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ABSTRACT Human prostaglandin (PG) E synthase (EC
5.3.99.3) is a member of a recently recognized protein superfam-
ily consisting of membrane associated proteins involved in
eicosanoid and glutathione metabolism (the MAPEG family).
Previous designations of the protein are PIG12 and MGST1-L1.
PGE synthase was expressed in Escherichia coli, and both cyto-
solic and membrane fractions were prepared. Western blot
analysis specifically detected a 15- to 16-kDa protein in the
membrane fraction. Both fractions were incubated with prosta-
glandin H; in the presence or absence of reduced glutathione. The
membrane but not the cytosolic fraction was found to possess
high glutathione-dependent PGE synthase activity (0.25 pmol/
min/mg). The human tissue distribution was analyzed by North-
ern blot analysis. High expression of PGE synthase mRNA was
detected in A549 and HeLa cancer cell lines. Intermediate level
of expression was demonstrated in placenta, prostate, testis,
mammary gland, and bladder whereas low mRNA expression
was observed in several other tissues. A549 cells have been used
as a model system to study cyclooxygenase-2 induction by IL-1.
If A549 cells were grown in the presence of IL-1f3, a significant
induction of the PGE synthase was observed by Western blot
analysis. Also, Western blot analysis specifically detected a
16-kDa protein in sheep seminal vesicles. In summary, we have
identified a human membrane bound PGE synthase. The enzyme
activity is glutathione-dependent, and the protein expression is
induced by the proinflammatory cytokine IL-13. PGE synthase
is a potential novel target for drug development.

Prostaglandin endoperoxide H, (PGH,) is formed from arachi-
donic acid by the action of cyclooxygenases (cox) -1 or -2. cox-1
is constitutively expressed in many cells and tissues such as
platelets, endothelium, stomach, and kidney whereas the cox-2
protein can be induced by proinflammatory cytokines like IL-13
at sites of inflammation (for recent reviews on cox see refs. 1-3).
Downstream of the cyclooxygenases, the product PGH; can be
further metabolized into the various physiologically important
eicosanoids: e.g., PGF,,, PGE,, PGD,, PGI, (prostacyclin), and
thromboxane A, (4).

The mechanism for the biosynthesis of PGE; and PGFj,
(formed by using dihomo-+y-linolenic acid instead of arachidonic
acid) (5) by sheep vesicular glands was postulated to proceed via
a cyclic endoperoxide (6) later designated PGH, (7-9). In short,
the reactions catalyzed by cyclooxygenase start by stereospecific
abstraction of a hydrogen atom from carbon 13 of arachidonic
acid. The resulting carbon radical reacts with molecular oxygen
followed by the formation of the 9,11-endoperoxide and the bond
between C-8 and C-12. Thereafter, a second molecule of oxygen
is incorporated at C-15 followed by reduction to a hydroperoxy
group, and PGGg; is formed. This hydroperoxy group can subse-
quently be reduced by the peroxidase activity of the cyclooxy-
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genase (in the presence of a reducing agent: e.g., glutathione) thus
forming PGH,. The enzyme(s) responsible for the isomerization
of PGH, into PGE, are not well known. Attempts have been
made to isolate the microsomal PGE synthase from ovine and
bovine seminal vesicles, an organ known to contain high levels of
activity (10, 11). These studies have shown that the microsomal
PGE synthase can be solubilized and partly purified. However,
the enzyme activity, which depended on glutathione, rapidly
deteriorated during the purification attempts. Two monoclonal
antibodies, designated IGG;(hei-7) and IGG;(hei-26) and raised
against partly purified PGE synthase from sheep seminal vesicles,
could immunoprecipitate two proteins from sheep seminal ves-
icles with molecular masses of 17.5 and 180 kDa, respectively (12).
Both of these precipitated proteins were found to possess gluta-
thione-dependent PGE synthase activity but no glutathione S-
transferase activity. The 17.5-kDa protein showed a K, for PGH,
of 40 uM, similar to what had been described by others investi-
gating the microsomal PGE synthase (11). In contrast, the larger
protein demonstrated a Ky, for PGH, of 150 uM. Of interest, the
1GG;(hei-7) antibody [but not the IGG; (hei-26) antibody], when
incubated with intact sheep vesicular gland microsomes, caused
coprecipitation of PGE synthase and cyclooxygenase activities,
thereby demonstrating that the 17.5-kDa protein and the cyclo-
oxygenase both are associated with the same membrane systems.
Microsomal PGE synthase activity also has been measured in
various rat organs (13), and high glutathione-dependent activity
was found in the deferens duct, genital accessory organs, and
kidney. In the same study, glutathione-independent microsomal
PGE synthase activity was observed in heart, spleen, and uterus.
Additional proteins, belonging to the cytosolic glutathione S-
transferase superfamily, also have been described to possess
PGE, PGD, and PGF synthase activities (14). Recently, a micro-
somal 16.5-kDa protein was purified from sheep seminal vesicles
possessing glutathione-dependent PGF,, synthase activity (15).
The enzyme (prostaglandin endoperoxide reductase) also could
catalyze the reduction of cumene hydroperoxide whereas
1-chloro-2,4-dinitrobenzene (typical substrate for various gluta-
thione S-transferases) was not a substrate. In this paper, we
describe the identification and characterization of human PGE
synthase.

MATERIALS AND METHODS
Rabbit anti-human PGE synthase antiserum was raised against
the following synthetic peptide: CRSDPDVERSLR AHRN con-
jugated with keyhole-limpet hemocyanin (Innovagen, Lund, Swe-
den). This peptide antigen corresponds to amino acids 59-74 of
PGE synthase (note that Cys 68 was replaced with Ser). Horse-
radish peroxidase-linked donkey anti-rabbit antibody was pur-
chased from Amersham Pharmacia. Film (hyperfilm ECL) was
obtained from the same source. Oligonucleotides were from

Abbreviations: PGH,, prostaglandin Hy; PGE,, prostaglandin Ep;
12-HHT, 12(S)-hydroxy-8,10-trans-5-cis-heptadecatrienoic acid; cox,
cyclooxygenase; MGST, microsomal glutathione S-transferase.
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Kebo Laboratory (Stockholm, Sweden). Pfu DNA polymerase
was from Stratagene. PGH, and H-PGH, was purchased from
Cayman Chemicals, Ann Arbor, MI. PGF,,, PGE,, PGD,, and
12(S)-hydroxy-8,10-trans-5-cis-heptadecatrienoic acid (12-HHT)
were obtained from Biomol (Plymouth Meeting, PA). Glutathi-
one and IL-18 were from Sigma. HPLC solvents were from
Rathburn Chemicals (Walkerburn, Scotland). Partly purified
PGE synthase, isolated from ovine seminal vesicles, was obtained
from Oxford Biomedical Research (Oxford, MI). The cell line
A549 was from Boehringer Ingelheim. Cell culture media and
antibiotics were from GIBCO/BRL and Life Technologies (Pais-
ley, Scotland). Protease inhibitor mixture, Complete, was ob-
tained from Boehringer Mannheim.

Isolation and Cloning of PGE Synthase. The expressed se-
quence tag clone 143735 with GenBank accession number
R76492 has previously been identified as “microsomal glutathi-
one S-transferase 1-like 1”7 (MGST1-L1) encoded by GenBank
accession number AF027740. The same gene product also has
been characterized as “p53-induced PIG12” encoded by Gen-
Bank accession number AF010316. The coding sequence of PGE
synthase corresponding to the nucleotide sequence 19-477 of the
expressed sequence tag clone 143735 (accession number
AF027740) was amplified by PCR. Oligonucleotide primers were
constructed to incorporate suitable restriction sites (Ndel-
HindIII) into the 5" and 3’ ends of the product. Primer 1 (sense):
5'-GAGAGACATATGCCTGCCCACAGCCTG-3'; Primer 2
(antisense): 5'-GAGAGAAAGCTTCACAGGTGGCGGGC-
CGC-3'. PCR was performed with 0.2 mM dNTPs, 0.5 uM of the
respective primer, 70 ng of template, 2.5 units of Pfu polymerase
in 1X Pfu buffer [supplied by the manufacturer (Stratagene)].
The temperature cycles were 45 s at 94°C, 45 s at 60°C, and 45 s
at 72°C, repeated 25 times. However, the first denaturing period
was 4 min, and the last extension period was 10 min. The PCR
product was isolated by agarose gel electrophoresis, was purified
from the gel, and was cut with Ndel and HindIIl. The resulting
product was gel-purified and ligated into the bacterial expression
vector pSP19T7LT (16). Ligated plasmids were transformed into
DHS5a competent cells. Plasmids were isolated from a number of
clones and were cleaved with Ndel and HindIII followed by
agarose gel electrophoresis to confirm the size of inserts. Selected
inserts were sequenced on an Applied Biosystems 373A auto-
mated DNA sequencer using a dye terminator cycle sequencing
kit. The expression construct containing the correct coding
sequence for the PGE synthase was transformed into Escherichia
coli BL21 (DE3) [which harbored the plasmid pLys SL (17)].
Glycerol stocks were prepared and stored frozen at —70°C for
subsequent use as starting material for the expression experi-
ments.

Expression in E. coli. Small aliquots (1-2 ul) of bacterial
glycerol stock were grown in 1.5 ml 2X YT overnight at 37°C. The
cultures were diluted 1:100 into 2 liters of Terrific Broth medium
containing ampicillin (75 pg/ml) and chloramphenicol (10 ug/
ml) in a 5-liter flask placed in a thermostated water bath. The
culture was oxygenated by air bubbling and was grown until the
ODgp was 0.4—1.2. At this point, expression was induced by the
addition of 1 mM isopropyl B-D-thiogalactopyranoside, the tem-
perature was switched to 30°C, and the culture allowed to grow
for another 4 h. Thereafter, cells were pelleted and resuspended
in 100 ml TSEG buffer (15 mM TrissHCl, pH 8.0/0.25 M
sucrose/0.1 mM EDTA/1 mM glutathione). Lysozyme was
added to a final concentration of 0.2 mg/ml, and the mixture was
gently stirred for 30 min at 4°C. Then, the cells were lysed by six
30-s sonication pulses from a MSE Soniprep 150 (MSE Scientific
Instruments, Sussex, U.K.) sonifier at 40-60% of maximum
power. Cell debris was removed by centrifugation at 5,000 X g for
10 min. The supernatant then was centrifuged at 250,000 X g for
1 h, and the membrane pellets were finally resuspended in 10 mM
potassium phosphate (pH 7.0), 20% glycerol, 0.1 mM EDTA, and
1 mM glutathione. Controls expressing ratMGST1 were prepared
in the same fashion. Total protein concentration was determined
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by the Coomassie protein assay according to the manufacturer’s
instructions (Bio-Rad).

SDS/PAGE and Western Blotting. Samples were diluted and
boiled for two min in SDS-containing sample buffer (18). Pro-
teins were separated through 14% polyacrylamide gels (NOVEX,
San Diego) and were electroblotted (19) onto poly(vinylidene
difluoride) (Pall) membranes. Transfer efficiency was visualized
by using prestained standards (NOVEX). Membranes then were
soaked for 1 h at 25°C in Tris-buffered saline (TBS) (100 mM
TrissHCl, pH 7.5/150 mM NaCl) containing 0.1% (vol/vol)
Tween 20 and 5% (wt/vol) nonfat dried milk. The membrane was
subsequently washed twice in 0.1% Tween 20 in TBS (0.1%
T-TBS) followed by 1-h incubation at 25°C with the indicated
antiserum (1:2,000 dilution) in 0.05% (vol/vol) T-TBS and 2%
(wt/vol) nonfat dried milk. After several washing steps (2 X 1
min, 1 X 15 min, and 3 X 5 min, the blot was incubated for 1 h
at 25°C with a horseradish peroxidase-linked donkey anti-rabbit
antibody (1:2,000 dilution) in 0.05% (vol/vol) T-TBS and 2%
(wt/vol) nonfat dried milk. The washing steps were repeated, and,
subsequently, enhanced chemiluminescence detection was per-
formed according to the manufacturer’s instructions (ECL Plus,
Amersham Pharmacia).

Northern Blot Analysis. Northern dot blot analysis of human
multiple tissue expression array (CLONTECH, cat no. 7775-1)
and Northern blot analysis of human multiple tissue blot (CLON-
TECH, cat nr 7766—1) were performed according to the instruc-
tions of the manufacturer. The mRNA amount on each dot (each
dot representing mRNA from a certain tissue) of the array was
normalized by the manufacturer to yield similar hybridization
signals for various housekeeping genes. Therefore, the amounts
of mRNA on each dot varies from 53-780 ng, and the array allows
for comparative analysis of gene expression in various tissues. The
human multiple tissue blot, on the other hand, contained 2 ug of
tissue-specific mRNA/lane. Both membranes were hybridized
with a random primed cDNA probe (coding region) of PGE
synthase. The cDNA probe was labeled by using the
T’QuickPrime Kit (Amersham Pharmacia) and a-3?P dCTP,
according to the instructions of the manufacturer. The probe was
purified by using ProbeQuant G-50 columns (Amersham Phar-
macia). After hybridization and washing, the dot blot/blot were
exposed to x-ray film (SuperRX, Fujifilm, Diisseldorf, Germany).

Cell Culture. A549 cells were cultured in RPMI 1640 medium
supplemented with heat-inactivated fetal bovine serum (10%),
fungizone (2.5 pg/ml), penicillin (100 units/ml), and streptomy-
cin (100 pg/ml) at 37°C in an atmosphere of 5% CO,. Approx-
imately 8 X 10° cells in 30 ml of media were seeded in 175-cm?
flasks. After 3 days, confluency was reached, and cells were
washed in PBS twice and then were detached by using 3 ml of 1X
Trypsin/EDTA solution (GIBCO/BRL) for 15 min at 37°C in an
atmosphere of 5% CO,. Thereafter, 3 ml of medium was added
to quench the trypsin, and cells were further diluted and reseeded
at an appropriate number per square centimeter as just described.
To investigate the effect of IL-13 on PGE synthase expression in
A549 cells, 8 X 10° cells in 30 ml of medium were plated in
175-cm? flasks and were incubated for 24 h. Subsequently, the
cells were washed in PBS three times followed by addition of 30
ml of RPMI 1640 medium containing fetal bovine serum (2%)
and IL-18 (1 ng/ml) and were incubated for another 24 h. For
harvest, cells were washed in PBS twice and were trypsinated in
3 ml of 1X Trypsin/EDTA solution for 15 min at 37°C. There-
after, 3 ml of culture media was added, and cells were centrifuged
at 500 X g for 10 min followed by two washes in 5 ml of PBS. The
cell pellets were frozen in CO,-ethanol bath and were stored at
—80°C.

Preparation of A549 Cells. The cell pellets were resuspended
in 1.0 ml of homogenization buffer consisting of potassium
phosphate buffer (0.1 M, pH 7.4), 1X Complete protease inhib-
itor mixture, and sucrose (0.25M). The samples were sonicated
3 X 20 s and were subjected to differential centrifugation at
1,000 X g for 10 min, 10,000 X g for 15 min, and 170,000 X g for
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1 h at 4°C. The 170,000 X g pellets (microsomal fraction) were
resuspended in 250 wl of homogenization buffer, described
above. Total protein concentration was determined by the Coo-
massie protein assay according to the manufacturer’s instructions
(Bio-Rad).

PGE Synthase Enzyme Assay. The protein sample was diluted
in potassium inorganic phosphate buffer (0.1 M, pH 7.4) con-
taining 2.5 mM reduced glutathione. The reaction (total vol-
ume = 100 ul) was started by the addition of 10 uM PGH, with
or without 0.1 uCi *H PGH, and was terminated with 60 ul of
acetonitrile/HCI, lowering the pH to 3.2. To determine the
formation of either PGF,,, PGE,, or PGDy, an aliquot (60 ul)
was analyzed by RP-HPLC combined with UV detection (195
nm) and/or radioactivity detection using an online B-RAM
detector (Inus System, Tampa, FL). The RP-HPLC column was
Nova-Pak C18 (3.9 X 150 mm, 4-um particle size) obtained from
Waters. The mobile phase was water, acetonitrile, and trifluoro-
acetic acid (70:30:0.007, by vol.) with a flow rate of 1 ml/min. For
analysis of 12-HHT, we used a mobile phase of methanol, water,
and acetic acid (70:30:0.01, by vol.) and UV detection at 236 nm.
The amounts of produced PGE, and 12-HHT were quantified by
integration of the areas under the eluted peaks at 195 and 236 nm,
respectively.

RESULTS

Identification of PGE Synthase. What we have now identified
as PGE synthase (Fig. 1) was originally found by its amino acid
sequence homology (38%) to MGST1. After complete sequence
determination of the insert of the expressed sequence tag clone
143735, the nucleotide sequence as well as the encoded protein
sequence was submitted directly to the GenBank database under
the name of MGST1-L1 (P.-J.J., J. A. Mancini, and A. W.
Ford-Hutchinson, unpublished results). Shortly beforehand, the
same sequence had been submitted to GenBank and described as
a p53-induced protein, referred to as PIG12 (20).

Expression of PGE Synthase. PGE-synthase was expressed by
using a bacterial system. To demonstrate protein expression, a
peptide antiserum was raised against PGE synthase (amino acid
segment 59-74). Fig. 2 demonstrates that this antiserum recog-
nized a 15- to 16-kDa band in the membrane fraction from
bacteria expressing PGE synthase. This band was not found in the
corresponding cytosolic fraction. Furthermore, the antiserum did
not recognize ratMGST1 expressed using the same system. The
detection of PGE synthase was specific because antiserum diluted
in the presence of 1 X 10~% M antigen (peptide) lost the capability
to detect PGE synthase.

ATGCCTGCCCACAGCCTGGTGATGAGCAGCCCGGCCCTCCCGGCCTTCCTGCTCTGCAGC 60
M P A HS L VYV M S S P ALUPATFULTULTC S 20

ACGCTGCTGGTCATCAAGATGTACGTGGTGGCCATCATCACGGGCCAAGTGAGGCTGCGG 120
T L L VI K ¥ YV VATITITG OQTVTZRIER 40

AAGAAGGCCTTTGCCAACCCCGAGGATGCCCTGAGACACGGAGGCCCCCAGTATTGCAGG 180
K K A F ANZPEEZDDALTRHEGEG?POQYXCR 60
AGTGACCCCGACGTGGAACGCTGCCTCAGGGCCCACCGGAACGACATGCGAGACCATCTAC 240
§$ DPDYVYERCLTZRAHERIUENDMETZIY 80

CCCTTCCTTTTCCTGGGCTTCGTCTACTCCTTTCTGGGTCCTAACCCTTTTIGTCGCCTGG 300
P FL FLGVFV Y¥SFLGPRNZERTFVAW 100

ATGCACTTCCTGGTCTTCCTCGTGGGCCGTGTGGCACACACCGTGGCCTACCTGGGGAAG 360
M H F L V FL V GRV A HT V A YL G K 120

CTGCGGGCACCCATCCGCTCCGTGACCTACACCCTGGCCCAGCTCCCCTGCGCCTCCATG 420

L R A PI R S VTYTULAOQLUPTC CA AS SN 140
GCTCTGCAGATCCTCTGGGAAGCGGCCCGCCACCTGTGA 459
A L Q I L W EW AA AURUHIL * 152

Fic.1. Predicted amino acid sequence of PGE synthase. This ORF
was used for subsequent protein expression in bacteria. Underlined
letters represent amino acids aligning together with MGST1 after
running GAP within the WISCONSIN PACKAGE 9.0 (Genetics Computer
Group, Madison, WI).

Proc. Natl. Acad. Sci. USA 96 (1999)

€ 64

& 30
it & 16
= “E_ 6

"-—-—-—-—-—....* "-------" "F‘ﬁ"
Preimmune Anti PGE synthase  Anti PGE synthase
serum serum serum + peptide

F16.2.  Western blot analysis of PGE synthase expression. Both the
membrane and cytosolic fractions from bacteria expressing PGE
synthase were analyzed by SDS/PAGE and Western blotting. As
control, the membrane fraction from bacteria expressing ratMGST1
was included. In all lanes, 5 ug of total protein were analyzed. The
middle blot demonstrates the results obtained by using antipeptide
antiserum against PGE synthase whereas the left blot shows the results
using the corresponding preimmune serum. For the right blot, the
antipeptide antiserum was diluted in the presence of 10~¢ M peptide
antigen. Arrows denote the migration of protein size markers. The
exposure time was 2 min.

Prostaglandin E Synthase Activity. The membrane fraction
(0.02 mg total protein/ml) isolated from bacteria expressing PGE
synthase was incubated for 2 min in the presence of PGH; (10 uM
including 1 nCi *H PGH,) and reduced glutathione (2.5 mM).
Fig. 3C demonstrates the RP-HPLC profile of radioactive labeled
products formed under these conditions. One major peak is
produced eluting at 12.3 min, corresponding to the elution time
of synthetic PGE,. The material of this peak was collected,
derivatized, and analyzed by gas chromatography and mass
spectrometry, confirming its identity as PGE, (data not shown).
A minor peak also was produced that eluted at 31.5 min,
corresponding to the retention time of 12-HHT. The nonenzy-
matic formations of these products are shown in Fig. 3B. In this
chromatogram, the peak corresponding to PGE, accounts for
<25% of that formed in the presence of membranes from
bacteria expressing PGE synthase. Instead, the major product
formed corresponds to 12-HHT eluting at 31.5 min as well as
another minor peak with a retention time of 14.9 min, corre-
sponding to the retention time of PGD,. The chromatogram in
Fig. 34 shows the zero time incubation when substrate was added
to buffer containing the membrane fraction pre-mixed with stop
solution. Little PGE; is detected, and the major product peak
corresponds to the retention time of 12-HHT. The PGE, forma-
tion (Fig. 3C) was abolished if the membrane was boiled for 2 min
before incubation, demonstrating enzyme catalysis. Also, no PGE
synthase activity was observed using the membrane fraction
obtained from bacteria expressing ratMGST1 as controls. If the
membrane fraction was treated with N-ethylmaleimide (1 mM)
for 5 min before incubation, the enzyme activity was abolished.
No activity was detected in the cytosolic fraction from bacteria
expressing PGE synthase. Moreover, no PGE synthase activity
was observed in microsomes obtained from Sf9 cells expressing
MGST?2 or MGST3. Fig. 4 demonstrates the production of PGE,
as a function of protein concentration. In this experiment, various
dilutions of the membrane fraction obtained from bacteria ex-
pressing PGE synthase were incubated in the presence of PGH,
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Fic. 3. RP-HPLC chromatogram of the products formed after
incubations with PGH». (4) PGE synthase membrane fraction pre-
mixed with stop solution before addition of 3H-PGH, (10 uM). (B)
Buffer control. (C) PGE synthase membrane fraction. B and C were
incubated with 3H-PGH, (10 uM) for 2 min. Products were detected
by using radioactivity detection. The first 20 min represents isocratic
elution using water, acetonitrile, and trifluoroacetic acid (70:30:0.007,
by vol) as mobile phase with a flow rate of 1 ml/min. Then, a linear
gradient was applied from 100% mobile phase to 100% methanol over
a 10-min period, which was sustained for the rest of the run. CPM,
counts per minute.

(10 uM) and glutathione (2.5 mM) for 2 min. The PGE,
formation was analyzed and quantified by RP-HPLC and UV
detection at 195 nm, as described in Materials and Methods. A
linear relationship was found by using protein concentrations up
to 0.015 mg/ml. Thereafter, the curve rapidly levels off because
of almost complete conversion of added PGH, into PGE.. Fig. 5
demonstrates the time dependence of the PGE; production after
incubations of the membrane fraction (0.02 mg/ml) with PGH,
(10 uM) in the presence or absence of glutathione (2.5 mM). A
linear relationship is obtained during the first 60 s of incubation,
Thereafter, the slope of the curve declines because of substrate
depletion. Fig. 5 also shows that the activity depends on the
presence of glutathione. The specific activity (under linear con-
ditions subtracting background formation) was 600 pmol/1.2
min/0.002 mg membrane fraction (i.e., 250 nmol/min/mg).
Tissue Distribution of PGE Synthase mRNA. The expression
of PGE synthase mRNA was investigated in various tissues by
Northern dot blot analysis using a random primed cDNA probe
(Fig. 6). A strong hybridization signal was observed in the two
cancer cell lines A549 and HeLa (H10 and B10, respectively). A
medium strong signal was demonstrated in placenta (B8), pros-
tate (ES), testis (F8), mammary gland (F9), and bladder (C8)
whereas a low hybridization signal was observed in several other
tissues. Of the negative controls, a strong hybridization signal was
observed in the E. coli DNA dot (D12), suggesting specific
hybridization to a bacterial gene [a low signal intensity also was
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Fi1G. 4. Dependency of PGE, formation on membrane protein
concentration. Various dilutions of the membrane fraction isolated
from bacteria expressing PGE synthase were incubated with PGH, (10
uM) in the presence of glutathione (2.5 mM) for 2 min. Product
formation was analyzed by RP-HPLC, and PGE; was detected and
quantified by using UV absorbance at 195 nm.

found in E. coli rRNA (C12)]. However, no signals were detected
in yeast RNA (A12), yeast tRNA (B12), poly r(A) (E12), human
Cot-1DNA (F12), human DNA (100 ng) (G12), or human DNA
(500 ng) (H12). Fig. 7 demonstrates the result from a Northern
blot analysis. The probe clearly hybridized to a 2-kilobase mRNA
in prostate and testis. Less strong signals were observed in the
small intestine and colon. No other mRNA species were detected
apart from the 2-kilobase mRNA. The results from the Northern
blot analysis (Fig. 7) thereby support the results from the dot blot
analysis (Fig. 6), both regarding the expression pattern and
specificity.

Induction of PGE Synthase by IL-18. A549 cells have been
used to study cox-2 induction and also have been reported to
significantly increase their PGE, release after treatment with
IL-1B (21, 22). To study whether PGE synthase also may be
regulated by this cytokine, A549 cells were cultured for 24 h in the
presence of 1 ng/ml IL-1B3. The microsomal fraction prepared
from normal cells as well as cells treated with IL-18 were
subsequently analyzed for PGE synthase expression by SDS/

800 -
700 4
600
500 4
400 -
300 |
200 4
100

0

—e— PGE-S + GSH
<0 PGE-S w/o GSH
—v-- Buffer + GSH

PGE2 (pmol)

Time (min)

Fi1G. 5. Time course of PGE; formation. The membrane fraction
obtained from bacteria expressing PGE synthase (0.02 mg/ml) was
incubated with PGH; (10 uM) for the indicated times in the presence
(filled circles) or absence (open circles) of glutathione (2.5 mM). Filled
triangles represent nonenzymatic (buffer only) PGE, formation after
incubation with PGH,. The product formation was analyzed by
RP-HPLC, and PGE; was detected and quantified by using UV
absorbance at 195 nm.



7224 Biochemistry: Jakobsson et al.

1 2 3 4 5 6 7 8 9 1011 12

A .

B B & e -

C . .

D . ®
E . . .

F sle|w

G .

H . . L

FiG. 6. Northern dot blot analysis of PGE synthase in human
tissues. A human multiple tissue expression array was hybridized with
a radiolabeled cDNA probe specific for PGE synthase. Because the
amount of mRNA on each dot has been adjusted to produce normal-
ized signals for various housekeeping genes, the array allows for
comparisons of gene expression. The exposure time was 66 h. The
various dots represent the following: Al, whole brain; B1, cerebral
cortex; C1, frontal lobe; D1, parietal lobe; El, occipital lobe; F1,
temporal lobe; G1, paracentral gyrus of cerebral cortex; H1, pons; A2,
cerebellum, left; B2, cerebellum, right; C2, corpus callosum; D2,
amygdala; E2, caudate nucleus; F2, hippocampus; G2, medulla ob-
longata; H2, putamen; A3, substantia nigra; B3, accumbens nucleus;
C3, thalamus; D3, pituitary gland; E3, spinal cord; F-H3, empty; A4,
heart; B4, aorta; C4, atrium, left; D4, atrium, right; E4, ventricle, left;
F4, ventricle, right; G4, interventricular septum; HS, apex of the heart;
A5, esophagus; BS, stomach; C5, duodenum; D5, jejunum; ES5, ileum;
FS, ilocecum; G5, appendix; HS, colon, ascending; A6, colon, trans-
verse; B6, colon, desending; C6, rectum; D-H6, empty; A7, kidney; B7,
skeletal muscle; C7, spleen; D7, thymus; E7, peripheral blood leuko-
cytes; F7, lymph node; G7, bone marrow; H7, trachea; A8, lung; BS,
placenta; C8, bladder; D8, uterus; ES8, prostate; F8, testis; G8, ovary;
HS, empty; A9, liver; B9, pancreas; C9, adrenal gland; D9, thyroid
gland; E9, salivary gland; F9, mammary gland; G-H9, empty; A10,
HL-60; B10, HeLa S3; C10, K-562; D10, Molt-4; E10, Burkitt’s
lymphoma, Raji; F10, Burkitt’s lymphoma, Daudi; G10, colorectal
adenocarcinoma, SW480; H10, lung carcinoma, A549; A11, fetal brain;
B11, fetal heart; C11, fetal kidney; D11, fetal liver; E11, fetal spleen;
F11, fetal thymus; G11, fetal lung; H11, empty; A12, yeast, total RNA;
B12, yeast tRNA; C12, E. coli TRNA; D12, E. coli DNA; E12, Poly
r(A); F12, human C,T-1 DNA; G12, human DNA 100 ng; H12, human
DNA 500 ng.

PAGE followed by Western blotting. Fig. 8 demonstrates that
PGE synthase was induced by IL-1B. In the lane loaded with
microsomes from IL-1B treated cells, a 15- to 16-kDa band
appears comigrating with the PGE synthase expressed in bacteria.
The recognition was lost if antiserum was mixed with the anti-
genic peptide (1 uM), demonstrating specific detection of PGE
synthase. Significantly lower amount (yet detectable) of PGE
synthase was found in the microsomes derived from nontreated
A549 cells.

Identification of an Immunoreactive 16-kDa Protein in Partly
Purified PGE Synthase Derived from Ovine Seminal Vesicles.
The commercially available PGE synthase material, partly puri-
fied from ram seminal vesicles, was tested for cross reactivity to
human PGE synthase antiserum. In Fig. 8, it is evident that a
16-kDa protein band does appear in the lane loaded with 6 ug of
this sample. The band is lost using the peptide absorbed anti-
serum suggesting specific recognition. The protein differs some-
what in size and appears more diffuse, which may suggest
posttranscriptional modification.

DISCUSSION

MGSTI-L1 was identified as a homologue to MGST1 (P.-J.J.,
J. A. Mancini, A. W. Ford-Hutchinson, unpublished results) and
was termed MGST1-L1. Both MGST1 and MGST1-L1 belong to
a recently described protein superfamily (23) referred to as the
MAPEG family (membrane-associated proteins involved in ei-
cosanoid and glutathione metabolism). MGST1-L1 was ex-
pressed using a bacterial expression system previously used for

Proc. Natl. Acad. Sci. USA 96 (1999)

L

8

17

md—l .-

8§ 2 8 4 =
ogm.ggggq
Sa22882EggA
V1 = o= 3 o A

L] L - -

=N
LA LA

44 m

24 m
o -

135 m

F1G. 7. Northern blot analysis of PGE synthase in human tissues.
This human multiple tissue mRNA blot was hybridized with a radio-
labeled cDNA probe specific for PGE synthase. The migration of
various RNA size markers is indicated. Each lane represent 2 pg of
mRNA from the indicated tissues (no normalization for different
amounts of housekeeping genes). The exposure time was 32 h.

the production of MGST1 (16). The expression was confirmed by
Western blot analysis (Fig. 2). In attempts to characterize
MGST1-L1, several reactive substrates for MGST1 and other
MAPEG enzymes were tested but were not found to constitute
substrates for MGST1-L1. These substrates included 1-chloro-
2,4-dinitrobenzene and leukotriene A4 (for screening of any
glutathione S-transferase activity) or cumene hydroperoxide and
5-hydroperoxy-eicosatetraenoic acid (for screening of any gluta-
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FiG. 8. Western blot analysis of PGE synthase in A549 cells and
sheep seminal vesicles. The microsomal fractions (10 ug) from cells
grown for 24 h in the presence (1 ng/ml) or absence of IL-1p3 were
fractionated by SDS/PAGE and were transferred to poly(vinylidene
difluoride) membrane. The membranes were incubated by using either
PGE synthase antiserum or PGE synthase antiserum containing the
antigenic peptide (107° M). Also analyzed was the commercially
available, partly purified PGE synthase from sheep seminal vesicles (6
ng) as well as the membrane fraction from bacteria expressing human
PGE synthase (1 pug).



Biochemistry: Jakobsson et al.

thione-dependent peroxidase activity). The rationale of testing
PGH,; as substrate for MGST1-L1 evolved from some common
properties among the MAPEG members and some previous
reported findings regarding the nature of PGE and PGF syn-
thases, particularly concerning subcellular localizations and glu-
tathione dependencies (12, 14, 15). Also, at the time for the
initiation of the present study, we were involved in studying the
metabolism of prostaglandin endoperoxide H, (PGH>) by nuclei
isolated from various types of leukocytes.

When tested for PGE synthase activity, membranes from
bacteria expressing MGST1-L1 exhibited a significant PGE syn-
thase activity (0.25 wmol/min/mg) corresponding to the highest
levels of reported, normally occurring PGE synthase activity, i.e.,
in microsomes isolated from sheep seminal vesicles (11) and rat
ductus deferens (13). In fact, estimating that 1% of the bacterial
membrane protein is MGST1-L1, the deduced specific activity
becomes 25 pmol/min/mg corresponding to a kcat/Km in the 10°
M~!s~! range. Such high kcat/Km values are hallmarks of very
efficient enzymes (24). Considering the short half-life of PGH,
and the existence of competing pathways, it seems logical that a
physiologically relevant activity is highly efficient and compart-
mentalized to the site of its production. Based on these results, we
refer to this protein as PGE synthase.

The tissue distribution, analyzed by Northern dot blot and
Northern blot analyses, demonstrated high expression of PGE
synthase in two cancer cell lines, namely A549 cells and HeLa
cells. The PGE synthase also was expressed at intermediate levels
in prostate, testis, placenta, mammary gland, and bladder. In
comparison to these organs, the gene expression was lower, but
still present, in many other tissues and cells (Fig. 6). In line with
our tissue distribution result, prostate and placenta are organs
well known to produce PGE, (25, 26). The precise role of
prostaglandins in the human reproductive systems is, however,
not fully understood. Also, several reports exist describing PGE,
production by mammary epithelial cells and urinary bladder. The
human lung adenocarcinoma cell line A549 has been used in
several studies concerning expression of cyclooxygenase-2 and
prostaglandin E biosynthesis. In a like manner, HeLa cells have
been used to some extent. This is in contrast to the cell lines that
were negative for PGE synthase expression (based on medline
searches), i.e., undifferentiated HL-60 cells, K562 cells, Molt-4,
Raji, Daudi, and SW480. We could demonstrate, by Western blot
analysis, that PGE synthase protein expression was significantly
induced in A549 cells after treatment with IL-18 (Fig. 8). Our
results thus agree with published data demonstrating severalfold
increase of PGE, biosynthesis and cox-2 protein in A549 cells in
response to IL-1B (21, 22). Combined with these known effects
by IL-1B on cox-2 induction, our data suggest that PGE synthase
and cox-2 are coregulated and that PGE, biosynthesis may
depend on the presence of both of these enzymes. In accordance,
an inducible PGE synthase activity has been described in lipopo-
lysaccharide-stimulated rat peritoneal macrophages, which coin-
cides with cox-2 expression and changes the product formation in
favor of PGE; (27-29). The induction of PGE synthase (PIG12)
after p53 expression in a colorectal cancer cell line (DLD-1) (20)
also may be of importance for understanding the role of cox and
PGE synthase in apoptosis and cancer development, especially
because cox-2 has been implicated in colon cancer through the
beneficial effects observed by various nonsteroidal anti-
inflammatory drugs on cancer growth (3). Likewise, epidemio-
logical data have demonstrated the use of nonsteroidal anti-
inflammatory drugs protecting against the development of Alz-
heimer’s disease (3). The role of cyclooxygenases and PGE
synthase in the central nervous system and possible involvement
in the pathophysiology of neurodegenerative disorders remains to
be elucidated. Also, it will be of great interest to study the role of
PGE synthase in common inflammatory diseases such as rheu-
matoid arthritis and asthma because, traditionally, PGE, has been
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regarded as one of the most important prostanoids responsible
for mediating the disease symptoms of inflammation. This view
on the role of PGE, was recently supported by the results from
knock-out experiments in mice, demonstrating a critical role of
the PGE receptor (subtype EP3) in fever responses triggered by
IL-1B and lipopolysaccharide (30). Also, PGE, seems to play a
key role in inflammatory pain because a selective anti-PGE,
antibody (2B5) inhibits, equally as potently as indomethacin,
phenylbenzoquinone-induced writhing in mice and carrageenan-
induced paw oedema and hyperalgesia in rats (31, 32).

In summary, we have identified and characterized microsomal
glutathione-dependent PGE synthase. Furthermore, the protein
was up-regulated by the proinflammatory IL-13. PGE synthase is
likely to constitute a novel target for drug development in the
areas of inflammation and possibly cancer.
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