slightly out of
plane structure could yield a radical preferentially localized on
C-11, the site of O, insertion. In the absence of information to
the contrary, it seems reasonable to assume that formation of a
planar structure in the AA radical involves a significant change in
structure from the nonplanar structure of AA that is observed in
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Table 1. Apparent Kinetic Parameters for Prostanoid Biosynthetic Enzymes”

substrate(s)/ keat/Knt
enzyme cofactor(s) ke (s71) Ky (uM) (uMts7h comments/references
ovPGHS-1 (COX) AA 95 2—-15 11 K., values for AA from Tsai and Kulmacz;'" k.,
value is an estimate based on O, consumption
determined with 100 uM AA;** k.,./Ky calculated
based on a Ky of 8.5 uM
ovPGHS-1 (COX) 0, 5—12 K,, values for O, from Tsai and Kulmacz'"
ovPGHS-1 (POX) 15-HPETE 120 + 21 42 + 14 2.7 values based on guaiacol (4.5 mM) used as reducing
cosubstrate'*’
ovPGHS-1 (POX) H,0, 17 £ 1.6 1700 +260 0.01 values based on guaiacol (4.5 mM) used as reducing
cosubstrate'*”
huPGHS-1 (COX) AA 10 4—10 K,, values for AA from Tsai and Kulmacz;'" k, value
is an estimate based on O, consumption determined
with 100 «M AA
(unpublished data); k.,./Ky calculated based on a
Ky of 8.5 uM
huPGHS-2 AA 100 1-15 12 K, values for AA from Tsai and Kulmacz;'" k., value
is an estimate based on O, consumption determined
with 100 uM AA;** k.,./Ky calculated based on
a Ky of 8.5 uM
human H-PGDS (None) PGH, GSH 175 460 600 0.38 kear and ke,e/ Ky values are estimated from the Viygax
of 451 umol/min/mg of protein;'®® erratum in:
Nat. Struct. Biol. 2003, 10, 409.
human H-PGDS PGH, GSH 419 930 140 0.45 kear and ke, /Ky values are estimated from the Vyax of
(2 mM MgCl,) 1080 ymol/min/mg of protein;m6 erratum in
Nat. Struct. Biol. 2003, 10, 409.
human H-PGDS PGH, GSH 205 330 590 0.62 keae and ke, /Ky values are estimated from the Vyax of
(2 mM CaCIz) 529 umol/min/mg of protein;m6 erratum in
Nat. Struct. Biol. 2003, 10, 409.
rat H-PGDS PGH, GSH 21 200 300 0.10 from ref 162
rat L-PGDS PGH, GSH 1.8 14 100 0.13 Vpmax = 4 #mol/min/mg ofproteinlm’162
human L-PGDS PGH, 0.04 2.8 0.014 from ref 403
mouse L-PGDS PGH, 1.7 0.8 2.08 Ky = 0.8 uM, Viyax = 5.7 umol/min/mg of protein
(Y. Urade, unpublished data)
human L-PGDS f-trace  PGH, 0.45 4 0.11 from ref 177
human mPGES-1 PGH, 50+6 160£40 031 £0.040  human mPGES-1 purified from E. coli*®
human mPGES-1 PGH, 7 10 0.700 human mPGES-1 purified from Sf9 cells*”*
mouse mPGES-1 PGH, 10 130 + 24 0.077 mouse mPGES-1 in E. coli membrane fraction***
human mPGES-1 PGG, 75+ 4 160 + 3 0470 + 0.030  human mPGES-1 purified from E. coli*”°
human mPGES-1 GSH 700 £ 200 human mPGES-1 purified from E. coli**
human mPGES-1 GSH 750 &= 250 human mPGES-1 purified from Sf9 cells*”*
murine mPGES-1 GSH 37+1 mouse mPGES-1 in E. coli membrane fraction***
human cPGES PGH, ~0.8* 14 ~0.057 human recombinant cytosolic PGES purified from E. coli**®
*calculated from Vyax multiplied by a factor of 10 since
recombinant enzyme displays an order of
magnitude lower activity
monkey mPGES-2 PGH, 1.8 28 0.067 monkey recombinant mPGES-2 purified from E. coli***
PGFS (AKRI1B family) PGH, /NADPH 0.014—0.032 1.9 0.0020—0.0082 Vi = 26—53; MW 35.8 kDa; prostaglandin F2alpha synthase
activities of aldo-keto reductase 1B1, 1B3 and 1B7°*
human AKR1B1 PGH, /NADPH 0.016 19 0.0082 from ref 346
murine AKR1B3 PGH, /NADPH 0.032 9.3 0.0034 from ref 346
bovine AKR1BS PGH, /NADPH 0.014 7.1 0.0020 an aldose reductase with 20 a-hydroxysteroid dehydrogenase
activity is most likely the enzyme responsible for the
production of PGF,,, in the bovine endometrium®*’
murine AKR1B7 PGH, /NADPH 0.026 3.8 0.0069 from ref 346
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Table 1. Continued

substrate(s)/
enzyme cofactor(s) ke (s71) Ky (uM)
TbPGFS (AKRS5A2) PGH, /NADPH 1.03 1.3
Trypanosoma brucei
LmPGFS (AKR5A1) PGH, /NADPH  0.14 15
Leishmania major
TcOYE Trypanosoma PGH, /NADPH  0.54 S.0
cruzi
human PGIS (CYP8A1) PGH, 13 13
human TXAS PGH, 9.4 20

Keat/ K
(uM's7h comments/references
0.79 Vaax = 2 tmol/min/mg, MW 36.8 kDa; from ref 357
0.0096 Vamax = 270 nmol/min/mg, MW 32 kDa; from ref 334
0.11 Vmax = 766 nmol/min/mg protein, MW 42.3 kDa; from ref 360
1.0 Vmax 15 ﬂmol/min/mg38land ~MW = 50 kDa
0.48 Vpax 12 ymol/min/mg**® and ~MW = 50 kDa

“ Refer to references for specific details because even for a specific enzyme the values were determined under a variety of assay conditions.

crystal structures and presumed to resemble the structure of AA
at the time of hydrogen abstraction.

With regard to the structure of AA in the COX active site, it
should be noted that native ovPGHS-1 forms not only PGG, but
also the monohydroperoxy acids 11R-HPETE and 15R- and 15S-
HPETE. Similarly, mutants of PGHS-1 and PGHS-2 form PGG,
and various monooxygenated products in different propor-
tions.*¢”7"7> With native ovPGHS-1 PGG,, 11R-HPETE and
1SR- plus 15S-HPETE are formed in different proportions
depending on the concentration of AA substrate. For example,
at high AA concentrations up to ~10% of the product formed by
ovPGHS-1 is composed of monohydroxy FAs. This indicates
that the Vijax values for the formation of the different products
differ. Interestingly, the Ky values of ovPGHS-1 for AA for the
formation of the individual products also differ somewhat, with
the lowest Ky being that for PGG,.”!

These and other results suggest that different oxygenated
products arise from different, catalytically competent conforma-
tions of AA within the COX active site.”' Crystallographic studies
comparing native ovPGHS-1 with a V349A/W387F ovPGHS-1
mutant are consistent with this concept.”” Native ovPGHS-1
forms mainly PGG, from AA whereas V349A/W387F ovPGHS-
1 forms predominantly 11R-HPETE. AA is bound differently in
the COX sites of native and V349A/W387F ovPGHS-1. There
are significant differences in the positions of several of the carbon
atoms of bound AA. Notably, in the V349A/W387F ovPGHS-1/
AA complex, the relative locations of C-9 and C-11 of AA with
respect to one another would make it difficult to form the endo-
peroxide group from the 11-hydroperoxyl radical, suggesting that
the COX reaction catalyzed by V349A/W387F ovPGHS-1 aborts
to yield 11R-HPETE instead of PGG,.”

There is both a regio- and stereoselectivity in the reaction of
molecular O, with the newly formed arachidonyl radical. O,
insertion occurs preferentially at C-11 and on the side of the
carbon chain opposite that of hydrogen abstraction (antarfacial)
to form an 11R-hydroperoxyl radical. The basis for the selectivity
of O, insertion is not known but as outlined by Schneider et al.*
could be due to one or more of several factors. One is steric
shielding of the arachidonyl radical by the enzyme so that O, has
access only to the antarafacial surface at C-11. A second is a
positioning of O, perhaps through a combination of O, channel-
ing and binding such that O, is appropriately situated for
insertion at C-11. A third is a kinetically determined trapping
of the 11-hydroperoxyl radical (hydroperoxyl radical formation
being readily reversible), and a fourth is an enzyme-dependent
stabilization of the radical at C-11 through, for example, forma-
tion of a nonplanar pentadienyl radical.

2.4.2. Cyclooxygenase Reaction—Formation of PGG,
from the 11-Hydroperoxyl Arachidonyl Radical. Once
formed, the 11-hydroperoxy radical reacts at C-9 to generate
an endoperoxide group and a radical centered on C-8; the latter
step is a S-exocyclization and is readily reversible.*'"”* This step
is relatively favored versus reduction of the 11-hydroperoxy
radical to 11-HPETE. A second cyclization then occurs in which
a bond is formed between C-8 and C-12 and another radical is
generated, which is delocalized over C-13 to C-15, and again this
is a reversible process. Finally, a second O, reacts at C-15 to form
a 15-hydroperoxyl radical, which abstracts a hydrogen atom from
Tyr385 to form PGG,.

2.4.3. Rate-Limiting Step in COX Catalysis. The dogma
until recently has been that abstraction of the 13-proS hydrogen
from the COX substrate is the rate-limiting step in COX catalysis
because it occurs with an isotope enrichment in the substrate.
However, the tritium and deuterium kinetic isotopic effects
(KIEs) are modest (e.g., the tritium/hydrogen KIE is ~3-fold)
in comparison to those seen with related oxygenases.75’76 Ad-
ditionally and more recently, it has been found that O, insertion
also occurs with an '*0—'%0 KIE of ~1.013;* that is, 1°0—"°0
is incorporated more efficiently than '*O—"%0 into PGG,. These
latter results have suggested that the rate-limiting step occurs
after hydrogen abstraction, most likely at the step involving
formation of the cyclopentane ring in the reaction of the C-8
radical with C-12.° Schneider et al.* point out that the reaction of
O, with a carbon radical to give a hydroperoxyl radical is readily
reversible whereas H-abstraction from a carbon is not. At this
point, the question of which step is actually rate limiting in the
COX reaction—hydrogen abstraction or a subsequent step—is
unresolved because of the potential reversibility of the various
steps and the energy barriers calculated to exist in forming the
intermediates.”'" One reasonable explanation is that hydrogen
abstraction and C-8 to C-12 bond formation occur at
comparable rates.

2.4.4. Peroxide-Dependent Activation of COX Activity
and Tyrosine Radicals in PGHSs. It was found in the early
1970s that peroxides are required to activate and sustain the
COX activity of PGHS-1.”” Purified PGHS-1 was subsequently
established to have significant POX activity toward H,O, and
both primary and secondary alkyl peroxides,”® * and similar
results have been found for PGHS-2.*" The inorganic oxidant
peroxynitrite formed by inflammatory cells can also activate both
PGHS-1 and PGHS-2 COX activities.*> Many compounds will
serve as reducing cosubstrates for the POX activities of PGHSs,"?
but it is not known which compound(s) serves as the major
reducing cosubstrate in vivo.
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Figure S. Stepsin the cyclooxygenase reaction. (A) Removal of the 13-proS hydrogen atom from AA by a Tyr38S radical to form an arachidonyl radical.
(B) Addition of O, to C-11 to form an 11-hydroperoxyl radical. (C) Reaction of the 11-hydroperoxyl radical to form an endoperoxide with a carbon-
centered radical at C-8. (D) Cyclization (C-8 to C-12 bond formation) to form a five-membered ring and a carbon-centered radical on C-15. (E)
Addition of a second O, at C-15 and readdition of the hydrogen atom abstracted in (A).

The relationships between peroxide activation of COX activity
and the POX activity of PGHSs have evolved from studies by Ruf,
Kulmacz, Tsai, Marnett and their co-workers. Studies performed
during the mid-1980s showed that heme became oxidized and
that both heme and nonheme free radical signals agpeared in
association with COX catalysis by ovPGHS-1.*>"* The key
conceptual advance was provided with Ruf and co-workers, who
published spectral evidence for a tyrosyl radical being formed
during the oxygenation of AA and then importantly suggested
that a tyrosyl radical was involved in abstracting the 13-proS
hydrogen from AA to initiate COX catalysis.***” The catalytically
competent tyrosine radical was subsequently determined to be
located at Tyr385.2%0>~ 6+

Itis now clear that formation of the Tyr38S radical is initiated by
oxidation by a peroxide of the heme group at the POX active site to

a horseradish peroxidase Compound I-like, oxyferryl radical cation
shown as Intermediate I in Figure 7. The oxidant can be hydrogen
peroxide, an alkyl hydroperoxide, or peroxynitrite.'"*"** PGHSs
show a marked preference for alkyl hydroperoxides versus H,O,.
For example, with ovPGHS-1, Intermediate I formation occurs
10°—10" faster with PGG, or 15-HPETE than with H,0,.5%*%°
The POX site appears relatively exposed to solvent, and so the
preference for alkyl hydrozperoxides is an enigma. The greatest
change in rate constant (10°—10°-fold) occurs in going from H,0,
to ethyl hydroperoxide.*” Molecular dynamics (MD) simulations
of PGG, docking on ovPGHS-1 suggest that the carbons
immediately adjacent to the one bearing the hydroperoxyl group
of PGG, have van der Waals interactions with the protoprophyr-
in IX ring and that these interactions may underlie the specificity
of PGHSs for organic hydroperoxides.”
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Figure 6. Removal of the 13-proS hydrogen from AA by the Tyr-385
radical. Ribbon diagram of region of ovPGHS-1 (in green) encom-
passing Arg-120 and Tyr-385 (both in magenta) and showing the
relationship of Tyr-385 to C-13 (and the 13-proS hydrogen of
arachidonic acid (AA) in yellow). The carboxyl end of AA is shown
interacting with Arg-120.

Intermediate I can be reduced to Compound II or can undergo
a facile intramolecular conversion to Intermediate II having an
oxyferryl heme and a Tyr385 radical (Figure 7). Thus, a POX
reaction must precede the initial COX reaction. Afterward there
is only a loose coupling of the POX and COX reactions.”
Instead, COX catalysis involves a “branched-chain” process in
which PGG, can accumulate and a Tyr385 radical, once formed,
can be involved in multiple cycles of H abstraction from AA
requiring only occasional regeneration of Intermediate 1.

Multiple tyrosyl radical signals are observed in PGHSs. Care-
ful, thorough, and elegant analyses by Tsai, Kulmacz, and co-
workers over the past 10—15 yrs indicates that free radical signals
can be assoc1ated with either Tyr385 or Tyr504 but not other
tyrosines."' Tyr504 is bridged via a water molecule to the
imidazole group of His-388 that bonds to the iron on the
proximal side of the heme group. There are some differences
between PGHS-1 and PGHS-2, but in general, Tyr38S is the
source of a doublet radical signal and is kinetically competent for
hydrogen abstraction. Tyr504 is the source of a long-lived singlet
radical that is in equilibrium with the Tyr385 radical."" A third
signal is a narrow singlet associated with enzyme inactivation." """

It should be noted that PGHS-1 requires higher concentra-
tions of hydroperoxide than does PGHS-2 to initiate and sustain
its COX activity.*"”> Formation of Intermediate I occurs at
approximately the same rates with PGHS-1 versus PGHS-2, but
formation of Intermediate II from Intermediate I is considerably
faster with PGHS-2 than with PGHS-1, and PGHS-2 Intermedi-
ate IL is more stable than PGHS-1 Intermediate IL.5"**?* Thus, to
sustain the reaction cycle, PGHS-1 needs to generate more PGG,
more quickly than does PGHS-2.

At low AA concentrations (<1 uM),”>%¢ the rate of PGG,
formation by PGHS-1 proves to be too slow to sustain COX
catalysis, and thus, a positive substrate cooperativity is seen with
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Figure 7. Relationship between the POX and COX activities of PGHSs.
A hydroperoxide oxidizes the heme group to an oxyferryl heme radical
cation (Intermediate I) with concomitant formation of the correspond-
ing alcohol. Intermediate I can undergo either intramolecular isomeriza-
tion to form Intermediate II containing an oxyferryl heme and a tyrosine
radical centered on Tyr38S or a one-electron reduction to a Compound
II-like species; Intermediate IT and Compound II have the same UV —vis
heme spectrum. The Tyr38S radical can abstract the 13-proS hydrogen
from AA to initiate COX catalysis. The POX and COX activities of
PGHS-2 can undergo self-inactivation via different processes, both of
which appear to emanate from Intermediate II. Adapted with permission
from ref 9. Copyright 2008 Elsevier.

PGHS-1 and AA at AA concentrations of <1 uM.”>® This
kinetic cooperativity can be overcome by adding an exogenous
peroxide. A similar kinetic hysteresis has been observed in
titrating 3T3 cells expressing PGHS-1 with low concentrations
of exogenous AA.”” One explanation for this behavior is that the
3T3 cells have relatively low peroxide concentrations that prevent
PGHS-1 from functioning efficiently at low AA concentrations.*"”*

2.4.5. Suicide Inactivation of PGHSs. Prior to any under-
standing of the relationship between the POX and COX activities
of PGHSs, PGHS-1 was observed to undergo suicide inactivation
(ie., self-inactivation) when incubated with various fatty acid
substrates.”” It is now understood that there are both POX
and COX inactivation processes and that each has different
characteristics."" Treatment of PGHSs with a peroxide leads to
the rapid loss of POX activity, and moreover, POX inactivation
occurs with a Y385F mutant lacking COX activity.”®”® COX
activity is also lost rapidly when either PGHS-1 or PGHS-2 is
incubated with an AA or any other FA substrate.””'% POX
inactivation is first order kinetically, is independent of the nature
of the peroxide, and occurs at a slower rate than and independent
of COX inactivation.”®'®" COX inactivation is dependent on the
nature of the peroxide, the POX reducing substrate, and the fatty
acid substrate, and POX activity remains after COX activity is
completely lost.””"* Tsai and Kulmacz have proposed that both
POX and COX inactivation proceed from Intermediate II and
have speculated that POX inactivation involves the oxyferryl heme
group whereas COX inactivation involves a tyrosyl radical.'"
However, little is known about the chemical changes that occur
in the enzymes related to POX or COX self-inactivation events
other than that heme is oxidized in association with POX
inactivation.'" It is also unclear whether there is any physiologic
relevance to self-inactivation, which occurs during the course of
hundreds to thousands of substrate turnovers. PGHS-2 self-
inactivated in cultured cells by treatments with substrates appears
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Figure 8. E,j, versus E,, in the conformationally heterodimeric structure of PGHS-2. E_,, is the catalytically functional monomer, which is regulated by
the allosteric monomer E,j;,. Heme binds E ., but not E,, with high affinity; in essence, heme binding to E,, significantly reduces the affinity of heme for
E.i10- It is not known whether heme binds randomly to equivalent monomer in forming the heterodimer or whether heme binds a transiently pre-existing
Ecat/Eano dimer. AA binds to both E,y, and E,, although it has a higher affinity for E,y, (see Figure 9). PA also has a higher affinity for E,j,. Some
inhibitors (e.g., naproxen and ibuprofen) bind E,y, with higher affinity than E,, whereas, as shown, many inhibitors bind E_,, with higher affinity and
compete directly with AA to inhibit COX activity. Adapted with permission from ref 35. Copyright 2011 American Society of Biochemistry and

Molecular Biology.

to be rapidly degraded whereas self-inactivated PGHS-1 does not
appear to be degraded.®

2.5. Allosteric Regulation of PGHSs

2.5.1. Half of Sites COX Activity and Allosteric Regula-
tion of COX Activity by Fatty Acids. As noted above, there is
considerable evidence that PGHS-2 exhibits half of sitess COX
activity (ie., only one COX active site functions at a given time) and
that there is also ligand-dependent cross-talk between the mono-
mers of huPGHS-2. There is indirect evidence for cross-talk
between monomers comprising PGHS-1, although the outcomes
for the two isoforms with a given ligand are often different,*>%5%%6
For example, palmitic acid (PA) stimulates PGHS-2 and inhibits
PGHS-1,>* and most COX inhibitors affect PGHS-1 versus
PGHS-2 differently.'*

In addition to half of sites COX activity, there also appears to
be a related half of sites POX activity. This is deduced from the
fact that there is only one high-affinity heme binding site per
dimer. Maximal COX activity occurs with one heme bound per
dimer,>>*° and the COX activity of a monomer will not function
unless the POX site of that specific monomer is functional.”’

One PGHS monomer designated E,j, functions allosterically
to regulate its partner, catalytic monomer E.,, (Figure 8). Evidence
for cross-talk between monomers during catalysis first emerged
from studies demonstrating that huPGHS-2 exhibits a kinetic
preference for AA over eicosapentaenoic acid (EPA) when the
two are tested together.'®® This preference, which conflicted with
predictions from Michaelis—Menten kinetics determined with
AA or EPA individually, suggested that EPA and AA both are
allosteric regulators of PGHSs. It was subsequently found that
even FAs that are not substrates, including common saturated
FAs and monounsaturated FAs, are also allosteric regulators of
PGHSs.** Studies to date indicate that common 12—22-carbon

FAs that are not substrates bind to E_y, with similar affinities.*>>*

A given FA can elicit a stimulatory or inhibitory effect on AA
oxygenation depending on the FA and the PGHS isoform.>>>*

Most common, nonsubstrate FAs stimulate the rate of
oxygenation of AA by huPGHS-2. FAs bind to the COX active
site of E,jj, and promote the AA oxygenase activity of B,.>>*
Heme binds with high affinity only to one monomer of a
dimer,**° and COX activity can only occur in the monomer
to which heme is bound.”® Thus, the monomer to which
heme is bound and that preferentially binds AA must be E_,;
(Figures 8 and 9).3551,53756

There are two reasonably well-understood examples of FA
interactions with E,jo/Ec, of huPGHS-2. The first involves the
binding of AA alone to huPGHS-2 (Figure 9A). AA is bound in
different conformations in the two COX sites of an AA/
muPGHS-2 cocrystal.’” In one monomer, AA is “upside down”
in the COX active site in a nonproductive conformation in which
the carboxylate group of the AA interacts with Tyr38S. This is
E.u10 as depicted in Figure 9A. In the other monomer, AA is “right
side up” with its 13-proS hydrogen interacting with Tyr38S in a
catalytically productive conformation®”*>*’—E_, in Figure 9A;
again, a Tyr38S radical abstracts the 13-proS hydrogen from AA
in the rate-determining step of the COX reaction. In experiments
performed at high huPGHS-2/AA ratios, the rate of AA oxygena-
tion drops to zero before all the AA is consumed but not as a
result of self-inactivation.”® The model in Figure 9A predicts that
this would happen if AA is bound nonproductively to the E,j, site
but not bound to the E, site. This occurs because the K, for AA
binding to the E,, site is ~0.25 uM whereas the Kp for AA
binding to the E,, site is significantly higher (8.4 ,uM).35 The
orientations of AA shown in Figure 9A are based on crystal
structures, and we note that the inverted conformation of AA in
E.iio has not been shown to occur in solution.

5832 dx.doi.org/10.1021/cr2002992 |Chem. Rev. 2011, 111, 5821-5865



Chemical Reviews

A

AA AA
aIIo/Ecat<— Eallo' VVIEcat<— Eallo'VVIEcal -AA

Ky =0.26 uM Ki'=8.4 uM
PGG,

aIIo'VVIEcat'PGGZ

B. K, >50 uM

PA
EallolEcat <« Eallo'PAlEcat €« Eallo'PAlEcat'AA

K'j~17.5 uM K, <8.4 M
PGG,

E.uo-PAIE ,+PGG,

Figure 9. Interplay between E,j, and E.,, during COX catalysis. (A)
Binding of AA to E,j, and E., and its oxygenation by PGHS-2. (B)
Binding of AA and its oxygenation by PGHS-2 in the presence of an
excess of palmitic acid (PA). Adapted with permission from ref 35.
Copyright 2011 American Society of Biochemistry and Molecular
Biology.

The second example of allosteric regulation of huPGHS-2 by
FAs involves interactions between AA and PA, a nonsubstrate FA
(Figure 9B). PA can stimulate the rate of AA oxygenation by
huPGHS-2 more than 2-fold.>* As determined by crystallogra-
phy, PA binds to E,j, in a right side up conformation with its
carboxylate %roup interacting with Arg120. The Kp, of PA for E
is ~7.5 uM.”> When PA is in excess of AA, PA can displace AA
from the E,j, site of native huPGHS-2, and AA can then be
completely consumed by the enzyme.*® This occurs because PA
does not effectively inhibit binding of AA to the E, site (i.e., the
Kp of PA for E is =50 uM). The situation shown in Figure 9B
is representative of the one that presumably occurs in vivo where
AA would be a minor FA and PGHS-2 would be in a milieu having
high concentrations of various nonsubstrate FAs including PA.

We now suspect that allosteric regulation of PGHS-2 by
nonsubstrate FAs involves increasing the Vyax for AA without
affecting the Ky;. This presumption is based on the finding that
naproxen, an inhibitor that functions allosterically by binding
E.o,> reduces the Vyax without changing the Ky, for AA
(unpublished observation). Unfortunately, determining whether
PA affects the Ky or Vyax for AA is difficult because decreases
in AA substrate concentrations change the relative amounts of
E.ilo to which PA is bound; it is E,;, with nonsubstrate FA
bound that is the true “E” in the Michaelis—Menten equation
(ie., Euqio—PA/E., (Figure 9B)). Although perhaps overly
simplistic, we will assume for the purposes of discussion that
only changes in Vyax values toward AA occur upon binding of
nonsubstrate FAs or inhibitors to E ..

2.5.2. Regulation of PGHSs by COX Inhibitors. COX
inhibitors include traditional NSAIDs that inhibit the COX
activities of both PGHS-1 and PGHS-2 and COX-2 specific
inhibitors, often referred to as coxibs, that have greater selectivity
toward PGHS-2.">'% Until recently, COX inhibitors were
thought to fall into two mechanistic categories depending on
whether the effects were time-dependent or time-independent.

The defining features of time-dependent inhibition are (a) that,
when a PGHS is preincubated with an inhibitor, there is a time-
dependent loss of COX activity and (b) that, upon reducing the
concentration of inhibitor, COX activity is recovered at a slow,
sometimes almost undetectable rate (Figure 10).'°*'* The rapid,

>
w

Time-dependent loss
of COX activity when
PGHS is preincubated
with inhibitor prior to
assay

Recovery of COX activity
when inhibited PGHS is
diluted into a solution lacking
inhibitor and then assayed at
different times

COX Activity
COX Activity

Time with Inhibitor (min) Time after removing Inhibitor (min)
Figure 10. Diagram of time-dependent inhibition of PGHSs. (A) Time-
dependent loss of COX activity observed when either PGHS-1 or
PGHS-2 is preincubated with a time-dependent inhibitor. (B) Recovery
of COX activity that occurs following time-dependent loss of activity.

reversible binding of a time-dependent inhibitor can be mon-
itored by measuring “instantaneous” inhibition immediately after
enzyme is added to an assay chamber containing substrates and
inhibitor. The resulting kinetic data can be used to compute a K;
value for what is an apparent, simple competitive inhibition.
Time-dependent inhibition can be measured by preincubating
the enzyme with an inhibitor and then adding an aliquot of the
preincubation mixture to an assay chamber containing substrates
and measuring COX activity; under these assay conditions, the
free inhibitor is diluted to an ineffective concentration. Figure 10
depicts how time-dependent inhibition is measured.

It is now useful to expand the earlier categorization of COX
inhibitors as being time-independent or time-dependent to
include the observations that some inhibitors function through
E.lioy some through E,,, and some through both E,j, and E,;
furthermore, there can be differences in how the inhibitors act
depending of the COX substrate.”” Briefly, there are (a) time-
independent inhibitors that can function by binding E,y, (e.g.,
ibuprofen and mefanamate with 2-arachidonylglycerol and
PGHS-2) or both E,, and E,; (e.g., ibuprofen and mefanamate
with AA and PGHS-2);> (b) time-dependent inhibitors that
function by binding E,y, (e.g, naproxen with AA and PGHS-2);*°
and (c) time-dependent inhibitors that function by binding

E..t (e.g., celecoxib with AA and PGHS-2) and in some instances
covalently modifying E, (e.g, aspirin with AA and PGHS-2).*®

Ibuprofen and mefanamic acid are considered to be time-
independent inhibitors of PGHS-2.*>*° Each inhibitor binds to
E.11o with relatively high affinity and to E,, with lower aflinity.
The binding of ibuprofen or mefanamate to E,, of PGHS-2
causes ~75% inhibition of activity toward the alternate substrate
2-arachidonylglycerol (2-AG; Figure 11A) but at most a modest
~15% inhibition of activity with AA (Figure 11B). It is only when
one of the inhibitors is also bound to E_,, that complete inhibition of
AA oxygenation by ibuprofen or mefanamate occurs (Figure 11B).
Thus, from a kinetic perspective ibuprofen and mefenamate are
mixed inhibitors. Noncompetitive inhibition involving binding of
an inhibitor to E,y, is the major contributor to inhibition of 2-AG
oxygenation. Competitive inhibition involving binding of an
inhibitor to E,, is the main contributor to inhibition of AA oxygena-
tion. Observations consistent with these conclusions are (a) that
ibuprofen and mefenamate act at relatively low concentrations as
noncompetitive inhibitors of 2-AG oxygenation,>® (b) that non-
competitive inhibition of 2-AG oxygenation is incomplete (ca. 75%)
and involves decreasing the Vyax but not the Ky; with 2-AG,
(c) that ibuprofen behaves as a mixed or competitive inhibitor of
AA oxygenation by PGHS-2, and (d) that PA interferes with
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Figure 11. Binding of various inhibitors to PGHS-2 and inhibition of
AA and 2-AG oxygenation. (A) Representation of ibuprofen (or
mefenamic acid) inhibition of 2-AG oxygenation by PGHS-2; in this
example of time-independent allosteric inhibition, E,j,—1I/E.«—2-AG
functions at only 25% of the rate of E ./ Ecai—2-AG.> This is a form of
(B) representation of ibuprofen (or mefenamic acid) inhibition of AA
oxygenation by PGHS-2; in this example of time-independent inhibi-
tion, there is a modest allosteric inhibition (~15%) with both E,—1/
Ec—AA and E,j,—AA/E ,—AA being active but functioning at slightly
different rates.>** (C) Time-dependent, allosteric inhibition of PGHS-
2-mediated AA oxygenation such as that seen with naproxen. In this
situation, *E j,—I/E, is time-dependently inhibited and has relatively
low but still appreciable COX activity.>> (D) Time-dependent inhibition
by of AA oxygenation by PGHS-2 involving the binding of the inhibitor
to E,.. In this case, which is representative of what is seen with celecoxib,
rofecoxib, indomethacin, and diclofenac,® *Ej,— AA/E,—1 is a time-
dependently inhibited and completely inactive form of the enzyme.

inhibition of AA oxygenation by ibuprofen by competing with
ibuprofen for binding to Eo>

Time-dependent COX inhibitors are generally visualized as
functioning in two phases although there may be a third phase
with some inhibitors'® (Figure 11 parts C and D). The first
phase is a rapid, reversible binding to the COX active site of either
E.no or Ecy. The second phase involves a slow conformational
change to an “*E” form of the enzyme (Figure 11 parts C and D).
The latter process occurs in seconds or minutes and is even more

slowly reversible.”*>'% Modeled in Figure 11C is the case for an
inhibitor (e.g, naproxen) that binds preferentially to E,.
Figure 11D illustrates the case for an inhibitor (e.g., celecoxib,
diclofenac) that preferentially binds to E,. Aspirin is an agent
that, at least in the case of PGHS-2, acetylates E...> Most of the
information on interactions of inhibitors with the two subunits
has been determined for PGHS-2.*

The discovery that nonsubstrate FAs such as palmitic acid bind
preferentially to E,j, permits discrimination between binding of
inhibitor to Ey, versus E_,.. FAs uniformly interfere with inhibitors
that bind to E,j, while they generally have no effect or even
potentiate the actions of inhibitors that bind to E,.>> In many, if
not all, cases, a given inhibitor will interact differently with
PGHS-1 versus PGHS-2. A distinctive feature of coxibs is their
ability to cause time-dependent inhibition of PGHS-2 but time-
independent inhibition of PGHS-1.%*'%'% Rofecoxib and cel-
ecoxib both appear to interact preferentially with E.,; of PGHS-2.
The extent to which different nonselective inhibitors interact
with E,j, versus E_,; of PGHS-1 and PGHS-2 is unresolved.

2.5.3. Molecular Basis for Cross-Talk between PGHS
Monomers. As discussed above, a rate-determining step in COX
catalysis is abstraction of the 13-proS hydrogen from AA by a Tyr-
385 radical. ¥ Thus, it is logical that allosteric regulation involves
changing the juxtaposition of the 13-proS hydrogen and the phenolic
oxygen of Tyr385 in E; so as to slow or increase the rate of
hydrogen abstraction. However, more complex changes such as
redistributing the radical between Tyr-385 vs Tyr-504"""'% or
stabilizing the radical(s) 199 could also affect the rate. Alternatively, a
structural change that alters the rate of O, insertion, which has also
been considered to be another rate-limiting step,”* may affect
catalysis. In short, different nonsubstrate FAs® and different inhibi-
tors may influence catalysis in different ways.""'%

Structural changes do occur in PGHS-1 and PGHS-2 upon
binding of a FA or inhibitor to the enzymes.'®*>**3%!1% Eor
example, binding of inhibitors or heme decreases the sensitivity
of ovPGHS-1 to cleavage by trypsin apparently by decreasing the
availability of the peptide bond involving Arg-277."%"'° A subtle
change in the position of Tyr-385 (<0.4 A) in E,, would have
a major impact on catalysis. Unfortunately, small changes in
the location of Tyr-385 cannot be delineated in any of the
structures that have been published because even the most
highly resolved structures are at relatively moderate resolution
(2.0 A) 4049,:57,65,66,68,111

Cross-linking studies in which cysteine residues have been
inserted at different positions at the interface between the two
monomers of PGHS-2 identified a region of cross-talk involving
residues 125—127 from one monomer and residues 542—543 in
the adjoining monomer.>* As illustrated in Figure 12, structural
studies show that the loop involving residues 125—127 can
assume one of two conformations depending on the occupancy
of the COX active site.*”>® The loop involving residues 125—127
emanates from a helix involving Arg-120, a residue that interacts
with FA substrates and many inhibitors of PGHSs. One can
imagine that a ligand-induced change in the position of Arg-120
in E,, could change the structure of the loop involving residues
125—127 in E, and that this structural change could be
transmitted to the partner E_,, through interactions with residues
542—543 in the partner monomer. It is not obvious how this
change would alter the COX site of E, (e.g,, the juxtaposition of
Tyr-385 and the 13-proS-hydrogen of AA).

2.5.4. Physiologic and Pharmacologic Consequences
of PGHS Allosterism. The biologic significance of PGHS
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Figure 12. Two forms of the 125—127 loop of PGHS-2 at the dimer
interface of ovPGHS-1. Alternate conformations of residues 121—129 in
one monomer at the interface with another monomer. The monomer
shown with the residues in orange is a monomer of ovPGHS-1 to which
celecoxib is bound. The side-chains of the other monomer occur in two
conformations. One is from a monomer to which no celecoxib is bound
(blue), and the other is from a monomer to which celecoxib is bound in
the COX site (magenta). Reprinted with permission from ref S6.
Copyright 2010 National Academy of Sciences.

allosterism remains to be established, but allosteric regulation of
PGHSs is likely to have important in vivo consequences. As
summarized above, COX activities of purified PGHS-1 and
PGHS-2 are modulated in vitro by all common FAs, includin
both those that are PGHS substrates and those that are not.>>*
We hypothesize that in vivo PG production is influenced by the
effective concentration and FA composition of the milieu in
which PGHSs operate—the FA tone. Presumably every indivi-
dual establishes a fairly constant FA tone as a consequence of
dietary habits and genetic profile (e.g., refs 112 and 113). We
imagine that having a FA tone outside some normal range would
change PG formation to an extent sufficient to affect the health of
an individual. For example, having a FA tone that enhances PG
formation via PGHS-2 might well exacerbate inflammatory
conditions believed to underlie many chronic diseases. Dietary
studies designed to investigate this possibility have not been
performed in either humans or laboratory animals.

FAs modulate responses of PGHSs to COX inhibitors. For
example, in vitro palmitic, stearic, and oleic acids potentiate to
different degrees the inhibition of PGHS-2 by aspirin and of
celecoxib on PGHS-2.** FAs can interfere with the actions of
naproxen and FBP. The existence of interactions among FAs and
COX inhibitors with PGHSs suggests that there are unrecog-
nized relationships between FA tone and the actions of COX
inhibitors. These drugs are the most widely used pharmaceutical
agents in the United States, but they have adverse side effects
responsible for an estimated 20 000 deaths in the United States
annually.'” We envisage that some side effects, which are
generally of unknown origin, are related to diet/drug interactions

and could be ameliorated by altering diet or drug. For example,
responses of patients to traditional NSAIDs or coxibs likely vary
among groups of individuals on typical Western versus Medi-
terranean versus w3 fish oil-enriched diets, and the differences

are probably drug-specific.

2.6. Regulation of PGHS-1 vs PGHS-2 in Cells by Peroxide
Tone and FA Tone

As noted earlier, PGHS-1 and PGHS-2 are products of different
genes. Further, there are now many examples indicating that each
isoform acts independently to subserve different, nonoverlapping
biologies.lM*ué Funk and co-workers characterized transgenic
mice in which the PGHS-1 coding region was substituted for the
PGHS-2 coding region behind the PGHS-2 promoter.'"” Their
studies provide direct evidence that differences in both the patterns
of expression and the enzymatic properties of the two isoforms
contribute to their unique biologies.

Although not addressed in detail here, there are major differences
between PGHS-1 and PGHS-2 expression. PGHS-1 is typically
expressed constitutively”'"*''” and in an estimated 10% of mam-
malian cell types.'”® PGHS-2 is usually expressed transiently,
perhaps by all cells, during replication and/or differentiation.”' ' !
There are also significant differences between PGHS-1 and
PGHS-2 protein degradation.*"*’

From an enzymatic perspective, the most interesting situation
occurs when PGHS-1 and PGHS-2 are coexpressed in cells, and
the activity of PGHS-1 becomes effectively latent. An example of
this is seen with so-called “late-phase” murine NIH 3T3 fibro-
blasts. Growth-arrested, senescent murine NIH 3T3 fibroblasts
express PGHS-1 but not PGHS-2.”"*>">*> When 3T3 cells are
stimulated with a mitogen or phorbol myristate acetate (PMA),
PGHS-1 levels remain constant, but PGHS-2 gene expression is
induced with peak PGHS-2 protein expression occurring 2—3 h
later. PGHS-2 protein levels then decrease rapidly to near basal
levels."*>~">% Correspondingly, PGE, production takes place in
two phases.”'>*”'*® One is an early phase that occurs immedi-
ately upon addition of a mitogen or PMA to senescent 3T3 cells,
plateaus within minutes, and is due to the sequential actions of
AA (and EPA)-specific cPLA,,'>*'*” PGHS-1,'>*""*¥12% and
cytosolic PGES' or mPGES-1."%"*" The amount of PGE,
formed in the early phase is in the range of that observed when
~1—5 uM exogenous AA is added to senescent 3T3 cells.””"**
The second or late phase involves a slower but continuous PGE,
production that coincides with the appearance of PGHS-2
beginning ~0.5 h after adding a mitogen or PMA. sPLA,(s),
which shows no preference among fatty acids at the sn2 position of
phospholipids,'*> appears to be the major, operative PLA, in late
phase PGE, synthesis."*>*** In the late phase, PGHS-2 is respon-
sible for >95% of the PGE, formed."** This occurs despite PGHS-1
being present at more than twice the level of PGHS-2,"* both
enzymes apparently being colocalized,”'*”'** and the two
isozymes having very similar kinetic properties (i.e,, Ky, Varax)-

There are at least two subtle differences between the kinetic
properties of PGHS-1 and PGHS-2 that could explain why
PGHS-2 functions in late-phase 3T3 cells whereas PGHS-1 is
effectively latent. First, as discussed earlier, PGHS-1, but not
PGHS-2, exhibits positive substrate cooperativity (i.e., unexpect-
edly low oxygenation rates with a combination of low AA and
hydroperoxide activator concentrations).”® Second, PGHS-2 is
stimulated by ambient nonsubstrate FAs whereas PGHS-1 is slightly
inhibited.>>>* Additionally, the oxygenation of AA by PGHS-1 is
inhibited to a significantly greater extent than PGHS-2 by EPA
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and docosahexaenoic acid (DHA), which are present at the sn2
- 54,103
position of common phospholipids.
The inability of PGHS-1 to function in late-phase 3T3 cells
may result in part from intracellular conditions that promote
ept P 94 PR . .
positive cooperativity.” There is indirect evidence that hydro-
peroxide promotes PGHS-1 activity in platelets,"* and this
suggests that, at least in some cells, changing the concentrations
of activating hydroperoxide can modulate PGHS-1 activity.
Thus, in vivo PGHS-1 may be regulated by ambient peroxide
concentrations or peroxide tone.”* Additionally, as noted in the
discussion of PGHS allosterism, the concentration and composi-
tion of the ambient FA pool (i.e., the FA tone) at the time of AA
mobilization from phospholipid precursors may have the effect of
promoting PGHS-2 and attenuating PGHS-1 activities.

2.7. Alternative Substrates of PGHSs

North American and Western European diets have relatively
high levels of omega 6 (w6) fatty acids (e.g,, linoleic acid)."**'*!
As a result, the most common prostanoid precursor in these
populations is the 20-carbon w6 fatty acid, arachidonic acid
(AA). Adrenic acid, which is the elongated version of w6 AA, is
also an effective substrate.>*

EPA, an w3 “fish oil” FA, can function as a precursor of “3-series”
prostanoids in vivo.'**~'** However, it is not clear whether
3-series PGs can be formed via PGHS-1 and/or PGHS-2; that is,
the impact of increases in fish oil FAs, including both EPA and
DHA, on PGHS-1 vs PGHS-2 pathways in vivo is unresolved.
EPA is a very poor substrate for PGHS-1 and is onl oxygenated
in the presence of high levels of hydroperoxide;'**'*'*” addi-
tionally, EPA is a reasonably good inhibitor of AA oxygenation by
PGHS-1, and at equimolar concentrations EPA inhibits AA
oxygenation by ~50%.'" In contrast to PGHS-1, PGHS-2
oxygenates EPA to an approximately equimolar mixture of 15-
hydroperoxyeicosapentaenoic acid and PGH3 at ~30% of the
rate of conversion of AA to PGH,.? EPA is a weak inhibitor of AA
oxygenation by PGHS-2."”> DHA is a very poor substrate for
PGHS-2 and is not oxygenated at appreciable rate by PGHS-
1.7°* As described by Rouzer and Marnett in an accompanying
article, there is considerable evidence that AA esters, notably
2-arachidonylglycerol, are PGHS-2 substrates involved in endo-
cannabinoid metabolism."

2.8. Subcellular Localization and Trafficking of PGHSs

The subcellular locations of PGHS-1 and PGHS-2 seem to be
qualitatively similar but quantitatively different. Both PGHS-1
and PGHS-2 are embedded in the luminal surface of the ER and
the inner membrane of the nuclear envelope™'*”'*® and associated
lipid bodies."*® Recent results suggest that a significant fraction of
PGHS-2 is present in the Golgi apparatus (unpublished results).

3. PROSTAGLANDIN D SYNTHASES (PGDSs)

PGD, is a mediator of allergic and inflammatory responses
and is produced by mast cells ****" and Th2 cells"** in a variety
of tissues and is an endogenous sleep-promoting substance in the
brain.’>® PGD, is formed from PGH,. PGD synthases (PGDSs;
PG endoperoxide D-isomerase, EC 5.3.99.2) catalyze the iso-
merization of the 9,11-endoperoxide group of PGH, to PGD,,
which has a 9-hydroxy and an 11-keto group (Figure 1). There
are two distinct types of PGDSs. One is hematopoietic PGDS
(H-PGDS), which is found in mast cells,"** Th2 cells,">* and
microglia,"** and the other is lipocalin-type PGDS (L-PGDS),
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cardiovascular tissues including the human heart. 9

3.1. Catalytic and Molecular Properties

3.1.1. Purification and Properties of H-PGDS. H-PGDS
was originally purified from rat spleen by Christ-Hazelhof and
Nugteren in 1979 as a 26-kDa, cytosolic, monomeric glutathione-
requiring enzyme.'® The M, of H-PGDS is the same as that of
L-PGDS,"® but the biochemical characteristics of H-PGDS are
distinct from L-PGDS in terms of kinetic parameters, amino acid
composition, and immunological properties, and H-PGDS is
associated with glutathione-S-transferase (GST) activity.162 On
the basis of molecular and X-ray crystallographic studies of
recombinant rat H-PGDS expressed in E. coli, H-PGDS was
identified as the vertebrate homologue of the o-class of GSTs."*
Sequences of full-length ¢cDNAs for the human and mouse
H-PGDS have subsequently been obtained.'®* The ¢DNAs
encode a protein composed of 199 amino acid residues with
calculated M, values of 23297, 23 343, and 23226 for the rat,
human, and mouse enzymes, respectively. The N-terminal
methionine is cleaved from the mature protein. The cDNA for
the chick homologue was isolated by Thomson et al.'®® The
X-ray crystal structure of the human recombinant H-PGDS was
reported in 2003.'*® Human H-PGDS is now known to be a
homodimeric protein with an M, of 45000—49 000, that binds
one molecule of reduced glutathione (GSH) per monomer and
one Mg®" ion per dimer, as described in section 3.2.1 in detail.
Mg*" and Ca”" ions increase the activity of H-PGDS ~1.5-fold
over basal levels in a concentration-dependent manner, with half-
maximal effective concentrations of 50 M for Mg>* and 400 uM
for Ca**. Mg increases the affinity of the enzyme for GSH,
decreasing the Ky value 4-fold from 0.6 mM in the absence of
MgCl, to 0.14 mM in the presence of 1 mM MgCl,; Ca** does
not change the affinity of human H-PGDS for GSH (Ky =
0.6 mM). Because H-PGDS is localized in the cytosol, where the
concentration of Mg™" is estimated to be >1 mM, H-PGDS likely
exists as the Mg”*-bound form in vivo.

3.1.2. Purification and Properties of L-PGDS. L-PGDS
was isolated from rat brain in 1985 as a GSH-independent PGDS
with an M, of 26000."" The enzyme had previously been
misidentified as a protein with an M, of 80000—85000."¢”
L-PGDS does not absolutely require GSH for its catalytic
reaction; it is active with various other sulthydryl compounds,
such as dithiothreitol, [-mercaptoethanol, cysteine, and
cysteamine.'®® In 1989, the cDNA for L-PGDS was isolated
from a rat brain cDNA library'® and subseguently from many
other mammalian species, including human,"”®'”" and also from
nonmammals, including the chicken, frog, and fish."”>'7% The
c¢DNA for L-PGDS encodes a protein composed of 189 and 190
amino acid residues in the mouse and human enzymes, respec-
tively. L-PGDS is post-translationally modified by cleavage of an
N-terminal signal peptide of 24 and 22 amino acid residues from
the mouse and human enzymes, respectively. Two N-glycosyla-
tion sites, at positions of Asn-51 and Asn-78, in the mouse and
human enzymes are conserved in all mammalian enzymes thus
far identified but are not found in the amphibian homo-
logues. Mammalian L-PGDS is highly glycosylated, having two
N-glycosylated sugar chains, each with a molecular mass of
3000 Da.'® Homology searching in a database of amino acid se-
quences revealed that L-PGDS is a member of the lipocalin gene
family,"”" which consists of small, secretory, nonenzymic pro-
teins that serve as transporters of various lipophilic ligands.'”*
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Table 2. Catalytic and Molecular Properties of Human
H-PGDS and L-PGDS

hematopoietic PGD
synthase (H-PGDS)

lipocalin-type PGD
synthase (L-PGDS)

molecular weight ~ ~23 000 ~26 000

subunit dimer monomer

cofactor GSH sulthydryl compounds
(natural cofactors
are unknown)

activator Mg™", Ca™*

chromosomal 4q21-22 9q33—34

localization
post-translational N-glycosylation
(B-trace)

microglia, mast cells,

modification
tissue distribution  leptomeninges, choroid
plexus, oligodendrocytes, oviduct, Langerhans

testis (Leydig cells, cells, dendritic cells,

Sertoli cells), heart Kuppfer cells,
Th2 cells
inhibitor HQL-79, TEC-007 AT-56

L-PGDS is the first lipocalin recognized to have an enzymatic
activity.

In 1993, Hoffman et al.'”® purified a major protein of human
cerebral spinal fluid (CSF), 3-trace,'”® and found that the partial
N-terminal amino acid sequence of human f-trace is identical to
that of human L-PGDS after truncation of the N-terminal signal
sequence predicted from the cDNA sequence.'”® Then in 1994,
Watanabe et al.'”” purified L-PGDS from human CSF and
demonstrated that human L-PGDS is immunologically the same
protein as f3-trace. Human L-PGDS/[3-trace is also present in the
seminal plasma, serum, and urine, and the L-PGDS/[-trace
concentration in various body fluids has been proposed to be
useful as a clinical marker for many diseases, as described in
section 3.4.4.

3.1.3. H-PGDS and L-PGDS As Novel Examples of
Functional Convergence. The catalytic and molecular proper-
ties of H-PGDS and L-PGDS are summarized in Tables 1 and 2.
Urade, Hayaishi, and co-workers have extensively studied the
structural and functional properties of H-PGDS and L-PGDS
and reported their tissue distribution, their cellular localization,
their cloning of cDNA, the chromosomal gene of the human and
mouse enzymes, and the regulatory mechanisms controlling their
gene expression. Knockout (KO) mice'”® and transgenic mice
overexpressing human H-PGDS'”® and human L-PGDS"*>'*!
have been used to identify functional abnormalities. Although
both H-PGDS and L-PGDS catalyze the same reaction, these
enzymes have evolved from different origins—H-PGDS from
GST'® and L-PGDS from lipocalins.'”®'”" Therefore, H-PGDS
and L-PGDS represent examples of functional convergence.'**'®
H-PGDS/L-PGDS double KO mice have undetectable levels of
the major urinary metabolite of PGD,, tetranor-PGDM,'®** indicat-
ing that these two enzymes are responsible for the production of
all of the PGD, in mice.

Members of the a-, -, and s-classes of GSTs and squid
GST(s) of the o-class GSTs have the ability to convert PGH, to a
mixture of PGD,, PGE,, and PGF,, in the presence of
GSH."®>'% However, their PGDS activities are lower than their
PGE and PGF synthase activities. Therefore, the H-PGDS gene

apparently evolved from a common ancestor of the invertebrate
a-class GSTs and acquired PGDS activity during evolution.
Metal activation of H-PGDS is unique among members of the
GST family in that it is not observed in other GST isozymes in
the a-, -, 7-, or 0-classes or in the o-class GST from Shistosoma
mansoni. A 28-kDa GST of S. mansoni (Sm28GST) is associated
with PGDS activity (1 #mol/min/mg protein with 40 M PGH,
and 1 mM GSH) having ~3% of rat H-PGDS activity (30 umol/
min/mg protein); Sm28GST does not catalyze the conversion
of PGH, to PGE, or PGF,,."*” GST isozymes with PGDS
activity are also found in the filarial nematode Onchocerca volvulus
(Ov-GST1)"®® and the porcine nodule worm Esophagostomum
dentatum.'®® Those GSTs play important roles in the pathogen-
esis and physiology of protozoan and metazoan parasites, as
reviewed by Kubata et al.'”

3.2. Tertiary Structures of PGDSs

3.2.1. X-ray Crystallographic Structure of H-PGDS. X-ray
crystallographic structures of H-PGDS have been determined for
the following complexes: the rat H-PGDS-GSH complexat 2.3 A
resolution (PDB code 1PD2v);'®® the human H-PGDS-GSH
complex in the presence of Mg** or Ca®" at resolutions of 1.7 and
1.8 A, respectively (PDB codes 1IYH and 11Y], respectively);'%
and a quaternary complex of human H-PGDS with Mg**, GSH,
and an inhibitor (HQL-79) at a resolution of 1.45 A (PDB code
2CVD)."” The crystal structure of the human H-PGDS-HQL79
complex is shown in Figure 13.

The structure is that of a homodimer with each monomer
complexed with one GSH molecule (Figure 13A). The mono-
mers are related by a noncrystallographic 2-fold axis of symmetry.
The dimer interaction involves a “lock-and-key” complementar-
ity with a hydrophobic surface and a limited number of electro-
static interactions, as is commonly observed in various GSTs.

The overall folding motif of H-PGDS is the same as that of
other GSTs. The H-PGDS monomer is composed of two major
domains with a prominent interdomain cleft; that is, the N-term-
inal domain (amino acid residues 1—71) and the C-terminal
domain (82—199) are connected by residues 72—81, which
include two turn structures (residues 72—75 and 76—79). The
N-terminal domain contains a four-stranded [3-sheet and three a-
helices, arranged in a BaafBa thioredoxin motif,"" in which
the 82 and 31 strands are parallel and the 1 and 33, and the 33
and f4, are antiparallel. The a1 and a3 helices comprise the
dimer interface with the a4, a6, and a8 helices of the counterpart
in the dimer. The loop structure (residues 46—52) bends at the
position of ProS2 to the outside of the enzyme, which is the GSH
binding site. The angle between the directions of the loop and the
33 backbone is ~90°, so that the side-chains of the loop residues
are exposed to the solvent with the Ile-S1 residue in a cis-
conformation, resulting in the formation of a GSH binding
dimple. The C-terminal domain is composed of five a-helices,
in which the a4, a5, and a6 helices make an a-helix bundle. The
long a5 helix bends at position GIn-123. In the connecting loop
of the a4 and a5 helices, the backbone between Ser-100 and Trp-
104 is kinked to compensate for the a4 helix, which is shorter
than that found in other GSTs.

GSH is bound to the side of the N-terminal thioredoxin-like
domain by forming two and eight hydrogen bonds to the atoms
of the protein backbone and side-chain, respectively, similar to
other GSTs. The cysteinyl backbone of GSH interacts with that
of cis-Ile-51 of the N-terminal domain via hydrogen bonds in an
antiparallel -sheet manner. The amino nitrogen of the y-glutamate
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Figure 13. X-ray crystallographic structure of human H-PGDS bound with HQL. (A) The dimeric structure.'*® (B) The Mgztbinding site."®® (C) The
Ca“—binding site.'®® (D) The monomeric structure.'”” (E) Close-up view of the superimposed structures around the active site of H-PGDS in the

presence (sky blue) and in the absence (gray) of HQL-79 shown as a space-filling mode

1.'”? GSH molecules in the presence (green carbon atoms) and

absence (gray carbon atoms) of HQL-79 are also shown. (F) Schematic drawing of the binding mode of HQL-79."”° Hydrogen bonds and salt bridges
are shown by yellow-dotted lines, weak hydrogen bonds are shown by blue-dotted lines, and the coordinate bond for Mg™" is shown by the yellow arrow.

residue of GSH forms hydrogen bonds with both of the carboxyl
oxygens of the Asp-97 side chain of the other H-PGDS molecule
in the dimer. The Sy atom of GSH and the O# of Tyr-8 show a
hydrogen-bonding distance of 3.1 A. All these residues are highly
conserved among the members of the GST family.

The prominent cleft including the GSH-binding site between
the two domains is the catalytic pocket. The interdomain cleft
expands to a wide and deep pocket (pocket 1) behind the GSH-
binding site with the longest loop eaves of the a4 and aS helices.
At the entrance of pocket 1, the indole ring of Trp-104 forms a
ceiling on the C-terminal domain, because the indole ring is
directed parallel to the a4 helix extended by the kinked backbone
including Trp-104. Pocket 1 has a path to a branched cavity
consisting of another pocket (pocket 2) and a narrow tunnel.
Pocket 1 also opens to a third pocket (pocket 3) on the outer
surface due to the short C-terminal end of H-PGDS. There is a
straight path from the outside of the protein to pocket 2 via
pockets 3 and 1.

The crystal structure of human H-PGDS in the presence of
GSH and Mg*" or Ca®" has revealed that Mg®* or Ca”* resides at

5838

the center of the dimer interface (Figure 13B and 13C)."% The
Mg™*- or Ca**-binding site consists of pairs of Asp-93, Asp-96,
and Asp-97 from each monomer. These six Asp residues form an
acidic cluster at the dimer interface, and the residues from each
pair are related via a noncrystallographic 2-fold symmetry axis at
the center of the dimer. The Mg>*- or Ca**-binding site lies at the
hinge portion between the N- and C-terminal domains of the
subunit (Figure 13 parts B and C). The Mg>" ion is octahedrally
coordinated by six water molecules (W1—W6), whereas the Ca>*
ion is coordinated by five water molecules (W1—W3, WS, and
W6), because the ionic radius of Mg2+ (0.65 A) is shorter than
that of Ca** (0.99 A). The hydrogen-bonding network between
Arg-14 and Asp-96 chan%es from only one hydrogen bond to the
NI of Arg-14 in the Mg**-bound form to two hydrogen bonds
between both O2 (Asp-96) atoms and the guanidinium nitrogen
atoms of Arg-14 (N1 and N2) in the Ca®*-bound form. Although
the conformations of GSH, Ser-100, and Trp-104 are identical in
both metal-bound forms, the angle between the guanidinium
plane of Arg-14 and the carboxyl plane of Asp-96 is 11.9° and
11.1°, respectively. The side-chain of Arg-14 rotates upon Mg>"
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binding, producing the metal ion effect on the reactivity de-
scribed below. The Asp93Asn, Asp96Asn, and Asp97Asn mu-
tants of human H-PGDS are not activated by the Mg>" ion.
Neither the Asp93Asn nor the Asp97Asn mutant shows in-
creased affinity for GSH in the presence of Mg”*. The affinity
of the Asp96Asn mutant for GSH is already increased irrespec-
tive of Mg**, differing from the wild-type enzyme and the two
other mutants. The Asp97Asn mutation causes a decrease in the
activity to ~1% of that of the wild-type enzyme when the
transformant E. coli cells are cultured at 37 °C. However, when
the transformants are cultured at 16 °C, the purified enzyme
shows almost the same activity as the wild-type enzyme, indicat-
ing that the Asp-97 residue is important for the stabilization of
the enzyme in E. coli grown at the higher temperature.

The HQL-79 molecule becomes inserted in the catalytic cleft
between Trp-104 and GSH (Figure 13 parts D and E)."”” No
steric hindrance is detected between HQL-79 and the GSH
molecule, consistent with the kinetic analyses, described below,
showing that HQL-79 is a competitive inhibitor against the
substrate, PGH,, and a noncompetitive inhibitor of GSH.
Among the three pockets (pockets 1, 2, and 3) in the catalytic
cleft of H-PGDS, phenyl-1 and phenyl-2 of the diphenyl of HQL-
79 penetrate into pocket 1 and pocket 2, respectively. The HQL-
79 molecule becomes stabilized by weak hydrogen bonding with
Met-99, Phe-102, Trp-104, and Tyr-152 located within a distance
of 3.5 A (Figure 13F), and by Arg-14, Thr-159, and Leu-199,
including GSH (by nonbonding interactions including salt
bridges and hydrogen bonding) through water molecules. The
tetrazole ring of HQL-79 is located at the entrance of pocket 3
and does not directly interact with the positively charged amino
acid cluster of Lys-112 and Lys-198 in this pocket. No direct
interaction is detected around the tetrazole ring, suggesting that
the tetrazole group of HQL-79 interacts with Lys-112 and Lys-
198 via diffusible water molecules in pocket 3.

In the catalytic cleft, a phenyl ring of the diphenyl of HQL-79
exhibits van der Waals interaction with the indole ring of Trp-
104, including weak hydrogen bonding with the ring nitrogen. In
comparison with the native structure of the enzyme, the HQL-79
molecule penetrates into the ceiling of the catalytic cleft and
pushes out the indole ring of Trp-104, resulting in the rotation of
the indole ring by 48° with a 4.3 A shift. The movement of Trp-
104 induces twisting of loop 7, which is linked to the long, kinked
aS-helix. However, in the cases of H-PGDS complexes with
more potent inhibitors, neither penetration of the inhibitor
molecule into the ceiling of the catalytic cleft nor pushing out
of the indole ring of Trp-104 is observed.'>'??

3.2.2. Catalytic Mechanisms of H-PGDS. Site-directed
mutagenesis of rat H-PGDS'* has indicated that Tyr-8, Arg-
14, and Trp-104 residues are important for the catalytic activity of
the enzyme. Tyr8Phe, Argl4Lys/Glu, and Trpl04Ile mutants
completely lack both PGDS and GST activities. All these mutant
enzymes bind to GSH-Sepharose, indicating that the loss of
PGDS and GST activities cannot be attributed to a complete lack
of GSH binding. The reactivity of the thiol group of GSH bound
to the mutants was examined using the thiol-modifying agent,
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB). When wild-type
rat H-PGDS was incubated with DTNB in the absence of GSH,
no reaction was observed at pH 5.0, indicating that the two free
cysteine residues in the wild-type protein cannot be titrated with
DTNB under relatively acidic conditions. In acidic solution with
0.5 mM GSH, DTNB was converted to 5-thio-2-benzoic acid at
an initial rate of 15 mmol/min. The addition of the wild-type
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Figure 14. Reaction models for the conversion of PGH, to PGD,."”*

Several reaction models have been proposed for the conversion of PGH,
to PGD,. C-9 and C-11 substituents are omitted for clarity. B represents
a base including a hydroxyl ion (OH—). Path A is hypothetical, and
paths B and C seem plausible.

enzyme or the Trpl04Ile mutant increased the reaction rate
exactly 2-fold, indicating that GSH had been activated to the
thiolate anion even in the Trpl04Ile mutant that lacks both
PGDS and GST activity. However, no enhancement of thiol
reactivity was observed with Tyr8Phe and Argl4Lys/Glu mu-
tants, suggesting that Tyr-8 and Arg-14 residues are essential for
activation of GSH to the thiolate anion within the catalytic cleft
of H-PGDS. Ultraviolet resonance Raman spectroscopy of hu-
man H-PGDS revealed that the Y8a Raman band of Tyr-8 at pH
8.0 is shifted from 1615 to 1600 cm ™' by the addition of Mg**
and to 1611 cm ™" upon subsequent addition of GSH. This result
indicates that Tyr-8 is deprotonated in the presence of Mg>" and
reprotonated by the abstraction of H" from the thiol group of
GSH and that the reprotonated Tyr-8 forms a hydrogen bond
with the thiolate anion of GSH.'**

There are several reaction models that have been proposed for
the conversion from PGH, to PGD, (Figure 14)."® The catalytic
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Figure 15. Catalytic mechanism of H-PGDS.'®® A schematic drawing of the catalytic pocket of H-PGDS with PGH,. Pockets 1,2, and 3 are shaded. The
thiolate anion of bound GSH attacks the oxygen at C11 of PGH, (panel 2). The putative reaction intermediate of PGH, with GSH is attacked by a
certain base-like bulk GSH in solvent (panel 3) to produce PGD, in a sterically restricted manner (panel 4). A GS- in step 3 of the reaction is accessible
from the outside of the catalytic cleft of H-PGDS. Adapted with permission from ref 163. Copyright 1997 Cell Press.

mechanism of H-PGDS is shown in Figure 15. Mutagenesis
studies revealed that Arg-14 and Tyr-8 are involved in the
stabilization of the thiolate anion of GSH bound to H-PGDS.
The activated thiolate anion attacks the O-11 of the endoper-
oxide group of the substrate PGH,. A hydrogen bond between
the amide nitrogen of glycine from GSH and the O-9 of the
endoperoxide group of PGH, may stabilize the bound PGH,
molecule. Arg-14 forms a hydrogen bond with the thiolate group
of GSH to stabilize the negative charge, which accelerates the
nucleophilic attack on the endoperoxide group of PGH,.

3.2.3. NMR Solution Structure and X-ray Structure
Crystallographic Structure of L-PGDS. The structure of
L-PGDS was first determined by NMR analysis of the recombinant
mouse Al—24 Cys89,186Ala mutant lacking the intramolecular
disulfide bond (PDB code 2E4])."”” This mutant enzyme exhibits
the typical lipocalin fold, consisting of an eight-stranded, antiparallel
B-barrel and a long a-helix associated with the outer surface of
the barrel (Figure 16A). In the NMR structures, the first 10
residues at the N-terminus, the E—F loop, and the G—H loop are

undefined because of the signal broadening of these flexible loop
regions. The interior of the barrel forms a hydrophobic cavity
opening to the upper end of the barrel. The central cavity of
L-PGDS is larger in size than that of other lipocalins and contains
two pockets, the relatively hydrophilic upper pocket 1 and the
hydrophobic lower pocket 2 (Figure 16B). The NMR structure
of the A1—24 Cys65Ala mutant that has an intramolecular
disulfide bond (PDB code 2RQ0) was recently determined to
be essentially identical to that of the Cys89,186Ala mutant,'”®
suggesting that the overall structure of wild-type L-PGDS is very
similar to that of those mutants.

Molecular docking studies based on the results of NMR
titration experiments with a stable PGH, analogue (U-44619)
and retinoic acid suggest that PGH, almost fully occupies the
upper pocket 1, in which Cys65 is located, and that all-trans-
retinoic acid enters the lower pocket 2, in which amino acid
residues important for retinoid-binding in other lipocalins are
well conserved."”” Small-angle X-ray scattering analysis of the
mouse Al—24 Cys65Ala mutant revealed that L-PGDS has a
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Figure 16. Tertiary structure of L-PGDS. (A) NMR structure of mouse A1—24Cys89,186Ala L-PGDS."*” (B) Central cavity of L-PGDS."*” The inner
accessible surface of the cavity with the polypeptide backbone is shown in gray. (C) X-ray crystallographic structure of mouse A1—24Cys**Ala
L-PGDS.*® The conformational differences between the open and closed forms are colored in sky blue and pink, respectively, in the E—F loop. (D)
Open and closed lids of the mouse L-PGDS cavity; E—F loop is shown in sky blue (open form) and pink (closed form).**® (E) X-ray crystallographic
structure of human A1—28Cys65Ala L-PGDS bound with oleic acid (yellow) and palmitoleic acid (green).>*!

globular shape with the radius of gyration of 19.4 A and that the
radius is reduced to 18.8, 17.8, and 17.3 A after binding to all-
trans-retinoic acid, biliverdin, and bilirubin, respectively, indicat-
ing that the L-PGDS molecule becomes compact after binding of
these nonsubstrate ligands.'””

X-ray crystallographic structures of mouse A1—24 Cys65Ala
L-PGDS were determined at 2.0—2.1 A resolution and showed
that the enzyme exists in two different conformations, one with
an open calyx of the 3-barrel and the other with a closed calyx due
to a conformational change in the E—F loop (PDB codes 2CZT
and 2CZU, respectively).”* Their overall profiles (Figures 16C)
are similar to the NMR solution structures and characterized by
having a large cavity consisting of the two pockets described
above. The upper compartment of the central large cavity
contains the catalytically essential Cys-65 and its network of
hydrogen bonds made with polar residues of Ser-45, Thr-67,
and Ser-81, whereas the lower compartment is composed of
hydrophobic amino acid residues highly conserved among
other lipocalins. The pyrrolidine ring of Pro-110 in the E—F
loop changes from its up-puckering configuration in the open
conformer to a down-puckering one in the closed conformer;
this change is accompanied by the synergetic rearrangement
of the hydrogen bonds in the E—F loop (Figure 16parts C
and D). X-ray crystallographic structures of human A1-28
Cys65Ala L-PGDS were recently determined in the complex
with oleic acid and palmitoleic acid at 1.45—1.70 A resolution
(PDB codes 3019, 302Y, and 3022).%°" In this complex, the
oleic acid binds in proximity to the catalytically critical Cys-65
and palmitoleic acid resides in a relatively neutral region of
the upper part of the central cavity (Figure 16E). The overall
structure is essentially the same as the structure of mouse
L-PGDS.

3.2.4. Reaction Mechanism of L-PGDS. L-PGDS is inacti-
vated by sulthydryl-modifying agents, suggesting that a free cysteine
residue is involved in the catalytic reaction of L-PGDS."*® Three
cysteines, Cys-65, Cys-89, and Cys-186, in L-PGDS are conserved
in all mammalian species.'®® Cys-89 and Cys-186 are highly
conserved among most, but not all, lipocalins and form a disulfide
bridge, whereas Cys-65 is unique to L-PGDS and absent from
other lipocalins. Chemical modification and site-directed
mutagenesis revealed that the Cys-65 residue is the key residue
in the catalytic reaction of L-PGDS."®® L-PGDS requires free
sulthydryl compounds, such as -mercaptoethanol, dithiothrei-
tol, or GSH, for its reaction, suggesting that both endogenous
and exogenous sulfhydryl groups are essential for the catalysis."®®

Titration with a specific thiol-reacting agent, 2,2'-dithiodipyr-
idine, under conditions of low reactivity (i.e., pH 4) revealed that
A'"**L-PGDS undergoes the chromogenic reaction 16-fold
faster than GSH. This indicates that the SH group of Cys-65 is
activated to a thiolate anion.””® Among various mutants of
A1-24 L-PGDS, the sulthydryl activation is decreased to 9%
in the Ser4S5Ala mutant and to 7% in the Thr67Ala mutant.
The Ser45SAla/Thr67Ala/Ser81Ala triple mutant shows the same
rate of chromogenic reaction as that of GSH, whereas the
A1—24Cys65Ala L-PGDS shows no chromogenic reaction.
These results indicate that the hydrogen-bond network of the
catalytic Cys-65 with the hydroxyl cluster of Ser-4S, Thr-67, and
Ser-81 synergistically contributes to a decrease in the pK, of the
thiol of Cys-65 and stabilizes the thiolate anion as the reactive
group in the PGDS reaction at physiological pH.

On the basis of the similarity of the reaction mechanism
between L-PGDS and H-PGDS, a reaction mechanism of
L-PGDS was proposed (Figure 17); PGH, is bound to the open
form of L-PGDS and induces the closed conformation of the
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catalytic pocket with the proper geometry to allow the endoper-
oxide oxygen atom of C-11 of PGH, to face the sulfur atom of
Cys-65 for the PGDS reaction (step 1). The endoperoxide
oxygen atom at C-11 undergoes a nucleophilic attack by the
thiolate anion of Cys-6S at the base of the closed cavity (step 2),
yielding the putative S—O adduct as an unstable reaction
intermediate (step 3). The labile S—O bond breaks autono-
mously with the proton rearrangement at the hydroxyl of Ser-4S
and the C-11 to form the carbonyl group in a concerted manner
(steps 3 and 4). The product PGD, is released after the opening
of the Trp-54/His-111 gate together with a conformational
change in the E—F loop associated with the change in up- and
down—guckerings of the pyrrolidine ring conformations of Pro-
110.*** The thiol proton of Cys-65 then dissociates to form the
thiolate anion again as the reactive specimen.

3.2.5. Conserved Catalytic Structures Among H-PGDS,
L-PGDS, and GSTs. An activated thiol is the common reactant
among H-PGDS, L-PGDS, and GSTs (Figure 18). Thiol activa-
tion by a hydrogen-bonding network also occurs in the case of

H-PGDS and the O-class of GSTs. In H-PGDS, the phenolic
hydroxyl group of Tyr-8 activates the cysteinyl thiol of enzyme-
bound GSH and decreases the pK, from 8.5 to 7.8,"*in a manner
similar to many other members of the GST family. However, in
the 6-class of GSTs,”"* the activated thiol group of the bound
GSH is also stabilized by hydrogen bonding with hydroxyl
groups of serine residues. In L-PGDS, the Cys-65 residue is
activated by hydrogen-bonding interactions with the surround-
ing hydroxyl side chains of Ser-45, Thr-67, and Ser-81 in the
catalytic pocket.”®® On the basis of thiol titration analyses, the
relative contribution of those amino acids in activating Cys-65 is
in the order of Ser-45 ~ Thr-67 > Ser-81. In a model of the
hydrogen cluster of A1—24 Cys65Ala L-PGDS, Cys-65 forms a
hydrogen bond with Ser-45 and Thr-67 and secondarily with Ser-
81 to facilitate synergistically the thiolate formation of Cys-6S.
H-PGDS and L-PGDS have distinct protein folds as members
of the o-class of GSTs and the lipocalin family, respectively.
However, because both enzymes catalyze the same reaction, they
are expected to possess a similar tertiary structure of their

5842 dx.doi.org/10.1021/cr2002992 |Chem. Rev. 2011, 111, 5821-5865



Chemical Reviews

A.

O N\N—=""COo0H
N

OH
uU44069

AT-56

llll‘.' "““WCOOH
O S .

OH
U46619

(\o
Oy

TFC-007

Figure 19. Structures of H-PGDS and L-PGDS inhibitors. (A) Nonselective inhibitors. (B) H-PGDS-selective inhibitors."”'*? (C) L-PGDS-selective

inhibitor AT-56.2%7

catalytic pocket. When one compares the catalytic pockets of
H-PGDS and L-PGDS, the amino acid residues involved in the
catalysis and the substrate binding of both enzymes can be
geometrically superimposed at similar positions. The active thiol
of GSH in H-PGDS interacts with the phenolic oxygen of Tyr-8,
whereas the active thiol of Cys-65 in L-PGDS is surrounded by
the hydroxyl cluster involving Ser-45, Thr-67, and Ser-81, which
overlaps the position of the Tyr-8 phenolic oxygen of H-PGDS.
The 15(S)-hydroxyl-bearing w-chain of PGH, is aligned with the
hydrophilic polar residues of Arg-14, Tyr-152, and Cys-156 in
H-PGDS and by those of Ser-133, Thr-147, and Tyr-149 in
L-PGDS. The a-chain of PGH, with its negatively charged
carboxylate is considered to be anchored by a pair of positively
charged groups, Lys-112 and Lys-198, in the exterior of the
H-PGDS protein and by those of Arg-85 and Lys-92 in L-PGDS.
In the superimposed model, Trp-104 of H-PGDS, which plays a
role in opening the catalytic cleft to solvent, overlaps Pro-110 of
L-PGDS. In the docking model of PGH, within the catalytic
pocket, the cyclopentane group of PGH, with its endoperoxide is
enwrapped by hydrophobic residues such as Phe-83 and Pro-110
of L-PGDS, with the side-chain conformation of the latter residue
being altered in the flexible E—F loop between the open—closed
conformers, as described earlier (Figure 16 parts C and D).

3.3. Inhibitor Development

Knowledge of the tertiary structures of H-PGDS and L-PGDS
has accelerated the development of inhibitors selective for each
PGDS. Figure 19 shows the structures of several H-PGDS and
L-PGDS inhibitors.

3.3.1. Nonselective Inhibitors. Stable PGH, analogues
such as U-44069 and U-46619 (Figure 19A) are competitive
inhibitors of both H-PGDS and L-PGDS.** Inorganic quad-
rivalent selenium (Se*") compounds are noncompetitive and
reversible inhibitors of L-PGDS.**® SeCl, inhibits both H-PGDS
and L-PGDS by modifying the catalytically important thiolate

anion, and inhibition by SeCly is reversed by the addition of
sulthydryl compounds such as dithiothreitol.

3.3.2. H-PGDS Inhibitors. HQL-79, chemically defined
as  4-benzhydryloxy-1-[3-(1H-tetrazol-S-yl)propyl]piperidine
(Figure 19B) is an orally active inhibitor of human H-PGDS.
HQL-79 was the first H-PGDS inhibitor to be characterized.'”® It
was originally developed as a histamine H1 receptor antagonist,
but a part of the antiallergic and antiasthmatic effects of HQL-79
was proposed to be mediated by the inhibition of PGD,
production.”®* HQL-79 inhibits the activity of purified, recom-
binant human H-PGDS with an ICs, of 6 #M but has almost no
effects on purified PGHS-1, PGHS-2, L-PGDS, or mPGES-1
when tested at concentrations of up to 300 #M.'”® Kinetic
analyses have revealed that HQL-79 inhibits the H-PGDS
activity in a manner competitive with PGH, (K; = 5 uM), and
in a noncompetitive manner with GSH (K; = 3 uM in the pre-
sence of 1 mM MgCl,)."”” These results indicate that HQL-79
binds to the PGH,-binding site but not to the GSH-binding site,
subsequently confirmed by the X-ray crystallographic analysis
(Figure 16). The development of novel H-PGDS inhibitors, such
as TFC-007 (Figure 19B), with increased selectivity and inhibi-
tory potency is currently being extensively pursued' 7193205206
based on crystal structures of the H-PGDS/HQL-79 complex.

3.3.3. L-PGDS Inhibitors. AT-56 (4-dibenzo[a,d]cyclohepten-
S-ylidene-1-[4-(2H-tetrazol-S-yl)butyl ]piperidine) is an orally
active selective inhibitor of L-PGDS (Figure 19).*"” AT-56 was
found in testing derivatives of HQL-79, an inhibitor of H-PGDS,
based on the assumption that some of these derivatives might have
an inhibitory activity toward L-PGDS, because both enzymes
catalyze the same reaction. AT-56 is competitive with PGH,
(Ky = 14 uM) with a K; value of 75 #M in enzyme assays
conducted with purified human L-PGDS/f-trace or the mouse
A1-24 Cys89,186Ala L-PGDS. AT-56 does not affect the
activities of H-PGDS, PGHS-1, PGHS-2, or mPGES-1 at con-
centrations up to 250 uM.**” AT-56 inhibits the production of
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PGD, by human TE-671 cells expressing L-PGDS after their
stimulation with Ca** ionophore (5 uM A23187), with an ICs,
of ~3 uM. AT-56 does not affect PGD, production by human
megakaryocytes expressing H-PGDS.>*” Orally administered
AT-56 (30 mg/kg) decreases PGD, production to 40% of
control levels in brains of H-PGDS KO mice, in which PGD,
is produced by L-PGDS, and suppresses the accumulation of
eosinophils and monocytes in the broncho-alveolar lavage fluid
from an antigen-induced lung inflammation model using human
L-PGDS-transgenic mice.”’

3.4. Physiological and Pathological Involvement of PGDSs
3.4.1. Receptors and Metabolism of PGD,. PGD, binds
to two distinct G protein linked receptors.”*® One is the Gs-coupled
DP receptor (DP1) identified as a homologue of receptors for
various other prostanoids.”® The other is the Gi-coupled DP
receptor (DP2 or CRTH?2), a chemoattractant receptor for PGD,.2"°
DP1 are constitutively expressed in arachnoid trabecular cells of

1 2

the mouse brain*'' and are involved in the regulation of sleep;”"
those found in human basophils and eosinophils and in mouse
pulmonary and airway epithelial cells are induced by allergens
and inflammation.'* DP2 are expressed in human Th2 cells,
eosinophils, and basophils and mediate the chemotaxis of these
cells toward PGD,.*">*'* PGD, can also be recognized by Gg-
coupled PGF receptors (FP) under certain conditions associated
with a burst production of PGD,.**® The structures of several
agonists and antagonists of DP1, DP2, as well as PGF receptors
(FP) are shown in Figure 20.

PGD, can be further metabolized by an 11-keto PGD,
reductase (a PGF synthase), belonging to the aldo-keto reduc-
tase (AKR) family, to 9¢,113-PGF,, a stereoisomer of PGF,,,
which exerts various pharmacological actions different from
those induced by PGF,,, (reviewed by Smith et al.*'®). PGD,
is chemically unstable in aqueous solution and nonenzymatically
dehydrated to produce PGs of the J series including PGJ,,
A"-PGJ,, and 15-deoxy-A'>"*-PGJ, that have a cyclopentenone
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structure. 15-Deoxy-A'>'*-PGJ, acts as a ligand for a nuclear
receptor, peroxisome proliferator-activated receptor y (PPARY),
and promotes adipocyte and macrophage differentiation.*'%*'”
However, the J series of PGs have never been detected in fresh
tissue samples or body fluids,*'®*"? indicating that these PGs are
artificially produced in vitro during incubation or storage of
samples containing PGD,.

L-PGDS and H-PGDS double KO mice have been generated
and found to grow norr11e111)7,184’212 indicating that neither
enzyme is of the housekeeping type but is involved in luxury
and/or emergency processes. However, the KO mice show
several functional abnormalities. Pharmacological studies with
inhibitors and RNAi’s for H-PGDS or L-PGDS have demon-
strated that both enzymes are involved in various physiological
and pathological events, as described in the next sections.

3.4.2. H-PGDS in Inflammation and Muscular Dystro-
phy. H-PGDS contributes to the production of PGD, in the
spleen, thymus, intestine, and various peripheral tissues of rats.**°
Northern blot analyses show that the tissue-distribution profile
of the mRNA for H-PGDS varies greatly among various species
including rats,"®® humans, mice,"®* and chickens.'®® H-PGDS is
highly expressed in the oviduct of all three of the mammalian
species, suggesting that H-PGDS plays an important role in female
reproduction. However, a specific function of H-PGDS in the
oviduct has yet to be established. H-PGDS is localized to Langerhans
cells and dendritic cells in the skin,”*"*** Kuppfer cells in the liver,
the dendritic cells in the thymus and intestine,”>* mast cells in a
variety of tissues,"** human megakaryocytes,”** activated Th2 cells'>
and eosinophils,”>* and microglia of the brain,'*>!782262%7

PGD, produced by H-PGDS is involved in a variety of allergic
and nonallergic disorders. For example, H-PGDS is expressed in
infiltrates of mast cells, eosinophils, macrophages, and lympho-
cytes in the nasal mucosa of patients with polyposis*>® or allergic
rhinitis,”****” in necrotic muscle fibers of patients with Duchenne’s
muscular dystrophy or polyrnyositis,230 and in microglial cells
around the region of demyelination in twitcher mice,"”® an animal
model of human Krabbe’s disease.

Orally administered HQL-79 inhibits antigen-induced pro-
duction of PGD, and ameliorates airway inflammation in wild-
type and human H-PGDS-transgenic mice.'”” PGD, produced
by H-PGDS in human mast cells and Th2 cells accelerates
allergic and inflammatory responses by stimulating DP2 on
Th2 cells in an autocrine manner, and DP1 and DP2 on the
mast cells in a paracrine manner. Accordingly, human H-PGDS is
a promising target for designing drugs to alleviate allergies and
inflammation. HQL-79 administration also suppresses the astro-
gliosis, neuroinflammation, and demyelination seen in the genet-
ic demyelinating twitcher mouse,'”® the expansion of muscular
necrosis in mdx mice,”®’ an animal model of Duchenne’s
muscular dystrophy, and secondary tissue damage after spinal
cord contusion injury.”>* These results suggest that blockade of
H-PGDS/PGD,/DP signaling would be an effective therapy for
neuroinflammation and muscular dystrophy. In short, H-PGDS
inhibitors are new-concept drugs against a variety of allergic and
nonallergic diseases.

3.4.3. L-PGDS in Sleep Regulation, Neuroprotection,
Male Genital Development, Cardiovascular and Renal
Function, Adipocyte Differentiation, and Bone Forma-
tion. L-PGDS was originally identified in the brain and later
found in male genitalia and in cardiovascular and other tissues.
The physiological and pathological functions of this enzyme has
previously been reviewed.”*

The involvement of L-PGDS in sleep regulation has been
extensively studied, and this topic has been reviewed elsewhere.”**
Human L-PGDS overexpressing transgenic mice sleep exces-
sively after noxious stimulation such as tail clipping.'®' L-PGDS-
or DP1-null mice fail to exhibit a rebound from excessive sleep
after sleep deprivation.”*> The intraperitoneal administration of
SeCly, an inhibitor of PGDS, decreases the PGD, content in the
brain and induces almost complete insomnia for 1 h after the
administration.”’* The SeCl,-induced insomnia is observed in
H-PGDS KO mice but not in L-PGDS KO mice or DP1-KO
mice.”'* All these results indicate that the L-PGDS/DP1 system
plays a crucial role in the regulation of physiological sleep;
furthermore, the balance between PGD, and PGE, seems to be
important in regulating sleep where PGE, produced via mPGES1
is responsible for wakefulness.”*® In the CNS, the L-PGDS/DP1
receptor system is also considered to be involved in pain sensation'®’
and food intake.”*” Upregulation of L-PGDS gene expression
was recently reported in brains of patients with various neuro-
degenerative diseases and in brains of animals having related
neurologic abnormalities. Examples include twitcher mice™****
and patients with multiple sclerosis,***** Tay-Sachs, or Sandohof
diseases™" and mouse models of lysosomal storage diseases
including Tay-Sachs’ and Sandhof’s diseases, GM1 gangliosidosis,
and Niemann-Pick disease.”** L-PGDS is also induced in the brain
after hypoxic ischemic injury as a critical beneficial factor.”**~>*
L-PGDS is present in the cochlea® and the retina,**” from
which L-PGDS/f-trace is secreted into the perilymph and the
interphotoreceptor matrix, although the functional significance
remains elucidated.

The importance of L-PGDS in the male sexual differentiation
has recently been studied in terms of the regulation of the sex-
determining factor SOX9. PGD, produced by L-PGDS induces
nuclear import of SOX9°** and amplifies SOX9 activity in Sertoli
cells during male sexual differentiation,*’ while SOX9 enhances
L-PGDS gene transcription.”****"

In the heart, L-PGDS is induced in hypoxia252 and mediates
the protective effect of glucocorticoids on ischemia/reperfusion
injury.”>® L-PGDS gene expression is upregulated in vascular
endothelial cells upon stimulation by shear stress*>* and in
asymptomatic atherosclerotic plaques obtained by carotid
endarterectomy.”*®> A genetic polymorphism of L-PGDS has
been identified in Japanese hypertensive patients with carotid
atherosclerosis.”*® The cells of Henle’s loop and the glomeruli of
the kidney also actively produce L-PGDS.”*” PGD, 2produced by
L-PGDS is involved in adipocyte differentiation.”® " As a
consequence, L-PGDS KO mice exhibit nephropathy, athero-
sclerosis, and obesity.>¢>*%

In other tissues, L-PGDS is localized in melanocytes of the
skin,*3 acting as a regulator of the retinoic acid signaling.264 In
the bone, L-PGDS is expressed in osteoblasts,?®° and the serum
level increases after bone fracture.”®® L-PGDS is induced
in macrophages after treatment with bacterial endotoxin or
Pseudomonus infection, and the clearance of Pseudomonus from
the lung is improved in transgenic mice overexpressing human
L-PGDS and impaired in L-PGDS KO mice, suggesting that
L-PGDS plays a protective role in the host immune response.

In Helicobacter pylori-induced gastritis, L-PGDS is induced in the
gastric mucosa and plays protective roles against the inflamma-
tory changes.”®® L-PGDS is increased in the lamina propria
infiltrating cells and muscular mucosa in patients with ulcerative
colitis. In a dextran sodium sulfate-induced colitis model,
L-PGDS KO mice show lower disease activity than the wild-type
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mice, su§gesting the exacerbating role of L-PGDS in this
model.*

3.4.4. L-PGDS/S-Trace As a Clinical Marker and an
Extracellular Transporter. As noted earlier in section 3.1.2,
L-PGDS is the same protein as 3-trace,'"’>"”” a major protein of
human CSF'7° that was later identified in the seminal plasma,
serum, and urine. The L-PGDS/[-trace concentration in body
fluids is proposed to be useful as a clinical marker for various
diseases.

Several groups reported a relationship between L-PGDS and
human physiological and pathological sleep. Jordan et al.*”°
reported that the serum L-PGDS/[3-trace concentration shows
a circadian change with a nocturnal increase, which is suppressed
during total sleep deprivation but not affected by rapid eye
movement sleep deprivation. More recently they also demon-
strated that narcolepsy increases the serum L-PGDS/f-trace
level, an increase that correlates with excessive daytime sleepiness
but not with cataplexy.””" Bassetti et al.>’> reported that CSF
levels of L-PGDS are significantly lower in patients (n = 34) with
excessive daytime sleepiness, when compared with levels in
healthy controls (n = 22). Barcelo et al.*” reported that serum
levels of L-PGDS are higher in obstructive sleep apnea patients
with excessive daytime sleepiness than those without excessive
daytime sleepiness. Both reports proposed that L-PGDS mea-
surements could provide a neurochemical assay for excessive
daytime sleepiness.

Serum L-PGDS levels have been proposed as a biomarker for
the severity of stable coronary artery disease>”* and subclinical
atherosclerosis in untreated, asymptomatic subjects.””> Urinary
secretions of L-PGDS are enhanced after injury to glomerular
capillary walls. A cross-sectional and prospective multicenter
study in Japan revealed that urinary secretions of L-PGDS are a
better predictor of the future status of renal injury in type-2
diabetes associated with <30 mg/g creatinine albuminuria than
other markers including urinary excretions of type-IV collagen,
beta-2-microglobulin, and N-acetyl-3-p-glucosaminidase and
serum creatine levels.””®

The substrate of L-PGDS, PGH,, is produced by PGHS-1 or
PGHS-2, both of which are membrane-binding enzymes loca-
lized in the ER and/or outer nuclear membrane. PGH, is
relatively unstable in aqueous solution with a t;,, of <5 min; it
is nonenzymatically degraded to several products including
PGE,. Therefore, L-PGDS/f-trace is unlikely to act as an
enzyme in those body fluids. L-PGDS binds retinoids (Kp =
70—80 nM) ,%6* bilirubin, and biliverdin (Kp=33—37nM),””” as
well as GM1 and GM2 gangliosides (Kp = 65—210 nM)>** (that
accumulate in neurons in certain lysosomal storage diseases).
Thus, like other lipocalins, L-PGDS/[3-trace may act as an
extracellular transporter for various hydrophobic compounds.

L-PGDS/f-trace purified from human CSF tightly binds to
amyloid 3 (Af) peptide (1—40), AB(1—42), and their fibrils
with high affinity (Kp = 18—50 nM) and inhibits both the
spontaneous and the seed-dependent aggregation of AB(1—40)
or AB(1—42) with a K; of 0.75 uM,*”® which is in the
physiological range (1—5 uM) of the L-PGDS/f-trace concen-
tration in human CSF. Moreover, the inhibitory activity toward
seed-dependent A3 aggregation in human CSF is decreased by
60%, when L-PGDS/f-trace is removed from human CSF by
immunoaffinity chromatography. This suggests that L-PGDS/f3-
trace is a major amyloid 3-chaperone in human CSF.>”® When
AB(1—42) is injected into the lateral ventricle of the brain, A
deposition is 3.5-fold higher in L-PGDS-KO mice and reduced to

23% in L-PGDS-overexpressing transgenic mice, as com-
pared with the wild-type deposition. Thus, L-PGDS/f-trace
appears to be an endogenous Af3-chaperone in the brain, and
disturbance of this function of the protein may be involved in
the onset and progression of Alzheimer’s disease. In fact,
L-PGDS activity is decreased in the CSF of patients with HIV
dementia.*”’

4. PROSTAGLANDIN E SYNTHASES (PGESs)

The existence of enzymes that catalyze the formation of PGE,
from PGHS-derived PGH, was recognized many years ago, and
attempts to purify the membrane-associated and glutathione-
dependent enzyme(s) from seminal vesicles were reported in the
1970s and 1980s.25%%%! In 1999, 2000, and 2002, three distinct
PGESs were cloned and characterized, namely, the inducible
microsomal prostaglandin E synthase-1 (mPGES-1),>* cytosolic
prostaglandin E synthase (cPGES),”® and microsomal prosta-
glandin E synthase-2 (mPGES-2).*** Before that, certain soluble
GSTs had been identified that catalyzed the formation of PGE,
from PGH,; however, no biological function has been attributed
to this activity of these enzymes.'***® mPGES-1 has been
demonstrated to play an important role in several human diseases
by promoting inflammation, pain, and fever; this topic has been
the subject of several recent reviews.”** >*® This enzyme also
seems to participate in the hemostasis promoting atherosclerosis.”™
An increasing number of articles also deal with a role for mPGES-1
in various types of cancers.”?%*?! In contrast, cPGES and
mPGES-2 are for the most part constitutively exgressed and
therefore more likely to play a role in homeostasis;”>” a possible
role for cPGES in nociception has been described”> whereas the
importance of mPGES-2 is unclear. Genetic deletion studies in
mice have been unable to suyfort a role of either cPGES or
mPGES-2 as PGESs in vivo.?**** In this section, we will review
the biochemical characterizations of these enzymes and at the
end provide a brief update on the development of mPGES-1
inhibitors.

4.1. Characterization of PGESs

mPGES-1 belongs to a protein superfamily termed MAPEG
(membrane-associated proteins in eicosanoid and glutathione
metabolism), a family of proteins, all of whose members, except
S-lipoxygenase activatinsg grotein (FLAP), possess glutathione-
conjugating capacity.”*>**® After the cloning of FLAP and
leukotriene (LT) C, synthase, both of which are involved in
leukotriene biosynthesis and are discussed elsewhere in this issue,
it was realized that these proteins were related with an amino acid
sequence identity of ~30%, similar size (17 kDa), and similar
hydropathy profiles. This motivated a search for other members
of this protein family, and subsequent work revealed two novel
microsomal GSTs (MGST2 and MGST3).>*7**® At this time it
was also recognized that MGST1 must also be part of this protein
family, and a third novel protein was identified as an orphan
homologue of MGST1 with 38% amino acid sequence identity
and named MGST1-like 1 (MGST1-L1). At the point where the
identities of these six human proteins were known, the MAPEG
superfamily was defined based on enzymatic activities, structural
properties, and sequence similarities (Figure 21).2°>%%¢ Because
of the identification of MGST2 and MGSTS3, investigations were
performed to determine if any of the MAPEG members exhibited
PGH, metabolizing activity, because previous reports had shown
that prostaglandin synthases might be membrane proteins and
be sensitive to glutathione. Subsequently, MGST1-L1 was found
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MGST1  LRTDDRVERVRRAHLNDLENIIPFLGIGLLYSLSGPDPSTAILHFRLFVGARIYHTIAYLT 123
LTC4S  TTGPPEFERVYRAQVNCSEYFPLFLATLWVAGIFFH-EGAAALCGLVYLFARLRYFQGYAR 99
MGST2  VTGSPEFERVFRAQONCVEFYPIFIITLWMAGWYFN-QVFATCLGLVYIYGRHLYFWGYSE 99
FLAP RTGTLAFERVYTANQNCVDAYPTFLAVLWSAGLLCS-QVPAAFAGLMYLFVRQKYFVGYLG 103
MGST3  PENGHIFNCIQRAHONTLEVYPPFLFFLAVGGV-YH-PRIASGLGLAWIVGRVLYAYGYYT 106
4HHHHHHHHHHHHHHHHHHHHHHEHAHA
120 130 140 150
MPGES1 KL-RAPIRSVTYHLAQWPCHSMALQILWEAARHL-—~——=—=========——————————— 152
MGST1  PL-PQPNRALSFFVGYGVTLSMAYRLLKSKLYL---========mmm o mmmmmmm oo 155
LTC4S  SA---QLRLAPLYASARALWLLVALAALGLLAHFLPAALRAALLGRLRTLLPWA-------- 150
MGST2  AA---KKRITGFRLSLGILALLTLLGALGIANSFLDEYLDLNIAKKLRRQF---------- 147
FLAP ER---TQSTPGYIFGKRIILFLFLMSVAGIFNYYLIFFFGSDFENYIKTISTTISPLLLIP 161
MGST3  GEPSKRSRGALGSIALLGLVGTTVCSAFQHLGWVKSGLGSGPKCCH---------—---=-- 152

Figure 21. Multiple sequence alignment of the six human MAPEG members. Every 10th residue is underlined, and the total numbers of residues are
given for each protein. Conserved residues of the MAPEG superfamily are highlighted with red letters. Note that some of these residues are not
conserved in FLAP, which is consistent with its lack of GSH binding and enzymatic activity. For mPGES-1 the positions of the four transmembrane
helices are indicated and crucial residues are located at the active site or important for structural integrity, respectively, are highlighted with blue or gray
background. These residues are further discussed in the text and shown in detail in Figure 25.

to possess prostaglandin (PG) E, synthase activity and was renamed
microsomal prostaglandin E synthase 1 (mPGES-1).*** mPGES-
1 is a glutathione-dependent, inducible enzyme that was
shown to couple to both PGHS-1 and PGHS-2 but prefer-
entially to PGHS-2, using a HEK293 cell system in which
mPGES-1 was overexpressed together with either of the
PGHS isoenzymes."”’

At the same time and using a different approach, Tanioka et al.”**
were looking for the identity of a prostaglandin E synthase that
acted in concert with PGHS-1 in the so-called “immediate” phase
of PGE, biosynthesis. They purified a 50-kDa (26-kDa on sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE))
glutathione-dependent enzyme from brain cytosol isolated from
lipopolysaccharide (LPS)-treated rats. The enzyme was identified as
P23, a component of the steroid hormone receptor/hsp90 complex,
and the protein was referred to as cytosolic (c) PGES. By Northern
and Western blotting, cPGES was found to be induced in the brain
of rats treated with LPS; otherwise, the enzyme was detected in
many tissues and cells with an overall constant level of expression
independent of LPS challenge. Using the HEK293 cell system,
cPGES was demonstrated to function in the immediate phase of
PGE, release in conjunction with cPLA, and PGHS-1 following
calcium ionophore stimulation.”®

The third prostaglandin E synthase to be identified was first
isolated from the microsomal fraction of bovine heart, and
subsequently the monkey orthologue was cloned, expressed in
E. coli, and enzymatically characterized as membrane-associated
prostaglandin E synthase-2 (mPGES-2).>** This highly active 33-
kDa protein requires reducing agents but is not restricted to
glutathione. mPGES-2 has an N-terminal 87 amino acid se-
quence that anchors it to the membrane, but after cleavage the
bulk of the active protein becomes more soluble. Again, using the
HEK293 system, mPGES-2 was found to couple with either
PGHS-1 or PGHS-2 nonselectively.”*’

4.2. PGES Substrates and Enzyme Activities

The conversion of PGH, into PGE, is catalyzed by pros-
taglandin E synthases (Figure 1) in the presence of GSH or, in
the case of mPGES-2, which is of questionable relevance as a
PGES in vivo, also by other reducing equivalents. The
apparent kinetic parameters for all terminal prostaglandin
synthases, including PGESs, using PGH, as the substrate are
summarized in Table 1. Purified recombinant mPGES-1 also
catalyzes the formation of 15-hydroperoxy-PGE, from the
PGHS intermediate PGG,>%° (Figure 22), in line with early
observations using semipurified enzyme.*** The physiological
significance of the formation of 15-hydroperoxy-PGE, has not
been thoroughly investigated.

Table 1 shows the apparent kinetic parameters (kc,, Ky, and
ket/Ky) for PGH,, PGG,, and GSH as determined with
purified, recombinant mPGES-1 by different laboratories. The
disparity in the results most likely reflects difficulties in assaying
mPGES-1. It should be noted that the expression systems,
purification procedures, and activity assays, including tempera-
tures and detergents used, were substantially different among
laboratories. In particular, differences in detergents may signifi-
cantly influence kinetic parameters. It is interesting to note that
the Ky, determination for PGH, was similar in the two studies
using E. coli as source of enzyme while substantially lower using
insect cells. Nonetheless, the catalytic efficiency as judged from
the k./Ky values of mPGES-1 is high, although possibly
somewhat lower with the mouse enzyme.

Because of the close homology between mPGES-1 and MGST1,
it was also of interest to study some typical glutathione-
S-transferase (GST) substrates. mPGES-1 catalyzes the conjuga-
tion of 1-chloro-2,4-dinitrobenzene (CDNB) with GSH at a
relatively slow but significant rate (0.81 4 0.04 umol min~ ' mg ');
furthermore, like MGST1, mPGES-1 catalyzed the reduction of
lipid peroxides such as cumene hydroperoxide and 5-hydroperoxy
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Figure 23. MAPEG proteins with known 3-D structures. The overall structures of microsomal PGES-1 (mPGES-1), microsomal glutathione-S-
transferase-1 (MGST1), leukotriene C4 synthase (LTC4S), and S-lipoxygenase activating protein (FLAP) are compared. Each monomer of the
trimeric proteins is represented with a unique color with its N- and C-terminals facing downward and cytosolic loops facing upward. Membrane
boundaries are indicated with horizontal lines. The four transmembrane helices are shown with GSH occupying the space between subunits 1
and 4 of mPGES-1, MGST1, and LTC4S. In FLAP, the corresponding space is occupied by the inhibitor MK-591. GSH and MK-591 are depicted
in spherical models with carbon atoms colored yellow. Note that in MGST1, GSH adopts an elongated conformation whereas it is more
condensed in mPGES-1 and LTC4S. Structures and in parentheses PDB ID numbers are MPGES1 (3DWW), MGST1 (2H8A), LTC4S (2UUI),

and FLAP (2Q7M).

eicosatetraenoic acid with specific activities of 0.17 £ 0.02 and
0.043 % 0.001 umol min~' mg ", respectively.**® The physio-
logical role(s), if any, of these activities have not been further
investigated. These results were not reproduced using mPGES-1
overexpressed and purified from insect cells.*** Also, no GST
related activities were reported for mPGES-2°? or cPGES.**

As discussed above in the context of PGHS substrate
specificities, w3 fatty acids are considered beneficial for hu-
man health. A high intake of fish oil leads to accumulation of
EPA over AA. EPA is converted to PGH; by PGHS-2, and
mPGES-1 is able to produce PGE; from PGHj, although at a
third of the rate of conversion of PGH, to PGE,.'*? Hypothe-
tically, an increased formation of PGE; relative PGE, could
diminish inflammation and evoke a positive effect on, for
instance, the cardiovascular system. Yet another group of
substrates for the PGHS-2/mPGES-1 pathway are the endo-
cannabinoids 2-arachidonylglycerol (2-AG) and N-arachido-
nylethanolamide (AEA or anandamide). These compounds
are oxidized via PGHS-2 into their corresponding fatty acid
prostaglandin endoperoxide H, homologues, and, in turn,
isomerized into the respective PGE, moieties by mPGES-1.>%
Endogenous 2-PGE,-glycerolester has been identified in rat
paws by mass spectrometry and shown to evoke nociceptive
pain,*** although questions remain about its biosynthesis and
physiological importance.
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4.3. PGES Structure—Function Relationships

After the initial characterizations of FLAP and LT C, synthase,
the quaternary structures of these proteins were discussed
relating to their hydropathy profiles and inhibitor binding
profiles. Hydrodynamic studies and electron crystallography
were employed to investigate the macrostructure of detergent-
solubilized mPGES-1.** Analytic centrifugation demonstrated a
sedimentation coefficient of 4.1 S, a partial specific volume of
0.891 cm®/ g, and a Stokes radius of 5.09 nm. The Svedberg
equation was used to calculate the molecular mass of the
mPGES-1-Triton X-100 complex, which was found to be
215 kDa. The detergent content of the mPGES-1-Triton
X-100 complex was 2.8 g of Triton X-100/g of protein, and after
subtracting the values for the detergent content, the calculations
matched best with a trimeric quaternary structure. The trimeric
structure also matched with early data from electron crystal-
lography studies. The first MAPEG protein to be structurally
defined using electron crystallography was MGST1 in complex
with glutathione.’® The 3.2 A structure indicated that the
protein was a homotrimer. A year later the structures of FLAP>*
and LTC, synthase®”3* were reported using X-ray crystal-
lography, and in 2008 the structure of mPGES-1 was reported
by electron crystallography.’® The known 3D structures of
MAPEG proteins are summarized in Figure 23. The structure
of cPGES/P23 has been known since 2000, and the structure
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Figure 24. Proposed reaction mechanism for prostaglandin E synthase catalysis. The mechanism could involve either a thiol attack via a glutathione

peroxidase-like mechanism or, alternatively, acid—base catalysis.

of mPGES-2 was reported in 2005.>"" The detailed structure of
mPGES-2 led to a comprehensive understanding of the sub-
strate-binding pocket, and a plausible reaction mechanism was
outlined. Recombinant monkey mPGES-2 was crystallized with
an N-terminal extended His tag at position 88 (i.e., without the
N-terminal 87 amino acid signal sequence) in complex with
indomethacin.>’' mPGES-2 was observed to be a homodimer.
Despite a quite low degree of sequence identity, the structure
revealed striking similarities with hematopoietic prostaglandin D
synthase (H-PGDS) and several classes of GSTs. A V-shaped
cavity in each monomer represents the active surface by harbor-
ing indomethacin and a cysteine residue at position 110, which
had previously been shown to be part of a thioredoxin active site
motif and also experimentally determined to be essential for
mPGES-2 catalytic activity.>'> A glutathione peroxidase-like
reaction mechanism was suggested involving an attack of a thiol
on the O-9 of the prostaglandin endoperoxide bridge (Figure 24).
The authors proposed that the endoperoxide moiety of PGH, is
oriented near Cys-110, which acts as a proton donor to the
peroxide oxygen at C-11 and then forms a sulfenate ester with the
oxygen at C-9. A polarized water molecule subsequently abstracts
a proton from C-9, the ester bond between Cys-110 and the C-9
oxygen is broken, and the keto group of PGE, is formed.

The structures of MAPEG proteins reported to date are very
similar, and some of these structures have been previously
reviewed.>'**'* They are homotrimers, and each monomer
contains four transmembrane (TM) a-helices (Figure 23). The
three GSH molecules per homotrimer are all localized between
two adjacent monomers corresponding to the polar space between
TM1/2 and TM3/4 of the respective monomer as shown in
MGST1,>* LTC, synthase,**”**® and mPGES-1.>” In FLAP,
the leukotriene biosynthesis inhibitor MK-591 was situated in a
corresponding space limited by TM1 and TM4.>*° Interestingly,
in one of the structures of LTC, synthase, a detergent molecule
was aligned along the cleft between TM1 and TM4, in an area
suggested to correspond to the volume occupied by its second
substrate LTA4.307 Furthermore, Arg-104, which is in close
proximity to the LTA, epoxide group, was suggested to lower
the pK, of the GSH sulfhydryl group,”*”*® allowing it to attack
the allylic C-6 resulting in the formation of the GSH conjugate.
The important roles of Arg-31 and Arg-104 were recently experi-
mentally verified.>'>*'® In marked contrast, the cleft between
TMI1 and TM4 of adjacent monomers was not recognizable in
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the structure of mPGES-1.**" Thus, the most likely entry point
for PGH, reaching the glutathione was blocked and no alter-
native paths were found. On the basis of the similarities with
LTC, synthase, a homology model was built that displayed an
open configuration. mPGES-1 seems to shift between open and
closed conformations. The relevance of this observation remains
to be elucidated, but one can speculate about a role in substrate
specificity or in the handling of the GSH molecules, which are not
consumed during catalysis®' as compared with the cases for
GSTs, like LTC,4 synthase or MGST1. In the active site of
mPGES-1, Argl26 seems to correspond to Argl04 of LTC,
synthase. This arginine points toward the GSH,**” has been
shown critical for enzyme activity,”'” and is therefore likely to
stabilize the glutathione thiolate anion supporting the glu-
tathione peroxidase-like mechanism depicted in Figure 24. Using
backbone amide H/D exchange mass spectrometry, the inhibitor
binding sites of different types of mPGES-1 inhibitors were
investigated. The results provide further support for the outlined
location of the active surface in mPGES-1.>"®

Figure 25 summarizes some of the known structure—function
aspects of mPGES-1. Further mechanistic studies are required to
verify the suggested reaction mechanism catalyzed by mPGES-1.
Also, the membrane topology of mPGES-1 needs further in-
vestigation. It is anticipated, based on charge-distribution algo-
rithms, that the N and C terminals face the luminal side of the
endoplasmic reticulum and the soluble loops connecting
TMI1—2 and TM3—4 face the cytosolic side. Biochemical
determination of the membrane topology as well as the intracel-
lular localization of mPGES-1 in relation to the suggested
localization of PGHS could lead to a better understanding of
how AA-derived substrates and products flow between cellular
compartments and how PGHS may interact with mPGES-1.

4.4. mPGES-1 Inhibitors

Since the discovery of mPGES-1 in 1999 and despite the fact
that many companies and academic groups have worked to
develop mPGES-1 inhibitors,*'® no clinical trials have yet been
reported. This signals that problems have hampered the devel-
opment process. One such problem is the species differences as
first described by Merck scientists.>** Potent inhibitors against
the human enzyme may partly or completely lose their potencies
against the rodent isozymes. The combined role of three
individual amino acids, different among human and rodent
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Figure 25. Summary of the mPGES-1 structure.*®® (A) The human mPGES-1 homotrimer in an open configuration. Monomers are colored green,
gray, and white. GSH is depicted in a stick representation with its carbon atoms colored in yellow. (B) The inhibitor binding site as observed via the
V-shaped cleft between subunits 4 and 1 of neighboring monomers (colored in green and gray, respectively). Residues Thr-131, Leu-135, and Ala-138
(in stick representation with carbon atoms colored in dark blue) corresponding to Val-131, Phe-135, and Phe-138 in rat mPGES-1 together account for
the major differences in inhibitor efficacies. Arg-126 (in stick representation with carbon atoms colored in light blue) is suggested to be the catalytic
residue lowering the pK, of the glutathione sulthydryl group. (C) The residues that function in subunit stabilization between TM2 and TM3; Arg-110 (in
stick representation with carbon atoms colored in orange) makes polar contacts to residues Asn-74, Glu-77, and Thr-78 (all in stick representation with
carbon atoms colored in magenta) as well as to GSH (in stick representation with carbon atoms colored in yellow). (D) The same part of the protein as in

the upper right but rotated 180°.

mPGES-1, located in TM4 and pointing to the substrate entry
point, seems to account for most of the observed species
differences for the mPGES-1 inhibitor tested.**" Another pro-
blem may be related to efficacy. Theoretically, the shunting of
PGH, into, for instance, PGI, may in cases override the analgesic
effect of selective mPGES-1 inhibition as argued.3’22 Therefore, it
will be very important to develop inhibitors that potently inhibit
mouse and rat mPGES-1 to test mPGES-1 inhibitors in various
experimental models of nociception.

One may argue that inhibition of mPGES-1 will bring fewer
side effects than traditional NSAIDs or PGHS-2 specific drugs
(coxibs). For instance, in contrast to mice lacking PGHS-2,
which develop kidney problems during intrauterine life as well as
develop heart fibrosis as they grow older, mice devoid of mPGES-
1 are seemingly healthy in the absence of any provocation. It also

seems that mPGES]1 inhibition may exhibit a positive cardiovas-
cular effect due to more systemic prostacyclin formation.”®
Thus, although it is anticipated that mPGES-1 inhibitors will
be safer than traditional NSAIDs, published data from using
knockout mice show that there may be certain safety problems.
The most serious side effects of NSAIDs including coxibs are
related to the cardiovascular system. Mice devoid of mPGES-1
have been shown to be protected from developing atherosclero-
sis; however, a rise in blood pressure was observed in some but
not all cases following provocations, a matter further discussed
along the terms of genetic backgrounds of the mice.** Also after
myocardial infarction, mPGES-1 seems to function in the healing
process.>** So far, most publications support a role of mPGES-1
as a target for treating symptoms like pain and fever as well as
diseases such as rheumatic diseases,”*® cancer,”" inflammatory
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neurological disorders,””*" ischemic stroke,””” and some addi-

tional diseases and conditions like sickness behavior including
anorexia and breathing dysfunctions in infants.>*®*** Thus,
mPGES-1 is a complex target, and there are even several more
conditions reported in which targeting mPGES1 might be useful.
Inhibition will undoubtedly lead to side effects, the seriousness of
which are unknown. How will an mPGES-1 inhibitor compare with
a PGHS inhibitor? The side effects and perhaps also the effects will
depend on the actual organs and cells behind the disease. For
instance, macrophages in the arthritic synovial membrane produce
PGE, but also TxA,, PGI,, and perhaps PGD,. If more TxA, is
produced, this may damage the vascular system; if more PGD, is
produced, it may enhance the anti-inflammatory effect obtained by
reducing PGE,; and last, if more PGI, is produced, nociception
may persist. In summary, it remains to be determined whether
selective pharmacological inhibition of mPGES-1 will result in the
same effects as conferred by mPGES-1 gene deletion studies.
Direct comparisons between mPGES-1 inhibitors and COX-2
inhibitors will provide important insights about the relative and
putative side effects elicited by mPGES-1 inhibition.

5. PROSTAGLANDIN F SYNTHASES (PGFSs)

Prostaglandin (PG) F,,, and PGE, were the first prostanoids
to be isolated from human semen, and their chemical structures
were also the first to be determined among various prostanoids.
PGF,,, represses ovarian steroidgenesis and initiates parturition
in mammals. It also induces potent smooth muscle contraction of

the human uterus, and so this prostanoid and its derivatives are
widely used clinically for induction of delivery. However, despite
the long history of research on the physiological and pathological
functions of PGF,,, the identity of the enzyme(s) that catalyzes
PGF,,, synthesis in vivo is unclear.

There are two pathways for PGF,,, production (Figure 26
involving two-electron reductions of the 9,11-endoperoxide
group of PGH, or the 9-keto group of PGE,; in addition,
reduction of the 11-keto group of PGD, yields 9a,115-PGF,, a
PGF,,, stereoisomer.>*! PGFS (EC 1.1.1.188) catalyzes the first
reaction, the reduction of PGH, to PGF,,, whereas PGE,
9-ketoreductase and PGD, 11-ketoreductase are responsible
for the other two reactions. Most of these enzymes belong to
the aldo-keto reductase (AKR) superfamily.

AKRs are soluble monomeric proteins having a molecular mass
of 37 kDa and NADPH (reduced nicotinamide adenine dinucleo-
tide phosphate)-dependent oxido-reductase activity. AKR proteins
are widely distributed in prokaryotes and eukaryotes, fall into 15
families,*** and metabolize a number of substrates including
aldehydes, monosaccharides, steroids, polycyclic hydrocarbons,
isoflavonoids, and PGs in the presence of NADPH.”>* Members
of AKRIC and 1B subclasses have been characterized as PGFSs
in mammals; and those of the SA subclass have been characterized
in protozoan parasites such as Trypanosoma brucei, Leishmania major,
and L. donovani, the first of which causes African sleeping sickness
and the other two which cause Leishmaniasis. PGFES purified from
the New World parasite T. cruzi, which causes Chagas’ disease,
is classified as a member of the “old yellow enzyme” family.***

)330
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PGF ethanolamide synthase, which belongs to the thioredoxin-
like superfamily, was the most recently found enzyme to
catalyze the reduction of PGH, to PGF,,.>*

5.1. Catalytic and Molecular Properties

5.1.1. Purification and Properties of PGFS in the AKR1C
Subfamily. Watanabe et al.>*® first isolated PGFS from bovine
lung in 1985 as a cytosolic monomeric enzyme with an M, of
30500 and found it to catalyze the reduction of both the 9,11-
endoperoxide of PGH, (Ky; = 10 #M; Vyax = S7 nmol/min/mg
of protein) and the 11-keto group of PGD, (Ky; = 120 uM;
Vaax = 126 nmol/min/mg of protein) to produce PGF,,, as well
as the reduction of 9,10-phenanthrenequinone (Ky; = 0.7 uM;
Vaax = 378 nmol/min/mg of protein), in the presence of
NADPH. The product of PGFS from PGD, was later determined
to be 90(,11[3—PGF2,331 not PGF,,.**° In 1988, they isolated the
cDNA for bovine lung PGFS and showed that this enzyme is
composed of 323 amino acids with an M, of 36 666 and is
highly homologous to human liver aldehyde reductase and
e-Crystallin of the European common frog,>*” both of which
belong to the AKR family. Bovine lung PGFS is now classified
as AKR1C7.%%%3%

Among various bovine tissues, the liver has the highest PGD,
11-ketoreductase activity, followed by lung and spleen. The
PGD, 1l-ketoreductase activity in the latter two tissues is
catalyzed by AKR1C7, whereas the activity in the liver is due
to another enzyme that is partially cross-reactive with anti-
(bovine lung PGES) antibody.**® Bovine liver PGFS has been
purified to apparent homogeneity and shown to be associated
with the activities of PGFS (Ky for PGH, = 25 uM; Vyax =
3 nmol/min/mg of protein), PGD, 11-ketoreductase (K for
PGD, = 10 4uM; Vpyax = 95 nmol/min/mg of protein), and 9,10-
phenanthrenequinone reductase (Ky = 2 uM; Vyax =
339 nmol/min/mg of protein).341 cDNA cloning of bovine liver
PGFS showed that this enzyme is composed of 323 amino acids
with an M, of 36 742. It is highly homologous to bovine lung
PGFS (87% amino acid sequence identity) and human liver
dihydrodiol dehydrogenase isozymes (76—79% identity).***
Bovine liver PGFS is now classified as AKR1C11.

The human homologue (AKRIC3) of bovine lung PGFS
(AKRIC7?) is the same as 3a-hydroxysteroid dehydrogenase
type Il and is composed of 323 amino acids with an M, of 36 842.
AKRI1C3 has the activities of PGFS (Ky; for PGH, = 10 uM;
Vaax = 100 nmol/min/mg of protein), PGD, 11-ketoreductase
(K for PGD, = 1.7 uM; Vypax = 258 nmol/min/mg of protein),
and 9,10-phenanthrenequinone reductase (Ky; = 0.8 uM;
Vamax = 3000 nmol/min/mg of protein). This enzyme can
also catalyze the reduction of prostaglandin D, ethanolamide
(prostamide D,) to 9a,113-PGF, ethanolamide (9¢,11p-
prostamide F,; Ky, for prostamide D, = 50 uM; Vyax =
490 nmol/min/mg of protein).>***** A prostamide F, ana-
logue and an antiglaucoma agent, Bimatoprost, potently inhibit
PGES and PGD, 11-keto reductase, as well as prostamide F,
synthase activities of AKR1C3.>*

PGE, 9-ketoreductase was first purified from the corpus
luteum of pseudopregnant rabbits by Wintergalen et al.*** and
showed to be a member of the AKR family. This enzyme
catalyzes the reduction of the 9-keto group of PGE, to produce
PGF,,, (Ky; for PGE, = 122 uM; Vyiax = 3 250 nmol/min/mg of
protein) as well as the dehydrogenation of 20a-hydroxysteroid
(Ky for 20a-hydroxypregn-4-en-3-one = 28 uM; Vyax =
10350 nmol/min/mg of protein) and the reduction of 9,

10-phenanthrenequinone (Ky; = 4.5 uM; Vyax = 210 nmol/
min/mg of protein). Rabbit corpus luteum PGE, 9-ketoreduc-
tase is now classified as AKR1CS.

The PGFS properties of the above-mentioned AKRIC sub-
class members were previously reviewed by Watanabe.*** These
members display, in general, a PGES activity with lower aflinity
for PGH, and lower Vj;ax value than do members of the AKR1B
subfamily®*® and are associated with a PGD, 11-ketoreductase
activity that is higher than the PGFS activity. In a COX/AKR1C
enzyme coexpression study using HEK293 cells, AKR1C7 failed
to couple with either COX isoform.>*”*** Thus, members of the
AKRIC subfamily, though having PGFS activity in vitro, seem
not to contribute to in vivo PGF,,, production.

5.1.2. Characterization of AKR1B Enzymes As the Pri-
mary PGFSs. Aldose reductases (EC 1.1.1.21), such as human
placental aldose reductase (AKR1B1) and mouse kidney aldose
reductase (AKR1B3), are considered to be the prototypical
members of the AKR superfamily. Beside these canonical aldose
reductases, a second group named aldose reductase-like proteins
(ARLP) has been characterized on the basis of sequence
homology (at least 60—70% identity with aldose reductase).
AKRIB?7, initially identified as a mouse vas deferens, androgen-
dependent protein, belongs to the ARLP group. These members
of the AKR1B subfamily catalyze the conversion of PGH, to
PGF,,, with apparent affinities for PGH, (Ky; = 1.9—9.3 uM)
and Vyax (26—53 nmol/min/mg of protein) values higher
than those of the AKR1C subclass.>*® AKR1B1, AKR1B3, and
AKRI1B7 catalyze the reduction of both p-nitrobenzaldehyde
(Kpr = 9—12 uM, Vyax = 52—480 nmol/min/mg of protein)
and the 9,11-endoperoxide group of PGH, (to PGF,,) but
do not reduce PGD, to 9a,113-PGF, nor PGE, to PGF,;
thus, AKR1B isoforms differ from members of the AKR1C
subfamily.

20a-Hydroxysteroid dehydrogenase (AKR1BS), the bovine
homologue of AKRIBI, also exhibits PGFS activity (Ky for
PGH, =7 uM, Vyax = 24 nmol/min/mg of protein), a reductase
activity comparable of that toward 17-hydroxyprogesterone
(33.6 nmol/min/mg of protein at a substrate concentration of
20 uM) or 17-hydroxypregnenolone (11.9 nmol/min/ mg of
protein also at a substrate concentration of 20 #M) and higher
than the PGES activities of AKR1C enzymes.**’ Bovine endo-
metrium strongly expresses AKR1BS at the time of luteolysis,
when the PGF,, production is active, but does not contain
members of AKR1C subclasses, suggesting that AKRIBS is most
likely the enzyme responsible for the production of PGF,, in the
bovine endometrium.**’

In the human endometrium, AKR1B1 is expressed at a high
level during the menstrual cycle, with a peak at the secretory
phase in both epithelial and stromal cells, whereas AKR1C3 is
found only in the epithelial cells.**® A decrease in AKRIB1
elicited by specific siRNA knockdown is associated with a
significant reduction in PGF,,, production by human endome-
trial stromal and epithelial cell lines.>** Bresson et al.**° found
that Ponalrestat (Statil), a specific inhibitor of AKR1B1, reduces
PGF,, production in response to IL-15 in both cultured
endometrial cells and endometrial explants obtained by
biopsy or hysterectomy. On the basis of these findings, they
concluded that AKR1BI1 is the primary PGES in the human
endometrium and suggested that this enzyme may also be a
potential target for the treatment of menstrual disorders.
However, AKR1B1 was recently shown to be associated with
complications of diabetes.**"
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Fujimori et al. recently demonstrated that the siRNA for
AKRIB3 suppresses PGF,, production by mouse 3T3-L1
preadipocytes”> or during adipogenesis of mouse ST2 mesench-
ymal stem cells,*>” indicating that AKR1B3 is the primary PGFS
in mouse preadipocytes. Functional coupling between COX-2
and AKRI1B7 to produce PGF,, has been demonstrated in
HEK293 cells.>>* Therefore, AKR1B3 and AKR1B7 qualify as
the primary candidates as PGFSs in mice.

There are two AKR inhibitors, tolrestat and sorbinil, that
efficiently inhibit the PGFS activity of purified AKR1B1 (K; = 3.6
and 21.7 uM, respectively) and AKR1B3 (K; = 0.26 and 0.89 uM,
respectively) in a noncompetitive or mixed-type manner,
whereas these inhibitors do not appreciably affect the PGFS
activity of AKR1B7 (K; = 9.2 and 18 mM, respectively).>*
Ponalrestat, a specific inhibitor of AKR1BI, reduces PGF,,
production in response to IL-15 in both cultured endometrial
cells and endometrial explants.**°

5.1.3. Purification and Properties of T. brucei PGFS
(AKR5A2) and L. major PGFS (AKR5A1). Infection of mam-
mals by African trypanosomes is characterized by increased levels
of PGF,, and PGD, in plasma355 and CSF,>*¢ respectively.
Kubata et al.**” demonstrated that the protozoan parasite
T. brucei produces PGs enzymatically from AA and PGH,, and
they purified a novel T. brucei PGFS (TbPGES) and cloned its
cDNA. TbPGEFS is composed of 323 amino acids with an M, of
36 842 and has the activities of PGES (Ky; for PGH, = 1.3 uM;
Vaax = 2000 nmol/min/mg of protein) and 9,10-phenanthre-
nequinone reductase (Ky; = 0.4 uM; Vyax = 48 000 nmol/min/
mg of protein) but does not exhibit PGD, 11-ketoreductase or
PGE, 9-ketoreductase activities. TbPGFS exhibits remarkably
high affinity for PGH, and a high PGFS turnover number, as
compared with mammalian PGFSs,*3®3*!343:346349 T}, pGES s
now classified as AKRSA2. The TbPGES activity is weakly
inhibited by the stable PGH, analogue U-46619 (40% inhibition
at 2 mM) but is unaffected by 2 mM U-44069.>*®

Kabututu et al.*** found PG production in lysates of L. donovani
and identified the developmentally regulated P100/11E gene
product from L. major*>® to exhibit high homology (61%) with
TbPGFS. They cloned the cDNA for this gene product as
L. major PGFS (LmPGFS) and showed that it is composed of
284 amino acids with an M, of 32 000 and has the activities of
PGFS (Ky; for PGH, = 15 uM; Vyax = 270 nmol/min/mg of
protein) and 9,10-phenanthrenequinone reductase (Ky = 12.5
UM; Vyax = 4780 nmol/min/mg of protein) but is not
associated with PGD, 11-ketoreductase activity. LmPGEFES is
now classified as AKRSAL. The LmPGFS activity is inhibited
by the stable PGH,, analogue U-46619 with an ICs, of ~2 mM
but like TOPGFS is unaffected by 2 mM U-44069.*>*

5.1.4. Purification and Properties of T. cruzi PGF,,
Synthase (TcOYE), a Member of the “Old Yellow Enzyme”
Superfamily. In searching for PGFS homologues, Kubata
et al.** identified a novel “old yellow enzyme” from T. cruzi, a
parasite that causes Chagas’ disease in South America. They
purified PGES from crude lysates of T. cruzi to apparent
homogeneity. It is a 42-kDa protein containing 1 mol of
flavin mononucleotide (FMN) cofactor per mole of enzyme.
cDNA cloning reveled T. cruzi PGES to be a member of the old
yellow enzyme superfamily, and it is named the T. cruzei old yellow
enzyme (TcOYE). The protein contains 379 amino acid residues
with a calculated M, of 42 260. TcOYE not only has PGFS activity
(K for PGH, = S uM; Vyygax = 766 nmol/min/mg of protein) but
also reduces a variety of trypanocidal drugs in the presence of a

NADPH+H* = TrxR =—> NADP*

/—\

Trx-S, Trx-(SH),

<

Prostamide/PGFS-(SH), Prostamide/PGFS-S,

Prostamide H, Prostamide F,,

_C,H,0H HO., _C,H,0H
T ..... SN NSO mNH
O Y o™ {

OH OoH

Figure 27. Reaction scheme for prosamide/PGFS activity of the
thioredoxin system.**

NAD(P)H-generating system. Under anaerobic conditions, TcOYE
also reduces peroxides, such as H,O, (Ky = 2.3 uM; Vyax =
99 nmol/min/mg of protein) and t-butyl hydroperoxide (Ky;, not
yet determined; Vyax = 282 nmol/min/mg of protein), and
trypanocidal agents such as menadione, -lapaphone, nifurtimox,
and 4-nitroquinoline-N-oxide (Ky = 0.17—19 uM; Vyx =
290—1 110 nmol/min/mg of protein) in the presence of NADPH
or NADH (reduced nicotinamide adenine dinucleotide). Electron-
spin resonance spectral analyses revealed that TcOYE catalyzes the
one-electron reduction of menadione or f-lapaphone to produce
their semiquinone radicals, which cause cell death in susceptible
parasites, and also the two-electron reduction of nitroheterocyclic
compounds such as 4-nitroquinoline-N-oxide and nifurtimox.**
5.1.5. Purification and Properties of Swine Brain PGFS/
Prostamide F,, Synthase, A New Member of the Thior-
edoxin Superfamily. Moriuchi et al.*** purified prostaglandin
F ethanolamide (prostamide F) synthase from swine brain. The
enzyme catalyzes the reduction of prostamide H, to prostamide
F,4. cDNA cloning of mouse prostamide F synthase revealed that
the enzyme is composed of 201 amino acids with an M, of 21 669
and that the enzyme is a member of the thioredoxin superfamily
containing the CXXC motif. This enzyme catalyzes not only the
reduction of prostamide H, to prostamide F,,, (Ky; for prosta-
mide H, = 7.6 uM; Vyax = 250 nmol/min/mg of protein) but
also the reduction of PGH, to PGF,,, (Ky; for PGH, = 6.9 uM;
Vaax = 690 nmol/min/mg of protein) as well as reductions of
H,0, (Ky = 1.6 uM; Vyax = 281 nmol/min/mg of protein),
t-butyl hydroperoxide (Ky = 0.4 uM; Vyax = 248 nmol/min/
mg of protein), and cumene hydroperoxide (Ky; = 0.026 uM;
Vmax = 281 nmol/min/mg of protein) but does not reduce either
PGD, nor PGE,. The enzyme activity is activated about 9-fold by a
thioredoxin-generating system (Figure 27), more efficiently than
the activation observed with NADPH, NADH, or GSH. The Ky,
value for reduced thioredoxin is ~1 #M. The active site cysteine is
Cys-44 in the™*CXXC" thioredoxin motif. This enzyme is
distributed mainly in the brain and Zg)inal cord and localized in
motor neurons and oligodendroglia.*®" The tertiary structure and
physiological significance of this enzyme remain unclear.

5.2. Tertiary Structural Characteristics
X-ray crystallographic structures of members of the AKR super-
family have already shown these enzymes to have a common fold
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Figure 28. X-ray crystallographic structure of human AKR1C3.3 (A)
AKRI1C3 bound with NADP* and PGD, and (B) with NADPH and
rutin. The o-helices and f-strands in the @/f3 base are colored aqua-
marine and magenta, respectively. The loops are shown in yellow and
labeled with numbers. The bound NADP*/NADPH and PGD,/rutin
are colored cyan and light pink, respectively. (C) The possible hydro-
gen-bond donors and acceptors. Distances between atoms are noted in
black in (C).

known as the (at/f3)g-barrel fold.>***%~3%* The nucleotide cofactor
binds in an extended conformation at the top of the a/f-barrel,
with the nicotinamide ring projecting down in the center of the
barrel and the pyrophosphate straddling the barrel lip.***

5.2.1. X-ray Crystallographic Structure of Human
AKR1C3. Komoto et al** crystallized human lung PGFS
(AKR1C3) along with the cofactor NADP" and the substrate
PGD,, and with the cofactor NADPH and the inhibitor rutin, and
determined these complex structures at 1.69 A resolution (PDB
codes 1RYO and 1RY8) (Figure 28). They found that the
cofactor binds deep in a cavity at the C-terminal end of the
(a/B)s barrel and that the substrate and the inhibitor are both
located at the same site above the bound cofactor.**® Within the
catalytic pocket, the conserved Tyr-55 and His-117 residues form
hydrogen bonds with the carbonyl O-11 of PGD, and the 13-
hydroxyl group of the rutin. The cyclopentane ring of PGD, and
the phenyl ring of rutin face the reside of the nicotinamide ring of
the cofactor, suggesting a direct hydride transfer from NADPH
to PGD, (Figure 28).

5.2.2. X-ray Crystallographic Structure and Catalytic
Mechanism of Human AKR1B1. Kubiseski et al.>*’ estab-
lished that the AKR enzyme follows a sequential ordered
mechanism in which NADPH binds before the aldehyde sub-
strate and NADP" is released after the alcohol product is formed.
When, in 1992, the first complete crystal structure of human
AKR1B1 (PDB code 2ACU) was solved,>* the conserved Tyr-
48 was shown to function as a catalytic acid for NADPH-
dependent reduction.**> However, site-directed mutagenesis of
the catalytic tetrad of AKR1B1 revealed that His-110, not Tyr-48,
is crucial for the PGFS activity in the presence of NADPH.***
Furthermore, AKR1B1 and AKR1B3, but not AKR1B7 and
AKRIC3, also catalyze the isomerization of PGH, to PGD, in
the absence of NADPH or NADP*.*%*

Nagata et al.**® demonstrated that the PGES activity of
AKRIBI decreases with increasing pH, with an optimum of
pH 5.5 (K for PGH, = 29 uM; Vyax = 169 nmol/min/mg of
protein), and a pKj, of 6.19 in the presence of NADPH, whereas
the PGDS activity increases with increasing pH, with a pH
optimum of 8.5 (Ky; for PGH, = 23 uM; Viyax = 151 nmol/
min/mg of protein) and a pK, of 7.94 in the absence of NADPH
or NADP". Site-directed mutagenesis of the catalytic tetrad of
AKRIBI revealed that the triad of Asp-43, Lys-77, and His-10,
but not Tyr-48, acts as a proton donor in most AKR activities and
is crucial for PGFS and PGDS activities. These mutagenesis and
pH titration analyses indicate that His-110 acts as a base to
generate PGD, in the absence of NADPH or NADP" and as an acid
to generate PGF,,, in the presence of NADPH (Figure 29).3%8

5.2.3. X-ray Crystallographic Structure and Catalytic
Mechanism of TbPGFS (AKR5A2). Kubata et al. crystallized
TbPGFS (AKRSA2) with the cofactor NADP* and citrate, and
determined the structure of the complex at 2.1 A resolution
(PDB code 1VBJ).>*® TbPGFS also adopts a parallel (a/f)s-
barrel fold but lacks the protruding loops seen in the mammalian
AKRs. TbPGFS contains a catalytic tetrad of tyrosine, lysine,
histidine, and aspartate, highly conserved among AKRs, in its
hydrophobic-core active site. Site-specific mutagenesis of the
catalytic tetrad revealed that a dyad of Lys-77 and His-110 is
essential for the reduction of PGH, and a triad of Tyr-52, Lys-77,
and His-110 is essential for the reduction of 9,10-phenanthrene-
quinone. Structural and kinetic analysis uncovered that His-110
acts as the general acid catalyst for PGH, reduction and that Lys-
77 facilitates His-110 protonation through a water molecule,
while exerting an electrostatic repulsion against His-110 that
maintains the special arrangement allowing the formation of a
hydrogen bond between His-110 and O-11 of PGH, (Figure 30).
On the other hand, Tyr-52 acts as a general acid catalyst for 9,10-
phenanthrenequinone.

5.2.4. X-ray Crystallographic Structure of TcOYE.
Yamaguchi et al.** crystallized TcOYE with its cofactor FMN
in the absence and presence of menadione and determined
the structures of the complexes at 1.7 and 2.5 A. The atomic
coordinates were finally determined with the crystals of the
TcOYE/FMN binary complex and TcOYE/FMN/p-hydroxyben-
zaldehyde at 1.7 and 2.05 A, respectively (PDB codes 3ATY and
3ATZ, respectively).*”’

TcOYE has an (a/f3)s-barrel fold, like other members of the
OYE family, in which the cylindrical core composed of 8 parallel
p-strands (51—p38) is surrounded by 8 a-helices (a1—as8). In
addition, an N-terminal 3-hairpin (S1 and S2) closes the bottom
of the barrel and two extra helices (H1 and H2) lie in the loops
connecting 34 to a4 and f38 to a8, respectively. FMN is tightly
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Figure 29. X-ray crystallographic structure of human primary PGFS (AKR1B1) with NADP* bound and the formation of PGD, and PGF,,,. (A) In this
structure PGH, has been docked in the catalytic site using a molecular simulation program. AKR1B1 (green), NADP" (yellow), the substrate, PGH,
(orange), Tyr-48 (purple), Asp-43 (green), Lys-77 (cyan), and His-110 (magenta). The hypothetical catalytic mechanisms of PGDS (B) and PGFS (C)
activities of AKR1B1 in the absence and the presence of NADPH, respectively. In the absence of NADPH, the concerted reaction of Asp-43, Lys-77, and
His-110 increases the basicity of His-110 and extracts the proton C-11 of PGH,. Another proton is provided to the O-9 atom of PGH, from an
unidentified proton donor (EnzA-H) to produce PGD,. However, in the presence of NADPH, the hydride ion is transferred from NADPH to the O-9
atom of the peroxide oxygen of PGH,, and a proton is provided from His-110 to O-11 to produce PGF,,. In the presence of NADP”, Asp-43 forms a
hydrogen bond with NADP" and disrupts the catalytic triad, which is essential for the production of PGD,. However, the function of Tyr-48 is not clear
at present. C-9 and C-11 chiralities of PGH, have been corrected from ref 369.

bound at the C-terminal ends of the 8 3-strands in the barrel, on
which both menadione and p-hydroxybenzaldehyde reside above
the isoalloxazine ring of FMN via a 77— interaction. The structure
of the complex of TcOYE with FMN and p-hydroxybenzaldehyde
is well superimposed on that of 12-oxophytodienoate reductase
from Lycopersicon esculentum (tomato) with FMN and 12-oxo-
phytodienoate, whose chemical structure is similar to that of a
prostaglandin. The reaction mechanism for the reduction of PGH,
by TcOYE is proposed to be initiated by a hydride transfer from
the NS of FMN to the C-9 oxygen of PGH, followed by proton
transfer from His-195 to C-11 of PGH, (Figure 31).%%

5.3. Physiological and Pathological Properties
PGF,,, is involved in many physiologic functions including
contraction of uterine, bronchial, vascular, and arterial smooth

muscles,**° regulation of ocular pressure,371 renal filtration,*””
stimulation of hair growth,*”* and re§ulation of the ovarian cycle
through the induction of luteolysis. 7+ These actions of PGF,,
are mediated via the PGF,,, receptor FP, which is a Gq-coupled
rhodopsin-tzpe receptor.””> FP KO mice are healthy and grow
normally.>’® No gross abnormalities are found in the KO mice in
terms of general behavior, general appearance, or tissue histol-
ogy, nor are there major biochemical and hematological abnorm-
alities. Male FP KO mice are normal in their reproductive
activity. Female KO mice also exhibit normal estrous cycles,
ovulation, fertilization, and implantation. These results show that
FP is not involved in “housekeeping” functions. However, female
FP receptor KO mice are unable to deliver normal fetuses at term
and do not respond to exogenous oxytocin because of the lack of
induction of the oxytocin receptor and do not show the normal
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Figure 30. X-ray crystallographic structure of TbDPGFS (AKRSA2) (A) and the proposed catalytic mechanism of the enzymic reduction of PGH,
(B).>°8 (A, left) The overall structure of TbPGFS with bound NADP®, showing the overall structure viewed down the COOH-terminal end of the
central 3-barrel with the NADP™ molecule drawn in ball-and-stick model. The a-helices (in blue) and f3-sheets (in yellow) are separated among
them by loops (in orange). One citrate molecule is also depicted as a ball-and-stick model within the putative catalytic cleft. (A, right) Side view of
the overall structure of TDPGFS_NADP"_citrate ternary complex (in light blue), in which the extended loops ($1-a1, $4-a4, and f7-H1) in
other AKRs are absent in TbPGFS. (B) Proposed catalytic mechanism for the enzymatic reduction of PGH,. When a substrate binds to the active
site of TbPGFS, a NADPH hydride attacks the C-9 carbonyl of PGH,, whereas a proton from His-110 will be transferred to the negatively charged
C-11 carbonyl. Lys77 appears to have a role of maintaining the position of His-110 and stabilizing Asp-47. C-9 and C-11 chiralities of PGH, have

been corrected from those in ref 358.

decline in serum progesterone concentrations that precedes parturi-
tion.””® Ovariectomy at day 19 of pregnancy restores induction of the
oxytocin receptor and permits successful delivery in FP KO mice.*”®
These results indicate that the FP system is essential for initiation
of parturition in mammals. The role of PGs in parasite patho%en-
. . . 90
esis and physiology were recently reviewed by Kubata et al.

6. PROSTACYCLIN SYNTHASE

PGL, is typically involved in mediating events through a Gs-
coupled G protein linked receptor designated IP. Generation of
cAMP via IP is associated with relaxation of both vascular and
nonvascular smooth muscle and inhibition of platelet aggrega-
tion.””” PGL, is also reported to function through PPARS and
PPARJ, respectively, to modulate transcription events in the
uterus®”® and the lung.>”” These and the many other various
physiologic actions of PGI, are described in detail in a separate
review on prostanoid receptors.

Prostacyclin synthase (PGIS) catalyzes the isomerization of
PGH, to PGI, (Figure 1). Ullrich and co-workers were the first
to provide spectral evidence that the enzyme is a cytochrome
P450;°*° the enzyme is designated CYPS8AIL in the P450
family.**' The heme is bound via a sulfide linkage (Cys-441 in
huPGIS) to the iron. Unlike most P450s and consistent with the
nonoxidative rearrangement catalyzed by PGIS, NADPH and O,
are not cosubstrates.”®"*** PGISs were originally purified and

characterized from bovine**® and porcine®** aorta. Human PGIS
was subsequently cloned, expressed, and purified.**"*** Recom-
binant huPGIS has a Ky, of 30 M with PGH, and a specific activity
of 15 mmol/min/mg of protein at 24 °C.**" Recent evidence
suggests that PGIS undergoes a relatively specific, peroxynitrite-
mediated nitration on Tyr-403 that is associated with enzyme
inactivation®*® and occurs under conditions of oxidative stress.>*>
Formation of a radical in a reaction involving the heme iron and
C-11 endoperoxide oxygen of PGH, has been progosed to be the
initial step in the formation of PGI, from PGH,. 57 The kinetic
properties of PGIS are summarized in Table 1.

7. THROMBOXANE A SYNTHASE

Thromboxane A, functions through one of two thromboxane
GPCR splice varients termed TPo and TPf that have different
cellular distributions and are involved in platelet aggregation and
vasoconstriction.*® Like PGIS, thromboxane synthase (TXAS)
is a cytochrome P450 (CYPS) although the enzymes share only
15% sequence identity.*®” The kinetic properties of TXAS are
summarized in Table 1.

TXAS catalyzes the isomerization of PGH, to TxA, with
parallel production of malondialdehyde and 12-hydroxyeicosa-
trienoic acid. The mechanism of TXAS is related to that of PGIS;
in both cases the enzymes catalyze a rearrangement of the
endoperoxide oxygens of PGH,. TXAS binds PGH, in a different

5856 dx.doi.org/10.1021/cr2002992 |Chem. Rev. 2011, 111, 5821-5865



Chemical Reviews

NHz HN
AsnlS8}” o ﬂ:ﬁ

/® whe ———
Hl"v"?ﬂ\/ HN 2y
E2Bh o\ GEBh W, \
\ 3
Glul03 \ H (§ "7»1
7 His284

Figure 31. X-ray crystallographic structure of TcOYE and the proposed catalytic mechanism for the enzymic reduction of PGH,. (A) In the TcOYE
structure,®”® the a-helices (cyan) and f-sheets (orange) are separated by loops (light yellow). Loop 1 and Loop 2 are shown in magenta. FMN is shown
as a ball-and-stick model. (B) Proposed catalytic mechanism for the enzymatic reduction of PGH,. A hydride is exg)ected to be transferred from N-5 of
FMN to C-9 oxygen of PGH,, whereas a proton would be transferred from His-195 to C-11 oxygen of PGH,.*

orientation than PGIS, with the heme iron coupling to the C-9
endoperoxide oxygen as opposed to the C-11 oxygen in the case
of PGIS.>®* This frees the C-11 oxygen radical for intramo-
lecular reaction across the C-11 to C-12 bond of the cyclopro-
pane ring, ultimately leading to the characteristic oxirane ring of
TxA,. TXAS forms 12-hydroxyheptadecatrienoic acid and mal-
ondialdehyde in equimolar amounts with TxA,.***° TXAS
inhibitors were originally considered to be promising antiplatelet
agents,””" but clinical trials of various inhibitors yielded unsatis-
factory results when compared with low-dose aspirin. None-
theless, TXAS inhibitors continue to evaluated for other specific
conditions involving thromboxane synthesis including bronchial
asthma,*** inflammatory bowel disease,*** and pulmonary hyper-
tension.*”* Very little new biochemical work has been published
on this enzyme during the past 10 years.*”®

8. PGH 19-HYDROXYLASE

18-, 19-, and 20-Hydroxylated versions of prostaglandins
have been identified in various tissue preparations. 19-Hydroxy-
PGE, and 19-hydroxy-PGE, are found in high concentrations
(ca. 100 ¢g/mL) in human semen and in some individuals are
found at levels equivalent to PGE,; and PGE,.***** Studies by
Oliw and co-workers have indicated that these compounds are
formed primarily from PGH; and PGH, via a pathway involving
19-hydroxylation of the endoperoxides by P450 CYP4E8 to the
corresponding 19-hydroxy-PGHs>”® followed by mPGES-1-
mediated rearrangements to the end products.’®” When tested

with various EP receptor preparations, 19-hydroxy-PGE, inter-
acts preferentially with EP2**” although it is ~10-fold less potent
than PGE, with EP2;*°%*" in contrast, 19-hydroxy-PGE, is
much more potent than PGE, in causing interleukin-8 release
from U937 cells.**® 19-Hydroxy-PGE; and 19-hydroxy-PGE,
have different but incompletely characterized pharmacologic
profiles’”**> and may even function through receptors other
than the previously characterized prostanoid receptors.

9. FUTURE DIRECTIONS

There is now considerable structural, mechanistic, and
kinetic information about the many enzymes involved in
prostanoid biosynthesis from AA. As noted in the review, a
particular interest from a pharmacologic perspective will be
the development and testing of enzyme inhibitors for possible
clinical use. For example, mPGES-1 is an attractive target for
the development of novel anti-inflammatory drugs. Clinical
trials will need to test for putative adverse cardiovascular side
effects, notably hypertensive effects. From a basic protein
chemistry perspective, it is clear that many of the enzymes
involved in prostanoid biosynthesis are dimers or higher
oligomers, and it will be of interest to determine how the
various monomers interact and how these higher-order struc-
tures function in regulating enzyme activities in cells. In
related work, the potential for interactions among the biosyn-
thetic enzymes in transferring or channeling substrates and
intermediates will necessarily receive much attention.
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ABBREVIATIONS

AA arachidonic acid

AKR aldo-keto reductase

AKRL aldose reductase-like proteins
COX cyclooxygenase

cPGES cytosolic PGE synthase
cPLA, cytosolic phospholipase A,
CSF cerebral spinal fluid
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DHA docosahexaenoic acid

DP receptor for PGD

DTNB 5,5'-dithiobis-(2-nitrobenzoic acid)

EP receptor for PGE

E.j, allosteric subunit of the PGHS homodimer

E .« catalytic subunit of the PGHS sequence homodimer

EGF epidermal growth factor

FA fatty acid

FBP flurbiprofen

FLAP S-lipoxygenase activity protein

FP receptor for PGF

GSH reduced glutathione

GST glutathione-S-transferase

HPETE hydroperoxyeicosatetraenoic acid

H-PGDS hematopoeitic PGD synthase

hu human

KO knockout

L-PGDS lipocalin PGD synthase

LT leukotriene

LTC, leukotriene C,

MAPEG membrane associated proteins in eicosanoid and
glutathione metabolism

MBD membrane-binding domain

MGST microsomal glutathione-S-transferases

mPGES-1 microsomal PGE synthase-1

mPGES-2 microsomal PGE synthase-2

NSAIDs nonsteroidal anti-inflammatory drugs

ov ovine

PG prostaglandin

PGD prostaglandin D

PGE prostaglandin E

PGF prostaglandin F

PGG prostaglandin G

PGHS prostaglandin endoperoxide H synthase

PGI prostaglandin I (prostacyclin)

PGIS PGI (prostacyclin) synthase

PMA phorbol myristate acetate

TM transmembrane

TbPGES T. brucei PGES

Trx thioredoxin

TX thromboxane

TXAS TXA synthase
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