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Abstract
The inducible microsomal prostaglandin E2 synthase 1 (MPGES1) is an integral membrane
protein co-expressed with and functionally coupled to cyclooxygenase 2 (COX-2) generating the
pro-inflammatory molecule PGE2. The development of effective inhibitors of MPGES1 holds
promise as a highly selective route to control inflammation. In this paper we describe the use of
backbone amide H/D exchange mass spectrometry to map the binding sites of different types of
inhibitors of MPGES1. The results reveal the locations of specific inhibitor binding sites which
include the GSH binding site and a hydrophobic cleft in the protein thought to accommodate the
prostaglandin H2 substrate. In the absence of three-dimensional crystal structures of the enzyme-
bound inhibitors, the results provide clear physical evidence that three pharmacologically active
inhibitors bind in a hydrophobic cleft composed of sections of trans-membrane helices Ia, IIb, IIIb
and IVb at the interface of subunits in the trimer. In principle, the H/D exchange behavior of the
protein can be used as a preliminary guide for optimization of inhibitor efficacy. Finally, a
comparison of the structures and H/D exchange behavior of MPGES1 and the related enzyme
MGST1 in the presence of glutathione and the inhibitor glutathione sulfonate confirm the unusual
observation that two proteins from the same superfamily harbor GSH binding sites in different
locations.

Prostaglandin (PG)E2 is a lipid mediator molecule that binds to the E-prostanoid G protein-
coupled receptors EP1-4, resulting in a wide range of physiological functions in a variety of
tissues throughout the body.1 PGE2 is also well established as a mediator of pathological
processes, including chronic inflammation. Arachidonic acid is converted into PGH2 in a
two-step process by the cyclooxygenase enzymes, COX-1 and COX-2. PGH2 is then
transformed into a series of PGs (D2, E2, F2α, and I2), as well as thromboxane A2 (TXA2),
by distinct terminal synthases1.
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There are three terminal synthases responsible for PGE2 production, including one cytosolic
isoform (CPGES)2 and two membrane-bound enzymes (MPGES1 and MPGES2)3,4. Both
CPGES and MPGES2 are constitutively expressed. MPGES1, a member of the superfamily
of membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG), is
induced by pro-inflammatory stimuli and is functionally coupled to the inducible isoform of
cyclooxygenase, COX-21. MPGES1 catalyzes the conversion of PGH2 to PGE2 in a
glutathione (GSH) dependent process as illustrated in Scheme 1. Although GSH is not
consumed in the reaction it is an essential cofactor and is crucial for the stability of the
enzyme.

The most common therapeutic treatment of inflammation is the inhibition of COX enzymes
by non-steroidal anti-inflammatory drugs (NSAIDs) or COX-2-selective inhibitors (coxibs).
COX inhibition, however, can result in adverse gastrointestinal and cardiovascular side
effects, due to subsequently low levels of several prostanoids5. Inasmuch as MPGES1 is the
predominant PGE synthase during inflammation and is the terminal enzyme in the PGE2
synthesis pathway, it represents a promising therapeutic target for the treatment of
inflammatory diseases. As such, small molecules for the selective inhibition of MPGES1 are
currently under development for the treatment of inflammation6. Understanding the nature
of the interactions between enzymes and their potential inhibitors is crucial for the design
and evaluation of potential drug candidates.

The three dimensional structure of MPGES1 has been recently determined by electron
diffraction of two-dimensional crystals.7 It is a homotrimeric, integral membrane protein
consisting of twelve trans-membrane helices as illustrated in Figure 1A. Each subunit
contributes a bundle of four helices where the N- and C-termini protrude from the luminal
side of the endoplasmic reticulum and each monomer contributes a large cytosolic loop. The
trimeric enzyme binds three molecules of GSH at the interface of neighboring subunits,
making contacts with trans-membrane helices Ia and IIa of one subunit and IIb, IIIb, and
IVb of the adjacent subunit. Thus, each active site is composed of elements from two
subunits as illustrated in Figure 1B. The putative hydrophobic substrate-binding site of
MPGES1 is located on the luminal side of the GSH binding site and is proposed to consist of
portions of helices Ia, IIa, IIb and IVb.7

Known inhibitors of MPGES1 include molecules that bind in the GSH binding site, such as
glutathione sulfonate (GSO3 -), 1, and molecules that bind elsewhere, presumably including
the binding site for PGH2. The structures of four known inhibitors of human MPGES1 and
their IC50 values are illustrated in Chart 1. Compounds 2, 3, and 4 are representative of
pharmacologically active molecules of varying inhibitory potency.

The kinetics of backbone amide hydrogen/deuterium (H/D) exchange has a long and
distinguished history in the assessment of protein structure, ligand binding events and more
recently to assess protein biopharmaceutical quality and comparability.11-17 In the last
decade the technique has been successfully applied to the analysis of ligand binding to, and
the conformational dynamics of integral membrane proteins including members of the
MAPEG superfamily.18-21 In this report we demonstrate the utility of H/D exchange mass
spectrometry (MS) to locate specific inhibitor binding sites on the integral membrane
protein, human MPGES1. The results indicate that there are unique features that distinguish
different types of inhibitors and common attributes among some inhibitors discovered by
medicinal chemistry efforts.
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MATERIALS AND METHODS
Materials

Buffer salts, detergents and common chemicals were of the highest quality commercially
available. Glutathione sulfonate, 1, and MK-886, 4, were obtained from Sigma, St. Louis,
MO. The NovaSAID compunnd, 2, was a generous gift from NovaSAID AB, Stockholm,
Sweden. MF63, 3, was synthesized by the Synthesis Core in the Vanderbilt Institute of
Chemical Biology. Its synthesis and characterization is described in Supporting Information.

Protein Expression
The human MPGES1 gene with C-terminal hexa-histidine tag was subcloned into a pET-21b
vector. Silent mutations were performed for R40, R74, and R123 to correct for codon bias.
Rosetta 2 (DE3) E. coli competent cells were transformed with the expression vector and
cultured in minimal media (20 mM Na2HPO4, 20 mM KH2PO4, 90 mM NaCl, 200 mM
NH4Cl, 130 μM CaCl2, 1 mM MgSO4, 0.4% glucose, 0.3% casamino acids) at 37 °C and
250 rpm. The cell culture was cooled to 15 °C when an OD600 of 0.7 was reached, and
expression was induced with the addition of 2 mM IPTG. The cells were cultured further at
15 °C and 200 rpm for 36 to 40 hours. Cells were harvest by centrifugation at 6,500 × g, 4
°C, for 5 minutes and stored at -20 °C. Frozen cell pellets were suspended in cold lysis
buffer (50 mM KH2PO4, 300 mM KCl, 1 mM GSH, 1 mM DTT, 1 mM EDTA, 10%
glycerol, pH 8.0). Lysozyme (0.2 mg/mL) was added and stirred for 2 hours at 4 °C. Cells
were subsequently lysed further, utilizing sonication (60% power, 50% duty cycle, 2
minutes on, 4 minutes off) on ice, until no longer viscous. Cellular debris was cleared by
centrifugation at 10,000 × g, 4 °C, for 30 minutes.

Enzyme Preparation
The membrane fraction from above was isolated using ultracentrifugation at 100,000 × g, 4
°C, for 2 hours. Pellets were washed with 50 mM KH2PO4, pH 8.0, and resuspended in cold
extraction buffer (50 mM KH2PO4, 300 mM KCl, 1 mM GSH, 4 mM imidazole, 10%
glycerol, 0.5% DDM, pH 8.0). The enzyme was solubilized by gently stirring at 4 °C,
overnight. The solubilized enzyme was added to Ni-NTA agarose (~5 mL per 5 g of wet
cells), equilibrated with extraction buffer, and was incubated by inverting at 4 °C for 1 hour.
Resin was applied to a gravity column and was washed with a similar buffer, containing 35
mM imidazole. MPGES1 was then eluted with a similar buffer, containing 250 mM
imidazole. The elution was concentrated to ~1.5 column volumes and then dialyzed, MWCO
6-8 kDa, against 1 L cold ion exchange buffer (50 mM KH2PO4, 1 mM GSH, 20% glycerol,
1% polyoxyethylene(10)dodecyl ether, pH 7.0) at 4 °C overnight. The dialyzed protein was
then applied to sulfopropyl sepharose (~1 mL per 15 g of wet cells), equilibrated with ion
exchange buffer, in a gravity column. The resin was washed with a similar buffer,
containing 1% CHAPS, and was eluted with a linear KCl gradient, 0-200 mM, in a similar
buffer, containing 0.5% CHAPS. The extent of purification of the protein was estimated by
SDS PAGE. Purified MPGES1 was concentrated in an Amicon ultrafiltration system,
MWCO 10 kDa, to 1 mg/mL and was then dialyzed, MWCO 10 kDa, against 200 mL cold
MS buffer (50 mM KH2PO4, 300 mM KCl, 1 mM GSH, 1 mM DTT, 7.5% glycerol, 1%
CHAPS, pH 7.0) at 4 °C overnight. For preparation of the glutathione sulfonate-bound
enzyme, glutathione was replaced with equimolar amounts of glutathione sulfonate at the
sulfopropyl sepharose chromatography step, as well as in all subsequent steps.

Enzyme Activity
Glutathione transferase activity was verified using the method previously described22. PGE
synthase activity and its inhibition were verified essentially as in reference23, with the
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following exceptions: purified enzyme concentration was 0.02 mg/mL, reaction time was 5
minutes, and inhibitors were pre-incubated for at least 30 minutes on ice. Inhibitor
concentrations were as follows: MK-886, 4, 1 mM (from a 10 mM stock in DMSO); MF63,
3, 100 μM (from a 1 mM stock in DMSO); NovaSAID compound 2, 100 μM (from a 1 mM
stock in DMSO); GSO3 -, 5 mM (from a 400 mM stock in 100 mM KH2PO4, pH 7.0). The
IC50 for 1 was measured as described in the Supporting Information Figure S10 as described
previously8.

Amide Hydrogen/Deuterium Exchange Mass Spectrometry and Kinetic Analysis
Amide H/D exchange experiments were performed essentially as previously described18,
with the following exceptions: incubation times ranged from 15 seconds to 8 hours where 1
mg/mL MPGES1, solubilized in 1% (w/v) CHAPS, was digested by the addition of 2
equivalents (w/w) of pepsin (2 μL of a 10 mg/mL solution in H2O) for 5 minutes on ice. It is
important to emphasize that all H/D exchange experiments described herein were performed
on MPEGS1 solubilized in CHAPS detergent micelles. Previous experiments in our
laboratory have shown minimal differences in H/D exchange kinetics of MPGES1 when
solubilized in either CHAPS or DDM detergent micelles (data not shown). The detergent
CHAPS was ultimately chosen due to its minimal suppression of ionization from the
electrospray source. Inhibitor concentrations were as follows: 1 mM GSO3 -, 1, and 100 μM
each of 2, 3, and 4.

The kinetics of backbone H/D exchange behavior of each peptide were determined as
previously described.18 The data were fit to a single or double exponential equation of the
general form as in eq. 1

Eq. 1

in which An and kn are the amplitudes and rate constants of the nth phase of the exchange, D
is the number of sites exchanged for deuterium and N is the total number of exchangeable
sites in a given peptide. The exchange amplitude at time zero (Afast) represents the number
of hydrogens that exchange in the first 15 seconds. The value of Afast is the difference
between the sum of the fitted amplitudes (A1 + A2 … + An) in the slow kinetic phases (>15
s) and the total number of exchangeable sites in the peptide. Inasmuch as Afast is not a fitted
parameter no errors are reported. Given that the errors in the fitted amplitudes, A1, A2 and
A3, are typically < 10% the errors in Afast are estimated to be < 20-30%. The kinetic data
were used to identify regions of the enzyme involved in inhibitor binding and were guided
by the following criteria. Peptides displaying significant changes in deuterium incorporation
rates were those determined to exhibit an increase or decrease in the number of fast-
exchanging (Afast) or slow-exchanging sites, comprising 15% of the backbone amide protons
in the peptide. For sites exchanging at intermediate rates, a 10-fold change in the rate of
exchange for at least one amide site of the peptide was defined as significant.

RESULTS
General Considerations

The H/D exchange kinetics of 19 peptides ranging in size from 3 to 16 residues covering
90% of the 152 residue protein sequence of MPGES1 were monitored over a period of 15
sec to 8 hr. A peptic peptide map of the protein used in this study is presented in Figure S1
in the Supporting Information. Inasmuch as MPEGS1 is unstable in the absence of GSH or
GSO3 -, it was not possible to determine the backbone H/D exchange kinetics of the apo-
enzyme. The most pertinent H/D exchange kinetic results are illustrated in figures and tables
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found in the Results and Discussion sections. For completeness, the remainder of the kinetic
data not specifically discussed is documented in Supporting Information (Figures S2-S9).

Binding of Glutathione Sulfonate, 1
Although it is not possible to obtain H/D exchange data from apo MPGES1 it is possible to
compare the H/D exchange behavior of the MPGES1•GSH complex to that of the
MPGES1•1 complex. The results are surprising and revealing. Replacing GSH with 1
increased deuterium incorporation rates for eight of the nineteen peptides including peptides
18-23, 28-31, 32-39, 63-78, 78-83, 124-129, 130-132, and 133-140 (see Figures 2A, B and
C, and Supporting Information). There were no instances of significant decreases in
deuterium incorporation rates. Clearly, the sulfonate group is disruptive of the native
enzyme structure with GSH.

Several of these peptides contain at least one residue that is in close proximity (5 Å) to the
sulfur of GSH in the crystal structure of the enzyme (Figure 3). Residues within 5 Å of the
sulfur include Y28, R110, H113, R126, and Q134. The remaining peptides, 18-23, 63-78,
and 78-83, are adjacent to the aforementioned peptides and are located within the GSH
binding pocket, as revealed by the crystal structure.7 Inasmuch as the sulfhydryl group of
GSH is surrounded by protein residues, it is not too surprising that the introduction of the
three additional oxygen atoms of the sulfonate group are sufficient to disrupt the GSH
binding site as indicated by the H/D exchange results. Given that the GSH binding pocket is
in direct contact with membrane-spanning helices, it is reasonable to expect that contiguous
or adjacent helical segments will be affected by perturbations in the GSH binding site.

It is a bit surprising that there is no change in the extent or kinetics of H/D exchange in
peptide 108-123 in helix III (Figure2 D, which harbors two residues (R110 and H113) in
close proximity to the sulfhydryl group (Figure 3). This 16-residue peptide in helix IIIb is
snugly buried in the core of the protein and is not prone to exchange in the GSH-bound form
but with the exception a single amide. This particular site exhibits no significant change in
either the amplitude or the rate constant for exchange in the presence of 1 as compared to
GSH (A1

GSH = 1.07 ± 0.07, k1
GSH = 0.26 ± 0.03 min-1 and A1

1 = 1.04 ± 0.03, k1
1 = 0.17 ±

0.02 min-1). The structural perturbations introduced by the sulfonate group are obviously
manifest elsewhere.

Binding of inhibitors 2, 3, and 4
The H/D exchange kinetic results of the MPGES1•GSH complex with inhibitors 2, 3, and 4
bound were compared with those of the GSH-bound enzyme in the absence of inhibitors. All
three inhibitors enhanced H/D exchange in some peptides and decreased it in others. The
most striking outcome of these experiments is that the changes in H/D exchange kinetics are
largely confined to a limited number of common peptides as illustrated qualitatively in
Figure 4 and more quantitatively in Figure 5 and Table 1. Most of the affected peptides are
relatively short and provide good spatial resolution of the inhibitor binding sites. Inhibitors 2
and 3 have pronounced effects on seven common peptides while inhibitor 4 shares four
common peptides with inhibitors 2 and 3. As indicated in Figures 4 and 5, the quantitative
effect of an inhibitor on the H/D exchange behavior of a particular peptide varies.
Nevertheless, the results do point to a common binding site for all three inhibitors.

In the presence of GSH and 2, deuterium incorporation rates increase for peptides 37-54,
78-83, 124-129, and 133-140 as compared to GSH alone. Additionally, incorporation rates
decreased for peptides 104-107, 130-132, and 141-152. In the presence of GSH and 3,
deuterium incorporation rates increased for peptides 37-54 and 133-140. Deuterium
incorporation rates decreased for peptides 28-31, 78-83, 104-107, 124-129, 130-132, and
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141-152. In the presence of GSH and 4, deuterium incorporation rates increased for peptides
18-23, 124-129, and 133-140. Deuterium incorporation rates decreased for peptides 78-83
and 104-107. Just a casual examination of Figure 5 and Table 1 indicates a few common
effects on H/D exchange kinetics and many unique features associated with individual
inhibitors.

There are several unique signatures that are exhibited by particular inhibitors. The longest
peptide (37-54), which contains 18 residues and 16 exchangeable sites, extends from the C-
terminal portion of helix I into the cytosolic loop close to and above the GSH binding site.
The exchange behavior of this particular peptide is profoundly affected by the presence of
either of the two tight-binding inhibitors, 2 or 3, as indicated in Figures 5A, 6A and 6B. The
amplitudes of the rapidly exchanging sites increases from Afast = 4 in the MPGES1•GSH
complex to Afast = 8 to 9 in the inhibitor complexes. As indicated in Figure 6, the two tight-
binding inhibitors extend their influence to the cytosolic domain. In contrast, the
MPGES1•GSH•4 complex behaves very much like MPGES1•GSH.

Another striking difference among the inhibitors is revealed in peptide 124-129 (Figure 5D).
While inhibitors 2 and 4 provoke an increase in amplitude of exchange by about one
deuteron relative to the MPGES1•GSH complex, inhibitor 3 completely inhibits H/D
exchange.

In spite of these differences, all three inhibitors share common attributes as clearly observed
in peptide 104-107 (Figure 5C) and peptide 133-140 (Figure 5F). All inhibitors prevent the
relatively slow exchange in peptide 104-107, whereas, the three inhibitors promote enhanced
exchange in peptide 133-140. The response of peptide 78-83 (Figure 5B) is a more complex
situation where all inhibitors decrease the exchange of one site (Afast) but have mixed effects
on the second site. Finally, although the single exchange site in peptide 130-132 (Figure 5E)
differs in a subtle manner from one inhibitor to another, the relative changes in amplitudes
and rate constants are quite small (Table 1).

Figure 6 emphasizes, in three-dimensions, the common distribution of the effects of the
three inhibitors on the H/D exchange behavior of the MPGES1•GSH complex. The primary
effects for all three compounds are located in helices II, III and, IV toward the luminal side
of the GSH binding site. There is also a clear distinction between 4 and the two tight-binding
inhibitors, 2 and 3, which result in much more extensive changes in the H/D exchange
behavior in the cytosolic loop and helices encompassing the substrate binding cleft.

DICUSSION
Binding of 1 suggests differences in the location of GSH in MPGES1 and MGST1

One of the more interesting results of this study was the observation of very large
differences in the H/D exchange behavior of the MPGES1•GSH and MPGES1•1 complexes.
A previous comparison of the GSH and GSO3 - complexes of a soluble class Mu glutathione
transferase indicated very limited and highly localized differences in H/D exchange kinetics
near the –SH/-SO3

- groups.24 The results also contrast with a previous comparison of the H/
D exchange kinetics of another MAPEG homologue, microsomal glutathione transferase 1,
MGST118,20, which shares 38% sequence identity with MPGES1. Like the soluble class Mu
enzymes, the differences in H/D exchange behavior between the MGST1•GSH complex and
the MGST1•1 are relatively small and localized near the GSH binding site defined by
electron diffraction as indicated in Figure 7.

A surprising result of the crystal structure of MGST1 when compared to the structures of the
homologous proteins MPGES1 and LTC4S is the different locations of the GSH binding
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sites and the shape of the GSH molecule as illustrated in Figure 8. While the molecular
density and electron density of GSH in MPGES1 and LTC4S co-localize in the protein
within the bilayer7,26,27, the density for GSH in the MGST1 structure is located in the
cytosolic domain of the protein.25 Moreover, the conformation of the GSH molecule is U-
shaped in MPEGS1 and LTC4S but C-shaped in MGST1. This is a novel observation where
homologous proteins (ca 40% sequence identity) in the same superfamily appear to bind the
common substrate (or cofactor) GSH in a different location and conformation. This
difference might be attributed, in part, to an ambiguity in the location of the GSH binding
site in MGST1 due to the anisotropy in the resolution of the diffraction data from the 2-
dimensional crystals. Regardless, the differential H/D exchange kinetic results with GSH
and GSO3 - appear to confirm different locations of the GSH binding sites between MGST1
and its close relatives MPEGS1 and LTC4S.

Binding of inhibitors 2, 3, and 4 define a consensus hydrophobic cleft
Ago, et al.,26 as well as Molina, et al.,27 reported in 2007 the X-ray crystal structures of
leukotriene C4 synthase (LTC4S), another member of the MAPEG superfamily, at
resolutions of 3.3 and 2.15 Å, respectively. In each case, LTC4S was crystallized in the
presence of the detergent n-dodecyl-β-D-maltoside (DDM), and in each case, a detergent
molecule was found bound in an ordered fashion within a hydrophobic cleft comprised of
helices Ia, IIb and IVb adjacent to the GSH binding site (Figure 8A). The authors of both
papers proposed this location to be the substrate-binding site for LTC4S.

A structural comparison of MPGES1 with LTC4S was used to locate the equivalent putative
hydrophobic cleft within MPGES1 as illustrated in Figure 8B. Coincidentally, the majority
of peptides involved in inhibitor binding, as determined by H/D exchange MS, are localized
within this hydrophobic cleft. The only exception is that of the large cytosolic loop
connecting helix Ia to helix IIa. In this case, the loop becomes more flexible when the
enzyme is inhibitor-bound, perhaps due to a conformational change typically induced by
substrate binding, and serving the purpose of facilitating product release into the cytosol.

It has been recently noted that the efficacy of MPGES1 inhibitors is species dependent and
defined, in part, by residues located on one face of helix IVb.8 For example, inhibitor 2,
which is very potent toward the human enzyme is ineffective against the rat orthologue. This
interspecies difference has been mapped by mutagenesis to three crucial residues, T131,
L135 and A138 on helix IV of the human enzyme. These critical residues are located in the
cleft at the subunit interface where the backbone exhibits a significant enhancement in the
kinetics of H/D exchange in the presence of 2, 3 or 4 as illustrated in Figures 5F, 6A and 8C.
This behavior suggests that the binding of these three inhibitors increase the conformational
dynamics of the protein backbone in this section of helix IV. The H/D exchange results are
clearly consistent with the mutagenesis analysis that identifies this region as crucial for
inhibitor binding.

Finally, it is not possible to definitively ascertain from the present data if any of the
inhibitors, 2, 3 or 4, displace GSH upon binding to the hydrophobic cleft. However, this
possibility seems unlikely at least in the cases of 2 and 4. Compound 2 inhibits MPGES1 in
a strictly competitive manner with respect to the substrate PGH2 while compound 4 exhibits
mixed-type inhibition with a predominant competitive component vs. the same substrate.28

Moreover, both 2 and 4 and similar inhibitors exhibit a predominant noncompetitive
component when GSH is the varied substrate. This information argues that inhibitors 2, 3
and 4 do not displace GSH in the inhibited complexes.
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Conclusions
Backbone amide hydrogen/deuterium exchange kinetics is an excellent tool to map
inhibitor-binding sites in purified integral membrane protein targets. Differences in the
location of inhibitor sites and their individual impression on the conformational dynamics of
the protein are easily distinguished. Inasmuch as there is no crystal structure or NMR
structure of an MPGES1•inhibitor complex, the data reported here represent to only direct
physical evidence for the location of inhibitor binding sites. In principle, there is no reason
that the technique cannot be used in a multi-peptide assay to rapidly screen desirable
inhibitor properties in situations where the target protein-inhibitor complexes cannot be
easily interrogated by higher resolution techniques such as crystallography or NMR
spectroscopy. The H/D exchange kinetics of MPGES1•GSH and MPGES1•GSO3 - reveals
very dramatic differences in the exchange behavior of the complexes in marked contrast to
previous experiments with the related enzyme, microsomal glutathione transferase 1
(MGST1). These observations suggest that there are fundamental differences in the mode of
binding of GSH to MPGES1 where it acts as a cofactor and MGST1 where it is a substrate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CHAPS 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate

COX-1 cyclooxygenase 1

COX-2 cyclooxygenase 2

coxib COX-2 selective inhibitor

CPGES cytosolic prostaglandin E synthase

DDM n-dodecyl-β-D-maltopyranoside

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EP1-4 E-prostanoid receptors 1-4

GSH glutathione

GSO3
- glutathione sulfonate

H/D exchange hydrogen/deuterium exchange

IPTG isopropyl-β-D-1-thiogalactopyranoside

LTC4S leukotriene C4 synthase

MAPEG membrane associated proteins in eicosanoid and glutathione metabolism

MF63 2-(6-Chloro-1H-phenanthro[9,10-d]imidazol-2-yl)-isophthalonitrile

MGST1 microsomal glutathione transferase 1

MK-886 1-[(4-chlorophenyl)methyl]-3-[(1,1-dimethylethyl)thio]-α,α-dimethyl-5-
(1-methylethyl)-1H-indole-2-propanoic acid

MPGES1 microsomal prostaglandin E synthase 1

MPGES2 microsomal prostaglandin E synthase 2

MS mass spectrometry

MWCO molecular weight cut-off

Ni-NTA nickel-nitriloacetic acid

NSAID non-steroidal anti-inflammatory drug

OD optical density

PAGE polyacrylamide gel electrophoresis

PG prostaglandin

PGD2 prostaglandin D2

PGE2 prostaglandin E2

PGES prostaglandin E synthase
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PGF2α prostaglandin F2α

PGH2 prostaglandin H2

PGI2 prostacyclin

SDS sodium dodecyl sulfate

TXA2 thromboxane A2
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Figure 1.
Ribbon representation of the three-dimensional structure of MPGES1 derived from PDB file
3DWW.7 The dotted lines represent the approximate boundaries of the cytosolic (top) and
luminal (bottom) sides of the membrane. (A) The three subunits in the trimer are displayed
in salmon, blue and grey with the GSH molecules shown in stick representation. (B) A
single active site composed of trans-membrane helices Ia and IIa (blue) and helices IIb, IIIb,
and IVb in salmon.
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FIGURE 2.
Amide H/D exchange kinetic profiles for MPGES1. Shown are the average kinetic profiles
for deuterium incorporation as a function of time for MPGES1 complexed with either GSH
(blue) or 1 (red), with the number of exchangeable amide protons for each peptide in
parentheses. The amplitudes and rate constants for each peptide are as follows: (A) peptide
28-31 (GSH), A1 = 0.33 ± 0.03, k1 = 0.14 ± 0.02 min-1, A2 = 2.55 ± 0.02, k2 ≤ 5.12 × 10-4;
peptide 28-31 (GSO3

−), A1 = 1.90 ± 0.03, k1 = 0.0127 ± 0.0009, A2 = 1.2 ± 0.3, k2 ≤ 1 ×
10-4; (B) peptide 124-129 (GSH), A1 = 0.99 ± 0.04, k1 = 0.023 ± 0.002 min-1; peptide
124-129 (GSO3

−), A1 = 3.8 ± 0.1, k1 = 0.022 ± 0.003 min-1; (C) peptide 133-140 (GSH), A1
= 1.12 ± 0.03, k1 = 0.0045 ± 0.0006 min-1; peptide 133-140 (GSO3

−), Afast = 0.9, A1 = 5.09
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± 0.09, k1 = 0.013 ± 0.001 min-1; (D) peptide 108-123 (GSH), A1 = 1.07 ± 0.07, k1 = 0.26 ±
0.03 min-1; 108-123 (GSO3

−), A1 = 1.04 ± 0.03, k1 = 0.17 ± 0.02 min-1.
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FIGURE 3.
Stereoviews of the residues in close proximity to the sulfhydryl group of GSH in the three-
dimensional structure of the MPEGS1•GSH complex.7 (Top) α-Helices near the GSH
binding site with associated residues shown in stick representation with carbon, oxygen,
nitrogen and sulfur shown in grey, red, blue, and yellow respectively. The model of GSH is
shown in stick representation with carbon atoms shown in green. (Bottom) Residues near the
sulfur of GSH. Those within 5 Å of the sulfur of GSH are labeled with distances.
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FIGURE 4.
Qualitative map of the effect of inhibitor binding to the MPGES1•GSH complex. Affected
peptide segments are numbered for each inhibitor where red indicates enhanced H/D
exchange and blue signifies decreased exchange in the presence of the inhibitor.
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Figure 5.
Effects of inhibitor binding on the H/D exchange kinetic profiles of six peptides; (A) peptide
37-54; (B) peptide 78-83; (C) peptide 104-107, (D) peptide 124-129, (E) peptide 130-132
and (F) peptide 133-140. The kinetic profiles for the MPGES1•GSH complex are illustrated
in blue, MPGES1•GSH•2 (black) MPGES1•GSH•3 (red) and MPGES1•GSH•4 (green). The
rate constants and amplitudes derived from kinetic analysis are given in Table 1.
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Figure 6.
Stereo views of the impact of inhibitor binding on the H/D exchange behavior of the
MPGES1•GSH complex.7 The effects of inhibitors 2, 3 and 4 are shown in panels A, B, and
C, respectively. The GSH molecule is shown in stick representation. Regions of enhanced
exchange are shown in orange while those with decreased exchange are in blue. Only one
potential binding site in the trimer is illustrated.
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Figure 7.
Comparison of the differential impact of GSH/GSO3 - binding on the kinetics of backbone
H/D exchange of MGST1•GSH vs. MGST1•1 (left) and MPGES1•GSH vs. MPGES1•1
(right) and the location of the GSH binding site in the proteins as defined by 3D electron
diffraction from 2D crystals.7,25 The dotted lines indicate the approximate location of the
cytosolic (top) and luminal (bottom) boundaries of the microsomal membrane. The tan
helical regions highlight the differential effects of GSH and GSO3 - on the H/D exchange
kinetics.
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FIGURE 8.
Definition of the leukotriene substrate-binding site. (A) In LTC4S by co-crystallization with
GSH in the presence of the detergent n-dodecyl-β-D-maltoside. The DDM and GSH
molecules are shown in stick representation. DDM is thought to reside in the leukotriene A4
binding site. (B) In MPGES1 through structural comparison of LTC4S with MPGES1. The
GSH molecule is shown in stick representation. (C) In MPEGS1 by H/D exchange kinetics
in the presence of inhibitors 2, 3 and 4. The GSH molecule and the side chains of T131,
L135 and A138 in helix IV are shown in stick representation.
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Scheme 1.
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Chart 1.
Known inhibitors of human MPGES1 used in this study. The IC50 values for 2, 3 and 4 were
reported previously.8-10 The IC50 for 1 was determined in this work.
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