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1 | INTRODUCTION

Thromboxane A, (TXA,) is one type of thromboxane, which is mainly
generated by activated platelets. TXA, is able to activate platelets

and induce aggregation of the activated platelets.! In addition, TXA,
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Abstract

Uncontrollable bleeding is still a worldwide killer. In this study, we aimed to investi-
gate a novel approach to exhibit effective haemostatic properties, which could pos-
sibly save lives in various bleeding emergencies. According to the structure-based
enzymatic design, we have engineered a novel single-chain hybrid enzyme complex
(SCHEC), COX-1-10aa-TXAS. We linked the C-terminus of cyclooxygenase-1 (COX-1)
to the N-terminus of the thromboxane A, (TXA,) synthase (TXAS), through a 10-
amino acid residue linker. This recombinant COX-1-10aa-TXAS can effectively pass
COX-1-derived intermediate prostaglandin (PG) H, (PGH,) to the active site of TXAS,
resulting in an effective chain reaction property to produce the haemostatic pros-
tanoid, TXA,, rapidly. Advantageously, COX-1-10aa-TXAS constrains the production
of other pro-bleeding prostanoids, such as prostacyclin (PGl,) and prostaglandin E,
(PGE,), through reducing the common substrate, PGH, being passed to synthases
which produce aforementioned prostanoids. Therefore, based on these multiple
properties, this novel COX-1-10aa-TXAS indicated a powerful anti-bleeding abil-
ity, which could be used to treat a variety of bleeding situations and could even be
useful for bleeding prone situations, including nonsteroidal anti-inflammatory drugs
(NSAIDs)-resulted TXA-deficient and PGl,-mediated bleeding disorders. This novel
SCHEC has a great potential to be developed into a biological haemostatic agent
to treat severe haemorrhage emergencies, which will prevent the complications of

blood loss and save lives.
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has a strong ability to mediate vasoconstriction and is one of the
main players in tissue injury.Z> Normally, TXA, is produced through
the triple-catalytic activities: in the bleeding site, arachidonic acid
(AA) released from the injured tissue is converted to the prostaglan-

din G, (PGG,) and then the unstable intermediate prostaglandin H,
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(PGH,) by cyclooxygenase-1 (COX-1); rapidly, the unstable PGH, is
further isomerized into anti-bleeding TXA, by the TXA, synthase
(TXAS) in platelets.6 However, the intermediate PGH, could also
be isomerized to prostacyclin (PGl,) and prostaglandin E, (PGE,) by
prostaglandin-I and prostaglandin-E synthases (PGIS, PGES), which
have the opposite properties when compared with TXA,, such as an-
tiplatelet aggregative and vasodilative properties.® Thus, TXA,, PGI,
and PGE, are directly involved in maintaining local haemostasis.

Generally, many bleeding emergencies can be very dangerous,
and even life-threatening. For example, arterial haemorrhage, one
of the most dangerous bleeding emergencies, is always difficult to
control and can result in massive blood loss in a short time. Another
example is the application of aspirin, and other nonsteroidal anti-in-
flammatory drugs (NSAIDs) in surgical operations or medical treat-
ment, which strongly inhibits the COX-1 activity, shutting down the
biosynthesis of TXA, in platelets, and causing dangerous bleeding
situations.” Aspirin, especially, can chemically modify COX-1 and
irreversibly inhibit the COX-1 activity, which results in permanent
damages to the platelet function. Fully rescuing the aspirin-resulted
TXA,-deficient bleeding may take up to 7-10 days, until the newly
produced functional platelets are released from the bone marrow.®
Therefore, it is essential to develop a method which could be benefi-
cial for saving lives in various bleeding emergencies.

Here, we proposed one possible effective approach to instantly
handle a variety of bleeding situations and even be able to overcome
aspirin-resulted TXA,-deficient bleeding disorder or PGl,-mediated
bleeding disorder. This novel approach was aimed to isomerize the
AA (released in the bleeding site) into more TXA, and simultane-
ously restrict the production of PGI, and PGE,. A biological reagent
with these multiple effects has not been developed yet. One of the
major challenges is that the prostaglandin synthases, TXAS, PGIS
and PGES, almost have equal affinities to share PGH, as their com-
mon substrate.’ Therefore, a change in the distribution of PGH, to
the particular isozyme is the key to control the metabolism of AA
into the specific prostanoid. In recent years, using an enzymatic en-
gineering approach to control the distribution of PGH, has been fo-
cused by our group to address this issue.'” In our previous studies,
we have successfully created a single-chain hybrid enzyme complex
(SCHEC), COX-1-10aa-PGlIS, through the enzymatic engineering ap-
proach, which can force AA to be isomerized into PGI,, in order to
rescue the deficiency of PGI, and to study the vascular protection
effects of PGl, in cellular and animal models.’®*® Another SCHEC,
COX-2-10aa-mPGES-1, which can effectively pass PGH, to mPGES-1,
to convert AA to PGE,, has also been created as a model for un-
derstanding how PGE, is biosynthesized during inflammation.*48
In this study, we created a novel SCHEC, linking the C-terminus of
COX-1 to the N-terminus of the TXAS, through a 10-residue amino
acid linker, to directly guide the metabolism of AA to TXA, by ef-
fectively passing the COX-1 produced PGH, to TXAS. COX-1-10aa-
TXAS demonstrated triple properties, including increasing PGH, to
be metabolized into the anti-bleeding TXA, and simultaneously re-
ducing PGH, to be isomerized into the pro-bleeding PGI, and PGE,,.
These triple properties could rapidly rescue the cellular deficiency

of TXA, and rebalance the AA metabolites in platelets to meet the
needs to terminate bleeding. Therefore, this novel SCHEC has great
potential to be developed into an efficient enzymatic haemostatic
agent, which is able to prevent severe complications or even deaths
caused by severe blood loss in various bleeding emergencies.

2 | MATERIALS AND METHODS

2.1 | Engineering of the SCHEC, COX-1-10aa-TXAS
cDNA and subcloning

The sequence of COX-1 linked to TXAS through a 10-aa linker
(COX-1-10aa-TXAS) was produced by PCR and subcloning proce-
dures using similar methods as previously described.??? Through
the PCR cloning method, the cDNA was successfully subcloned into
the pcDNA 3.1(+) vectors between the two BamHI sites containing a
cytomegalovirus early promoter. The correct inserted size of cDNA
was confirmed by restriction enzyme digestion analysis and DNA

sequencing.

2.2 | Cell culture and expressing the SCHEC in
HEK293 cells

The human embryonic kidney cells 293 (HEK293) were purchased
from ATCC. HEK293 cells were cultured in a 100-mm cell culture
dish and grown in a 37°C humidified incubator with 5% CO, supply.
The medium used for the culture was the high glucose Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum and 1%
antibiotic and antimycotic.

2.3 | Expression of the SCHEC in HEK293 cells

Stable expression of COX-1-10aa-TXAS and control enzymes in
HEK293 cells was performed using the previously established
methods.?>?* Briefly, the cells were cultured and transfected with
a purified plasmid contained the corresponding cDNA using the
Lipofectamine 2000 approach following the instructions provided
by the manufacturer (Invitrogen). After 48 hours of transfection,
G418 (400 pg/mL) was added to the medium for screening HEK293
cell line with stable expression ability for the recombinant proteins.
The whole screening process took 4-5 weeks.

2.4 | Immunofluorescence staining

The immunostaining procedures were performed as previously
described.?® Briefly, the cells cultured on cover slides were fixed
and then incubated with the primary antibody (10 pug/mL COX-1
or TXAS antibody) in the presence of 0.25% saponin. After 1-hour
incubation (room temperature), the unbound primary antibodies
were washed away with PBS and then incubated with the sec-
ondary antibodies labelled with rhodamine or FITC. The stained
slides were examined under the Zeiss Axioplan 2 epifluorescence
microscope.
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FIGURE 1 Schematic presentation of COX-1 co-ordinated with downstream three enzymes to maintain the balance of haemostasis.

3D crystal structures of human COX-1 (PDB ID: 3N8Z%®), PGIS (PDB ID: 3B6H?*) and mPGES-1 (PDB ID: 5T372%) used were downloaded
from PDB. 3D structural model of human TXAS was created by homology modelling using the crystal structure of PGIS as a template. The
co-ordination of the upstream COX-1 and downstream TXAS, PGIS and mPGES-1 on ER membrane was schematically presented. A model
demonstrating the three-step catalytic activities: AA converted to PGG,, then PGH,, and finally to biologically active anti-bleeding mediator

TXA,, and the bleeding mediators PGE, and PGIl, were shown

2.5 | Examination of the enzymatic activities of
SCHEC using HPLC-scintillation analyzer method

The method was followed as previously described.?® Briefly, the
transfected cells were washed three times and then suspended in
PBS. Then, [**C]-AA (3 umol/L) was added and PBS was used to
balance the total volume to 100 uL. After 5-minute incubation, the
reaction was terminated by the addition of buffer A (50 uL of 0.1%
acetic acid containing 35% acetonitrile) and centrifuged at 16 500 g
for 5 minutes. The C18 column (4.5 x 250 mm) was used to separate
the mixture, using buffer A with a gradient of 35%-100% of acetoni-
trile for 45 minutes at a 1.0 mL/min flow rate. The metabolites of
[*C]-AA were monitored by a liquid scintillation analyzer (Packard
150TR) built in the HPLC system.

2.6 | Platelet aggregation assay

0.5 mL of human PRP obtained from Gulf Coat Blood Bank was in-
cubated with 30 pL cells for 2 minutes. 10 pL (3 pmol/L) of AA was
added to PRP solution to induce platelet aggregative. The aggrega-
tive activities were monitored by aggregometer (CHRONO-LOG, PA)
at areal-time mode. The readings obtained indicated the percentage
of platelet aggregation induced by each of the treated samples. For
the assay using diluted platelets, PRP was diluted using platelet-poor
plasma (PPP), which was the supernatant of PRP after centrifugation
for 20 minutes at 2400 g.

2.7 | Transgenic mice

The transgenic mice were generated as previously described.*®%¢

2.8 | Tail-cut arterial bleeding assay

A 0.5 cm tip of mouse tail was cut with a scissor. The arterial bleed-
ing was blotted on a filter paper with a 10 seconds interval. The total
bleeding time was calculated as the following formula:

Bleeding time (s) = number of dots x 10.

3 | RESULTS

3.1 | Molecular modelling for TXAS and Co-
ordination between upstream COX-1 and downstream
TXAS, PGIS and mPGES-1 in the bleeding site

To perform structure-based enzyme complex engineering, ana-
lysing 3D structures of the enzymes is a key step. So far, the 3D
crystal structures for COX-1,'%%"28 pGIS* and mPGES®® have
been solved. However, the crystal structure of TXAS is not avail-
able yet. In this study, we created a 3D structure model for human
TXAS through the homology modelling approach, using the crystal
structure of human PGIS as a template, which has highest similar-
ity and identity with human TXAS (Figures 1 and 2). It shall also be
indicated that because of the lack of crystal structure for the N-
terminal membrane domain of PGIS, the structural model of the N-
terminal domain of TXAS was unable to be defined (using a curved
line as a schematic presentation, Figures 1 and 2). Crystallographic
studies of detergent-solubilised COXs suggested that the catalytic
domain of the protein lies on the luminal side of the endoplas-
mic reticulum (ER, Figure 1) and is anchored to the ER membrane

by the hydrophobic side chains of the amphipathic helices A-D.
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FIGURE 2 Design of a novel SCHEC. COX-1-10aa-TXAS was
created by linking the C-terminus of COX-1 to N-terminus of TXAS
through a linker, which contains 10-amino acid residues (-10aa).
The complete structural model of the COX-1-10aa-TXAS with triple
catalytically biological activities to convert AA to PGG,, then PGH,,
and a final anti-bleeding TXA, within a single polypeptide chain
were demonstrated

These hydrophobic domains also form an entrance channel for the
substrate AA2%27:28 (Figure 1). On the other hand, the results of
our topological and structural studies performed through immu-
nostaining and homology modelling led to the suggestion that the
TXAS was anchored to the cytoplasmic side of the ER towards
COXs?7-32 (Figure 1). It is also known that the C-terminal domain
of COX-1 is towards the N-terminal domain of TXAS on the ER.
After bleeding occurs, the PGH, produced by COX-1 from AA is
isomerized into the anti-bleeding prostanoid TXA, by TXAS, on ER
cytosolic side in platelets and vascular cells (Figure 1, red circle).
However, in these vascular cells, the PGH, could also be isomer-
ized into the bleeding contributors, PGl, and PGE,, by PGIS and
PGES in the ER environment, respectively (Figure 1, blue rectan-
gle), thus increasing the production of TXA,, while decreasing
the production of PGI, and PGE, should be able to increase the
anti-bleeding effect (Figure 1). This has led to the consideration of
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TXAS
Starting Plasmid

TXAS
Starting Plasmid

BamHI

COX-1/102a/TXAS
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engineering an enzyme complex to control onsite AA metabolism
in favour of TXA,, while disfavouring PGI, and PGE,.

3.2 | Design of a SCHEC, COX-1-10aa-TXAS,
performing three-step reactions continually to control
cellular AA metabolism into TXA, specifically

In considering that the substrate channels of COX-1 and TXAS open on
opposite sides of the ER, it is safe to propose that the two channels held
a very short distance from each other. In respect to the spatial struc-
ture and distribution of the substrate channels of COX-1 and TXAS,
a single-chain hybrid enzyme complex (SCHEC), COX-1-10aa-TXAS,
which contained the two enzyme domains, was created as shown in
Figure 2. COX-1-10aa-TXAS holds an extension of the C-terminal do-
main of COX-1, through a transmembrane helical sequence, being the
10-residue amino acid linker (His-Ala-lle-Met-Gly-Val-Ala-Phe-Thr-Trp)
and then anchoring to the N-terminus of TXAS. This design was aimed
to shorten the travelling pathway of PGH,, from COX-1 to TXAS, com-
pared with that being passed to other free PGIS and PGES.

3.3 | Creating a novel cDNA of COX-1-10aa-TXAS
using PCR approach and subcloning of the cDNA into
an expression vector

A cDNA encoded the protein sequence of the SCHEC, COX-1-10aa-
TXAS, was prepared by PCR and subcloning approaches. First, the
full cDNA of human TXAS was obtained by PCR using the previously
created pcDNA3.1(+)-TXAS as a template (Figure 3). On the other
hand, the cDNA of human PGIS was removed and kept in the cDNA
of COX-1-10aa, intact from the previously created pCDNAS.1(+)-
COX-1-10aa-PGIS vector (Figure 3). Finally, the cDNA of TXAS was
ligated with the cDNA of COX-1-10aa on the pCDNA3.1(+) vector
to create a new expression vector (Figure 3), which is suitable for
expression of human COX-1-10aa-TXAS in mammalian cells. The de-
tailed steps including the vectors, cutting sites, PCR and subcloning
were illustrated in Figure 3.

BamHI BamHI
TXAS COX-1/10aa/PGIS
PR = & PCDNA3. (+)
£ £
] ]
A M BamHI digestion
BamHI g, um
COX-1/10aa
Ligation PCDNA3.1 (+)

FIGURE 3 Construction and subcloning of the cDNA of COX-1-10aa-TXAS into a mammalian expression vector, pcDNA3.1(+). The
starting plasmid of TXAS and pcDNA3.1(+)-COX-1-10aa-PGIS vector was prepared previously.13 Full cDNA sequence of human TXAS was
prepared by PCR after inactivated the BamHlI site of the TXAS plasmid via site-directed mutagenesis. On the other hand, the PGIS cDNA
fragment was removed from the cDNA of COX-1-10aa-PGlIS, which was inserted in a pcDNA 3.1(+) vector. Next, the isolated TXAS cDNA
was linked to the cDNA of the COX-1-10aa and then ligated to form a complete expression plasmid containing COX-1-10aa-TXAS cDNA
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3.4 | ldentification of stable expression of the
recombinant COX-1-10aa-TXAS in mammalian cells
using Western blot

First, restriction enzyme digestion was used to cut out the cDNA
fragment, which contained the encoded entire TXAS and the unique
linker, 10aa, to verify the insert of the cDNA of COX-1-10aa-TXAS
within the cloned pcDNA3.1-COX-1-10aa-TXAS vector. The correct
size (1.6 kb) of the insert for the fragment of COX-1-10aa-TXAs cDNA
and remaining size (7.3 kb) of the vector isolated from four clones
were confirmed (Figure 4A). To test the expression of the recombinant
COX-1-10aa-TXAS in mammalian cells, the HEK293 cells were trans-
fected with the cloned pcDNA3.1(+)-COX-1-10aa-TXAS vector. After
48 hours, the transfected HEK293 cells were further maintained and
selected using G418 antibiotic to obtain the HEK293 cells stably ex-
pressing the COX-1-10aa-TXAS. The expression of the SCHEC was
firstly confirmed by Western blot analysis using anti-COX-1 antibody
(Figure 4B, lane 2). The HEK293 cells transfected with pcDNAS3.1(+)
vector were only used as control (Figure 4B, lane 1).

3.5 | Further identification of the stable
expression and subcellular localization of the
COX-1-10aa-TXAS in HEK293 cell line using
immunocytochemistry approach

To further verify the stable expression of the recombinant
COX-1-10aa-TXAS in HEK293 cells, the stable cell line was subjected
to be analysed using fluorescent immunocytochemistry. In addi-
tion, the high-resolution immunostaining will be able to determine
the subcellular localization of the expressed COX-1-10aa-TXAS. The

individual domain of COX-1 (red) within the single polypeptide chain
of COX-1-10aa-TXAS was identified by immunostaining, using cor-
responding antibodies specifically bound to human COX-1 (Figure 5,
bottom panel, central) for the HKE293 cells expressing the SCHEC
(Figure 5 bottom panel). In contrast, the HEK293 cells transfected
with pcDNA3.1(+) vector only did not show any red endogenous
COX-1(Figure 5, top panel, central) staining. When merging the
staining of the cell nuclei (DAPI, blue) and COX-1 (red), the ER pat-
tern staining for the expressed COX-1-10aa-TXAS on the HEK293
cells were clearly identified (Figure 5, bottom panel). The data have
strongly demonstrated that COX-1-10aa-TXAS could be successfully
expressed in mammalian cells and that the subcellular localization of
the SCHEC is on the ER membrane, which is accordant with expec-
tation, because the native COX-1 and TXAS are localized on the ER
membrane. The results suggested that the engineered COX-1-10aa-
TXAs had similar protein folding, post-translational modification
and ER topological arrangement as that of the wild-type COX-1 and
TXAS in the mammalian cells. This also indicated that the expressed
COX-1-10aa-TXAS protein could be as stable as the wild types of in-

dividual enzymes with biological activities.

3.6 | Establishing a reliable triple-catalytic
enzyme assay for the COX-1-10aa-TXAS by using
[*4C]-labelled arachidonic acid ([**C]-AA) as the
initial substrate

As we mentioned above, directly converting AA into anti-bleeding
TXA, while avoiding the side metabolites, such as the bleeding con-
tributors, PGI, and PGE, (Figure 1), was the main characteristic of
the novel COX-1-10aa-TXAS based on our expectation. We tried to

1 2
B vector SCHEC

150 kD—»

120 kD—> . «— 130 LD,

anti_COX-1
7.3 kb -
=
1.6 kb
50 kKD —» 421D,
TKD— T Boactin

FIGURE 4 A, Verification of the cDNA of COX-1-10-TXS inserted in pPCDNA3.1(+) vector. Restriction enzyme digestion was performed
to verify the successful insert of the sequence of cDNA of COX-1-10aa-TXAS in the pcDNA3.1(+) vector. The restriction enzyme BamHI

was used and cut twice at the two recognition sites and got two DNA fragments: one was the pcDNA3.1(+) vector with COX-1-10aa, and
the other one is the TXAS. The sizes of the vector plus COX-1-10aa should be equal to 7.3 kb (5.4 kb of vector +1.9 kb of COX-1-10aa), and
the size of TXAS cDNA should be equal to 1.6 kb. Finally, the subcloned cDNA sequencing of COX-1-10aa-TXAS in the plasmid was further
verified by DNA sequencing the inserted region of 10aa-TXAS (data not showed). B, Western blot analysis to verify the expression of SCHEC
in HEK293 cells. The HKE293 cells were transfected with the pcDNA3.1(+) vector contained cDNA of COX-1-10aa-TXAS and then screened
for stable expression using G418 up to 60 d. Approximately 20 pg of the proteins of HEK293 cells was subjected to Western blot analysis
using 10% PAGE gel and anti-COX-1 antibody. The results were shown on (B) panel: left, markers; lane 1, negative control, HEK293 cells
transfected with the empty vector; lane 2, HEK293 cells transfected with the COX-1-10aa-TXAS plasmid. The correct size of the expressed
COX-1-10aa-TXAS with approximately 130 kDa was indicated. p-actin was used to normalize the protein concentration for the different

samples
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verify our hypothesis in HEK293 cells stably expressing COX-1-10-
aa-TXAS (Figure 6A), through a highly sensitive and reliable assay.
Under accurate monitoring by HPLC-scintillation analyzer, this assay
is able to profile [**C]-AA to be metabolized into [14C]-TXA2, through
triple-catalytic enzyme reactions (Figure 6B). The detailed assay

conditions, steps and the reaction mechanisms were addressed in

HEK293 cells stably expressing COX-1-10aa-TXAS, and co-ex-
pressing individual COX-1 and TXAS (for positive control), were pre-
pared by cDNA transfection and G418 screening up to 2 months and
then stored in the liquid nitrogen. After re-cultured the cells, serial
tests of the enzymatic activities were accomplished for P1, P4 and
P8 cells (Figure 7). The cells firstly reaching 100% confluency were

methods. marked as P1 cells; 1 week later, after three passages, the cells with
DAPI COX-1 Antibody Merge
HEK
pcDNA3.1(+)
HEK
COX-1-10aa-TXAS
FIGURE 5 Immunofluorescent imaging of the expressed COX-1-10aa-TXAs on HEK293 cells. The cells were cultured in the cover slides

and transfected with cDNA: pcDNA3.1(+) empty vector (negative control [top]) or pcDNA3.1(+)-COX-1-10aa-TXAS (bottom). The cells were
permeabilized by saponin and then incubated with mouse anti-COX-1 antibody. The bound primary antibodies were stained by rhodamine-
labelled goat antimouse IgG. The slides were imaged under a fluorescent microscope. Blue fluorescent DNA dye, DAPI, was used to image
the nuclei of the cells

A [HC]-AA

-

HEK cells co-expressing COX-1 and TXAS 15 min Scintillation
[”C]-AAf - HPLC - Ana]ysis
l\ % {Sepupation) FIGURE 6 Schematic presentation

for determination of the triple-catalytic
activities of the expressed COX-1-10aa-

HEK cells expressing COX-1-10aa-TXAS TXAS using the highly sensitive and
specific isotope-labelled exogenous

B Triple-Catalytic Enzyme reactions AA as a substrate. A, 3 umol/L of
[**C]-AA was added to the HEK293

[“C]-TXA, cells. After incubation for 15 min, the

metabolized compounds from the [**C]-
AA were extracted out by buffer A (35%
acetonitrile in 0.1% acetic acid) and then
subjected to HPLC analysis using C-18
column (4.5 x 250 mm) started with
buffer A and then with a linear gradient
of buffer B (100% acetonitrile) for 45 min.
The eluents were directly connected

to a scintillation analyzer to pick up the
[*C]-labelled compounds catalysed by
the COX-1-10aa-TXAS. B, [**C]-mediators
and [**C]-products by the triple-catalytic
enzyme reactions of COX-1-10aa-TXAS

N-terminus

10aa linker

Arachidonic acid
[“C]-PGH, [“Cl-AA

"NCOX-1

e[“‘C]-PGGZ
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FIGURE 7 Determination of the activities of the HEK293 cells stably expressing COX-1-10aa-TXAS and comparison with that of
co-expressing individual COX-1 and TXAS. HEK293 cells were transfected with COX-1-10aa-TXAS cDNA (B), or cotransfected with the
individual COX-1 cDNA and TXAS cDNA (A). After G418 screening for 2 mo, the cells were stored in the liquid nitrogen. After re-cultured
the cells, a serial of tests of the enzymatic activities of the cells were designed for P1, P4 and P8 cells. The cells firstly reaching 100%

confluency were marked as P1 cells; 1 week later, after three passages, the cells with 100% confluency were marked as P4 cells; and another
week for the P8 cells. The procedures described in Figure 6 were used to determine the [1*C]-products enzymatically metabolized from the
added [**C]-AA by the HEK293 cells expressing COX-1-10aa-TXAS (B), or co-expressed individual COX-1 and TXAS (B). The peaks of [**C]-
TXB, and its derivatives between 10 and 20 min of the retention time, representing the biologically active TXA,, were indicated with arrows
labelled with [14C]—TXBZ. Metabolized [**C]-AA with retention time (after 30 min) was also indicated in each assay. HEK293 cells transfected
with pcDNAS.1(+) vector were used as a control (C). The quantitative analysis of the production of [14C]-TXB2 from [**C]-AA was shown in

(D)

100% confluency were marked as P4 cells; and another week for the
P8 cells. The triple-catalytic activities of the HEK293 cells expressing
COX-1-10aa-TXAS (Figure 7B) were compared with that of HEK293
cells co-expressing individual COX-1 and TXAS, by the assay men-
tioned above. It should be indicated that [14C]—TXA2 is not stable and
can be further isomerized into a group of stable compounds, includ-
ing [**C]-TXB, and its derivatives, which resulted in a group of broad
peaks with retention time between 10 and 20 minutes (Figure 7A,B).
However, determination of the generation of [14C]—TXB2 and its de-
rivatives using the HPLC-scintillation method is the most reliable
approach because it could exactly monitor the metabolism of the
added [**C]-AA distinguished from the endogenous AA. The data

from Figure 7 have demonstrated that the HEK239 cells stably ex-
pressing COX-1-10aa-TXAS could directly convert the [**C]-AA to
the final product [14C]—TXB2 and its derivatives (Figure 7B), through
the three steps of enzymatic reactions (Figure 6B), which were iden-
tical to that of the positive control (Figure 7A) that HEK293 cells co-
expressing individual COX-1 and TXAS (Figure 7D). In contrast, the
HEK293 cells transfected with pcDNA3.1(+) vector could not me-
tabolize the [**C]-AA at all (Figure 7C), which excluded the possibility
of any endogenous COX-1 and TXAS in the HEK293 cells. These re-
sults have confirmed that the expressed SCHEC, COX-1-10aa-TXAS,
has enzymatic activities to continuously convert AA into PGG,, then
PGH, and finally, TXA,,.
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FIGURE 8 Determination of the biological activities of TXA, produced by COX-1-10aa-TXAS on promoting platelet aggregation. Human
platelet-rich plasma (PRP) obtained from the blood bank was used for the platelet aggregation tests. A, HEK293 cells expressing SCHEC
(open triangles) or the HEK293 cells transfected with vector (HEK control, open circles) were incubated with PRP for 2 min. The aggregative
activity was monitored by the addition of 10 pL AA (3 pmol/L of final concentration) using platelet aggregometer. The fibres (aggregated
platelets) formed in the presence (B, right) or absence of SCHEC (B, left) were shown in (B). C, PRP was pre-treated with 10 mmol/L aspirin
for 20 min. The excessive aspirin was removed by centrifugation. The platelets were re-suspended in clean platelet-poor plasma (PPP) and
then incubated with HEK293 cells expressing COX-1-10aa-TXAS (open circles) or HEK control cells (open triangles) for 2 min. The platelet
aggregation was monitored by addition of AA as described above. D, PRP was diluted by PPP (ration 1:4, 5 X) to mimic the platelet-deficient
conditions. The platelet aggregation was monitored in the presence (open circles) or absence (open triangles) of the COX-1-10aa-TXAS by
addition of AA as described above. E, PRP was stored at 4°C for 45 d exceeded the expiration date. The expired PRP lost majority of platelet
aggregation activity was incubated with the HEK293 cells with (open circles) or without (open triangles) expressing COX-1-10aa-TXAS and
then subjected to restoration of the platelet aggregation assay by addition of AA as described above

3.7 | Identification of the biological activities of
COX-1-10aa-TXAS to promote platelet aggregation
in normal platelets and to rescue the aggregative
functions of NSAIDs-treated platelets

First, the COX-1-10aa-TXAS dramatically promoting platelet ag-
gregation was observed in AA-induced platelet aggregation assay
using normal platelet-rich plasma (PRP, Figure 8A). In comparison
with that of the HEK cells control, the maximal aggregation rate
was increased from 38% to 60%, and the % time for the maximal
aggregation was reduced from 3.2 to 1.8 minutes by the HEK cells
expressing COX-1-10aa-TXAS (Figure 8A). The results are also sup-
ported by the observation that the aggregated platelets, in the pres-
ence of COX-1-10aa-TXAS, exhibited a much heavier and solid form
(Figure 8B, right) than that of the control (Figure 8B, left).
Administration of NSAIDs, such as aspirin, is one of the major
causes of emergency bleeding situations. To test how the engi-

neered SCHEC can rescue the NSAIDs-resulted platelet dysfunction,

the platelets were treated with aspirin, and then, the excessive as-
pirin was removed by washing with PBS. The recovery of platelet
aggregative functions was compared between the absence and
presence of the SCHEC in HEK cells. As a result, the aspirin-treated
platelets lost almost 100% of aggregative function in the absence of
COX-1-10aa-TXAS (Figure 8C, triangles), but they restored almost
full aggregative function in the presence of the HEK293 cells ex-
pressing COX-1-10aa-TXAS (Figure 8C, circles).

3.8 | Further characterizing the biological

activities of COX-1-10aa-TXAS by using the

approach of facilitating the platelet aggregation in the
mimicked platelet-deficient bleeding

In many clinical situations, the deficiency of platelets caused by
diseases, such as chemotherapies, could be a complication with
the possibility of life-threatening bleeding. To mimic the platelet
deficiency, we diluted the PRP to generate a concentration of the
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FIGURE 9 Examination of the A
anti-bleeding effect of the expressed
COX-1-10aa-TXAs on bleeding site using
tail-cut arterial bleeding assay for normal
mice in vivo. A, A 0.5 cm tip of mouse
tail was cut by scissors to create an
arterial bleeding site. The artery and vein
displayed on the cutting site were shown
in (B). Immediately, the bleeding tail

was placed into the solution containing
isolated microsomes of the HEK293

cells with (C, right) or without (C, left)
expressing COX-1-10aa-TXAS. The blood
was blotted on a clean filter paper every
10 s until no detectable bleeding (A). The
average and standard deviation of the
bleeding time for each group (n = 6) were

plotted in (C)
Artery

platelets being only 20% of the normal level. We applied the diluted
PRP to the HEK293 cells expressing the SCHEC, as well as the nor-
mal HEK293 cells used as a control. The results demonstrated that
COX-1-10aa-TXAS could effectively promote the platelet aggre-
gation under the deficient platelet concentration (Figure 8D). The
results suggested that the COX-1-10aa-TXAS has great potential to
be developed into a novel type of bio-enzymatic treatment for the

platelet-deficient bleeding.

3.9 | Restoring aggregative functions of the expired
PRP by COX-1-10aa-TXAS

In general, the aggregative activities of platelets can only last for a
couple of weeks under 4°C storage. To test the potential application
to extend and/or restore the aggregative functions of platelets by
using the SCHEC, the human PRP were tested after 45 days at 4°C
storage. The responses of the expired platelets to AA-stimulated
platelet aggregation were very weak (Figure 8E, triangles). However,
in the presence of the SCHEC, the platelet aggregation functions
were significantly restored (Figure 8E, circles). This suggested that
the SCHEC might be used to extend the reasonable expiration days
for functional PRP.

3.10 | Identification of anti-bleeding effect of the
COX-1-10aa-TXAS in vivo

The tail-cut bleeding assay was used to test the anti-bleeding ac-
tivity of the COX-1-10aa-TXAS in vivo. The mice were divided into
two groups: one group for the treatment, using HEK293 cells sta-
bly expressing COX-1-10aa-TXAS, and another group for the con-
trol, using HEK293 cells transfected with vector only (HEK control,
Figure 9A). An arterial bleeding site was created by cutting the tail
arteries (0.5 cm from the end of tail) of the mice (Figure 9B) and then
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treated by applying the extracted microsomes of the HEK293 cells.
The average arterial bleeding time was approximately 12 minute in
the control group (Figure 9C, left). However, in the group treated
by HEK293 cells expressing COX-1-10aa-TXAS, the bleeding time
was dramatically reduced to an average of 3.2 minutes (Figure 9C,
right), which was highly significant. This result has clearly demon-
strated that the engineered SCHEC had strong effects on anti-arte-

rial bleeding in vivo.

3.11 | Further identification of the anti-arterial
bleeding of SCHEC in vivo by using a transgenic
mouse model with a bleeding tendency

Recently, we have successfully created a transgenic mouse model
by overexpressing another engineered SCHEC designed by our
group, COX-1-10aa-PGIS in vivo.'® Among these transgenic mice,
the overexpressed COX-1-10aa-PGIS could directly convert AA into
PGl,, which is a bleeding contributor with the effects of antiplate-
let aggregation and vasodilation. The transgenic mice were created
to prove that the COX-1-10aa-PGIS is an effective enzyme complex
to be against thrombotic stroke and ischaemia in vivo. The detailed
procedures for creating and characterization of the transgenic mice
were described previously.®® Briefly, a single-chain cDNA of the
COX-1-10aa-PGIS was created and injected into the embryo to gen-
erate the transgenic mice (Figure 10A). Based on our previous stud-
ies, the transgenic mice demonstrated extended bleeding time as a
result of effectively converting endogenous AA to PGl,, which inhib-
its platelet aggregation and promotes vasodilation; furthermore, the
production of TXA, was dramatically reduced in circulation in these
transgenic mice. The arterial bleeding time was extended around
twofold in the transgenic mouse model (an average of 28 minutes,
Figure 10C, left), compared with that of the wild-type mice (an aver-
age of 12 minutes, Figure 9C, left). After applying the microsomes of
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HEK293 cells expressing COX-1-10aa-TXAS, the bleeding time of the
transgenic mice was reduced to around 3 minutes (Figure 10C, right).
These results demonstrated that the recombinant COX-1-10aa-TXAS
has the ability to overcome the TXA, deficiency and rebalance the
ratio of the TXA, to PGI, to stop bleeding in vivo.

4 | DISCUSSION

The engineered SCHEC, COX-1-10aa-TXAS, is capable of mimic-
ing the triple-catalytic activities of wild-type COX-1 and TXAS in
converting the cellular AA to TXA,,. Thus, this enzyme complex has
provided very valuable information to understand the active ER
configuration of the wild-type COX-1 and TXAS in the biosynthesis
of TXA,. It has allowed us to predict that the physical distance be-
tween the native COX-1 and TXAS on ER membrane is very similarly
close to that of an enzyme complex, which has not been proposed
yet. Crystallization of COX-1-10aa-TXAS will be helpful to uncover
the detailed structural and functional relationship between COX-1
and TXAS in the PGH, movement during the biosynthesis of the key
molecule, TXA,, which is directly involved in the control of haemo-
stasis as a blood clotting mediator.

There are several medical applications for the SCHEC,
COX-1-10aa-TXAS. First, it could be used to treat bleeding emer-
gencies. One of the major advantages is that the engineered SCHEC
is able to use endogenous cellular AA as a substrate. As a result
of three-step enzymatic reactions that occur continually and in-
stantly to convert the released AA into TXA, in the bleeding site,
the SCHEC should be able to stop the bleeding on site effectively.
Thus, the COX-10aa-TXAS has great potential to be developed into a
biological reagent to treat bleeding in various bleeding emergencies.
Second, the biological functions of TXA, in mediating platelet aggre-
gation and vasoconstriction in haemostasis are well characterized.

However, its roles on other cells, such as neuronal and cancer cells,

are poorly understood. Recent studies have reported that TXA,
demonstrates effects on promoting cancer cell proliferation,?%?
and is also involved in post-stroke-related neuronal cell damages.33
The success of engineering the active SCHEC, which specifically di-
rected COX-1-produced PGH, to be passed to TXAS, was the first
to make it possible to control cellular AA metabolism in favour to
TXA, and disfavouring other prostanoids. Transfection of the cDNA
of COX-1-10aa-TXAS to different cells, such as neuronal and cancer
cells, could be used as models to uncover the roles of the TXA, bio-
synthesis on the related diseases, such as neurodegeneration, and
cancer development and metastasis.

Finally, overproduction of TXA, by COX-1 co-ordinating TXAS is
one of the major causes of thrombosis and vasoconstriction in isch-
aemic diseases, such as stroke, heart arrest, pulmonary arterial hy-
pertension and deep vein thrombosis. Specifically, suppressing the
production of TXA, is an important step to rescue TXA,-mediated
ischaemia. One of the most common ways to prevent blood clot-
ting is to apply low dose aspirin to reduce the production of TXA,,.
However, aspirin is a non-selective COX inhibitor, which could also
reduce the production of other important prostanoids, such as
PGl,, which is a very important vascular protector that prevents
damages from excess TXA,. It becomes more and more clear that
aspirin may also promote cardiovascular diseases by inhibiting the
generation of PGl,. However, the drug specifically inhibiting TXA,
production and maintaining normal PGI, level is not available yet.
With the combination of our previously developed COX-1-10aa-
PGIS with this newly engineered COX-1-10aa-TXAS, we could use
these complexes as targets for the screening of specific drugs,
which only inhibit TXAS without affecting PGIS and COX-1. Thus,
this newly created COX-1-10aa-TXAS could have a great impact if
being used as a drug target for discovering the next generation of
NSAIDs, which have fewer side effects on cardiovascular diseases.

In conclusion, the engineered SCHEC, COX-1-10aa-TXAS,
demonstrated the integrated triple-catalytic reactions within just
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a single polypeptide, which could effectively convert endogenous
AA into TXA,. These properties make it possible to control cellu-
lar AA metabolism to be in favour of TXA, and disfavour of other
prostanoids, such as PGl, and PGE,. This controlled AA metab-
olism activity has exhibited effective anti-bleeding properties.
Furthermore, the SCHEC could be used as a specific target for
screening anti-stroke drugs, as well as a cellular model for under-
standing the relationship between TXA, and other diseases, such
as cancer and neuronal degeneration diseases. This SCHEC could
be further used for understanding the topology, structure and
functional relationships between the two enzymes, COX-1 and
TXAS, anchored to the ER membrane, during the biosynthesis of
TXA, (proposed in Figure 1).
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