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Prostaglandin E2 (PGE2) is a key mediator in inflammatory re-
sponse. The main source of inducible PGE2, microsomal PGE2 syn-
thase-1 (mPGES-1), has emerged as an interesting drug target for
treatment of pain. To support inhibitor design, we have deter-
mined the crystal structure of human mPGES-1 to 1.2 Å resolution.
The structure reveals three well-defined active site cavities within
the membrane-spanning region in each monomer interface of
the trimeric structure. An important determinant of the active
site cavity is a small cytosolic domain inserted between trans-
membrane helices I and II. This extra domain is not observed
in other structures of proteins within the MAPEG (Membrane-
Associated Proteins involved in Eicosanoid and Glutathione
metabolism) superfamily but is likely to be present also in micro-
somal GST-1 based on sequence similarity. An unexpected fea-
ture of the structure is a 16-Å-deep cone-shaped cavity extending
from the cytosolic side into the membrane-spanning region. We
suggest a potential role for this cavity in substrate access. Based
on the structure of the active site, we propose a catalytic mecha-
nism in which serine 127 plays a key role. We have also determined
the structure of mPGES-1 in complex with a glutathione-based
analog, providing insight into mPGES-1 flexibility and potential
for structure-based drug design.
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Prostaglandins are potent lipid messengers and are involved
in numerous homeostatic biological functions [for a review

of eicosanoid biology, see review by C. D. Funk (1)]. They are
enzymatically derived from the essential fatty acid arachidonic
acid and the synthesis proceeds via the formation of prosta-
glandin H2 (PGH2), a reaction catalyzed by the constitutively
active cyclooxygenase COX-1 and the inducible cyclooxygenase
COX-2. PGH2 acts as a substrate for a range of terminal pros-
taglandin synthases, including the PGE synthases (PGES, EC
5.3.99.3) that convert PGH2 to PGE2.
Microsomal prostaglandin E2 synthase-1 (mPGES-1), colo-

calized and up-regulated in concert with COX-2, is the major
source of inducible PGE2 and is associated with inflammation
and pain (2). Several studies support a role for mPGES-1 also in
cancer cell proliferation and tumor growth (3). Because treat-
ment with COX-2 selective inhibitors is associated with elevated
cardiovascular risk, safer approaches involving, for example,
PGE2 reduction, are needed (4). Mice deficient in mPGES-1 have
shown significantly reduced effect on hypertension, thrombosis,
andmyocardial damage compared with inhibition or disruption of
COX-2, suggesting mPGES-1 to be a potential target for phar-
maceutical intervention in various areas of diseases (2, 5).
mPGES-1 belongs to a superfamily of Membrane-Associated

Proteins involved in Eicosanoid and Glutathione metabolism,
the MAPEG family (6). Members of the MAPEG family can be
found in prokaryotes and eukaryotes but not in archaea (7). The
most closely related MAPEG member is the microsomal gluta-
thione transferase-1 (MGST1), which shares 39% sequence identity

with mPGES-1. Leukotriene C4 (LTC4) synthase, 5-lipoxygenase
activating protein (FLAP), MGST2, and MGST3 are more dis-
tantly related with a sequence identity of 15–30%. Initial struc-
tural characterization of the MAPEG family was done using
electron crystallography and showed that the members contain
four transmembrane helices and are organized as trimers (8, 9).
This was later confirmed by the X-ray crystal structures of FLAP
(10) and LTC4 synthase (11, 12). There are also low-resolution
3D electron crystallography structures of MGST1 and mPGES-1
(13, 14). However, these structures did not allow for detailed
structural analysis, and concerns regarding the accuracy of the
MGST1 structure have been raised (15).
Herewe present the 1.2ÅX-ray structure of humanmicrosomal

PGE2 synthase-1. The structure differs significantly from the pre-
viously reported electron crystallography structure of mPGES-1
(14). In particular, glutathione binding and coordination are dif-
ferent in the two structures. Moreover, the structure presented
here reveals a small structured domain inserted between helices
I and II that contributes to the active site cavity. This domain is
not present in LTC4 synthase (11, 12) or FLAP (10), but is likely
to be present in MGST1. Based on the atomic detail as well as
mutagenesis data available in the literature, we propose a mech-
anism for mPGES-1–catalyzed isomerization of PGH2 to PGE2.
The structure also offers some insight into a possible mechanism
for monomer cross-talk, implicated by recent data indicating
that mPGES-1 displays 1:3-site reactivity (16). Finally, the struc-
ture provides an excellent starting point for rational design of
mPGES-1 inhibitors.

Results
Overall Structure.Human mPGES-1 was cloned and overproduced
in a baculovirus expression system. The structure of mPGES-1 in
complex with glutathione (GSH) was solved using the anomalous
dispersion from mercury atoms, incorporated into mPGES-1
crystals by soaking. The asymmetric unit contains a single
mPGES-1 molecule with a bound GSH. Similar to the LTC4
synthase and the FLAP, the mPGES-1 overall fold consist of
a four-helix bundle that packs together to form a homotrimer
(Fig. 1). The mPGES-1 structure contains a 20-aa insert between
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helices I and II that forms a small positively charged domain
consisting of two structured loops and a short helix, henceforth
referred to as the C-domain. The positive charge is consistent
with the proposed topology of mPGES-1 where the N and C
termini are located in the endoplasmic reticulum lumen. The
overall helix angles relative to the membrane normal are 24°, 20°,
18°, and 40°, respectively. Helices II and IV contain pronounced
kinks caused by the presence of two proline residues (Pro81 and
Pro136) that disrupt the helix hydrogen bonding network. The
kink in helix II gives rise to a large cytoplasmic cone-shaped cavity
in the center of the mPGES-1 trimer (Fig. 1C). The length of the
cone is about 16 Å and the narrow end is located well within the
membrane-spanning region. Each four-helix bundle is stabilized
by a cluster of polar residues including Lys26, Asn74, Asp75,
Arg110, and Thr114 bridged by two in-membrane water mole-
cules connecting helices I, II, and III.

Active Site. The N-terminal parts of helices II and IV, together
with the C-terminal part of helix I and the cytoplasmic domain
from an adjacent molecule, form an ∼15-Å-deep cavity with an
opening measuring 12 × 9 Å (Fig. 1B). The mPGES-1 trimer
contains three such cavities in each of the monomer interfaces.
Strong Fo-Fc density for a bound glutathione molecule was found
in a bent conformation (Fig. 2A). The GSH is coordinated by
hydrogen bonds involving the side chains of Arg73, Asn74,
Glu77, His113, Tyr117, Arg126, and Ser127 from helices II and
IV and the side chain of Arg38 from helix I in a symmetry-re-
lated molecule (Fig. 2B). In addition to the hydrogen bonds, the
phenol group of Tyr130 forms a π-stacking interaction with the

gamma peptide linkage between the cysteine and the glutamate
side chain of GSH. The C-domain does not contribute any direct
interactions to the cofactor. However, the side chain of Asp49 is
involved in a close salt bridge with Arg126, indirectly contrib-
uting to the environment of the glutathione. Asp49 is also highly
conserved in the MGST1/mPGES-1 subgroup of MAPEGs (7).
Although the glutathione appears to be bound at full occupancy,
two of the side chains interacting with the cofactor display
double conformations: Arg73 and Ser127. The remaining volume
of the GSH-binding cavity constitutes a small pocket. The sub-
strate for mPGES-1, PGH2, is composed of a more or less
spherical head group with two tails, about 10 and 8 Å long in
their extended conformations. The spherical head group can be
modeled into the pocket with the two flexible tails protruding
into the lipid bilayer or the membrane-cytosol interface where
a number of interactions with the protein could be anticipated.
Based on the size and shape and the apparent scope for favor-
able interactions with the substrate, we propose this cavity to be
the site of catalytic activity.

GSH Analog Complex Structure. To probe the mPGES-1 active site,
we solved the structure of mPGES-1 cocrystallized with a GSH
analog: 1-(4-phenylphenyl)-2-(S-glutathionyl)-ethanone (bis-phenyl-
GSH) to a resolution of 1.95 Å (Fig. 2C). From the electron
density, it is clear that the glutathione has not been completely
replaced by the analog during cocrystallization; the occupancy is
∼0.7 for the analog and 0.3 for the GSH as assessed from B
factors of the bis-phenyl substituent of the analog and the thiol of
glutathione. The tripeptide moiety of the analog mostly overlaps

Fig. 1. Overall structure of mPGES-1.
(A) Structure of the mPGES-1 trimer. The
asymmetric unit contains one monomer;
the full trimer was generated by applying
the crystallographic symmetry. Monomers
are shown in blue, yellow, and green,
respectively. The bound GSH molecule is
shown in stick representation. (B) Surface
representation of the mPGES trimer using
the same orientation as in (A). (C) Cross-
section along the crystallographic three-
fold axis showing the central cone-shaped
cavity on the cytosolic side of mPGES. The
opening of the cavity is indicated with
a block arrow.

Fig. 2. Structure of the active site in mPGES-1 at the monomer interface. (A) Fo-Fc electron density map for the GSH contoured at 4σ. (B) Interactions between
mPGES-1 and GSH. The Arg38 side chain originates from the symmetry-related monomer. (C) mPGES-1 in complex with bis-phenyl-GSH. Bis-phenyl-GSH is
shown in green stick representation. A β-octyl glucoside (orange stick representation) is bound to the active site. Distances between β-octyl glucoside and
mPGES-1 shorter than 3.2 Å are indicated with dashed lines. This figure is provided as a stereo diagram in Fig. S1.
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well with glutathione, the exception being a 0.5-Å shift centered
around the carbonyl group of the γ peptide bond. The bis-phenyl
substituent is oriented toward the center of the membrane in the
shallow groove between helices I and IV from adjacent mono-
mers. Although the substituent is bulky, binding has very small
effects on the overall structure of mPGES-1; the only significant
difference is a slight shift in the position of the side chain of
Tyr130. The shift in Tyr130 is likely linked to the observed shift
in the glutathione backbone of the inhibitor. Interestingly, the
complex structure also features a bound β-octyl glucoside molecule
with the aliphatic chain stacked against the hydrophobic bis-phenyl
group and the glucoside moiety involved in several hydrogen
bonding interactions in the putative substrate-binding cavity.

Discussion
The high resolution X-ray crystallography structure of mPGES-1
presented here reveals unprecedented molecular detail of this
integral membrane enzyme. Key findings include unambiguous
identification of the cofactor glutathione-binding mode and lo-
calization of a putative active site.
The mPGES-1 structure also illustrates the structural diversity

within the MAPEG family. X-ray structures for two other
MAPEG family members [LTC4 synthase (11, 12) and FLAP
(10)]have been published. Although LTC4 synthase and FLAP
are closely related with a sequence homology of more than 40%
within the membrane-spanning domain, mPGES is more dis-
tantly related, displaying sequence homology of around 15% to
FLAP and LTC4 synthase (Fig. S2). Despite the distant re-
lationship, the structures can be superimposed on mPGES-1 with
rmsd of 1.8 and 1.9 Å, respectively, for Cα atoms in the trans-
membrane region. The most prominent differentiating feature of
the mPGES-1 structure is the insert between TMI and TMII that
folds into a small well-structured domain (the C-domain) that
forms part of the active site cavity. Based on sequence homology,
the C-domain is likely to be conserved also in the MGST1 (Fig.
S2) and demonstrates diversity of topology within the MAPEG
superfamily. Low-resolution electron crystallography data on
MGST1 support this hypothesis, although the quality of the data
did not permit modeling (13).
An unexpected observation in the mPGES-1 structure is the

large cone-shaped cavity extending from the cytosolic side along
the symmetry axis of the trimer with the top of the cone in close
contact with the three active site cavities. The side chain of
Arg73 blocks the connection between the central cavity and the
active site. However, this residue has two discrete conformations.
In the first conformation, Arg73 coordinates one of the gluta-
thione carboxylate groups resulting in a separation of the cavities
(Fig. 3 A and C). In the alternative orientation, it is making an
interaction with the main chain carbonyl of Leu69 of an adjacent
molecule and the solvent structure in the central cavity. The
nearby side chain of Glu77 makes an interaction with Arg73 in
both conformations, although via different atoms. In the second
conformation, the active site pocket and the central cavity form
a continuous surface (Fig. 3 B and C). The significance of this
interconnected super pocket is unclear. It could provide an ex-
planation for the mechanism by which the highly soluble GSH
enters the active site located within the hydrophobic bilayer of
the endoplasmic reticulum membrane. The connection between
the cytosol and the active site could also have a role in solvent
exchange between the water bulk and the catalytic cavity. Given
the geometric arrangement of the three active sites and the GSH
coordination via Arg73, an element of cooperativity could also be
anticipated. Interestingly, such a mechanism has been suggested
based on biochemical data both for MGST1 (17) and, more re-
cently, for mPGES-1 (16). However, Arg73 is only conserved in
mPGES-1 from higher vertebrates, implicating that any mecha-
nism relating to Arg73 conformation might not translate to other
MAPEG family members.

The proline-induced kink in helix II, giving rise to the cone-
shaped cavity on the cytosolic side of mPGES, is a common
feature in the MAPEG structures determined to date. However,
the position of the mPGES-1 proline is shifted one step com-
pared with the LTC4 synthase and the FLAP structures, resulting
in dramatic differences in the shape of the central cavities (Fig. 4).
In FLAP, there is a large cavity on its luminal side, also pointed
out by Ferguson et al. (10). In LTC4 synthase (11, 12), the central
cavity is more hourglass shaped with smaller but significant cav-
ities on both sides of the membrane.
Despite the low sequence homology between mPGES-1 and

LTC4 synthase, the glutathione-binding site is well conserved. In
both cases, glutathione binds in a horseshoe conformation and
five of the eight interactions observed in mPGES-1 are conserved
in LTC4 synthase (Fig. 5 A and B). However, Arg70 corre-
sponding to the highly conserved Arg51 in LTC4 synthase does
not interact with the GSH in mPGES-1. This role is instead
taken over by one of the conformations of Arg73 (see the pre-
vious paragraph). Although there are similarities in GSH co-
ordination, the shape of the pocket around the cofactor is very
different. LTC4 synthase is not only lacking the structured
C-domain, but also displays a different lining of the crevice making
the remaining pocket more restricted around the thiol (Fig. 5 C
and D). Instead, substrate binding in LTC4 synthase is suggested
to imply an extended cavity on the opposite side of GSH, lined by
helix I and IV from two adjacent monomers (11, 12). A similar
cavity in FLAP has been identified as an inhibitor binding site
(10). This proposed binding site has no counterpart in mPGES-1
because of the side chain of Tyr130 that stacks on top of GSH,
making the crevice along the trimer interface very shallow. The
differences in glutathione coordination and overall structure are

Fig. 3. Connectivity between the central cavity and active site in mPGES-1.
(A) Surface representation of the active site and the central cavity showing
Arg73 in the GSH coordinating conformation. (B) Same as (A) but with Arg73
in the monomer interaction conformation. (C) View of both Arg73 con-
formations from the luminal side highlighting the potential for cross-talk
between the monomers. GSH and a short stretch of helix II is shown for each
monomer in blue, yellow, and green, respectively.
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likely reflecting the different functions of these two enzymes:
mPGES-1 catalyses isomerization of PGH2, using glutathione as
a cofactor whereas in LTC4 synthase glutathione is a cosubstrate
that is conjugated to the substrate LTB4 to form LTC4.
The detailed geometry of the active site leads to insights into

the catalytic mechanism of mPGES-1. The presented structural
information, together with existing mutagenesis data, guides the
assignment of specific functions to amino acid residues during
enzyme catalysis and helps to highlight some further distinctions
from LTC4 synthase. In LTC4 synthase, the glutathione thiol
group is coordinated by a highly conserved arginine side chain,
Arg104 (11, 12). This residue was recently suggested to be the
primary residue responsible for promoting and stabilizing the

glutathione thiolate in all catalytically active MAPEG family
members (18). However, the corresponding Arg126 in mPGES-1
is unlikely to play a similar role in the activation of the gluta-
thione thiol because it is part of a strong bidentate complex with
Asp49 (Fig. 2B). This is further supported by earlier observations
that the mutation of Arg126 to either Ala or Glu shifts the enzyme
activity toward a reductase activity that, similar to the PGE2
isomerization reaction, requires a glutathione thiolate to initiate
the catalytic cycle (19). Instead, the structural data strongly
suggest that formation and stabilization of the glutathione thi-
olate is promoted by the hydroxyl group of Ser127 (Figs. 2 and
6). This is a common theme in, for example, soluble glutathione
S-transferases, where a hydroxyl group of a tyrosine or serine

Fig. 4. Central cavities in MAPEG family members. (A) mPGES-1, (B) LTC4S [Protein Data Bank (PDB) ID code 2UUH (12), and (C) FLAP [PDB ID code 2Q7M
(10)]. Cavities centered on the threefold access are shown as gray surfaces.

Fig. 5. Comparison of mPGES and LTC4 synthase.
View of the glutathione coordination in mPGES-1
(A) and LTC4 synthase (B). Potential hydrogen bonds
are denoted with black dashed lines. (C and D)
Surface representations of mPGES-1 and LTC4 syn-
thase highlighting the differences in the shape of
the active site cavities.
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residue makes a corresponding hydrogen bond, which is expected
to decrease the pKa of the thiol group, resulting in a deprotona-
tion at neutral pH (20).
Because the stabilized glutathione thiolate can act either as

a base or as a nucleophile, two different mechanistic pathways
can be envisaged for the enzymatic catalysis. One pathway could
comprise a deprotonation at the C-9 carbon in conjunction with
the cleavage of the peroxide bond. An alternative mechanism
that is frequently proposed for this step of the enzymatic reaction
(21) involves a nucleophilic attack of the thiolate anion at one of
the peroxide oxygen atoms to form a mixed sulfide, followed by
deprotonation and S·O bond cleavage (Fig. 6). Both scenarios
require the presence of another residue to function as a base to
facilitate either the regeneration of the thiolate or to enable
proton transfer from the C-9 carbon. Arg126 and Asp49 are in
close proximity to the putative reaction center, and as ionizable
amino acid residues they could fulfill this role. Even though ar-
ginine residues are generally considered poor candidates for the
role of general bases, there is evidence that they can facilitate
general base catalysis (22). However, it is unlikely that this res-
idue is deprotonated in mPGES-1, because the bidentate in-
teraction with Asp49 is expected to increase the pKa value of
Arg126. Furthermore, mutagenesis data indicate that the muta-
tion of Arg126 impairs, but does not abolish, the formation of
PGE2 (19). Taken together, these data suggest that Asp49 is the
residue acting as a base during proton abstraction. This mecha-
nism appears plausible because only a minor rearrangement of
the mixed sulfide of glutathione and PGH2 is required to bring
Asp49 in close proximity to facilitate proton transfer. The pri-
mary role of Arg126 is likely the alteration of the Asp49 pKa to
increase the effectiveness of this reaction and to prevent re-
duction of the reaction intermediate. This is supported by Arg126
mutagenesis studies (19), which indicate that the mixed sulfide
intermediate can indeed be reduced to PGF2α by the R126Q
mutated enzyme, a product that is only distinguished from PGE2
through a reduction of the ketone at C-9 to a secondary alcohol.
The presented structure together with the enzymatic data on the
Arg126-deficient mutants would allow drawing of a plausible
scenario, where in absence of Arg126, the partially deprotonated
Asp49 acts as a proton donor. This will promote PGF2α forma-
tion, which is unlikely when forming a bidentate complex with
Arg126, as seen in the wild-type enzyme. However, further mu-
tagenesis studies involving Asp49 and also Ser127 will be required
to complete and support the outlined reaction mechanism.
Membrane proteins are often flexible, and flexibility is part of

the function in, for example, G protein–coupled receptor (23) or
transport across membranes (24). mPGES-1 in contrast appears
to be very rigid, stabilized by several interhelix hydrogen bonds

within the membrane spanning region. Moreover, cocrystalliza-
tion with a glutathione analog with a bulky bis-phenyl substituent
on the thiol group failed to induce any differences in the overall
structure. However, the previously published mPGES-1 electron
crystallography structure to 3.5 Å resolution (14) deviates sig-
nificantly from the high-resolution structure with an rmsd for all
142 Cα atoms of 4.7 Å. In the low-resolution structure, there is
no access to the active site from the membrane; the authors
propose that it represents a closed conformation. The low-res-
olution structure lacks the kink in helix IV and although the
C-domain could not be fully modeled in the low-resolution
structure, there is little overlap between the modeled parts.
Moreover the glutathione is modeled in a different orientation
∼3 Å from the binding site seen in the high-resolution structure.
Although these differences along with low completeness of the
electron crystallography data (<60%) and high R factors
(>35%) of the final model suggest there may be problems with
the low-resolution structure, it cannot be entirely excluded that
mPGES-1 may exist in different conformations. It would be
interesting to see the electron crystallography data reinterpreted
in light of the new structure.
The structure presented here provides a good starting point

for rational design of mPGES-1 inhibitors. In the bis-phenyl-
GSH complex structure, a β-octyl glucoside molecule is bound in
the active site pocket and hydroxyl groups of the head moiety are
involved in several hydrogen bonds (Fig. 2C), illustrating the
scope for exploring polar interaction in this area. Inhibitor
binding to the active site is supported by recent hydrogen/deu-
terium exchange kinetics experiments, indicating changes in ex-
change rates in the mPGES-1 peptide consisting of residues 37–
54 upon binding of potent inhibitors (25). Because the active site
is very shallow, orthosteric inhibition is likely to imply residues
outside the catalytic cavity also. The possibility of allosteric in-
hibition cannot be excluded. However, the stability of the protein,
implied by the interhelical hydrogen bond cluster and the lack of
observation of flexibility upon ligand binding makes it unlikely
that highly potent allosteric inhibitors can be developed.
The putative inhibitor binding site is not completely conserved

across species and there are reports of compounds displaying
good in vitro potency in human mPGES-1 but little or no effect
in rat (26, 27). Based on the low-resolution electron crystallog-
raphy structure (14) and the assumption that the active site
would be analogous to LTC4 synthase, a series of point muta-
tions were made to rationalize the lack of species cross-over (27).
A combination of Thr131, Leu135, and Ala138 mutations were
shown to have an effect on altering species selectivity, although
the effect did not account for the full difference in inhibition.
Based on the structure presented here, Arg52 and His53 are
additional likely culprits for the species differences. However,
because of a lack of structural data, these were overlooked in the
mutational studies. Both of these side chains are located on
the C-domain, potentially impacting on ligands interfering with
the PGH2 head group binding (Fig. 2).
The high-resolution mPGES-1 structure explains some of the

functional and evolutionary diversity within the MAPEG family
and also provides insights into the structure of the related
MGST1. The structure is in good agreement with available bio-
chemical data, in some cases offering alternative interpretations.
Based on the structure, we also propose a mechanism for the
catalytic activity and potential roles of the central cavity. How-
ever, additional studies will be required to verify these hypoth-
eses. The structures presented here provide an excellent starting
point for rational inhibitor design. Because the active site is shal-
low and located within the membrane-spanning region, compu-
tational methods will be complicated by the need for modeling of
the membrane. Additional protein-ligand structures would be of
great value for the development of therapeutics for inflammatory
pain and cancer.

Fig. 6. Suggested mechanism of PGH2 isomerization to PGE2 by mPGES-1.
(1) Ser127 activates the thiol of GSH to form a thiolate anion that exerts
a nucleophilic attack on the endoperoxide oxygen atom at the C-9 carbon of
PGH2 to produce an unstable reaction intermediate. (2) The subsequent proton
abstraction at C-9 followed by S·O bond cleavage is mediated by Asp49 that
forms a bidentate complex with Arg126. (3) This results in the regeneration of
the reactive thiolate anion and the formation of the product PGE2.
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Materials and Methods
Protein Expression and Purification. The human mPGES-1 (GenBank accession
no. BC008280) was PCR-cloned from a placenta cDNA library. The coding
sequence of mPGES-1 was inserted into a baculovirus DNA using BaculoDirect
baculovirus expression system (Invitrogen) according to the manufacturer’s
instructions. The recombinant virus was amplified and used to infect Sf9 cells
cultivated in Sf-900 media (Invitrogen) with a multiplicity-of-titer of 2 at
a cell density of 3 × 106 cells/mL. mPGES-1 was purified according to Ouellet
et al. (28). Briefly, cells were harvested 70 h postinfection by centrifugation
and resuspended in 15 mM Tris·HCl pH 8, 0.25 M Sucrose, 0.1 mM EDTA, and
1 mM reduced L-glutathione (GSH, Fluka). After disruption of the cells,
a microsomal fraction was prepared by ultracentrifugation and the mPGES-1
was solubilized from the membranes by addition of 3% (wt/vol) β-octyl-
glucoside (n-octyl β-D-glucopyranoside, Anatrace) in 10 mM potassium
phosphate pH 7, 10% (wt/vol) glycerol, 0.1 mM EDTA, and 1 mM GSH. The
solubilized enzyme was finally purified on hydroxylapatite (Macroprep ce-
ramic hydroxylapatite type 1, BioRad). The experimental relative molecular
mass was 16971, 131 less than the calculated mass based on sequence
(17102), because of a lack of N-terminal methionine. Enzyme activity of
mPGES-1 was studied biochemically by determining net enzymatic conver-
sion of added PGH2 (Larodan Fine Chemicals) in potassium phosphate buffer
[50 mM pH 6.8, 2.5 mM GSH, and 1% (wt/vol) β-octyl glucoside] to PGE2 by
use of an HTRF kit (Cisbio International, 62PG2PEC). The purified mPGES-1
was found to be active.

Crystallization and Structure Determination. For crystallization, the protein
buffer was exchanged to 10 mM Hepes pH 7.4, 1 mM GSH, and 1% β octyl-
glucoside and the mPGES-1 sample was concentrated to 15 mg/mL. Crystals
were grown in the presence of β-octyl-glycoside and GSH or 1-(4-phenyl-
phenyl)-2-(S-glutathionyl)-ethanone [bis-phenyl-GSH; synthesized as de-
scribed previously (29)] at 4 °C by the hanging drop vapor diffusion method
by mixing the protein with an equal volume of reservoir solution. Reservoir
solutions used contained 100 mM CAPSO pH 9.5, 30% PEG400, 100 mM NaCl,
and 100 mM Li2SO4 (mersalyl acid soak and bis-phenyl-GSH complex) or 100mM

Tris pH 8.0–8.5, 30% PEG400, 100 mM NaCl, and 1 mM TCEP (native
GSH complex).

The structure of mPGES-1 in complex with GSH was solved using the
anomalous dispersion from mercury atoms incorporated into mPGES-1
crystals by soaking. The reaction was stopped after 6 h by flash freezing the
crystal in liquid nitrogen. Native and derivative datasets were collected at
beam line ID14 EH4 (Native1, Native 2, and mersalyl acid soaked crystals) and
ID23 (bis-phenyl-GSH cocrystal) at the European Synchrotron Radiation Fa-
cility. The data were processed using MOSFLM (30), scaled and further re-
duced using the Collaborative Computational Project 4 suite of programs
(31); for statistics, see Table S1. Despite the apparent isomorphism of the
native and derivative datasets, it was not possible to merge them. Instead,
phasing was done using single wavelength anomalous dispersion. The
positions of two mercury sites were identified with the program SOLVE (32)
using all data to 1.8 Å. The solution had a Z score of 5.7 and an overall mean
figure of merit of 0.21. The resulting map was subjected to density modifi-
cation using the program DM in the Collaborative Computational Project 4
suite (31). The resulting map was clearly interpretable and an initial model
consisting of 138 residues (91% of the asymmetric unit content) was auto-
matically built using ARP/wARP (33); the resulting figure of merit was 0.795.
The model was used for molecular replacement with Molrep (31) of the 1.16
Å native dataset as well as the bis-phenyl-GSH complex. Model rebuilding
was performed within Coot (34) and refinement was performed using
REFMAC5 (31). The data allowed detailed modeling of dual conformation of
side chains and solvent molecules. Although the data may allow for accurate
modeling of occupancies of side chain conformations, we chose to set all
nonunity occupancies to 0.5. Pictures were prepared using Pymol (35) unless
otherwise stated. For statistics of the final model, see Table S1.
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