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cPGES [cytosolic PG (prostaglandin) E synthase] is constitutively
expressed in various cells and can regulate COX (cyclo-oxy-
genase)-1-dependent immediate PGE, generation. In the present
study, we found that cPGES underwent serine phosphorylation,
which was accelerated transiently after cell activation. Several
lines of evidence suggest that a cPGES-activating protein kinase
is CK-II (casein kinase II). Recombinant cPGES was phosphoryl-
ated directly by and associated with CK-II in vitro, resulting
in marked reduction of the K,, for the substrate PGH,. In acti-
vated cells, cPGES phosphorylation occurred in parallel with
increased cPGES enzymic activity and PGE, production from
exogenous and endogenous arachidonic acid, and these processes
were facilitated by Hsp90 (heat-shock protein 90), a molecular
chaperone that formed a tertiary complex with cPGES and CK-II.
Treatment of cells with inhibitors of CK-II and Hsp90 and with a

dominant-negative CK-II attenuated the formation of the cPGES—
CK-II-Hsp90 complex and attendant cPGES phosphorylation and
activation. Mutations of either of two predicted CK-II phosphoryl-
ation sites on cPGES (Ser'”® and Ser''*) abrogated its phos-
phorylation and activation both in vitro and in vivo. Moreover,
the CK-II-Hsp90-mediated activation of cPGES was ameliorated
by the p38 mitogen-activated protein kinase inhibitor SB20358
or by the anti-inflammatory glucocorticoid dexamethasone. Taken
together, the results of the present study have provided the first evi-
dence that the cellular function of this eicosanoid-biosynthetic
enzyme is under the control of a molecular chaperone and its
client protein kinase.

Key words: arachidonic acid, molecular chaperone, phosphoryla-
tion, prostaglandin E,, prostaglandin E synthase.

INTRODUCTION

PG (prostaglandin) E, is the most common prostanoid that has
potent and diverse bioactivities. Biosynthesis of PGE, is regulated
by three sequential steps of the COX (cyclo-oxygenase) pathway.
cPLA, (cytosolic phospholipase A,) enzymes initiate this path-
way by releasing AA (arachidonic acid) from membrane glycero-
phospholipids [1,2]. AA is then supplied to either of the two
COX isoenzymes, COX-1 and COX-2, depending on the phase
of cell activation [3-5]. COX-1, a constitutive COX isoenzyme,
contributes mainly to immediate PG generation, which occurs
within a few minutes after stimulation with Ca’>" mobilizers,
whereas COX-2, an inducible enzyme, mediates delayed PG gen-
eration, which lasts for several hours following pro-inflammatory
stimuli. The COX metabolite PGH, is then isomerized to PGE,
by the terminal PGES (PGE synthase) enzymes.

Recent molecular identification of three PGES enzymes has
opened new insights into the regulation of PGE, biosynthesis
[6-10]. Two of these are membrane-bound enzymes and have
been designated mPGES-1 and mPGES-2 [6-9]. mPGES-1 is
a glutathione-requiring perinuclear protein belonging to the
MAPEG (for membrane-associated proteins involved in eico-
sanoid and glutathione metabolism) family [6-8]. This enzyme
is markedly induced by pro-inflammatory stimuli, is down-
regulated by anti-inflammatory glucocorticoids, and is func-
tionally coupled with COX-2 in marked preference to COX-1
[11-16]. mPGES-2 has a glutaredoxin- or thioredoxin-like

domain and is activated by various thiol reagents [9]. This enzyme
is constitutively expressed in various cells and tissues and can be
coupled with both COX-1 and COX-2 [17].

cPGES (cytosolic PGES) is a 23-kDa glutathione-requiring
enzyme expressed constitutively in a wide variety of cells and tis-
sues [10]. This enzyme can be functionally coupled with COX-1,
but not COX-2, to promote immediate PGE, production, leading
to the suggestion that immediate and delayed PGE,-biosynthetic
responses are respectively regulated by the constitutive COX-1/
cPGES and the inducible COX-2/mPGES-1 pathways [8,10].
However, the enzymic activity of recombinant cPGES produced
by a bacterial expression system is rather low, leading us to hypo-
thesize that mammalian cells may contain some accessory factors
that can enhance cPGES activity. Indeed, we have recently identi-
fied Hsp90 (heat-shock protein 90), a molecular chaperone that
forms a stable complex with cPGES in cells [18], to be one such
factor.

In the present paper, we report that, in mammalian cells, cPGES
undergoes phosphorylation, which leads to increase in
cPGES catalytic function. This phosphorylation is mediated by
CK-II (casein kinase II), a client protein for Hsp90 [19,20]. Tran-
sient formation of the tertiary complex comprising cPGES, CK-II
and Hsp90 is required for phosphorylation and thereby optimal
activation of cPGES in cells. Our results imply that cPGES
is a unique eicosanoid-biosynthetic enzyme in that its cellular
PGE,-biosynthetic function is facilitated after modification by a
molecular chaperone and its client protein kinase.

Abbreviations used: AA, arachidonic acid; CaMK-Il, Ca®*-calmodulin kinase II; CK-Il, casein kinase Il; COX, cyclo-oxygenase; DMEM, Dulbecco’s
modified Eagle’s medium; DN, dominant-negative; DRB, 5,6-dichloro-1-g-p-ribofuranosylbenzimidazole; FCS, foetal calf serum; Hsp90, heat-shock protein
90; MAPK, mitogen-activated protein kinase; PG, prostaglandin; PGES, PGE synthase; cPGES, cytosolic PGES; mPGES, membrane-bound PGES; PKC,
protein kinase C; cPLA,, cytosolic phospholipase A,; RT, reverse transcription; TBS, Tris-buffered saline; WT, wild-type.
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EXPERIMENTAL
Materials

The mouse anti-(human Hsp90) antibody was purchased from
Transduction Laboratories. The goat anti-(human CK-Ile) and
anti-COX-1 antibodies and the rabbit anti-(human cPLA,) were
purchased from Santa Cruz Biotechnology. AA, PGH,, and the
enzyme immunoassay kits for PGE, were from Cayman Chem-
icals (Ann Arbor, MI, U.S.A.). The CK-II inhibitor DRB (5,6-
dichloro-1-B-D-ribofuranosylbenzimidazole) and the calcium
ionophore A23187 were purchased from Calbiochem. Bovine
Hsp90, geldanamycin and bradykinin, indomethacin, the PKC
(protein kinase C) inhibitor chelerythrine, the CaMK-II (Ca*"/
calmodulin kinase II) inhibitor KN-93, the tyrosine kinase inhibi-
tor genistein, dexamethasone, and the bradykinin receptor B, anta-
gonist HOE140 were purchased from Sigma. The p38 MAPK
(mitogen-activated protein kinase) inhibitor SB20358 was ob-
tained from Wako Pure Chemical Industries (Tokyo, Japan).
Calf intestine alkaline phosphatase was from Takara Biomedicals
(Osaka, Japan). Recombinant CK-II was purchased from
PerkinElmer. Escherichia coli-derived recombinant cPGES pro-
tein and rabbit anti-human cPGES antibody were prepared as
described previously [10]. Horseradish-peroxidase-conjugated
secondary antibodies were purchased from Zymed Laboratories
(San Francisco, CA, U.S.A.).

Cell culture and activation

Rat fibroblastic 3Y1 cells were cultured in DMEM (Dulbecco’s
modified Eagle’s medium; Nissui Pharmaceutical Co., Tokyo,
Japan) containing 10 % (v/v) FCS (foetal calf serum), as described
in [21]. The majority of PGES activity in this cell line is ascribed
to cPGES, as reported previously [18]. Cells (1.5 x 10° cells in
5 ml of culture medium) were seeded into 6-well plates (Iwaki
Glass, Tokyo, Japan) and cultured for 3 days to subconfluency.
The cells were then incubated with 10 uM AA, 10 uM A23187 or
10 uM bradykinin in serum-free DMEM for appropriate periods.
In order to assess AA release, the cells were incubated with
0.1 uCi/ml of PHJAA (NEN™ Life Science Products, Boston,
MA, U.S.A.) for 24 h, washed and treated with or without agonists
in serum-free medium, and the radioactivity that was released into
the supernatant was counted. Portions of the supernatant were
taken for measurement of PGE, using the enzyme immunoassay
kit. As required for the experiments, the cells were pre-treated
with 1 uM geldanamycin, 10 ©M chelerythrine, 0.4 uM KN-93,
various concentrations of genistein or DRB, 1 M dexametha-
sone, 10 uM HOE140, 10 uM SB20358 or vehicle for 5 h, and
then stimulated in their continued presence. PGES activity in cell
lysates was measured by the assessment of the conversion of
PGH, into PGE, as reported previously [10,18].

32p-labelling of 3Y1 cells

Cells were cultured for 4 h in 500 ul of serum-free DMEM
without phosphate (Invitrogen) containing 10 % (v/v) FCS and
0.5 uCi/ml of H;**PO, (PerkinElmer) in 35-mm-diameter dishes
(Iwaki Glass). After activation with agonists (see above), the
cells were washed with 10 mM Tris/HCl (pH 7.4) containing
250 mM sucrose and lysed in 500 ul of a buffer composed of
20 mM Tris/HCI (pH 7.4), 150 mM NaCl, 1% Nonidet P40,
50 mM NaF, 10 pg/ml leupeptin, 10 pg/ml aprotinin, 20 mM
Na,MoO,, 1 mM Na;VO, and 1 mM PMSF at 4 °C for 30 min.
After centrifugation for 5 min at 6000 g, the supernatants were
used as cell lysates for immunoprecipitation.
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Immunoprecipitation

Cell lysates were pre-incubated with 10 ul of Protein G—Sepha-
rose (PerkinElmer) for 1 h at 4 °C to remove non-specific adsorp-
tion. The supernatants were incubated with 2 ug of anti-cPGES
antibody and 10 pul of Protein G—Sepharose at 4 °C overnight.
After centrifugation at 1000 g for 5 min, the pellets were washed
five times with Tris-buffered saline [10 mM Tris/HCI (pH 7.4)
containing 150 mM NacCl] and suspended in 20 ul of sample buf-
fer for SDS/PAGE. SDS/PAGE and immunoblotting were per-
formed as described previously [10,18].

In vitro phosphorylation of cPGES

Recombinant cPGES or its mutants were incubated for 30 min
at 30 °C with recombinant CK-II in the presence or absence
of Hsp90 in 20 mM Tris/HCI (pH 7.5) containing 50 mM KCl,
10 mM MgCl,, 40 uM ATP and 10 pCi/ml of [**P]ATP (Perkin-
Elmer). Aliquots of samples were taken for PGES enzyme assay,
and after brief boiling, samples were applied to SDS/PAGE
followed by autoradiography.

Phospho-amino acid analysis

Replicate immunoprecipitates resolved by SDS/PAGE were
transferred on to PVDF membranes (Millipore) and the positions
of cPGES were precisely excised. The pieces were incubated
with 100 pl of 6 M HClI for 1 h at 110 °C. The supernatants were
collected, evaporated and mixed with trace amounts of L-phos-
phoserine, L-phosphothreonine and L-phosphotyrosine (Sigma).
Then the samples were spotted on to TLC plates (Merck) and
electrophoresed at 1500 V for 25 min at pH 1.9 [2.5% (v/v)
methanoic acid and 7.8 % (v/v) ethanoic acid in water] in the first
dimension and at 1300 V for 20 min at pH 3.5 [5 % (v/v) ethanoic
acid and 0.5 % (v/v) pyridine in water] in the second dimension.
After drying, separated amino acids on the plates were visualized
with ninhydrin spray at 80 °C for 15 min. Incorporation of **P
into each amino acid was detected by autoradiography.

Construction of cPGES mutants

cDNAs for cPGES point mutants were constructed by the mis-
matched PCR method, as described previously [8]. The primers
used were as follows: p23 sense primer, 5'-ATGCAGCCTGC-
TTCTGCAAAGTG-3’; S113A (Ser'’® — Ala mutant) sense
primer, 5'-ATTAGACATGTCTTCATCTGAATCATC-3; S118A
sense primer, 5-ATTAGCCATGTCTTCATCTGCATCATC-3';
Y 14F sense primer, 5'-ATGCAGCCTGCTTCTGCAAAGTGGT-
ACACGATCGAAGGGACTTTGTC-3'; p23 FLAG antisense
primer, 5-TTACTTGTCATCGTCGTCCTTGTAGTCCTCC-
AGATCTGGCATTTT-3'; S24G antisense primer, 5'-GACGGT-
AAGGATGTTAATG-3'; and S151G FLAG antisense primer,
5-TTACTTGTCATCGTCGTCCTTGTAGTCCTCCAGATCT-
GGCATTTTTTCATCATCACCGTC-3'. To construct the S113A
mutant, PCR was conducted with a set of p23 sense and S24G anti-
sense primers (for forward strand) and with a set of S113G sense
and p23 FLAG antisense primers (for reverse strand) using ExTaq
polymerase (Takara Biomedicals) and cPGES cDNA in pCR3.1
(Invitrogen) as a template with 25 cycles of 95 °C for 30 s, 57 °C
for 30 sand 72 °C for 30 s. The resulting forward and back strands
were mixed, heated, annealed and subjected to a second PCR
with p23 sense and p23 FLAG antisense primers under the same
thermal conditions. The S118A mutant was constructed with
a set of p23 sense and S24G antisense primers (for forward
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strand) and S118A sense and p23 FLAG antisense primers (for
reverse strand) in a similar way. To construct the S151G mutant,
PCR was carried out with a set of p23 sense and S151G FLAG
antisense primers. To construct the Y14F mutant, PCR was
carried out with a set of Y14F sense and p23 FLAG antisense
primers. The resulting PCR products were subcloned into pCR3.1
vector with T4 DNA ligase (Invitrogen) and transformed into
Top1OF’ supercompetent cells (Invitrogen). The plasmids were
isolated and sequenced using a Taq cycle sequencing kit (Takara
Biomedicals) and an autofluorometric DNA sequencer 310
Genetic Analyser (Applied Biosystems) to confirm the mu-
tations.

Bacterial expression of recombinant cPGES proteins

The native and mutant cPGES cDNA inserts were subcloned into
pET21c (Novagen) and transformed into E. coli BL21 (DE3)
(Stratagene). The cells were cultured with 0.3 mM IPTG (iso-
propyl B-D-thiogalactoside) to induce Hisg-tagged recombinant
proteins. Bacterial cell pellets were lysed in 20 mM Tris/HCI
(pH 8.0) containing 0.5 mM NaCl, 10 % (v/v) glycerol and 6 M
guanidinium chloride with stirring for 30 min at room temperature
(22 °C). After centrifugation at 15000 g for 30 min at 4 °C, the
resulting supernatants were applied to a nickel-nitrilotriacetic
acid—agarose column (Qiagen), pre-equilibrated with 100 mM
NiSO, at a flow rate of 10 ml/h. After washing, the bound proteins
were eluted with the same buffer containing 20-60 mM imidazole
in a stepwise manner. The purity of the recombinant proteins was
verified by SDS/PAGE followed by staining with Coomassie
Brilliant Blue.

Transfection studies

Transfection of cDNAs into 3Y1 cells was performed by lipo-
fection, as described previously [10,18]. The transfectants were
cloned by limiting dilution in 96-well plates in culture medium
containing 0.8 mg/ml geneticin (Invitrogen). After culture for
2-3 weeks, appropriate clones were expanded and used for sub-
sequent experiments.

Construction of DN (dominant-negative)-CK-II

Total RNA from 3Y1 cells was subjected to RT (reverse trans-
cription), and the full-length CK-Iloe cDNA was PCR-amplified
with ExTag from the RT product with the CK-II 5'-primer 5'-AT-
GTCGGCACCCTGCCAAGCAG-3" and the CK-II 3'-primer
5'-TCATTACTGCTGAGCGCCAGCGGC-3'. To construct DN-
CK-Ila, in which Asp'*®, a residue critical for ATP binding [22],
was replaced with alanine, the mismatched PCR method was used.
The first PCR was conducted with a set of the CK-II 5'-primer
and the D156A antisense primer 5-GACATTATGCGGTTTCA-
CGGCTCTG-3' (for forward strand) and with a set of the D156A
sense primer 5'-CATGGGGATTATGCACAGAGCCGTG-3' and
the CK-II 3’-primer (for reverse strand) using CK-Ilae cDNA as
a template. Then the forward and reverse strands were mixed,
heated, annealed and subjected to a second PCR with a set of the
CK-II 5’- and 3'-primers. The resulting cDNA fragment was sub-
cloned into pCR3.1 and the mutation was confirmed by se-
quencing. The plasmid with or without DN-CK-Ilee was then
transfected into 3Y1 cells, and stable clones obtained after selec-
tion with geneticin were used in subsequent studies. Growth and
morphology of mock- and DN-CK-Ila-transfected 3Y1 cells
were similar under our cell culture conditions.

RESULTS
cPGES is phosphorylated on serine residues in 3Y1 cells

Figure 1(A) illustrates the potential phosphorylation sites (two
consensus sites for PKC, three sites for CaMK-II, three sites for
CK-II and one site for tyrosine kinase) predicted from the primary
amino acid sequence of human cPGES. In order to know whether
or not cPGES undergoes phosphorylation in cells, rat fibroblastic
3Y1 cells, in which cPGES is the predominant PGES enzyme
[18], were pre-incubated with H;*PO,, and cPGES protein was
immunoprecipitated from the lysate of these cells, resolved by
SDS/PAGE and subjected to autoradiography. As shown in Fig-
ure 1(B), there was a significant incorporation of radioactivity
into cPGES protein even under basal culture conditions, and this
phosphorylation was significantly increased in cells stimulated for
1 min with A23187. Phospho-amino acid analysis revealed that
this phosphorylation occurred predominantly on serine, but not
threonine and tyrosine, residues before and after A23187 stimu-
lation (Figure 1C). Treatment of cell lysate with protein phos-
phatase decreased cPGES activity by >90% (Figure 1D),
suggesting that phosphorylation of cPGES is crucial for its
enzymic function.

To corroborate the relationship between cPGES phosphoryla-
tion and its PGE,-biosynthetic function, we examined the effects
of various protein kinase inhibitors on PGE, production from exo-
genous AA by 3Y1 cells. As shown in Figure 1(E), conversion of
exogenous AA into PGE, by 3Y1 cells was markedly decreased
by treatment with the CK-II inhibitor DRB or the tyrosine kinase
inhibitor genistein, whereas the PKC inhibitor chelerythrine or the
CaMK-II inhibitor KN-93 showed no inhibitory effects. However,
since tyrosine phosphorylation of cPGES was undetectable (Fig-
ure 1C), the inhibitory effect of genistein observed here might
have been a reflection of its indirect action (see below). As shown
in Figure 1(F), genistein and DRB decreased cPGES phospho-
rylation significantly, whereas chelerythrine and KN-93 failed
to do so, under these experimental conditions. The inability of
chelerythrine and KN-93 to suppress PGE, production and cPGES
phosphorylation was not a result of their low concentrations, be-
cause they inhibited AA release from agonist-stimulated 3Y 1 cells
at the same concentrations (results not shown), in agreement
with the potential role of PKC and CaMK-II in cPLA, activation
[23,24].

cPGES is phosphorylated by CK-Il in co-ordination
with Hsp90 in vitro

The above results suggest that CK-II is an attractive candidate
for the protein kinase that phosphorylates and activates cPGES.
To test this possibility, we examined with an in vitro kinase assay
whether or not bacterial-derived recombinant cPGES is phos-
phorylated directly by CK-II. When recombinant cPGES was
incubated for 30 min with an equivalent concentration of CK-II
in the presence of Mg”* and [**P]ATP, there was a marked incorpo-
ration of **P into cPGES protein (Figure 2A, lower panel). Further-
more, the enzymic activity of cPGES was significantly increased
following incubation with CK-II (Figure 2A, upper panel).
Longer incubation of cPGES with CK-II did not result in further
increases in the phosphorylation and activity of cPGES (results
not shown), implying that cPGES maximally phosphorylated by
CK-II alone exhibits approx. 3-fold higher activity than does
the non-phosphorylated form in this experimental setting. When
Hsp90, which is known to bind both cPGES [10] and CK-II
[19,20], was added to this in vitro kinase assay mixture, there were
further increases in **P incorporation into cPGES protein and in
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Figure 1  cPGES is phosphorylated on serine residues in 3Y1 cells

GG

(R) Putative phosphorylation sites on human cPGES predicted from its primary amino acid sequence. The asterisk indicates a tyrosine residue required for enzyme catalysis [10]. TK, tyrosine kinase.
(B) *P-pre-labelled 3Y1 cells were incubated for 1 min with or without A23187, and cPGES protein was immunoprecipitated from cell lysates. Then the pellets were resolved on SDS/PAGE and
subjected to autoradiography (lower panel). Relative incorporation of %P into cPGES protein was determined by scanning with a BAS image analyser (Fuji film) (upper panel). (C) Phospho-amino
acid analysis. *2P-containing cPGES protein bands with or without A23187 stimulation were excised from the SDS/PAGE gel, digested, and separated by two-dimensional TLC. The positions
of phosphoserine, phosphothreonine and phosphotyrosine residues are shown. (D) Effect of calf intestine alkaline phosphatase (CIAP) on cPGES activity in 3Y1 cells. After incubation of cell
lysate with (++) or without (—) CIAP for 2 h at 37 °C, PGES activity was measured. (E) Effects of various protein kinase inhibitors on PGE, production by 3Y1 cells after incubation for 30 min
with 10 .M AA. The cells were pre-treated with 10 M chelerythrine (PKC inhibitor), 0.4 M KN-93 (CaMK-II inhibitor), 100 .M genistein (tyrosine kinase inhibitor), 100 .M DRB (CK-II
inhibitor) or vehicle (DMSO) for 5 h. PGE; released into the supernatants was quantified (n = 4; means + S.D.; *P < 0.01 compared with vehicle). (F) Effects of protein kinase inhibitors on cPGES
phosphorylation. 3P-pre-labelled 3Y1 cells were pre-incubated for 5 h with the aforementioned protein kinase inhibitors, and incorporation of 2P into cPGES was assessed by immunoprecipitation,
followed by SDS/PAGE and autoradiography. Immunoblotting with anti-cPGES antibody was performed to confirm equal sample loading into each lane. IP, immunoprecipitation; IB, immunoblotting.

Representative results of three independent experiments are shown in (B-D) and (F).

cPGES enzymic activity (Figure 2A). As shown in Figure 2(B),
the maximal activation of cPGES was achieved when the three
components (cPGES, CK-II and Hsp90) were mixed at a molar
proportion of 1:1:1. Thus it appears that Hsp90 modulates the
conformation of cPGES, thereby allowing cPGES to be phos-
phorylated further by CK-II. There was no increase in cPGES
activity when cPGES was incubated with CK-II (with or without
Hsp90) in the absence of ATP/Mg*" (i.e. the conditions under
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which cPGES phosphorylation did not take place), and CK-II
or Hsp90 by itself exhibited no PGES activity (results not
shown).

When the mixture of cPGES and CK-II was immunoprecip-
itated with anti-cPGES antibody and then immunoblotted with
anti-CK-II antibody, CK-II was co-precipitated with cPGES (see
supplementary Figure 1A at http://www.BiochemJ.org/bj/380/
bj3810059add.htm). Conversely, cPGES was co-precipitated with
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Figure 2 In vitro phosphorylation and activation of cPGES by CK-l and
augmentation by Hsp90

(A) E. coli-derived recombinant cPGES (3 g) was incubated for 30 min at 30 °C with
recombinant CK-Il with (4) or without (—) Hsp90 in the presence of Mg?* and [**PJATP. The
molar proportion of cPGES, CK-Il and Hsp90 was adjusted to 1:1:1. After brief boiling, samples
were applied to SDS/PAGE followed by autoradiography (lower panel). Aliquots of samples were
taken for PGES enzyme assay using 15 M PGH, as a substrate (upper panel). Values indicate
fold-increases in PGES activity relative to that of cPGES alone (n = 3; means + S.D.). (B) Effects
of various ratios of cPGES, CK-Il and Hsp90 on cPGES activity.

CK-II from the mixture by anti-CK-II antibody. Thus there is
direct physical interaction between cPGES and CK-II. When
Hsp90 was added to this mixture, it was co-immunoprecipitated
with cPGES and CK-II by anti-cPGES antibody, and more CK-II
was associated with cPGES in the presence of Hsp90 than in
its absence (supplementary Figure 1A). Hsp90 was also co-
precipitated when the pull-down assay was conducted with anti-
CK-II antibody. These results suggest that the formation of the
tertiary complex comprising cPGES, CK-II and Hsp90 facilitates
the CK-II-directed phosphorylation of cPGES. Furthermore,
when the mixture of cPGES, CK-II and Hsp90 was incubated with
the CK-II inhibitor DRB, cPGES phosphorylation and its binding
to CK-II were completely lost (see supplementary Figure 1B at
http://www.BiochemJ.org/bj/380/bj3810059add.htm), indicating
that the phosphorylation of cPGES by CK-II is essential for their
subsequent association. Under this condition, cPGES enzymic
activity was decreased to the basal level by DRB (results not
shown). In addition, the amount of Hsp90 co-precipitated with
cPGES was decreased by half in the presence of DRB (sup-
plementary Figure 1B), suggesting that, although cPGES and
Hsp90 can bind even without CK-II, the binding of Hsp90 to
cPGES increases when cPGES is phosphorylated by CK-IL
Kinetic analysis (see supplementary Figure 2 at http://www.
BiochemlJ.org/bj/380/bj3810059add.htm) revealed that the K,
values of cPGES alone, cPGES plus CK-II, and cPGES and CK-II
plus Hsp90 for PGH, were estimated to be 66.6,35.7 and 14.9 uM
and the V ,,, values to be 2.0, 2.2 and 2.5 pxmol/min per mg of pro-
tein respectively. Thus the phosphorylation of cPGES with CK-II
results in a decrease of its K, and only a modest increase in its
Vmax» and these changes are facilitated when Hsp90 is added. Of
note, the K, and V., values of cPGES combined with CK-II and
Hsp90 are similar to those of purified recombinant mPGES-2 [9].

cPGES-CK-11-Hsp90 tertiary complex formation is critical
for cPGES activation in agonist-stimulated 3Y1 cells

We then asked if cPGES—-CK-II-Hsp90 complex formation, with
its attendant phosphorylation, is crucial for the PGE,-biosynthetic

function of cPGES in vivo. Stimulation of 3Y1 cells with A23187
for 5 min resulted in increased phosphorylation of cPGES (Fig-
ure 3A, top panel), which was accompanied by marked in-
creases in cellular PGE, production (Figure 3A, middle panel)
and cPGES enzymic activity in cell lysates (Figure 3A, bottom
panel). These three events were reversed to their basal levels in
cells treated with DRB or genistein (Figure 3A). Co-immuno-
precipitation experiments using anti-cPGES antibody revealed
that cPGES was complexed with CK-II and Hsp90 in cells even
under basal culture conditions, and that their association was
significantly elevated as early as 1 min after A23187 stimulation
(Figure 3C), correlating with kinetic increases in PGE, production
and cPGES activity (Figure 3B). The increased association of
these three components persisted for up to 30 min (results not
shown), a period during which PGE, production continued to in-
crease [18]. Treatment of the cells with DRB (Figure 3D) or
genistein (results not shown) resulted in marked reduction of
cPGES association with CK-II and Hsp90 under basal and
A23187-stimulated conditions. Furthermore, treatment of the
cells with geldanamycin, an Hsp90 inhibitor, also reversed
stimulus-coupled association of cPGES with CK-II and Hsp90
(Figure 3E).

To assess if similar events occurred following a physiological
stimulus, we next stimulated 3Y 1 cells with bradykinin. Addition
of 10 uM bradykinin to cells elicited immediate PGE, production,
which increased markedly during the initial 3 min and then
reached a plateau (Figure 4A). This prompt response was ab-
rogated by the bradykinin receptor B2 antagonist HOE140 (results
not shown), verifying the G-protein-coupled receptor-mediated
process. Immunoprecipitation of cPGES from replicate **P-pre-
labelled cells revealed that phosphorylation of cPGES was
markedly increased at 1 min and then declined to the basal state
by 5-10 min (Figure 4A, upper panel), revealing that cPGES
phosphorylation shows correlation with ongoing PGE, synthesis.
In accordance with cPGES phosphorylation, cPGES enzymic
activity in cell lysates was increased markedly at 1 min after
bradykinin stimulation and declined at 10 min (Figure 4B).
Association of CK-II with cPGES, as assessed by the immuno-
precipitation assay, was also markedly elevated at 1 min and then
returned to the basal level (Figure 4B, upper panel). Furthermore,
increased association of cPGES with Hsp90 was transient,
peaking at 1 min and returning to the basal level by 10 min (Fig-
ure 4B, upper panel). It is notable that the PGES activity at the
10-min point tended to retain elevated activity (even if statistically
insignificant) without elevated phosphorylation over the basal
level. This might reflect the existence of an additional regulatory
mechanism for cPGES activity, which is beyond the scope of the
present study.

As in the case of the A23187-evoked response, bradykinin-
stimulated PGE, production and cPGES activity were markedly
suppressed by DRB or geldanamycin (Figure 4C). Moreover,
DRB or geldanamaycin prevented the bradykinin-induced asso-
ciation of cPGES with CK-II and Hsp90 (Figure 4D). Neither
DRB nor geldanamycin affected AA release from A23187- or
bradykinin-stimulated 3Y1 cells (results not shown), indicating
that these agents did not affect the activation of cPLA,, an
upstream event of stimulus-coupled PGE, production.

DN-CKII attenuates ¢PGES activation in 3Y1 cells

To gain further insight into the contribution of CK-II to cPGES
activation, we took advantage of DN-CK-II, which harbours a
mutation in the kinase domain and thereby blocks the cellular
functions of CK-II [22]. To this end, DN-CK-II was transfected
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Figure 3 A23187-induced phosphorylation and activation of cPGES

(R) 3Y1 cells pre-treated for 5 h with or without 100 ..M genistein (Gen) or 100 ..M DRB were stimulated with (+) or without (—) 10 M A23187 for 1 min, and PGE, production (middle panel)
and cPGES enzymic activity (bottom panel) were assessed. Lysates of replicate *2P-pre-labelled cells were subjected to immunoprecipitation with anti-cPGES antibody, followed by SDS/PAGE and
autoradiography to detect phosphorylated cPGES (top panel). Equal precipitation of cPGES protein from each sample was verified by immunoblotting. (B) Time course of PGE, generation (left-hand
panel) and cPGES enzymic activity (right-hand panel) after A23187 stimulation (n = 4; means + S.D.). (C) A23187-induced formation of the cPGES—CK-II-Hsp90 complex. Cells were stimulated
for the indicated periods with A23187, lysed, and subjected to immunoprecipitation (IP) with anti-cPGES antibody. The pellets were resolved by SDS/PAGE, followed by immunoblotting with anti-
Hsp90, anti-CK-lle and anti-cPGES antibodies. Effects of 100 ..M DRB (D) or 1 .M geldanamycin (GA) (E) on cPGES—CK-II-Hsp90 complex formation. Cells were pre-treated with these compounds
for 5 h and then activated for 1 min with A23187. Cell lysates were taken for immunoprecipitation (IP) with anti-cPGES antibody, followed by SDS/PAGE and immunoblotting with anti-Hsp90,
anti-CK-lle and anti-cPGES antibodies. Representative results of three or four independent experiments are shown in (A) and (G—E).

A B c *_ PGE; generation

0 1 5 10 min 0 1 10 min 30 . CPGES activity
Phospho- ~
i cPoEs - = | Hspoo < 300 Ed
W @ e @ |cPGES ‘. = ok
IP:anti-cPGES & f & CK-lla 'E §§20
§ “w 200
o o p— - - cPGES o : %
. Phospho- 2 g
cPGES a £10
IP:anti-cPGES 100
cPGES activity
pury 30 . 0 o
§ - BK - + + + BK - + + +
- g DRB GA DRB GA
hy £2 5
0] 2 D DRB GA
* 3 BK -+ 4+ 4
ﬂ% e Y]
o 10
e — W — s | CK-lla
% 5 10 0 o 1 10 x t - | pces
e [l'l'lll'l) Time (I'l'lll'l) IP:anti-cPGES

Figure 4 Bradykinin (BK)-induced phosphorylation and activation of cPGES

(A) Time course of PGE, production after incubation for the indicated periods with or without 10 ..M BK (lower panel). Results are means =+ S.D. for four independent experiments. %2P-incorporation
into cPGES (Phospho-cPGES) at each time point was assessed by immunoprecipitation and subsequent autoradiography, and equal precipitation of cPGES protein from each sample was
verified by immunoblotting (upper panel). (B) Formation of the cPGES—CK-II-Hsp90 complex and cPGES phosphorylation after stimulation with BK for indicated periods were assessed by the
immunoprecipitation (IP) assay (upper panel). PGES activity in cell lysates at each time point was measured (lower panel). Results are means + S.D. for seven independent experiments (*P < 0.05
compared with experiments without BK stimulation). (C) Effects of DRB and geldanamycin (GA) on PGE, production (left-hand panel) and cPGES enzymic activity in cell lysates (right-hand panel).
Cells were pre-incubated for 5 h with these agents and then treated for 1 min with (+) or without (—) BK. Results are means + S.D. for four independent experiments (*P < 0.05 compared with BK
stimulation without inhibitors). (D) Effects of DRB and GA on the formation of the cPGES—CK-II-Hsp90 complex, as determined by immunoprecipitation and subsequent immunablotting. A blot
representative of five independent experiments is shown.
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Figure 5 Effects of DN-CK-Il on cPGES phosphorylation and function

() Expression levels of PGE,-biosynthetic enzymes in mock- or DN-CK-II-transfected 3Y1 cells,
as assessed by immunoblotting. (B) Association of cPGES with Hsp90 (top panel) and
phosphorylation of cPGES (middle panel) in mock- or DN-CK-II-transfected cells. cPGES—
Hsp90 association was assessed by immunoprecipitation (IP) and subsequent SDS/PAGE
and immunoblotting, and cPGES phosphorylation was assessed by immunoprecipitation from
replicate 2P-labelled cells, followed by SDS/PAGE and autoradiography. Equal sample loading
into each lane was verified by immunoblotting with anti-cPGES antibody (bottom panel). Blots
representative of three independent experiments are shown. (C) cPGES enzymic activity in
lysates of mock- or DN-CK-II-transfected cells. Values show relative enzymic activity, with the
activity of control cells regarded as 1. (D) PGE, production by mock- or DN-CK-II-transfected
cells treated for 30 min with 10 M AA. (E) PGE, production by A23187-stimulated mock-
or DN-CK-II-transfected cells. Cells were treated with (++) or without (—) 10 «M A23187 for
30 min. (F) AA release from mock- or DN-CK-II-transfected 3Y1 cells. Cells were pre-incubated
with [*H]AA, and [2H]AA release with (+) or without (—) stimulation with A23187 for 30 min
was measured. In (C—F), results are means + S.D. of three to five independent experiments
(*P < 0.05 compared with replicate mock-transfected cells).

in 3Y1 cells, and cPGES phosphorylation, cPGES binding to
Hsp90, cPGES enzymic activity and PGE, generation in the

transfectants were compared with those of mock-transfected cells.
As assessed by Western blotting, the expression levels of the
enzymes involved in the immediate PGE,-biosynthetic pathway,
including cPLA,, COX-1 and cPGES, were comparable between
mock- and DN-CK-II-transfected 3Y1 cells (Figure 5A). In DN-
CK-II-transfected cells, the phosphorylation state of cPGES and
the amount of Hsp90 co-immunoprecipitated with cPGES were
decreased significantly relative to those in mock-transfected cells
(Figure 5B). Accordingly, cPGES enzymic activity in the lysate of
DN-CK-II-transfected cells was about half of that in the lysate
of mock-transfected cells (Figure 5C). Moreover, PGE, generation
by DN-CK-II-transfected cells from exogenous AA (Figure 5D)
or from endogenous AA in response to A23187 (Figure SE) was
also reduced by half as compared with that by replicate control
cells. In contrast, the A23187-stimulated AA-releasing responses
in DN-CK-II- and mock-transfected cells were similar (Fig-
ure 5F), indicating that cPLA, activation was unaffected by DN-
CK-II. These results, together with studies using various inhibitors
(Figures 3 and 4), imply that complex formation of cPGES with
CK-II and Hsp90, and attendant phosphorylation by CK-II are
essential for the activation of cPGES in cells.

Mutation studies

There are three Ser-Xaa-Xaa acidic consensus motifs for CK-
II phosphorylation [25,26] in ¢cPGES (Ser'", Ser'*® and Ser™")
(Figure 1). To address which residues are involved in CK-II-
directed cPGES phosphorylation, we constructed cPGES point
mutants in which each serine residue was replaced with alanine or
glycine (S113A, S118A and S151G), as illustrated in Figure 6(A).
Since genistein blocks cPGES phosphorylation and function
(Figures 1 and 3), we also made a Y14F mutant in which the
only potential tyrosine kinase phosphorylation site Tyr'* was
replaced with phenylalanine. These mutants were transfected into
3Y1 cells, and their enzymic activities and PGE,-biosynthetic
functions were compared with those of WT (wild-type) enzyme.
The expression levels of WT and mutant enzymes, as assessed by
Western blotting with anti-FLAG antibody, were similar (although
the expression level of S118A was slightly higher than others)
(Figure 6B), which allowed direct comparison of their PGE,-
producing capacities.

cPGES enzymic activity was increased significantly in cells
transfected with WT, S151G or Y14F, whereas the activity in
cells transfected with S113A or S118A was comparable with that
in parental cells (Figure 6C). Likewise, cellular PGE, production
from exogenous AA was elevated significantly when WT, S151G
or Y14F was transfected, whereas that by cells transfected with
S113A or S118A was not appreciably increased over that by
parental cells (Figure 6D). Furthermore, A23187- (Figure 6E) or
bradykinin- (Figure 6F) stimulated PGE, production, which was
increased markedly in WT-, S151G- or Y 14F-transfected cells,
was similar between parental cells and S113A- or S118A-trans-
fected cells. Although A23187-induced PGE, production by
S151G-transfected cells appeared slightly lower than that by WT-
transfected cells (Figure 6E), this difference was not statistically
significant. To assess whether or not these mutant enzymes could
be phosphorylated in cells, the WT and mutant cPGES proteins
were immunoprecipitated from **P-pre-labelled cells with anti-
FLAG antibody and were subjected to SDS/PAGE followed by
autoradiography. As shown in Figure 6(G), incorporation of **P
into FLAG-tagged cPGES was observed in WT-, Y14F- or S151G-
transfected cells, whereas that in S113A- or S118A-transfected
cells was minimal.

To unveil further that Ser'' and Ser''® are essential for cPGES to
interact with CK-II, equal amounts of recombinant WT cPGES
and three point mutants (S113A, S118A and S151G) were each
incubated with CK-II in vitro. As shown in Figure 6(H), the en-
zymic activities of WT and S151G were elevated to a similar
extent after incubation with CK-II, whereas S113A or S118A,
which exhibited a basal activity comparable with that of the WT
enzyme, failed to be activated by CK-II. Under this condition,
WT, butnot S113A and S118A, bound to CK-II, as revealed by the
immunoprecipitation assay (Figure 6I). Furthermore, when Hsp90
was added to the incubation mixture, less Hsp90 was complexed
with S113A and S118A than with the WT enzyme (Figure 6I). In
contrast, association of S151G with CK-II and Hsp90 was similar
to that of WT.

Based on these observations, we conclude that Ser'"* and
Ser''® are the predominant CK-II phosphorylation sites critical for
cPGES activation, and that phosphorylation of these two serine
residues by CK-II facilitates cPGES association with Hsp90, even
though the basal cPGES-Hsp90 association can occur without this
phosphorylation event. In addition, the lack of appreciable effect
of the Tyr'* mutation (Figure 6) supports the notion that cPGES
activation depends essentially on serine phosphorylation by CK-II
and that the inhibitory effect of genistein observed above may be
due to its indirect inhibition of upstream signalling events leading
to CK-II activation.
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Figure 6 Determination of CK-1l phosphorylation sites by using cPGES mutants

(A) Schematic structure of cPGES mutants. (B) Expression of FLAG-tagged WT and mutant cPGES proteins in 3Y1 transfectants, as assessed by immunoblotting with anti-FLAG antibody.
Equal numbers of cells (10° equivalents) were applied to individual lanes. (C) cPGES enzymic activity in lysates of the transfectants. Values show relative enzymic activity, with that of parental
cells regarded as 1. (D—F) PGE, production by the transfectants and parental cells after treatment for 30 min with 10 M AA (D), 10 M A23187 (E), and 10 .M bradykinin (F). Results are
means + S.D. for three to five independent experiments (*P < 0.05 compared with replicate parental cells). (G) Phosphorylation of WT and mutant cPGES proteins. Cells pre-labelled with %P were
lysed and were subjected to immunoprecipitation (IP) with anti-FLAG antibody. Individual samples were resolved by SDS/PAGE and were subjected to autoradiography to detect phosphorylated
cPGES or to immunoblotting with anti-FLAG antibody to verify appropriate precipitation of FLAG-tagged proteins from individual samples. (H) Recombinant WT and mutant cPGES proteins were
incubated with (4) or without (—) CK-Il, and their PGES activities were measured. Result indicates relative PGES activity regarding the activity of WT enzyme without incubation with CK-Il as 1.
(1) The mixture of cPGES (either WT or mutants), CK-II and Hsp90 was immunoprecipitated with anti-cPGES antibody, applied to SDS/PAGE, and subjected to immunoblotting with respective

antibodies.

Modulation of ¢cPGES activation by p38 MAPK

Since activation of CK-II occurs downstream of p38 MAPK
[27,28], we next assessed the effect of SB20358, a p38 inhibitor,
on cPGES activation. Treatment of 3Y1 cells with SB20358 re-
sulted in marked reduction of PGE, generation induced by
A23187 (results not shown) or bradykinin (Figure 7A). The
stimulus-coupled increase in cPGES enzymic activity was also
markedly suppressed by SB20358 (Figure 7B), even though
there is no MAPK consensus phosphorylation site on the cPGES
molecule. Importantly, SB20358 potently blocked the association
of cPGES with CK-II and Hsp90, as well as cPGES phosphoryl-
ation (Figure 7C). These results suggest that the inhibition of
the p38 pathway results in attenuation of the cPGES activation
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machinery, probably through perturbing the signal trans-
duction leading to CK-II activation.

Glucocorticoid attenuates cPGES activation

When 3Y1 cells were treated with the anti-inflammatory gluco-
corticoid dexamethasone, A23187-induced PGE, generation (Fig-
ure 8 A) and cPGES activity in cell lysates (results not shown) were
significantly reduced. In contrast, AA release was not affected
significantly by dexamethasone (Figure 8B), indicating that
cPLA,, an initiator of AA metabolism [1], is not a primary target
for the action of dexamethasone. Strikingly, A23187-stimul-
ated association of cPGES with Hsp90 (Figure 8C) and
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Figure 7 Effect of p38 MAPK inhibitor on ¢cPGES activation

(AandB) 3Y1 cells were treated for 2 min with (+) or without (—) bradykinin (BK) in the presence
or absence of the p38 inhibitor SB20358 (SB), and PGE; released into the supernatants (A) and
PGES enzymic activity in cell lysates (B) were measured. Results are means + S.D. for three
independent experiments (*P < 0.05 compared with BK stimulation in the absence of SB).
(C) Cell lysates were subjected to immunoprecipitation with anti-cPGES antibody, followed
by SDS/PAGE and immunablotting with antibodies for Hsp90, CK-llee and cPGES. Replicate
immunoprecipitates from 3P-pre-labelled cells were subjected to immunoprecipitation (IP),
SDS/PAGE, and then autoradiography to detect a phosphorylated form of cPGES. Blots are
representative of three experiments.
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Figure 8 Effect of dexamethasone (Dex) on ¢cPGES activation

(A and B) 3Y1 cells were treated for 10 min with (4) or without (—) A23187 in the presence
(+) orabsence (—) of 1 ..M Dex, and PGE; (A) and AA (B) released into the supernatants were
measured. Results are means + S.D. for three independent experiments. (C) Cell lysates
were subjected to immunoprecipitation (IP) with anti-cPGES antibody, followed by immuno-
blotting with antibodies against Hsp90 and ¢PGES. (D) Replicate lysates of *P-pre-labelled
cells were subjected to immunoprecipitation with anti-cPGES antibody, followed by SDS/PAGE
and autoradiography or immunoblotting with anti-cPGES antibody. Blots in (C) and (D) are
representative of three independent experiments.

phosphorylation of cPGES (Figure 8D) were significantly reduced
in dexamethasone-treated cells as compared with those in repli-
cate dexamethasone-untreated cells. Thus it appears that the
blockage of immediate PGE, generation by dexamethasone is due
to inhibition of the cPGES-activation machinery, consistent with
the fact that the activation of p38, an upstream regulator of CK-II
(see above), is suppressed by glucocorticoids [29-31].

DISCUSSION

In the present study, we have provided evidence that the
cellular PGE,-biosynthetic function of cPGES in activated cells
is profoundly controlled by CK-II-promoted phosphorylation.
The following observations support this interpretation. First,
cPGES was directly phosphorylated by CK-II in vitro, which was

accompanied by increase in its enzymic activity. Based on the
kinetic studies, this CK-II effect is ascribed mainly to increased
affinity of cPGES for the substrate PGH,. Secondly, cPGES phos-
phorylation occurred in cells, and this event was markedly sup-
pressed by DRB, a CK-II inhibitor. This accorded with blockage
of cellular PGE, production from exogenous and endogenous
AA and of stimulus-increased cPGES enzymic activity. Thirdly,
increased cPGES phosphorylation after cell activation occurred in
parallel with ongoing PGE, production and its increased associ-
ation with CK-II. Fourthly, overexpression of DN-CK-II resulted
in concomitant reduction in cPGES phosphorylation, cPGES
enzymic activity and PGE, generation. Fifthly, cPGES mutants
with alterations in either Ser'”® or Ser'®, two of the three pre-
dicted CK-II phosphorylation sites in cPGES, failed to be
phosphorylated and activated both in vitro and in vivo. Collect-
ively, these results suggest that the temporary phosphorylation
of both of these serine residues by CK-II is crucial for optimal
activation of cPGES in cells. Finally, a p38 MAPK inhibitor
and dexamethasone indirectly suppressed cPGES activation, most
likely at the CK-II-mediated phosphorylation step.

Regulation of eicosanoid generation by phosphorylation of
biosynthetic enzymes by particular kinases has been demonstrated
in several studies [23,24,32-35]. It is well known that activation
of cPLA, is regulated by direct phosphorylation by MAPKs
[23,32], MAPK-activated protein kinases [33] and CaMK-II
[24]. 5-Lipoxygenase, a rate-limiting enzyme for leukotriene bio-
synthesis, also undergoes phosphorylation by MAPKs [34] and
MAPK-activated protein kinase 2 [35], a process possibly leading
to optimal activation of 5-lipoxygenase at low intracellular Ca®*
levels. MAPKs also play a role in stimulus-coupled transcriptional
activation of the COX-2 and mPGES-1 genes in several situations
[15,36-38]. However, there has been no convincing evidence
that the functions of terminal eicosanoid synthases are regulated
by direct phosphorylation and that CK-II can participate in the
regulation of eicosanoid biosynthesis. Thus our present finding
that cPGES activation is controlled by temporary phosphorylation
by CK-II has opened a new insight into the eicosanoid field. Even
though the enzymic activity of cPGES in vitro or in cell lysates
is increased only several-fold by CK-II-directed phosphorylation,
its cellular PGE,-biosynthetic function is profoundly affected by
this phosphorylation event. This situation is similar to the MAPK-
dependent regulation of cPLA,; phosphorylation of cPLA, by
MAPKSs results only in a 2—3-fold increase in its enzymic activity
in vitro or in cell lysates, but this event is essential for its cellular
AA-releasing function [23,32].

cPGES was originally characterized as the Hsp90 co-chaperone
p23, modifying the molecular chaperone function of Hsp90
[39-42]. After our initial discovery of the PGES activity of p23
[10], we recently reported that this particular enzymic function
is facilitated by its interaction with Hsp90 [18]. In the present
study, we have provided further support for the notion that Hsp90
plays a critical role in the regulation of cPGES function
probably through facilitating the interaction between cPGES and
CK-II. In vitro reconstitution experiments revealed that form-
ation of the cPGES—CK-II-Hsp90 complex increased cPGES
enzymic activity further by decreasing its K, value for PGH,.
Considering the limited availability of PGH, in the intracellular
microenvironment, this K, shift may be crucial for the enzyme to
become active in cells. Indeed, cell activation led to a transient in-
crease in the formation of this tertiary complex, at which time
increased cPGES phosphorylation and PGE, generation occurred
in parallel. Moreover, treatment of cells with the Hsp90 inhibitor
geldanamycin resulted in disruption of the tertiary complex,
eventually preventing cPGES from being phosphorylated and
thereby activated by CK-II. Thus cPGES cannot properly function
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as PGES in cells unless it is complexed with (and thus phos-
phorylated by) CK-II with the aid of Hsp90. It is known that
CK-II binds to the middle domain, whereas cPGES binds to the
N-terminal ATPase domain, of an Hsp90 molecule [43]. Con-
ceivably, Hsp90 may act as an essential scaffold protein that brings
cPGES and CK-II in proximity, thereby spatially allowing their
efficient functional interaction under physiological conditions. In
addition, conformational changes in cPGES and CK-II by Hsp90
in the same complex [19,20] may also influence their interaction
and activation.

CK-II, a ubiquitous serine/threonine protein kinase composed
of two o and two B subunits, plays crucial roles in diverse cellular
signalling events leading to growth, survival, differentiation and
apoptosis [44-51]. For instance, CK-II modulates the functions
of p53 in the stress response [45—47], NF-«B (nuclear factor kB)
following pro-inflammatory stimuli [28,48,49], B-catenin in the
Wht signalling pathway [50] and Bid during apoptosis [51]. Up-
stream events leading to CK-II activation following cell activation
involve the p38 MAPK pathway [27,28]. In fact, our results using
a p38 inhibitor suggest that the p38 pathway places upstream
of CK-II. Thus suppression of CK-II activation, and therefore
cPGES activation, by the tyrosine kinase inhibitor genistein is
likely to be due to perturbation of the p38 pathway, in which
tyrosine phosphorylation events could be involved. Moreover,
CK-II activation occurs following Ca®* signalling in concert with
certain tyrosine kinases [52], consistent with our present find-
ings that Ca**-mobilizing physiological (bradykinin) and non-
physiological (A23187) agonists elicit CK-II-dependent cPGES
activation.

It is well recognized that anti-inflammatory glucocorticoids
suppress delayed PGE, production by attenuating the inducible
expression of COX-2 and mPGES-1 [3,6-8]. In the present study,
we show that dexamethasone ameliorates cPGES activation
(i.e. immediate PGE, generation) through a post-translational
mechanism, most likely through preventing cPGES phosphoryla-
tion by CK-II. Since glucocorticoids inhibit p38 activation
[29-31], it is reasonable to consider that the dexamethasone effect
observed here resulted from the inhibition of the p38 pathway and
thereby downstream CK-II and cPGES. It is also possible that
the active cPGES—CK-II-Hsp90 complex contains an additional
regulatory component that is sensitive to dexamethasone, which
remains to be addressed.

In summary, we propose that functional cPGES exists in cells
as a multicomponent complex that also contains CK-II and
Hsp90 as the minimal requirements. In cells under normal culture
conditions, only a small fraction of the cellular cPGES pool (latent
form) is complexed with CK-II and Hsp90 and undergoes steady-
state phosphorylation possibly through serum stimulation. CK-II
activated by upstream signals triggers dual phosphorylation of
Ser' and Ser'"® on ¢cPGES, which in turn promotes the recruit-
ment of cPGES into the Hsp90 complex, leading to its full activ-
ation. It is possible that additional Hsp90 client protein(s) may
play some regulatory roles in the formation of the tertiary com-
plex. It is notable that, after bradykinin stimulation, cPGES—CK-
II-Hsp90 complex formation and the resulting cPGES phos-
phorylation occurred only transiently. Since CK-II can be
associated with protein phosphatase 2A [53], dephosphorylation
of CK-II and/or cPGES by this phosphatase might contribute
to termination of the cPGES-activating signals. No matter what
mechanisms are involved in the triggering of formation and
sequestration of the cPGES—CK-II-Hsp90 tertiary complex, our
present results have provided, to the best of our knowledge, the
first evidence that the function of terminal PGES is elegantly
controlled by a particular protein kinase in co-operation with a
molecular chaperone.
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