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ABSTRACT: Prostaglandin Esynthase (PGES) catalyzes the isomerization of PBHPGE. PGES type

2 (mPGES-2) is a membrane-associated enzyme, whose N-terminal section is apparently inserted into the
lipid bilayer. Both intact and N-terminal truncated enzymes have been isolated and have similar catalytic
activity. The recombinant N-terminal truncated enzyme purified fEsoherichia coliHB101 grown in

LB medium containing)-aminolevulinate and Fe(N§ has a red color, while the same enzyme purified

from the sameE. coli grown in minimal medium has no color. The red-colored enzyme has been
characterized by mass, fluorescence, and EPR spectroscopies and X-ray crystallography. The enzyme is
found to contain bound glutathione (GSH) and heme. GSH binds to the active site with six H-bonds,
while a heme is complexed with bound GSH forming-aF# coordination bond with no polar interaction

with mPGES-2. There is a large open space between the heme and the protein, wheremidt®He

able to bind. The heme dissociation constant is @88 indicating that mMPGES-2 has relatively strong

heme affinity. Indeed, expression of MPGES-Eircoli stimulates heme biosynthesis. Although mPGES-2

has been reported to be a GSH-independent PGES, the crystal structure and sequence analysis indicate
that MPGES-2 is a GSH-binding protein. The GSt¢me complex-bound enzyme (MPGES-2h) catalyzes
formation of 12§)-hydroxy-5¢),8(E),10()-heptadecatrienoic acid and malondialdehyde from R®Ht

not formation of PGE The following kinetic parameters at 3T were determinedKy = 56 uM, Keat

=63 5!, andk.a/Km = 1.1 x 10° M~1s7L They suggest that mPGES-2h has significant catalytic activity

for PGH, degradation. It is possible that both GSH-heme complex-free and -bound enzymes are present
in the same tissues. MPGES-2 in heme-rich liver is most likely to become the form of mPGES-2h and
might be involved in degradation reactions similar to that of cytochrome P450. Since mPGES-2 is an
isomerase and mPGES-2h is a lyase, mMPGES-2 cannot simply be classified into one of six classes set by
the International Union of Biochemistry and Molecular Biology.

Prostaglandin E (PGt is widely distributed in various  prostaglandin Esynthase (PGES) to reduce fever and pain
organs and exerts control over various biological activities (11, 12).
such as smooth muscle dilation and contractit)y; Na* PGES catalyzes the isomerization of PGB PGE. At
excretion ), body temperature3], and the physiological least three different types of mammalian RGinthase have
sleep-wake cycle ¢, 5). PGE is generated at sites of been isolated. A cytosolic enzyme has been purified from
inflammation in substantial amounts and can mediate manythe cytosol of human brain arscaridia galli(13—15). This
of the pathologic features of inflammatio8)( PGE is also cytosolic enzyme is a GSH-dependent enzyme and is called
a potent vasodilatof7j and can act synergistically with other cPGES 15). Membrane-associated PGES type 1 (MPGES-
mediators and chemotaxins to increase microvascular perme-<) was enriched from microsomal fractions of bovine and
ability (8). In conjunction with cytokines, PGHs a central sheep vesicular gland&&, 17) and shown to require GSH.
mediator of febrile response8)( and intradermal PGHs Tanaka et al.{8) characterized mPGES-1 in sheep vesicular
hyperalgesic in the peripheral nervous system, suggestinggland microsomes by use of two monoclonal antibodies and
that PGEk is a powerful fever inducerlQ). Several nonste-  determined the kinetic property and molecular mass. Jakob-
roidal anti-inflammatory drugs such as sulindac sulfide, NS-

398, and indomethacin (IMNjnhibit not only COX but also ! Abbreviations: ALA, 5-aminolevulinate; COX, cyclooxygenase;
COX-1, COX type 1; COX-2, COX type 2; GSTase, glutathione
Stransferase; HHT, 1&-hydroxy-5¢),8(E),10(E)-heptadecatrienoic
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sson et al. 19, 20) expressed human mPGES-1Escheri- between 100 mL each of 30 and 200 mM potassium
chia coliand have carried out biochemical characterizations, phosphate (pH 7.2) containing 0.2% Tween 20. Fractions
including a low-resolution structure determination by electron having a red color were pooled, and imidazole was added
diffraction crystallography. to a final concentration of 10 mM. The solution was mixed

Watanabe et al(l, 22) reported that PGES activity was ~With 8 mL of nickel-chelating resin [Ni-CAM HC Resin
widely distributed in the microsomal fractions of rat and (Sigma)] equilibrated with 30 mM potassium phosphate
sheep organs. The membrane-associated enzyme was purifieBuffer (pH 7.2) containing 10 mM imidazole. After the
from the microsomal fraction of bovine heart, and its Sample had been stirredrfd h at 4°C, the resin was
enzymatic properties were examinezP), Although most collected by centrifugation and packed into a column (1.0
of the PGES activity in many organs absolutely requires M x 5.0 cm). The column was washed with 30 mM
GSH, Watanabe et al. reported that the enzyme activity in Potassium phosphate buffer (pH 7.2) containing 10 mM
heart, spleen, and uterine microsomes did not specifically imidazole and 0.01%:-dodecyl-p-maltopyranoside until
require GSH for its catalytic activity, as GSH could be the absorption at 280 nm of the elute reached that of the
replaced by other reducing reagent83)( This GSH- washing buffer. The enzyme was eluted via a linear gradient
independent membrane-associated PGES was different fronPetween 50 mL each of 10 and 200 mM imidazole in 30
MPGES-1 reported by Jakobsson et d9)( and it was MM potassium phosphate buffer (pH 7.2) containing 0.01%
named mMPGES-2. The N-terminal truncated enzyme wasn-dodecyl f-pD-maltopyranoside. The red fractions were
found in the microsomal fraction of bovine heart. The Pooled and concentrated to 20 mg/mL using an Amicon
N-terminal sequence of the truncated enzyme starts fromconcentrator with a 30 kDa cutoff membrane. The purity of
Glu88 of the protein derived from the human cDN22), the enzyme was checked by SBBAGE.

The intact and the N-terminal truncated mPGES-2 had similar Purification of the Colorless Enzyme (heme-free mPGES
catalytic activities. The intact and the N-terminal truncated 2). The same recombinant cloie coli HB101 was precul-
proteins expressed ifE. coli have the same enzymatic tured in LB medium overnight at 3T and used to inoculate
properties as the enzyme purified from bovine heart mi- (5%, V) 1 L of minimal medium [1 L contains (NSO,
crosomes Z3). We determined the crystal structure of (1.0 9), KHPO, (4.5 g), KHPO, (10.5 g), sodium citrate
N-terminal truncated mPGES-2 bound to an inhibitor in- (0.5 g), 20L-amino acids (40 mg each), adenine (125 mg),
domethacin (IMN) and proposed a possible catalytic mech- guanosine (125 mg), thymine (125 mg), uracil (125 mg),
anism for formation of PGEfrom PGH, (24). 9|U;3059d(5 9), M%SQD((foéZ g),)?_bAi\?ttin (ﬁ mg), thliamhmc;a t()4

The recombinant N-terminal truncated mPGES-2 purified M9)» aNd ampiciiiin mg)]. After the sample had been
from the recombinant clon&. coli HB101 grown ianB cultured for 8 h’. IPTG (100 mg/L) was added to induce
medium had a red color. However, no significant electron MPGES-2 overnight at 37C. The colorless enzyme was

density for compounds that produce a red color was found purified using the same procedures applie_d for the r_ed-
in the crystal structure of MPGES-2[IMN]. We have carried colored enzyme. Because the colorless protein was relatively

out a characterization of the red-colored MPGES-2 by mass’uns_table and aggregated easily, the purification was.carried
fluorescence, and EPR spectroscopies and X-ray Crysta|_0ut in the presence of 0.01fkdodecyl3-p-maltopyranoside.

lography. Here we report that the red enzyme contains aThe purity of the enzyme was checked by SEFAGE.

GSH-heme complex in the active site, which catalyzes _Purification of the_ C110S Mutated mPGESThe pTrc-
degradation of PGHbut not formation of PGE HisA vector containing the C110S mutated mPGES-2 gene

was transformed int&. coli HB101 25). TheE. coli was

MATERIALS AND METHODS grown in the same medium used for the red-colored enzyme.
The C110S mutated mPGES-2 was purified with the same
Purification of the Red-Colored Enzyme (mMPGES-Zhg procedures described above. The red-colored protein was

gene of the human mPGES-2 with N-terminal residue872 obtained, and the purity of the protein was checked by-SDS
truncated was cloned into the pTrc-HisA vector and trans- PAGE.

formed intoE. coli HB101 23). TheE. coli was grown at Heme Titration Measurement$rp fluorescence spectra
37°Cin 1L of LB medium containing 50 mg of ampicillin,  were recorded at 25C using a Cary Eclipse fluorescence
100 mg ofd-aminolevulinate (ALA), and 100 mg of Fe-  spectrophotometer (Varian). The intrinsic fluorescence of the
(NO3)s. IPTG was added to a final concentration of 1 mM Trp residues of MPGES-2 was measured after addition of 5
after the sample had been cultured for 1.5 h, and incubationuL of 30 uM hematin (heme) in DMSO and/ of 30 uM

was continued for an additional 15 h. Cells were harvested GSH to 3.0 mL of 1.Q«M colorless enzyme (MPGES-2) in
by centrifugation and suspended in 60 mL of a buffer [50 sodium phosphate buffer (pH 7.2). Emission spectra were
mM Tris-HCI (pH 7.5) and 0.5 mM EDTA]. Cell lysis was  recorded at an interval of 1 nm between 300 and 450 nm
carried out by treatment with egg white lysozyme (1 mg/ with an excitation wavelength of 280 nm, at a slit width of
mL of the suspension atT for 1 h), followed by freezing 4 nm. The titration was repeated 24 times, and 25 fluores-
and thawing. The mixture was subjected to a brief sonication. cence emission spectra were obtained. Correction for light
The centrifuged supernatant was treated with 300 g/L scattering was not carried out because the corresponding
ammonium sulfate, and the precipitated protein was recov- spectra of heme did not exhibit an emission spectrum.
ered by centrifugation. Ammonium sulfate, EDTA, and Tris- Enzyme-heme binding was analyzed from the quenching
HCI were removed by dialysis in buffer A [30 mM potassium of the intrinsic Trp fluorescence intensity of the enzyme.
phosphate (pH 7.2) and 0.2% Tween 20]. The protein was Determination of the Crystal Structure of Red mPGES-
loaded onto a column of DE52 (2.4 crn10 cm) equilibrated ~ 2h. The enzyme used in this study is a recombinant protein,
with buffer A. The enzyme was eluted via a linear gradient N-terminal amino acid residues—B7 of which were
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truncated, and a His tag was attached to residue 88. The redvas diluted with 30Q:L of 0.01% TFA, 150uL of which
MPGES-2 was crystallized using a sitting-drop vapor diffu- was injected into a HPLC system (Shimazu LC-6A) with a
sion method. The crystallization conditions were as fol- NovaPak Ggcolumn (3.9 mmx 150 mm from Waters) and
lows: 1.7 M ammonium sulfate, 100 mM sodium acetate/ eluted with 48% acetonitrile containing 0.01% TFA as the
HCI buffer (pH 5.5), and 10 mg/mL enzyme. Red plate mobile phase. The flow rate was 0.7 mL/min, and the product
crystals were grown in 3 days at 22. A crystal having was monitored at 232 nm. After each experiment, a blank
dimensions 0f~0.3 mm x 0.2 mm x 0.1 mm in a drop experiment was carried out under the same conditions except
was scooped out with a nylon loop and was dipped into a for the absence of mMPGES-2 and 160x uL of buffer
cryoprotectant solution containing 25% ethylene glycol, 1.2 solution. The chromatographs of the experimental and blank
M ammonium sulfate, and 100 mM sodium acetate/HCI (pH samples were the same except for the peak at the retention
5.5) for 30 s before it was frozen in liquid nitrogen. The time of ~10.6 min. The integrated peak area was corrected
frozen crystal was transferred onto a Rigaku RAXIS llc by subtracting the peak area of the blank experiment.
imaging plate X-ray diffractometer with a rotating anode  The other blank experiments that include various concen-
X-ray generator as an X-ray source (CuxKadiation trations of HHT instead of PGHvere carried out to confirm
operated at 50 kV and 100 mA). The X-ray beam was the retention time (10.6 min) of HHT and to make a
focused to 0.3 mm by confocal optics (Osmic, Inc.). The calibration chart for the HHT concentration determination.
diffraction data were measured up to 2.8 A resolution at The HHT concentrations from the various PS&mounts
—180 °C. The data were processed with DENZO and (x = 2, 4, 6, or 8) were calculated from the net integrated
SCALEPACK (26). peak area and the calibration chart. The kinetic parameters
The unit cell dimensions and the assigned space group(Ky, Vimax andk.s) at 4°C were determined from a double-
indicated the red crystal is isomorphous to that of MPGES- reciprocal plot (1/[PGH vs 1/v).
2[IMN] (24), and two dimeric enzymes (four subunits) were  Formation of prostanoids from PGhvas also examined
in the asymmetric unit. The crystal structure was refined by py the same procedure described above except for the
a standard refinement procedure in the CNS protocol with monitoring wavelength (195 nm). The reaction mixtures did
the noncrystallographic symmetry restraid?) Duringthe  not show any significant peaks corresponding to RGE
later stages of refinement, difference malgs< Fc) showed PGD,, or PGhy.
large flat and elongated residual electron density peaks in Cloning and Purification of Hematopoietic PGBynthase
the region of the active site of each subunit. An anomalous (hPGDS).cDNA of hPGDS was purchased from OriGene
dispersion difference maf§(+) — Fo(—)] exhibited avery  anq \was amplified by PCR. The amplified fragment was di-
high peak (6) in the middie of the flat residual electron  gegteqd witiNde/Hindlll and inserted into thélde/Hindlll
density. A he_me molec_ule was fit into the fI_at residual gjte of pET26b¢) (Novagene). The nucleotide sequence of
electron density pqu. Since the elongated residual electrony,o amplified DNA fragment was verified by the dideoxy
density peak exhibited a GSH molecular shape, a GSH cpain termination method at the University of Kansas DNA

molecule was fit in the residual electron density peak. A CNS sequencing lab. The resultant plasmid was used to transform
refinement has confirmed that the red MPGES-2 is MPGES-2g )i BL21. hPGDS was purified as reported previously

containing a GSHheme complex in the active site, MPGES- (29).
2[GSH-heme]. During the final refinement stage, well-

defined residual electron density peaks in difference maps -,
were assigned to water molecules if peaks were able to bind

the protein molecules with H-bonds. The four subunits related equipped with an ER041XG microwave bridge. Spectra for
by a noncrystallographic 222 symmetry were tightly re- EPR samples were collected using the following spectrometer
strained to have the same structure to increase the accura%ettings microwave power, 5.041 mW; frequency, 9.45
of coordinates. The structure was refined with all reflections GHz: sWeep width. 5000 G', m.odulation,amplitude '10'02

(no o cutoff) from 20 to 2.8 A resolution. The final G: gain, 1.00x 10% conversion time, 81.920 ms: time
coordinates and the structure factors have been deposited ir&o’nstan,t 655.36 ms: and resolution’ 1024 point,s Low-

the Protein Data Bank (entry 2PBJ). . :

Catalytic Rate of Formation of HHT and MDA by mPGES- Tﬁgfuenﬂgtrse ”(4 K) spectra were obtained using an Oxford

. : quid He quartz cryostat.

2h. The following stock solutions were prepared: buffer
solution [50 mM potassium phosphate buffer (pH 7.2) RESULTS AND DISCUSSION
containing 2.5 mM GSH], the red enzyme (MPGES-2h)
solution (0.5 mg/mL in the buffer solution), and P&@.1 Contents of the Red mPGESThe purified red enzyme
mg/mL acetone solution from Cayman). Ten microliters of was treated with sodium citrate/HCI to make a solution acidic
MPGES-2 and uL of PGH, (x = 2, 4, 6, or 8) were added  (pH 4.6) and then extracted with 2-butanone. The red solution
to a tube containing 96- x uL of the buffer solution. The =~ was analyzed with a VG ZAB high-resolution double-
enzyme reaction was carried out for 100 s &G4 (Since  focusing instrument. A positive electron spray spectrum
PGH, is relatively unstable and the catalytic reaction is exhibited a 616.0 nm peak, which corresponds to the
relatively fast, all experiments were carried out &4) The ~ molecular weight of ferroprotoporphyrin IX. A positive
reaction was stopped by adding 100 of 0.35% trifluoro- electron spray spectrum of pure hematin (heme) from Sigma
acetic acid (TFA). The reaction mixture was poured on a also showed the same 616.2 nm peak, suggesting the red
pre-equilibrated PrepSep:££100 mg column (Fisher Sci- €nzyme contains heme.
entific); the column was washed with 2 mL of 0.01% TFA An EPR spectrum was measured at liquid helium tem-
and eluted with acetonitrile (3Q€L). The collected solution  perature (4 K). It showed a typical #FeEPR spectrum,

Physical MethodsMass spectra were recorded on a VG
AB high-resolution double-focusing instrument. EPR spec-
tra were collected using a Bruker EMX spectrometer
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Ficure 1: EPR spectrum of red mPGES-2h. Shown is the EPR spectrum in the low-spin heme region of the resting mPGES-2h. The
factors of mMPGES-2h and TXAS (in parentheses) are given.

indicating that the red enzyme containsST:eéFigure 1) Table 1: Experimental Details and Refinement Parameters of
Thromboxane A synthase (TXAS) is a heme-containing Crystal Structure Analys@s
protein, and one of the Cys residues coordinates to the hemée

Experimental Details

iron (29, 30), which has been characterized by EPR resolution (A) 10.6-2.8
spectroscopy. The EPR spectra of red mPGES-2 and TXAS no. of crystals 1
are quite similar. For example, tlietensor values of heme no. of reflections measured 83985
are 2.47,2.28, and 1.84 for the red mMPGES-2 and 2.42, 2.25, %.Cg:nupr;gge reflections 9%52%4 8)
and 1.92 for TXAS 81). On the basis of the mass and EPR Rmerg? 0.074 (0.232)
spectra, we conclude that the red colored enzyme contains 1/o(1) 6.8 (4.8
Fe**-heme. Refinement Parameters

MPGES-2 Expression Stimulates Heme Biosynthasien no. of residues 1096
the recombinant clong. coli HB101 containing the mPG- no. of GSH molecules 4
ES-2 gene was grown in LB medium and overexpressed via "% Of héme molecules 4

no. of chlorine ions 4

addition of IPTG, a reddish enzyme (partially heme bound o, of waters 167
mPGES-2) was purified. When the recombinant clBneoli Rerys® 0.242
was grown in LB medium containing Fe(N@ and ALA, Riree _ 0.269
which are precursors of heme biosynthesis, the red enzyme rmts)g;gc;nz /'f)iea' values 0.007
(heme-bound mMPGES-2) was obtained. On the other hand, angles (deg) 1.15
the enzyme purified from the same recombinant cl&ne torsion angles (deg) 26.2
coli grown in minimal medium was colorless. As described Luzzati COOfdinafeoe”Of A) 0.039
below, hPGDS is functionally similar to mPGES-2 and Rarrgggtzgdiga%gls‘itféfgre d regions 88.5
contains a GSH in the active site, and the active site geom- residues in additional allowed regions 10.9

etry is. quite Si”.‘”ar to that of mPGES—Z}{). The overex- a Space groui2; cell dimensionsa = 127.00 Ab = 122.49 Ac
pression experiment was carried out with the recombinant — 110209 A8 = 111.0; M, of subunit, 37 000; no. of subunits in the
cloneE. coliHB101 containing the hPGDS gene. However, unit cell, 16;Viy = 2.77 A3, percentage of solvent content, 55% (v/v).
no heme overproduction was observed. These experiments Outer shell, 2.8-2.9 A resolution® Rrerge= YnYillni — DIV nillnil.
suggest that heme is overproduced along with mMPGES-2° Reyst= XIFo — Fl/3|Fol.

overexpression because the active site of MPGES-2 has a

strong heme affinity and significantly decreases the concen-tag 24). We have crystallized the red enzyme without IMN
tration of free heme in cells. Therefore, MPGES-2 is not only and determined the crystal structure, to elucidate the heme
an enzyme for catalyzing formation of P&tom PGH, but binding site.

also a free heme scavenger in cells. As discussed below, the The structure was determined at 2.8 A resolution. The
heme-bound MPGES-2 catalyzes a completely different N-terminal section (His tag and residues—-8®) of each

reaction. subunit was not determined due to disorder. The crystal-
Crystal Structure of mPGES-2PRreviously, the reddish  lographic refinement parameters (Table 1), fingl 2= F
enzyme purified from the same recombinant cl&hecoli and F, — F. maps, and conformational analysis by

grown in LB medium was crystallized with an inhibitor PROCHECK 83) indicate that the structure of mMPGES-2h
indomethacin (IMN), and its crystal structure was determined has been determined with acceptable statistics. A crystal-
at 2.6 A resolutionZ4). However, the crystal structure does lographic asymmetric unit contains four subunits related by
not exhibit significant electron density for bound heme, and a noncrystallographic 222 symmetry. The two subunits
we concluded that heme might bind to the disordered His interact strongly and form a dimer, while the dimelimer
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(A)

Ficure 2: (A) Dimeric mPGES-2h sits on the lipid bilayer. Two subunits are shown in aguamarine and light pink. The bounti&bsH
complexes are illustrated in ball-and-stick mode. Parts of the truncated N-terminal section (resi8@gsre apparently inserted into the
lipid bilayer. (B) F, — F. map showing the residual electron density peak of the bound-@®khe complex. The final model of the
GSH-heme complex is superimposed, and the contour is drawn at theeX@l.

interaction is apparently weak (Figure 2A). The four unique S-H:--S—H---S—H H-bond chain formed by C113,
independent subunits are identical at a resolution of 2.8 A C110, and GSH, it might be polarized to 8nd readily form
(rmsd < 0.06 A). Each subunit contains a GSHeme a S—Fe coordinate bond with the bound heme (Figure 3).
complex in the active site, so the red-colored enzyme is a There is no H-bond between the heme and mPGES-2,
GSH-heme complex-bound mPGES-2 (in this article, we indicating that the heme is mainly attached by hydrophobic
use mMPGES-2[GSHheme] or mPGES-2h as an abbrevia- interaction. The sixth coordination site is apparently occupied
tion) (Figure 2). The structure of MPGES-2[GSheme] is by an unknown small molecule (water or acetate), and thus,
isomorphous to that found in MPGES-2[IMN}4). The rmsd there is a large open space between the heme and the protein,
between the two mPGES-2 structures is 0.56 A, indicating where a PGhmight be able to bind.
that the three-dimensional structures of MPGES-2 in mMPGES- The Fold of mPGES-2 Is Similar to That of hPGO®e
2[GSH-heme] and mPGES-2[IMN] are the same within crystal structure of the functionally similar hPGDS has been
experimental error. Despite large differences in the molecular determined 28, 32, 34). hPGDS belongs to the GSTase
shapes and masses between IMN and the Gi$#ne  family, and the fold of hPGDS is quite similar to those of
complex, binding of IMN or the GSHheme complex does  known GSTasesd| class 85), 4 class 86), = class 87),
not alter the structure of MPGES-2, indicating that the active and ¢ class 88)]. Interestingly, the fold of MPGES-2 is
site of MPGES-2 is relatively large. similar to those of hPGDS and GSTases. By using SARF2
The porphyrin ring of heme and the indole ring of IMN  (39), the structure of mMPGES-2 was compared with that of
are located at the same place. A GSH binds between thehPGDS (PDB entry 1PD2). One hundred fifty-ning &oms
protein and the bound heme and forms six H-bonds with (79%) of hPGDS can be superimposed on the corresponding
mPGES-2. Since the SH group of GSH is involved in a Ca positions of MPGES-2 with rmsd’s of 2.34 A. Indeed, as



mMPGES-2 Bound to the GSHHeme Complex Biochemistry, Vol. 46, No. 28, 2008419

Ficure 3: GSH-heme complex binding site showing interactions between the bound-@&&tde complex and mPGES-2. Thin lines
indicate important H-bonds.

FiGure 4: (A) Superimposed view of the structures of mMPGES-2h (aquamarine, residue87X)0and hPGDS (light pink, residues
1-199). Residues 179214 of mMPGES-2h have been omitted for the sake of clarity. The bound-@&8ide complex (cyan) and GSH
(magenta) are shown. (B) Magnified view of the superimposed diagram showing the relative positions of GSH in mPGES-2h and GSH in
hPGDS. The conserved H-bonds seen in the GST family are shown as thin lines. Those-oh@$HES-2h are Glu &-Og S165, Glu

05N S165, Glu N--Op; D164, Cys N:-O V148, Cys O--N V148, and Cys &--Sg C110.

shown in Figure 4A, the main chain of mMPGES-2 can be the bound GSH molecules are located at the same position
nearly superimposed on that of hPGDS except for the centralin a superimposed hPGD3nPGES-2 structure (Figure 4B).
domain region (residues 17215), the helix-loop—helix However, the percentage of identical residues in the super-
region (residues 249301), and the C-terminal. Interestingly, imposable section is relatively small (12%).
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Rife et al. @40) have reported that the GSTase family has dissociation constankg) to be calculated from the ligand
a consensus sequence, VP+[E/D)S--I. A similar sequence  concentration at 50% saturation (Figure 5B) or the slope of
is seen in MPGES-24VP-L---1%4DS--1). Furthermore, the  the double-reciprocal plot (Figure 5C). The obtained dis-
bound GSH forms H-bonds with these conserved residues.sociation constant<) is 0.54uM.
For example, the amide and carbonyl groups of the Cys Inthe heme titration experiment, the heme or GStéme
residue in GSH form a pair of H-bonds with those of V148, association was actually assessed, but not the heme dissocia-
the carboxyl group of the Glu residue in GSH forms a pair tion. The heme dissociation constant might be smaller than
of H-bonds with the amide (N) and hydroxyl §Dof S165, the calculated dissociation constant since the bound heme is
and the N-terminal amino group of GSH interacts with the needed to break the-3-e coordination bond to dissociate.
carboxyl group of D164. These H-bonds and the salt linkage Because mMPGES-2 exists as a dimer, a bound heme on one
have been observed in the structures of the GSTase family,of subunits could absorb fluorescence from both subunits.
including hPGDS 32) (Figure 4B). On the basis of the Therefore, the fluorescence quenching by the heme binding
similarities of the polypeptide fold, sequence, and GSH may not simply express the fractional saturation of ligand,
binding scheme, mMPGES-2 should belong to the GSTaseand thus, the dissociation constant obtained in this study is
family, and therefore, GSH binds to the active site of an apparent dissociation constant.
mPGES-2 under physiological conditions. In general, hemes in heme proteins are buried in a

Watanabe et al.2@) have reported that mPGES-2 is a hydrophobic pocket so that the heme does not dissociate from
GSH-independent enzyme, and DTT (0.5 mM) is the best the protein under physiological conditions and the dissocia-
cofactor examined thus far. Although the catalytic rate is tion constant is relatively small<@0~° M). In the crystal
increased 24-fold in the presence of GSH, itis significantly  structure of mMPGES-2[GStheme], one side of the heme
lower than that in the presence of DTZ3. The catalytic attaches to mPGES-2 and the bound GSH with hydrophobic
activity reaches a maximum at 0.1 mM GSH and is decreasedinteractions, but the other side is exposed to solvent.
with an increase in the GSH concentration. Their observa- Therefore, the bound heme in mMPGES-2 is dissociable; i.e.,
tions are inconsistent with the crystal structure and the the dissociation constant is relatively large10~" M) in
sequence analysis described above. In the proposed catalyticomparison with those of typical heme proteins such as
mechanisms of hPGD32) and mMPGES-224), one RSH hemoglobin K = 10°* M (41)].
(bound GSH or Cys) is involved in the endoperoxide  Catalytic Actvity of MPGES-2hA preliminary assay had
breakage and another RSH participates in the abstraction ofindicated that mMPGES-2h did not catalyze formation of PGE
hydrogen attached to C9 or C11 of P&Rerhaps the second from PGH. As discussed below, a sequence analysis
RSH might be responsible for the increased activity by DTT. suggested that MPGES-2h might catalyze formation of;TxA

Heme Binding Analyzed by Tryptophan Fluorescence or 12(§-hydroxy-5¢),8(E),10{E)-heptadecatrienoic acid (HHT)
Spectra.Trp residues in proteins emit fluorescenee340 from PGH. Therefore, we carefully analyzed the reaction
nm) with an excitation wavelength of 280 nm. Hematin mixtures by HPLC and found that PGkas broken down
(heme) does not fluoresce but absorbs radiation between 300nto HHT and malondialdehyde (MDA) by mPGES-2h. The
and 450 nm. Since a heme near Trp residues (i.e., a boundeactions were carried out at°€, to minimize the nonen-
heme) absorbs fluorescence emitted from Trp residues, it iszymatic degradation of PGHThe kinetic parameters of
possible to examine the heme binding scheme, including theformation of HHT from PGH by mPGES-2h at 4C were
heme dissociation constarid). determined:Ky = 56 uM andk.o= 2.7 s* (Figure 6). The

As shown in Figure 5A, heme titration quenches the ke at 37°C was estimated from thieq at 4 °C using the
fluorescence intensity but does not shift the spectrum, transition state theory equatidgy = (ks T/h)e 2C"RT, where
indicating that no major structural change occurred upon kg, h, andR are the Boltmann constant, Planck’s constant,
heme binding. The individual fluorescence spedjdi{rated and gas constant, respectively. In the calculation, the free
with various amounts of heme were examined whether the energy at the transition stat&G*, was assumed to be
individual f; values were represented by the heme-free constant between 277 and 310 K. The estimaigdat
spectrum f) with the individual scale factorsS(); i.e., fi = 37 °C is 63 s, and the catalytic efficiencyk{/Kyv) at
Sf,. The individual scale factors were obtained by a least- 37°Cis 1.1x 10f M~! s7%, suggesting that mPGES-2h has
squares method§(= /3 ). The agreement factop (f; a significant catalytic activity for PGHdegradation.
— Sfo|/> 1) between the observed)(and calculated fluo- Since PGH readily breaks down nonenzymaticall2j,
rescence spectr&&f,) was less than 0.012, indicating that we carried out an assay with the enzyme boiled af©@5
the individual spectra are indeed represented by the scalecand no HHT production was detected by HPLC analyses.
heme-free spectrum. The 1 S value that expresses the The catalytic activities of heme and the GShkme complex
fractional reduction of the fluorescence intensity of the heme- were also examined at the same concentration of mMPGES-
free enzyme also represents the fractional saturation of ligand.2h (0.135x¢M), but no HHT production was detected by
A plot of 1 — § versus heme concentration shows a HPLC analyses, confirming that PGli$ degraded to HHT
hyperbolic curve (Figure 5B), and the double-reciprocal plot and MDA by mPGES-2h. Formation of prostanoids from
shows good linearity with an intercept near 1 of §haxis PGH, by mPGES-2h was also examined by HPLC. The
(Figure 5C). The fractional saturatioi¥)(and dissociation  reaction mixtures did not show any significant peaks cor-
constantKg) are defined by the relationshipys= [PL]/([P] responding to PGE PGD, or PGk, indicating that
+ [PL]) and Kg = ([P][L])/[PL], respectively, where [P], MPGES-2h does not catalyze formation of B&Em PGH
[PL], and [L] are the concentrations of heme-free protein, as heme-free mMPGES-2 does.
heme-bound protein, and heme, respectively. Expressing the The kinetic parameters of formation of P&fEom PGH
fractional saturation ay¥ = [L]/(Kq + [L]) allows the by mMPGES-2 have been reported toKg 24 uM and Kea
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Ficure 5: (A) Quenching of Trp fluorescence by heme. The heme concentrations are 0.0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.05, and 1.20
uM from top to bottom. (B) Plot showing a relation between the heme concentration and fluorescence quenching by heme titration. The
andy-axes are heme concentration (micromolar) and 3, respectively, wher§ is a relative scale factor of theh fluorescence spectrum
obtained by a least-squares minimizati®w 3 f.fi/> f,?). (C) Double-reciprocal plot of panel B. The slope and intercept of the extrapolated

line are 0.54x 10°% and 0.98, respectively.
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Ficure 6: Double-reciprocal plot of formation of HHT from PGHIhex- andy-axes are reciprocals of the P@ebncentration and initial
velocity (vo) Of the reaction, respectively. The protein concentration and molecular wédghaiie 5.0 mg/L and 37 000, respectively, and
the slope and intercept of the extrapolated line are k5B and 2.70x 1C, respectively. On the basis of these values,\thg of 5
ug/mL protein,Ky, andk. are calculated to 3.7& 107 mol/s, 56uM, and 2.7 s, respectively.
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Ficure 7: Two different reactions catalyzed by mPGES-2 and mPGES-2h.

0.43 s for the rat heart enzyme at 2€ (22) and 28uM groups, and the liver, which synthesizes most of the
(Km) and 1.82 s! (k.o for the recombinant enzyme at remainder 43). The mRNA of mPGES-2 has been detected
24 °C (23). The estimated,: values at 37°C of the rat in various human tissues, including liver, by dot blot analysis
heart and recombinant enzymes are 1.6 and 64 s (23). Therefore, mMPGES-2 in heme-rich liver is most likely
respectively. The catalytic efficienck{/Knm) at 37 °C of to become the form of MPGES-2h and might be involved in
the recombinant enzyme is 2:3 10° M~1 s7%, suggesting degradation reactions similar to that of cytochrome P450
that the heme-free and heme-bound enzymes catalyze forma¢44).
tion of PGE and HHT, respectively, at similar rates. The GSH-Heme Complex-Bound C110S Mutated Enzyme
The free heme concentrations of various tissues have notHas PGH Degradation Actiity. The C110S mutation
been well defined. The newly synthesized mMPGES-2 be- abolishes PGES activity, but the C113S mutated enzyme
comes mMPGES-2h if the heme concentration is relatively retains catalytic activity 45). The crystal structure of
high. COX and TXAS are involved in the PGlhetabolism MPGES-2h suggests that neither the C110S mutation nor the
and are heme-containing enzymes, suggesting that hemeC113S mutation disrupts the characteristic H-bond chain
would be available to some of the newly synthesized (SH---SH---SH) seen through C113C110:-GSH. The
MPGES-2 to become mPGES-2h in cells, where PGH  C110S mutated enzyme-purifidel coli HB101 grown in
metabolized. Therefore, it is possible that both GS$téme LB medium containing ALA and Fe(N£) had a red color,
complex-free and -bound enzymes are present in the sameéndicating that the GSHheme complex binds to the active
tissues. The two major sites of heme biosynthesis are ery-site as seen in the mPGES-2h structure. This red enzyme
throid cells, which synthesize-85% of the body’s heme has a similar PGH degradation activity as observed in
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mPGES-2h. Therefore, binding of the GSHeme complex  of the six classes set by the IUBMB. As far as we know,
to the active site generates a new catalytic activity to a mPGES-2 is the first example of an enzyme whose catalytic
mutated inactive enzyme. function is altered by addition of cofactors.
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