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ABSTRACT: Prostacyclin (PG), a vascular protector with vasodilation and antithrombotic properties, is
synthesized by coupling reactions of cyclooxygenase (COX, the first enzyme) wittsip@hase (PGIS,

the second enzyme) using arachidonic acid (AA) as an initial substrate. The first COX product, prostaglandin
H, (PGH,) is also a command substrate for other prostanoid enzymes that produce distinct eicosanoids,
such as thromboxaneATXA ). The actions of TXAto cause vasoconstriction and platelet aggregation
oppose the vasodilatory and anti-aggregatory effects of.F8pkcifically upregulating PGhbiosynthesis

is an ideal model for the prevention and treatment of the X diated thrombosis involved in strokes

and myocardial infarctions. Here, we report that a single protein was constructed by linking COX-2 and
PGIS together to form a new fusion enzyme through a transmembrane domain with 10 or 22 residues.
The engineered protein expressed in HEK293 and COS-7 cells was able to continually convert AA to
prostaglandin (PG) &(catalytic step 1), PGl{(catalytic step 2), and P&(catalytic step 3). The studies

first demonstrate that a single protein with three catalytic functions could directly synthesizé& &l

AA with a Ky, of approximately 3.2«M. Specific upregulation of PGlbiosynthesis through expression

of the engineered single protein in the cells has shown strong activity in inhibiting platelet aggregation
induced by AA in vitro, which creates a great potential for the fusion enzyme to be used as one of the
new therapeutic interventions for strokes and heart attacks. The studies have also provided a model linking
COX with its downstream enzymes to specifically regulate biosynthesis of eicosanoids which have potent
biological functions.

The recent discovery that cyclooxygenase (COXp- Prostanoids act as local hormones in the vicinity of their
form-2 (COX-2) inhibitors may be linked to heart disease production site to regulate hemostasis and smooth muscle
has greatly increased the interest in understanding the biologyfunctions. Unlike the stable expression of COX-1, COX-2
of COX enzymes, which convert a lipid molecule, arachi- expression is inducible and responds to the stimuli by pro-
donic acid (AA) into different prostanoids (part of the inflammatory and other pathogenic factof.(TXA, pro-
eicosanoid family) having diverse and/or opposite biological duced from PGH by TXA, synthase (TXAS) has been
functions. Figure 1A outlines the biosynthesis of prostanoids, implicated as a proaggregatory and vasoconstricting mediator
comprising of prostaglandins and thromboxane, formed via in various pathophysiological conditiong, @). PGk is the
the COX pathway from AA in three catalytic (tricatalytic) primary AA metabolite in vascular walls and has opposing
steps {—5) by COX and its downstream synthases: AA hiological properties than TXAand therefore represents the
released from the membrane phosphoglycerides is convertednost potent endogenous vascular protector acting as an
to the prostaglandin JPGG, catalytic step 1), and thento  inhibitor of platelet aggregatiord) and a strong vasodilator
prostaglandin endoperoxide (prostaglandinPGH)) (cata-  on vascular beds10-13). PGE exhibits a variety of
lytic step 2) by COX isoform-1 (COX-1) or COX-2. PGH  pjological activities in inflammation. Aspirin and nonsteroidal
is further isomerized to the biologically active end-products anti-inflammatory drugs (NSAID) inhibit both COX-1 and
of prostaglandin B (PGD,), E; (PGR), F (PGF), and b COX-2 activities to reduce the production of all prostanoids,
[PGI; (prostacyclin)] or thromboxane ATXA;) by indi- which leads to the thinning of blood by reducing TXA
vidual synthases (catalytic step 3) in tissue-specific processesproduction and the suppression of inflammation by decreas-
ing PGE production. The selective COX-2 inhibiting drugs
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(A) AA COX-1orCOX-2 66 of eicosanoids which play important roles in inflammation
\ : ‘ and vascular functions.
COX-lor COX-2
PGE, TXA,
Synthase Synthase EXPERIMENTAL PROCEDURES
PGE, «—— PGH, — = TXA,
SPGE/ w&“ Materials. COS-7 and HEK293 cell lines were purchased
e \ PG, from ATCC (Manassas, VA). Medium for culturing the cell
PGD2 Synthase ]}GF2 . .
ol lines was purchased from Invitroge*'¢]AA was purchased

from Amersham. Goat anti-rabbit 1gG-FITC conjugate,
saponin, streptolysin O, Triton X-100, and triethylenediamine
were purchased from Sigma (St. Louis, MO). Mowiol 4-88
was purchased from Calbiochem (San Diego, CA).

Cell Culture.COS-7 or HEK293 cells were cultured in a

Cytoplasmic Side

®) Linker (10aa or 22aa) 100-mm cell culture dish with high glucose Dulbecco’s
556565 SO0, ER modified Eagle’s medium containing 10% fetal bovine serum
o B50000000 sococeoee Membrane and antibiotic and antimycotic, and were grown at°’87in
cox-2/ a humidified 5% CQ@ incubator.
Ceterminus (O X-2 Engineered cDNA Plasmids with Single Genes Encoding
the COX-2 or PGIS Sequencésie cDNAs of the engineered
Luminal Side COX-2-10aa-PGIS, COX-2-22aa-PGIS, and PGIS-10aa-
COX-2 were successfully cloned into the pcDNA 3.1 vector
©) Spacer Spacer containing a cytomegalovirus early promoter using a poly-
(10 0or 22aa) (10aa) merase chain reaction (PCR) cloning approach (Figure 1C).
COXZcDNA|PGISCDNA  pgis (DNA | COX2cDNA The correct sequences were confirmed by DNA sequencing

and endonuclease digestion analyses. COX-2 linked to PGIS
and PGIS linked to COX-2 through the 10aa or 22aa
sequences were generated by a PCR approach and subcloning
procedures provided by the vector company (Invitrogen).
Briefly, the corresponding cDNA sequences were isolated
FiGURE 1 (A) Biosynthesis of prostanoids through the coordination TomM the pSGS vector containing human COX-2 or PGIS

of COXs and their downstream synthases. (B) Putative model of by PCR using the primers containing the DNA encoding:
the coordination between COX-2 and PGIS in the ER membrane. FEor 10aa (COX-2 sense: cgggtaccatgctcgeececgegeccty;

COX-2 and PGIS proteins are located in the ER luminal and o ; . _
cytoplasmic sides anchored to the ER membrane, respectively. Thecox 2-10aa antisense: cgggtaccccaggtgaaggegacgeecat

engineered COX-2-linker-PGIS linked the two proteins together gat_ggcgtgcagttcagtcgaacgttcttttag); for 22aa (COX-2-22aa
through a transmembrane domain with 10 or 22 amino acid residuesantisense: cgggtaccgacgagtggtggcgcggcacaggccagagccatgacce-
without alteration of the protein topologies are shown. (C) aggtgaaggcgacgccc atgatggcgtgcagtticagtcgaacgttcttttag) with
Engineered cDNA plasmids containing COX-2 and PGIS protein Kpn| or Bam HI cutting sites at both ends (theehd of the

sequences. COX-2 linked to PGIS, and PGIS linked to COX-2 i - .
through the 10aa or 22aa sequence were generated by a PCF?'@lntl sense primer was connected with the DNA sequences

approach and subcloning procedures provided by the vector Of the designed linker). The resulted cDNA segment was
company (Invitrogen). Briefly, the corresponding cDNA sequences cut with the corresponding restriction enzymes and ligated
were isolated from the pSG5 vector containing human COX-2 or into the corresponding sites of the pcDNA 3.1 vector. The
PGIS by PCR using the primers containing the 10aa or 22aa with cpNA sequences of the molecules were confirmed by

Kpnl or Bam HI cutting sites at both ends (theehd of the anti- P~ . - . o
sense primer was connected with the DNA sequences of the restriction enzyme digestion and further identified by DNA

designed linker). The resultant cDNA segments were cut with the S€quencing.
corresponding restriction enzymes and subcloned into the corre- Expression of the Synthases in COS-7 or HEK293 Cells.
sponding sites at the pcDNA 3.1 vector. The recombinant synthases were expressed in COS-7 or
A selective increase in the production of BGVith a HEK?293 cells as described 7T—18). Briefly, the cells were
decrease in both TXAand PGE productions is the ideal ~ grown and transfected with a purified cDNA of the recom-
model for (i) preventing and protecting against vascular binant protein by the Lipofectamine 2000 methatB)(
diseases including inflammation, thrombosis, atherosclerosis,following the manufacturer’s instructions (Invitrogen). Ap-
strokes and heart attacks, and (i) benefiting the reproductive proximately 48 h after transfection, the cells were harvested
processes 14—16). From aspirin to the more recently for further enzyme assay and a Western blot was performed.
developed COX-2 inhibitors, the drugs have not yet achieved For the cotransfection, a 3:2 ratio of cDNAs of COX-2 and
this goal. Finding a way to specifically increase the produc- PGIS were used for the transfection.
tion of the vascular protector, P&Wwill be one of the most Preparation of Microsomal Fractions of COS-7 or HEK293
attractive drug developments in pharmaceutical intervention. Cells and Western BlotThe general procedure for mi-
In this paper, we describe an innovative engineering of a crosome preparation was previously describ2@).(The
recombinant protein with triple catalytic activities directly transfected or untransfected COS-7 cells were scraped from
converting AA into PGJ, an important vascular protector. the plates into ice-cold PBS buffer, pH 7.4, and collected
The successful engineering of the protein has provided by centrifugation. After the cells were washed three times,
evidence that COX enzymes could be linked with their the pellet was resuspended in a small volume of the same
downstream enzymes to specifically regulate the biosynthesisbuffer, sonicated briefly, and centrifuged at 10§G6r 10

peDNA3.1 (+)
vector

peDNA3.1 (-)
Vector
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Ficure 2: (A) Western blot analysis of the overexpressed recombinant proteins in COS-7 (a) or HEK293 (b) cells. The procedures were
described previously2(—22, 24). Briefly, COS-7 or HEK293 cells were grown for 24 h t0-995% confluent and then transfected with

the purified cDNA plasmid [24ug/dish (100 mm)] by the Lipofectamine 2000 methd®)(following the manufacturer’s instructions
(Invitrogen). For the cotransfection, the cells were transfected wiglhgl@ human COX-2 cDNA plasmid and/& of human PGIS cDNA

plasmid. Approximately 48 h after transfection, the cells were harvested for Western blot analysis. A totalgobf2the proteins of the

cells transfected with the cDNA(s) [COX-2-10aa-PGIS (lane 1), COX-2-22aa-PGIS (lane 2), PGIS-10aa-COX-2 (lane 3), or untransfected
cells (lane 4)] was subjected to 7% SDS-PAGE and then transferred onto a nitrocellulose membrane. The cells cotransfected with COX-2
and PGIS in HEK cells (panel a, lane 5) and COS-7 cells (panel b, lane 5) were also analyzed by the same method. All of the membranes
were probed with rabbit anti-PGIS peptide antibody and anti-COX-2 peptide antibody and then stained with horseradish peroxidase-labeled
goat-anti rabbit antibody. The numbers on the left side represent the molecular weight of the engineered fusion enzyme, COX-2, and PGIS
which are indicated with arrows. (B) Immunofluorescence micrographs of HEK293 cells. The general procedures for the indirect
immunostaining were described previousBB{-24, 27). In brief, the cells were grown on cover-slides and transfected with the cDNA
plasmid(s) as described in panel A. The cells were generally permeabilized by saponin and then incubated with the affinity-purified rabbit
anti-PGIS peptide antibody (a) and mouse anti-COX-2 antibodyZ#) The bound antibodies were stained by FITC-labeled goat-anti
rabbit IgG (a) or rhodamine-labeled goat anti-mouse 1gG (b). The stained cells were examined by fluorescence mi@#scopy (

min. The supernatant was collected and centrifuged atby 10% (w/v) PAGE under denaturing conditions and then
20000@ for 40 min to pellet the microsomal fractio2@). transferred to a nitrocellulose membrane. Bands recognized
The recovery of the microsomal protein from one of the dish by particular primary antibodies were visualized with
cells was 0.2-0.3 mg. Microsomal proteins were separated horseradish peroxidase-conjugated secondary antibody and
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Ficure 3: Determination of the tricatalytic activities of the recombinant proteins directly converting AA te iBBlg an HPLC method

for HEK293 cells (panel 1) and COS-7 cells (panel I1). The cell® (1 x 1(F) transfected with the recombinant cDNA(s) of COX-2-22aa-

PGIS (A), COX-2-10aa-PGIS (B), PGIS-10aa-COX-2 (C), COX-2 and PGIS (D), COX-2 alone (E) or PGIS alone (F) (as described in
Figure 2A) or the untransfected cells (G) were washed three times, suspended in 0.01 M phosphate buffer, pH 7.4 containing 0.15% NacCl
(PBS) and then incubated witK'C]-AA (10 uM) in a total volume of 3QuL. After 5 min, the reaction was terminated by the addition of

50 uL of 0.1% acetic acid containing 35% acetonitrile (buffer A), and centrifuged at 12 000 rpm for 5 min. The supernatant was separated
by HPLC on a C18 column (4.5 250 mm) using buffer A with a gradient of 38.00% acetonitrile. The}{C]-AA metabolites were
determined by a liquid scintillation analyzer built in the HPLC system. The retention time<$Qjfg-keto-PGk, and [“C]-AA were

calibrated by standards under the same conditions. The amounts of produced 6-kgtoePp@Sented the amounts of the produced,PGI

chromogenic peroxidase substrat@g)( Normalization of synthases that converted AA to R@irough the tricatalytic
the PGIS and TXAS in microsomal and detergent-solubilized functions, different concentrations 6f€]-AA (0.3—60uM)
proteins was based on the intensities of the bands in thewere added to the mixture in a total volume of@0. After
immunoblot. 0.5—5 min of incubation, the reaction was stopped by adding
Enzyme Actiity Determination for COX and PGIS Using 50 uL of the solvent containing 0.1% acetic acid and 30%
the HPLC Method.To determine the activities of the acetonitrile (solvent A). After centrifugation (12 000 rpm for
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5 min), the supernatant was injected into a C18 column
(Varian Microsorb-MV 100-5, 4.6<x 250 mm) using the
solvent A with a gradient from 35 to 100% of acetonitrile
for 45 min at a flow-rate of 1.0 mL/min. Thé“C]-labeled
AA metabolites, including 6-keto-PG{ (degraded PG)
were monitored directly by a flow scintillation analyzer
(Packard 150TR).

Enzyme Actiity Determination for COX and PGIS Using
Enzyme Immunoassay (EIAhe supernatant of the reaction
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membrane surface. This suggests that the coordination
between COXs and PGIS or TXAS in the biosynthesis of
TXA, and PG} is facilitated by the anchoring of the enzyme
in the ER membrane2@). These studies have indicated that
the physical distances between COXs and PGIS are very
small. It led us to hypothesize that it is possible to create a
single protein molecule containing COX and PGIS sequences
with minimum alteration of both enzymes’ folding and
membrane topologies by extending the N-terminal membrane

mixture as described above was diluted 100 times using PBSanchor domain of PGIS using a transmembrane sequence

containing 0.1% bovine serum albumin and then used for
determination of the end-product, 6-keto-RGkdegraded
PGL) using an EIA kit following the manufacturer’s instruc-
tions (Cayman).

Immunofluorescence StaininBransfected cells grown on

linked to the COX-1 or COX-2, which then adopts the
functions of both enzymes of COX and PGIS (Figure 1B).
In this case, AA can be directly converted into the vascular
protector, PGJ, and thus, it decreases the productions of
unwanted PGEand TXAp. To test this hypothesis, a linker

a cover glass were washed with PBS and then incubated withVith 10 (His-Ala-lle-Met-Gly-Val-Ala-Phe-Thr-Trp (10aa))

1% saponin for 20 min. The cells were then incubated with
the primary antibody (1@:g/mL of affinity-purified anti-
human COX-2 or PGIS antibody) in the presence of 0.25%
saponin for 1 h. After washing using PBS, the cells were
incubated with the secondary antibodi@g)( Cells stained
with the FITC- or rhodamine-labeled antibody were viewed
under the Zeiss Axioplan 2 epifluorescence microscope.
Anti-Platelet Aggregation Assay&.sample of fresh blood
was collected using a collection tube with 3.2% sodium
citrate for anticoagulation. A total of 30@L of this blood
was combined with 30@L of saline solution and placed
inside the 37C incubator of a whole blood anticoagulation
analyzer (DYNABYTE; Germany) for a total of 3 min.
Meanwhile, non-transfected HEK293 cells as well as those
transfected with the recombinant cDNAs of COX-2-10aa-
PGIS or COX-2 coexpressed with PGIS were incubated with
2.7 mM arachidonic acid for 30 s. The cells were then
separately injected into the blood/saline mixtures inside the
platelet aggregometer’s incubator and readings were obtaine
indicating the amount of platelet aggregation produced by
each of the treated samples. These data were collected b
the anticoagulation analyzer and translated into more com-
parable information using the ORIGIN 6.1 program.

RESULTS

Design of a Recombinant Protein with Triple Catalytic
Activities Directly Converting Arachidonic Acid into Pros-
tacyclin Recent studies of the structural and functional

or 22 (His-Ala-lle-Met-Gly-Val-Ala-Phe-Thr-Trp-Val-Met-
Ala-Leu-Ala-Cys-Ala-Ala-Pro-Pro-Leu-Val (22aa)) residues
of the structurally defined helical transmembrane domain of
bovine rhodopsin were used to configure the engineered
cDNA containing the COX-2 and PGIS sequences. The
sequence begins at the N-terminus of COX-2, which is linked
to either 10aa (COX-2-10aa-PGIS) or 22AA (COX-2-22AA-
PGIS), and then linked to the N-terminus of PGIS that ends
with the C-terminus of PGIS (Figure 1C). In contrast, an
engineered cDNA containing reversed order from PGIS to
10aa to COX-2 was also prepared as a control (PGIS-10aa-
COX-2) (Figure 1C). The reason COX-2 was selected for
the preparation of the fusion enzyme is based on the
assumption that COX-2 may favor coupling with PGIS more
so than COX-1 would in the biosynthesis of BGI
Expression of the Engineered Recombinant Protein in
COS-7 and HEK Cell LinesThe expression of the recom-
binant proteins was tested in a COS-7 cell line (monkey
pithelial cells) and an HEK293 cell line (human embryonic
idney 293 cells) by a transient protein expression approach
sing LipofectamineTM2000 (Invitrogen). COX-2-10aa-
GIS and COX-2-22aa-PGIS were successfully overex-
pressed in both cell lines by showing a molecular weight of
approximately 130 kDa in Western blot analysis (Figure 2A).
In contrast, the expressed PGIS-10aa-COX-2 protein was
undetectable by Western blot (Figure 2A) indicating that it
may have been degraded due to the lack of a correct protein
folding. Positive controls showing the coexpressed COX-2
and PGIS proteins in HEK and COS-7 cells with similar

relationship of COX enzymes and PGIS have advanced ourlevels to that of COX-2-22aa-PGIS and COX-2-10aa-PGIS

knowledge of the molecular mechanisms involved in the are also shown (Figure 2A). To test whether the expressed
biosynthesis of PGlin native cells. Crystallographic studies COX-2-10aa-PGIS and COX-2-22aa-PGIS can anchor to the
of detergent-solubilized COX-1 and COX-2 suggest that the ER membrane and adopt similar membrane topologies as
catalytic domains of the proteins lie on the luminal side of the native COX-2 and PGIS enzymes, fluorescence immu-
the endoplasmic reticulum (ER) and are anchored to the ERnostaining was used to localize the subcellular distribution
membrane by the hydrophobic side chains of the amphipathicof the engineered enzymes overexpressed in COS-7 cells.
helices A-D. These hydrophobic side chains of the putative Similar staining patterns were observed in the COS-7 cells
membrane anchor domains also form an entrance to theexpressing the engineered proteins and the cells coexpressing
substrate-binding channel and potentially form an initial the individual COX-2 and PGIS enzymes when stained with
docking site for the lipid substrate, AR{—22). Our recent either anti-human PGIS (Figure 2B, panel a) or anti-human
progress in the topological and structural studies of human COX-2 (Figure 2B, panel b) antibodies. This could be
PGIS and TXAS has led to the proposal of models in which described as a perinuclear pattern of distribution of immu-
PGIS and TXAS have catalytic domains on the cytoplasmic nocytofluorescence that is consistent with a location in
side of the ER, opposite the orientation of COX8<26). membranes contiguous with the nuclear membrane, such as
In this configuration, the substrate channels of all three the ER membrane. In contrast, a low-level expression of
enzymes, COX, PGIS, and TXAS, open at or near the ER protein was detected in the cells transfected with the PGIS-



14008 Biochemistry, Vol. 45, No. 47, 2006 Ruan et al.

A COS-7 cells without NS-398

=

o a. HE_I(293 cells b. COS-7 cells 300; [14C]-6-keto-PGF 4,
GE, 2007 [14C]-AA
5 E50.0 . v
=
£ 9250! o - et
Do B. COS-7 cells with NS-398
S 512.5 3007
o £ N
ET 00 B 200
100 1
(B) ]
3507 4. ol Jv\mwﬂww/\\
300 <—[14C]-6-keto-PGF C. HEK 293 cells without NS-398
2501 igg
it [14C]-AA 300
1504 2004
1001 / 100]
501 = ol -~ BT
Mf\- S . HEK293 cells with WNWS-398
E 04 . 5007
o 400
3501, |+ [14C]-6-keto-PGF,,, 300
300+ 200
- 100
Zi'g ol Aok A
1501 [14C]-AA 3136.0_CZOS—7 cells with U46619
100 ]
J\M \ 200
e \J\«W ]
01 100
0 " 10_" 20 " 30 ' 40 VIO NN S
Time (min) o
N . . I F. HEK293 11 ith U46619
Ficure 4: (A) Determination of the tricatalytic activities of the 300 cslis e
recombinant proteins directly converting AA to BGking enzyme ]
immunoassay (EIA). After the enzyme reactions as described in =001
Figure 3, the reaction mixtures (1. Untransfected cells, 2. COX- 1001
2-22aa-PGIS, 3. COX-2-10aa-PGIS, 4. PGIS-10aa-COX-2, and 5. ] ”
coexpressed COX-2 and PGIS) were diluted 100 times with PBS ols 1o SO do - ao
containing 0.1% BSA, and then used for quantitative determination Time (min)

of 6-keto-PGI, using an EIA kit following the instructions of the  Ficure 5: The effects of the COX-2 inhibitor on the tricatalytic
manufacturer (Cayman Chemical, Ann Arbor, MI). (B) Comparison activities of COX-2-10aa-PGIS. The conversion of AA to P8y

of the tricatalytic activities of the engineered COX-2-10aa-PGIS the COX-2-10aa-PGIS overexpressed in COS-7 (A, B, and E) and
in the cells and in the membrane preparation. The tricatalytic in HEK293 (C, D, and F) cells were compared in the absence (A
activities of COX-2-10aa-PGIS expressed in COS-7 cells were and C) and presence (B and D) of a COX-2 inhibitor, NS-398 (60
determined using the intact cells (a) as described in Figure 3. The M), or in the presence (E and F) of a PGIS inhibitor, U46619 (60
same amount of the cells was homogenized and the total membrane:M), using an HPLC method as described in Figure 3.

rotein collected from ultracentrifugation was used for the activit . . .
gssay (b). The amounts of 6-ket09P1(;Fepresented the amountsy the enzymatic reactions (Figures 3 and 4{6‘)' CO'X—2-10aa—
of the produced PGl PGIS and COX-2-22aa-PGIS expressed in the intact cells
exhibited very similar tricatalytic activities in the direct
10aa-COX-2 cDNA (Figure 2B) indicating that the engi- conversion of AA to PGl Similar catalytic activities were
neered COX-2-10aa-PGIS and COX-2-22aa-PGIS havealso observed for the membrane protein preparations as well
similar ER membrane anchoring functions as the native as the intact cells (Figure 4B). Thus, the COX-2-10aa-PGIS
COX-2 and PGIS enzymes, and higher expression levels thanwas used as an example for further studies involving
that of PGIS-10aa-COX-2. enzymatic properties. The biological activity of the overex-
Directly Corverting Arachidonic Acid into the Vascular  pressed COX-2-10aa-PGIS in HEK293 cells and COS-7 cells
Protector, Prostacyclin by the Engineered Protein with Triple which directly converted{C]-AA to ['“C]-PGL was further
Catalytic Actiities. Evidence for the conversion of AAinto  confirmed by two inhibition assays using a COX-2 inhibitor,
the vascular protector, Pg&(by the tricatalytic reactions in ~ NS-398 and a PGIS inhibitor, U46619 (FigureZ8). The
a single protein of COX-2-10aa-PGIS or COX-2-22aa-PGIS) dramatically reduced Pgproduction caused by the addition
was given by two independent assays: high performanceof NS-398 or U46619 indicated that the BGiroduction
liquid chromatography (HPLC) analysis (Figure 3) and from AA was specifically catalyzed by the COX-2-linker-
enzyme immunoassay (EIA, Figure 4A), using AA as a PGIS protein (Figure 5).
substrate for the cells overexpressing the engineered proteins. Kinetic Studies for Directly Carerting Arachidonic Acid
The tricatalytic activities in the engineered single protein into Prostacyclin by the Engineered Protein with Triple
were identical to the reactions mediated by two enzyme Catalytic Actuities. Kinetic studies have clearly revealed that
proteins of COX-2 and PGIS coexpressed in the cells both COX-2-10aa-PGIS and COX-2-22aa-PGIS h#ye
(Figures 3 and 4A). It shall be noted that the synthesized values (3.2—3.5 uM, Figure 6A) very similar to the
PGL was unstable and quickly degraded into the more stablereportedK,, values for the individual COX-2 and PGIS
6-keto-PGl,. Thus, the level of 6-keto-PGfshown in the enzymes. These data demonstrate that the engineered COX-
HPLC and EIA represent the amounts of P@iloduced by 2-linker-PGIS is able to adopt the wild types of COX-2 and
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B COX2/PGIS co-transfection in HEK293 cells

34.| e COX210aa-PGIS expressed in HEK283 cells linker-PGIS protein on platelet aggregation in vitro. Fresh blood

was drawn and kept in an anticoagulant solution. A total of 300
32+ uL of blood and 30Q:L saline were mixed and incubated at 37

for 3 min. During incubation, 2Q:L of the HEK293 cells 4)
transfected with the recombinant cDNA of COX-2-10aa-P(p (
28 - or that of the COX-2 coexpressed with PG®) (were treated as
described in Figure 3 and incubated with 2.7 mM AA for 30 s.

“C-6-keto-PGF_ (% of added ““C-AA)

5 26 The cells were then injected into the blood sample and the platelet
24 aggregation signals were transferred to the computer and plotted.
22
20+ stimulated platelet aggregation was dramatically inhibited

00 05 410 15 20 (Figure 7). Furthermore, it was noted that the inhibition
Reaction Time (min) capacity resulting from the COX-2-10aa-PGIS was much

FIGURE6: (A) Enzyme kinetic properties of the COX-2-10aa-PGIS stronger and longer-lasting than the addition of a mixture of
with the tricatalytic activities. Different concentrations of AAwere  the membrane fractions of the cells overexpressing COX-2
added to the membrane preparations of the COS-7 cells overex- ; ;

, : . and PGIS proteins (Figure 7). In contrast, the membrane
pressing the COX-2-10aa-PGIS protein2Q ng). After an incuba- . . ' .
tion period of 5 min, the degraded PQiroduct, 6-keto-PGE, fraction of the cells transfected with the vector alone did
was determined by the EIA method as described in Figure 4A. The not show any inhibition (Figure 7). The results indicate that
membrane preparation of the untransfected COS-7 cells was usedhe engineered protein was able to produce R@tantly
‘Z‘S a g;)“(tg;'-TEaCh point 'Sft{‘ﬁ average of th;e:ﬂd'%a|tﬁssays-in the whole blood environment against the platelet aggrega-
n=3). ime-course of the conversion o o PGy the . i ;
recombinant proteins. The conversion of AA to RBY the COX- tion and ha.ve more selectivity and capac[ty.to_producezPGl
2-10aa-PGIS @) or the coexpressed COX-2 and PGIS in the than thef mixture of COX-2 and PGIS. This is important for
HEK293 cells ®) was performed with different reaction times using ~ preventing and reversing thrombosis, hypertension, and
the EIA method as described in Figure 4A. The amounts of the ischemic tissues resulting from TXAnd for the reduction
produced PG (6-keto-PGlg,) at different reaction times were of vascular inflammation stimulated by P@Ehe cDNA

plotted. The untransfected cells were used as controls. of the COX-2-linker-PGIS can potentially be used as a gene

PGIS activities. The tricatalytic activities involved in con- th'erapy reagent to prevent and treat thrgmboss ass.omayed
verting AA to PGG and ultimately to PGhiand PG} can with strol_<es and heart attacks. More specmcally, the biologi-
be completed by the COX-2-linker-PGIS protein. Addition- Cally active COX-2-linker-PGIS protein can be used as a
ally, in time course studies, the tricatalytic turnover activities reagent by Injection Into tissues to instantly synthesize,PGl
of the COX-2-10aa-PGIS in the first -3 min reactionwas ~ 29ainst thrombosis in vivo.

faster than the reactions using the two enzymes of COX-2

and PGIS coexpressed in the cells (Figure 6B). This providesDISCUSSION

strong evidence in which the engineered protein molecules The advantages of the newly engineered COX-2-linker-
show a promising capability to compete with the endogenous PGIS protein can be highlighted as follows: (1) The protein
COX-downstream synthases to convert COX-generateddesign has demonstrated that multiple catalytic enzyme
PGH, to PGL. Thus, the engineered COX-2-linker-PGIS not activities can be configured within a single protein molecule
only adopts both the COX and the PGIS activities but may if an approximate protein configuration is adopted. (2) The
also increase the selectivity to convert AA to RGIhis is studies show evidence that suggests the engineered protein
particularly important in pathophysiological conditions, in with tricatalytic functions not only accumulates the individual
which the quick conversion of AA or PGHo PGL will enzymes’ activities but also has a faster turnover rate when
reduce the substrate available to other COX-downstreamcompared to the mixture of the parent enzymes. (3) It is
synthase pathways such as TXAS and PGES. It will lead to known that COX-1 shares similar molecular features with
a decrease in the biosynthesis of TX@nd PGEin the cells. COX-2 rendering the method used for preparation of COX-
An anti-platelet aggregation assay was used to show the2-linker-PGIS suitable for general preparation of the COX-
vascular protective function of the engineered protein. When 1-linker-PGIS molecule. (4) The two enzyme functions of
the membrane fraction of the cells overexpressing the COX- COX-2 and PGIS combined into one protein molecule imply
2-10aa-PGIS protein was added to the fresh blood, the AA- that the same design can be used to make single molecules
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containing COX-1 or COX-2 linked with their downstream REFERENCES

synthases, such as COX-linker-PGES, COX-linker-PGDS,
and COX-linker-PGFS.

The success of the COX-2-linker-PGIS engineering also
helps to understand several important controversies in COX
biology: (1) The concept that the enzymatic activities of
COXs occur under the conditions of the defined dimerization
structures has been generally adopted because the studies of
crystal structures for detergent-solubilized COX-1 and
COX-2 revealed that the active enzymes were in dimer forms.
This concept is not fully supported by current studies because
it is highly probable that the engineered protein has different
dimerization features relative to the native COX enzymes.
(2) The exact physical distances between COXs and their
downstream synthases in the cells during the biosynthesis 7.
of prostanoids were unknown. Current studies clearly
demonstrate that the distance between the two enzymes must
be very close because the turnover rate of the isomerization
of PGH, to PGk in the cells coexpressed with COX-2 and
PGIS has a more limited delay than the single molecule of
COX-2-10aa-PGIS, which has an approximate 10 A separa-
tion between the catalytic sites of COX-2 and PGIS (Figure
6B).

Currently in gene therapy, introducing the COX gene alone
into cells may not increase the biosynthesis of Pdile to
the limited amount of endogenous PGIS in the cells.
Introducing the PGIS gene alone into the cell also may not
be able to increase Pgdynthesis due to the limited amount
of endogenous COXs in the cells. Co-introducing COX and
PGIS genes into cells could increase the difficulty of gene
delivery and may not control the specific BGlroduction
due to the competition of other downstream synthases, which
share PGH as their substrate. For example, it is especially
difficult to avoid the overproduction of PGBy tissue
injuries during gene delivery using viral vectoi®7). The
engineered COX-2-linker-PGIS eliminates the step of RGH
movement from the COX protein to the PGIS protein in the
different locations leading to increased R@toduction and
limiting PGH, availability for TXA, and PGE production.
Thus, it can be a new generation of cDNA for COX gene
therapy. On the other hand, the COX-linker-PGIS protein
can be developed into a therapeutic reagent to instantly
increase PGlproduction locally via injection. It is particu-
larly interesting that COX-2 inhibitors inhibit COX-2 activity
but not the COX-1 activity; thus, introduction of the COX-
1-linker-PGIS to cardiovascular systems can potentially
overcome the side effects of the COX-2 inhibitors that cause
damage to cardiovascular functions. In conclusion, given the
importance of PGlin vascular diseases and thrombosis, the
engineered COX-linker-PGIS will be a useful molecule for
in vivo studies in developing therapeutic interventions.
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