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Locally activity-released bifunctional fusion protein enhances
antithrombosis and alleviates bleeding risk
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Abstract Despite the fact that lytic therapy of thrombo-
embolic disorder has been achieved, reocclusion of the
damaged vessels and bleeding complication frequently
reduce the therapeutic effect. In order to prevent the vessel
reocclusion and enhance the therapeutic effect, combining
the anticoagulant with the thrombolytic was assumed.
Herein, we propose that restraining but locally releasing
anticoagulant activity in the vicinity of thrombus is a way
to alleviate the bleeding risk. A bifunctional fusion protein,
termed as SFH (Staphylokinase (SAK) linked by FXa
recognition peptide at N-terminus of Hirudin (HV)), was
designed. SFH retained thrombolytic activity but no anti-
coagulant activity in thrombus-free blood due to the
extension of the N-terminus of HV. However, it could
locally liberate intact HV and exhibit anticoagulant activity
when FXa or fresh thrombus was present. At equimolar
dose, both improved antithrombotic and thrombolytic
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effects of SFH were observed in kappa-carrageenin
inducing mouse-tail thrombosis model and rat inferior vena
cava thrombosis model, respectively. Moreover, we ob-
served significantly lower bleeding risk in mice and rats
treated with SFH than with the mixture of SAK and HV
with monitoring TT (P < 0.01), aPTT (P < 0.05) and PT
(P < 0.05), and bleeding time (P < 0.05). In conclusion,
SFH is a promising bifunctional therapeutic candidate with
lower bleeding risk.

Keywords Thrombolysis - Anticoagulants - Hemorrhage -
Fusion protein - Staphylokinase - Hirudin

Introduction

Cardiovascular diseases such as acute myocardial infarc-
tion and cerebrovascular diseases such as stroke are
prominent causes of morbidity and mortality all over the
world [1]. Fibrinolytics and plasminogen activators such as
tissue-type plasminogen activator (t-PA), streptokinase
(SK) and SAK, are used as potent clinic therapeutics. SAK,
especially, is a highly fibrin-selective thrombolytic agent
from Staphylococcus aureus. SAK forms a 1:1 stoichiom-
etric complex with the inactive zymogen human plasmin-
ogen (hPg) and the complex converts plasminogen to the
active serine protease form, plasmin (hPm) [2]. SAK-
plasmin complex is rapidly neutralized by o«-antiplasmin,
whose inhibition rate is reduced by over 100-fold if the
lysine-binding sites of plasmin are occupied by fibrin,
resulting in an apparent fibrin-selectivity [3]. However,
when treated with t-PA or SAK, only approximately 60%
of the patients obtain a complete arterial recanalization
within 90 min [4-6]. In addition, 10-30% of the patients
among this group show reocclusion shortly after clot
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dissolution, some of whom suffer bleeding complications
such as hemorrhagic stroke [7-9]. The reformed secondary
clots are usually platelet-rich and show strong resistance to
lysis mediated by fibrinolytic agents [10, 11]. One impor-
tant factor contributing to the formation of reocclusion is
the activated thrombin released from the injured site of the
vessel and clots that are undergoing lysis [12].

To avoid reocclusion, thrombin inhibitors such as hep-
arin and hirudin have been applied [13—15]. Recombinant
hirudin, which has specific and high-affinity binding to
thrombin [16], is used to prevent the occurrence of reoc-
clusion and produces a significant reduction in the com-
posite endpoint of death or myocardial infarction compared
with heparin [14, 17, 18]. However, the effective antico-
agulant activity of hirudin is associated with a frequent
occurrence of systemic bleeding [18] and there is no
antagonist against hirudin hitherto.

To combine fibrinolytic activity with anticoagulant
activity, several chimeric proteins have been created [19—
22]. However, when the N-terminus of SAK was linked to
the C-terminus of HV, SAK underwent rapid degradation
at site Lys10-Lys11 in less than 2 minutes in vivo resulting
in no intact fusion protein targeting to thrombus; whereas,
the HV domain in the fusion proteins showed no [21] or
less [19] anticoagulant activity when the N-terminus of HV
was linked to the C-terminus of its partners. Several other
studies have also demonstrated that any extension at the N-
terminus of HV significantly attenuated or abolished its
anticoagulant activities [23, 24].

Activated FX (FXa) is a coagulant factor to convert
prothrombin into activated thrombin in the common path-
way of coagulation, which specially recognizes primary
sequence IEGR and cleaves its C-terminal. It has been
widely used to remove tags of recombinant fusion protein
with linker peptide IEGR in biochemistry. Recently, linker
peptide IEGR also was introduced to construct FXa-
dependent fusion proteins to improve anticoagulation [25,
26] or thrombolysis [27, 28]. Generally, the fibrinolytic or
anticoagulant was linked with antibodies or fragment to
improve the affinity to clot.

In this report, we hypothesized that reducing anticoag-
ulant concentration or activity in peripheral blood and
restricting its activity on the local site of thrombus would
be one of the effective strategies to alleviate bleeding risk.
To combine fibrinolytic and anticoagulant activities and to
better circumvent the dilemma of anticoagulant activity
and hemorrhage events, a new fusion protein, SFH, com-
bining SAK with HV2, was designed. An FXa recognition
peptide was introduced between SAK and HV2 to regulate
the release of the functionally essential N-terminus of HV?2
in the vicinity of thrombus, where FXa is present and
anticoagulant activity is needed. We combined three fea-
tures of the pathway of blood coagulation and therapy
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itself: first, FX is significantly activated in the vicinity of
thrombus [29]; second, extension of the N-terminus of HV
significantly attenuating its anticoagulant activity [23, 24];
third, excessive anticoagulant activity in peripheral blood
is undesired except in the vicinity of the thrombus. Thus,
we predicted that the chimeric protein would have three
features: (1) bifunction with anticoagulant and fibrinolytic
activities, (2) minimal anticoagulant activity at the
thrombus-free sites to reduce bleeding risk, and (3) maxi-
mal anticoagulant activity at the sites of thrombus to en-
hance thrombolysis.

To summarize the results, we found that SFH retained
fibrinolytic activities that could break down clots, but did
not exhibit anticoagulant activity until arriving at the
thrombus. Upon reaching the thrombus, the anticoagulant
activity locally presented due to the released hirudin by
FXa existing only in the thrombus. In animal tests, SFH
showed an improved antithrombotic activity with less
bleeding risk.

Materials and methods
Host strain and plasmid

E. coli DH50 was used for cloning genes, propagation of
plasmid and protein expression. Gene sak was cloned from
lysogenic strains of Staphylococcus aureus using PCR and
gene hir was synthesized according to the sequence of
HV2. Plasmid pBV220 [30] was used as expression vector.

Construction of expression plasmid

The composition of SFH is shown in Fig. 1. The linker
sequence between SAK and HV2 was FXa recognition
peptide GSIEGR. The primers used for gene cloning are
listed in Table 1. The amplification conditions for sak
sequence are as follows: 30 cycles consist of 95°C for
1 min, 55°C for 1 min and 72°C for 1 min with primers 1
and 2. The amplified sak sequence without stop codon was
purified, digested with EcoR I and BamH 1, and cloned into
pBV220 to create plasmid pBV-SAK. Gene sequence of
linker peptide was created by PCR amplification at the
synthesized primer of hirudin gene sequence (Table 1).
The amplification conditions for hir with gene sequence of

FXa recognition peptide

C-terminus

N-terminus SAK HV2

Y

FXa cleavage site

Fig. 1 Sequence components of the fusion protein (HV2 linked at the
C-terminus of SAK by FXa recognition peptide, GSIEGR)
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Table 1 Summary of primers

Name and use

Sequence (5"-3")

Primer 1 (upstream primer of sak with EcoRI restriction site)
Primer 2 (downstream primer of sak with BamH]I restriction site)

Primer 3 (upstream primer of hir with BamHI restriction site
and FXa recognition peptide IEGR)

Primer 4 (downstream primer of hir with PstI restriction site)

5-GGAATTCATGTCAAGTTCATTCGACAAAG-3’
5-CGGGATCCTTTCTTTTCTATAACAACCTT-3’

5-CGGGATCCATCGAAGGTCGTATTACTTACA
CTGATTGTACAGAATCG-3’

5-AACTGCAGTTATTGTAAATATTCTTCTGC-3’

linker peptide are as follows: 30 cycles consist of 95°C for
30 s, 55°C for 30 s and 72°C for 1 min with primers 3 and
4. The amplified hir with gene sequence of linker peptide
was purified, digested with BamH 1 and Pst 1, and cloned
into pBV-SAK at downstream of sak to create plasmid
pBV-SFH. All clones were verified by DNA sequencing.

Protein expression, isolation and purification

For expression of SFH, the constructed strain was inoculated
into LB medium with 50 mg/l Amp and incubated at 30°C
for overnight. The overnight culture was amplified at 30°C
for 5 h and induced at 42°C for another 5 h. Bacterial cell

was collected by centrifugation at 8,000g for 20 min at 4°C.

Protein extraction from cell pellets was performed
according to Johnson [31] with 20 mM His—HCI buffer
(pH 6.0). In brief, 30 g of cell pellets were frozen at —70°C
for 30 min and then thawed by ice/water bath for 30 min.
This cycle was repeated 3 times. The pellets were resus-
pended in 200 ml of 20 mM His-HCI buffer (pH 6.0) and
periodically agitated to facilitate completely mixing fol-
lowed by centrifugation at 10,000g for 30 min at 4°C. The
supernatant was applied to Source 15Q column previously
equilibrated with 20 mM His—HCI buffer at pH 6.0 and the
column were eluted by a 0—1 M NaCl gradient. The active
fraction was collected and then applied to Superdex 75
column. The active fraction was applied to Superdex 75
followed by Superdex G-25 to desalt. Protein concentration
was determined using the Lowry method [32]. Molecular
mass of SFH was determined by reduced SDS-PAGE as
well as MALDI-TOF mass spectrometry. Isoelectric point
(pI) was determined by capillary electrophoresis. N-
terminus sequence was determined by Edman degradation.

Fibrinolytic activity assay

Fibrinolytic activity [33, 34] of SAK and SFH was deter-
mined by the proteolytic activity monitored on 5% agar
plate containing 1 NIHU/ml of human thrombin (Sigma),
10 pg/ml of human plasminogen (Roche) and 0.8 mg/ml of
fibrinogen (Chinese Medical Academy) at pH 7.5. A series
of wells of 4 mm diameter were burrowed and 20 pl
samples with serial dilutions were added to the wells. The

plates were incubated for 4 h at 37°C and the fibrinolytic
activities were expressed by the diameter of clear zone
around the wells.

Anticoagulant activity assay

Anticoagulant activity in vitro was expressed as
antithrombin units (ATU) [35]. Briefly, 10 pl of serially
diluted samples were added to 20 pl of thrombin solution
(8 NIHU/ml, Sigma) followed by the addition of 50 pl of
fibrinogen (5 mg/ml) and clot formation was monitored.
The dilution factor that inhibited clot formation was
defined as the antithrombin activity of the samples. Data
from triple independent experiments were combined and
analyzed.

FXa releasing free HV2

To cleave SFH and release free HV2, the previously dialyzed
FXa (Roche) against TA buffer (50 mM Tris—HCI, 100 mM
NaCl, and 1 mM CaCl,, pH 8.0) was used in the following
conditions: 0.2U of FXa was mixed with 0.2 mg of SFH in
300 pl TA buffer at 37°C [36]. Twenty microliters of cleaved
products at different reaction time were monitored with SDS-
PAGE and the anticoagulant activity of 10 pl of reaction
products was detected by clot formation.

Antithrombotic activity of SFH in the carrageenin-
induced mouse tail thrombosis (MTT) model

To determine antithrombotic activity in vivo, the carra-
geenin-induced MTT model was employed according to
Bekemeier et al. [37, 38] and Hu et al. [39]. To induce
thrombosis, 0.2 ml (4 mg/ml) carrageenin (Type I, Sigma)
was injected to male inbred Kunming mice (weight
between 20-23 g and a group consisting of 10 mice) sub-
cutaneously (s.c.) at a dose of 40 mg/kg body weight. After
1 h of carrageenin injection, SFH, SAK, HV2 and the
mixture of SAK with HV2 at equimolar concentration,
respectively, were administrated intropeitoneally (i.p.)
every 8 h. The frequency and length of tail infarction were
recorded at 24, 36, and 48 h after carrageenin injec-
tion, respectively. Differences in mouse tail thrombosis
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frequencies and lengths of between groups were calculated
according to y°-test and r-test, respectively.

Thrombolytic activity of SFH in inferior vena cava
(IVC) thrombosis model in the rat

Male Sprague-Dawley rats weighing 240-280 g were
randomly divided into 5 treatment groups for saline, SAK,
HV2, SFH and SAK plus HV2. The rats were anaesthetized
and opened abdomen by a midline incision. IVC throm-
bosis was performed with IVC ligation below the level of
the renal veins [40-42]. Three hours after the ligation,
saline with or without drugs (31.5 pmol/kg) was adminis-
tered through a catheter inserted into the jugular vein.

For determinations of thrombin time (TT), activated
partial thromboplastin time (aPTT) and prothrombin time
(PT), blood samples were taken through the catheter
inserting into the jugular vein at the following time points:
prior to ligation, after ligation, and at 30 and 60 min after
drug administration, respectively.

After 1 h of drug administration, the animals were
re-anaesthetized, the inferior caval veins were longitudi-
nally opened and clots were harvested and weighed.

TT, aPTT and PT in IVC thrombosis model in rats

To measure TT, aPTT and PT, the blood samples were
collected into plastic tubes containing 0.11 M trisodium
citrate (9:1 of blood to citrate solution) and immediately
centrifuged at 10,000g for 5 min. TT, aPTT and PT were
measured with a coagulometer and commercially available
test kits (Tianjin Institute of Hematology, China). All
measurements for every sample were carried out in dupli-
cate according to the guidelines of the manufacturer. Data
from 10 animals in each group were expressed as group
mean values with the standard error of the mean (SEM).
Statistical significance was determined using a one-way
analysis of variance (ANOVA). In cases when P < 0.05,
pairwise comparisons were made at the same level,
applying Bonferroni corrections. Significance was defined
at a level of P < 0.05 or P < 0.01.

Bleeding time

Bleeding time was assessed by a tail transection method
[43, 44]. Briefly, mice were positioned in a cage that kept
the tail steady. After 20 min of drug administration, the
mouse tail was transected with a razor blade at approxi-
mately 6 mm from its end. The bleeding tail was imme-
diately immersed in saline thermostated at 37°C and the
bleeding time was recorded. The end point was defined the
arrest of bleeding lasting for more than 30 s.
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All animal studies were approved by the Animal Re-
search Ethics Board.

Results
Protein expression and purification

The expressed SFH in bacteria was extracted by repeated
freezing and thawing. The supernatant was applied to
Source 15Q and followed by Superdex 75 (Fig. 2). HPLC
showed the purified product was up to 96% of normalized
purity. MALDI-TOF monitored a molecular ion peak at
mlz 22,986.1Da for SFH. The isoelectric point (pI) of SFH
was 5.45 by capillary electrophoresis. The N-terminus of
SFH was SSSFDKGK by Edman degradation.

Fibrinolytic activity of SFH

The clear zone method was employed to monitor the
fibrinolytic activities of SFH and SAK at equimolar con-
centration (Fig. 3). The correlation between activity and
sample concentration was expressed by the following
equations:

Agr = 2.164 InCyye + 21.61, (> = 0.9698) (1)

Agn = 2.164InCy + 19.84, (r> = 0.9868) (2)

wherein, A, and A, were activities of SAK and SFH,
respectively, expressed as the diameter (mm) of the clear
zone; Cyy and Cy, were contents of SAK and SFH,
respectively, expressed in nanomole.

Using Egs. 1 and 2, the specific activity of SFH was
calculated as 0.44-fold to that of SAK. It revealed that the
extension at C-terminus of SAK significantly reduced the
fibrinolytic activity of SAK.
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31.0kD
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Fig. 2 Electrophoresis of extracted and purified fusion protein, SFH
(16.5% SD-PAGE; Lane 1, protein molecular mass marker; Lane 2,
extracts from engineering strain by repeated freezing and thawing;
lane 3, Elutant from Source 15Q; lane 4, Elutant from Superdex 75)
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Fig. 3 Comparison of fibrinolytic activities of SFH and SAK (A)
Fibrinolytic activities of SAK and SFH at different concentration by
clear zones method in agar plates (5% agar plate containing 1 NIHU/
ml human thrombin, 10 pg/ml human plasminogen and 0.8 mg/ml
fibrinogen, pH 8.0. Twenty microliters of samples at different
concentration previously diluted were pipetted into 4-mm diameter
wells. The plates were incubated for 4 h at 37°C). (B) The specific
fibrinolytic activity of SFH is 0.44-fold to that of SAK at equimolar
concentration (The diameters of clear zones were plotted over the
semi-logarithm of the concentration of step-diluted samples and the
equations were regressed. A, = 2.164 InCy + 21.61, (P = 0.9698);
Ay = 2.164 InCyy, + 19.84, (7 = 0.9868))

SFH was separated into SAK and HV2 and recovered
fibrinolytic and antithrombin activities by FXa in vitro

To validate the action of cleavage of SFH by FXa, cleaved
products were monitored by both SDS-PAGE (Fig. 4A)
and antithrombin activity (Fig. 4B). Within 5 min after
FXa addition in vitro, SFH was rapidly cleaved into two
fragments: SAK with linker peptide and free HV2. The
released SAK fragment was clearly observed with an
apparent molecular weight of about 16 kDa and its content
increased along with the reaction time (Fig. 4A). However,
the HV2 fragment irregularly migrated with a 24 kDa in-
stead of 7 kDa, which overlapped with SFH in the used gel.
The similar behavior of unusual electrophoretic mobility

was also observed in other studies [20, 21]. We speculated
that the rich acidic groups of hirudin decelerated its
mobility.

To further monitor the cleavage of SFH by FXa, the
antithrombin activity of SFH was detected. No antithrom-
bin activity of intact SFH was detected without FXa
(Fig. 4B). However, in the presence of FXa, free hirudin
was liberated and its anticoagulant activity was recovered
from SFH by FXa cleavage. In comparison to the special
activity, about 25% anticoagulant activity was released
from SFH by 0.2U FXa within 3 h in vitro.

An improved antithrombotic activity of SFH in
carrageenin-induced MTT model

In the carrageenin-induced MTT model, both infarction
frequency and mean length of mouse tail thrombus were
determined. The infarction frequency in SFH group was
significantly lower than that in both SAK and saline groups
at equimolar dose (Table 2). Furthermore, the mean length
of mice tail thrombus in SFH group was remarkably less
than that in both SAK and saline groups (P < 0.05,
Fig. 5A). In MTT model, SAK showed an apparent anti-
thrombotic activity because of its fibrinolytic activity,
whereas SFH showed a significantly improved antithrom-
botic activity in comparison with SAK. This enhanced
antithrombotic activity of SFH suggested that it derived not
only from fibrinolytic activity of SAK domain, but also
from the native anticoagulant activity of HV2 liberated
from SFH under catalysis of FXa during the evolvement of
infarction. Otherwise, the intact SFH could not show such a
high antithrombotic activity based on its fibrinolytic
activity in vitro (Fig. 3). To further confirm the anti-
thrombotic activity of SFH, an additional experiment
(n = 6) was performed with a dose of SFH (50 nmole/kg),
which showed an equivalent antithrombotic effect to that of
SAK alone (155 nmole/kg).

An improved thrombolytic activity of SFH in IVC
thrombosis model in rats

The clot sizes of drug administration groups were signifi-
cantly smaller than that of the saline control group. The
clot size (0.87 £ 1.78 mg) of the SFH group, in particular,
markedly reduced in comparison with the SAK
(5.67 £2.67mg, P<0.01), HV2 (577 +2.36 mg,
P < 0.01) and saline (9.96 £ 4.03 mg, P < 0.01) groups,
respectively (Fig. 5B). Moreover, a significantly improved
thrombolytic activity of SFH equal to that of the combi-
nation of SAK with HV2 was observed (Fig. 5B), although
no anticoagulant activity of intact SFH was observed in
absence of FXa or clot in vitro (Fig. 4B). This improved
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Fig. 4 Time course of SFH cleaved by FXa and released hirudin with
anticoagulant activity in vitro (Cleavage condition: 0.2U FXa mixed
with 0.2 mg SFH in 300 pl TA buffer (50 mM Tris—HCI, 100 mM
NaCl, and 1 mM CaCl,, pH 8.0)). (A) SDS-PAGE showed SFH was
cleaved to free SAK and HV2 fragments by FXa in vitro. (16.5%
reduced SDS-PAGE. Lane 1 to 6, SFH was cleaved for 0, 5, 10, 30, 60,
180 min, respectively; lane 7, SAK; lane 8, HV2; lane 9, protein
marker). (B) Cleaved SFH products presented anticoagulant activity by
releasing free hirudin. (Ten microliters of reaction product was used for
activity assay. Anticoagulant activities of reaction products were
indicated as the final dilution folds that inhibited clot formation and
specific activities were indicated as a ratio of activity to total protein
content, ATU/mole protein. Relative special activities of cleaved
products were the ratio compared on equimolar special activity of HV2)

thrombolytic activity in the rat model is consistent with the
improved antithrombotic activity observed in the MTT
model above (Table 2 and Fig. 5A).

SFH did not prolong TT, aPTT or PT of peripheral
blood

Basically, the interruption of the coagulation pathway
accounts for bleeding risk. Based on the hypothesis that

reducing hirudin concentration or activity in peripheral
blood and restricting its activity on the site of the thrombus
would be one of the effective strategies to alleviate
bleeding risk, TT, aPTT and PT of peripheral blood were
employed to monitor bleeding risk.

There was no difference in TT, aPTT and PT values in
all five groups before drug administration. At 30 and
60 min after drug administration (31.5 nmole/kg), TT,
aPTT and PT in the SFH group did not prolong in com-
parison with those in other drug-administration groups or
controls before drug administration (Fig. 6). However, at
both 30 and 60 min after drug administration, significantly
prolonged TT (P < 0.01, Fig. 6A), aPTT (P < 0.05,
Fig. 6B) and PT (P < 0.05, Fig. 6C) were observed in
groups receiving equimolar HV2 and SAK+HV2 compared
with both other groups (saline, SAK, and SFH groups) and
controls before drug administration. It indicated that SFH
did not show antithrombin activity at the thrombus-free site
in peripheral blood and did not impose bleeding/hemor-
rhage risk.

Less bleeding time of SFH than the mixture of SAK
with HV2 in the tail transection model

The bleeding times at 20 min after drug treatment were
measured in tail-transected mice receiving 200 nmole/kg
of each drug. The bleeding time (299 + 148 s, 1.9-fold
increase compared with saline group (157 + 61 s)) in mice
treated with SFH was significantly less prolonged than half
in mice receiving equimolar SAK (531 + 229 s) and the
mixture of SAK plus HV2 (646 + 159 s) (3.4- and 4.1-fold,
compared with the saline group; P < 0.01 and 0.01,
respectively; Fig. 7).

Discussion

Anticoagulant agents such as heparin and hirudin are pro-
posed to be used to avoid reocclusion [14, 15, 45]. Hirudin as
a combinative anticoagulant agent has several advantages:
first, thrombin bound to fibrin or fibrin degradation product
is resistant to inhibition by the heparin—antithrombin

Table 2 Frequency of infarction of mouse tail thrombosis (number of infarction mice/number of test mice) at different time after drug

administration (n = 10, 11)

Time (h) Saline control SAK (nmole/kg) HV2 (nmole/kg) SAK+HV2 (nmole/kg) SFH (nmole/kg)

50 71.5 50 71.5 50 71.5 50 71.5
24 9/10 10/11 7/11 5/10% 5/10% 3/10%* 3/10%* 1/10%* 0/10%*
36 10/10 11/11 9/11 6/10%* 6/10%* 6/10%* 3/10%* 2/10%* 1/10%*
48 10/10 11/11 9/11 7/10% 7/10%* 6/10%* 6/10%* 5/10%* 5/10%*

Note: *P < 0.05; **P < 0.01
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Fig. 5 SFH showed an improved antithrombotic and thrombolytic
activities compared with SAK, HV2, mixture of free SAK plus free
HV2 (SAK+HV2) at equimolar concentration in vivo (A) Improved
antithrombotic activities of SFH compared with its free components in
MTT model. Tail infarction length was determined after 48 h of
thrombus induction by k-carrageenin in mice. The mean length of
mouse tail thrombus in the fusion protein group was remarkably less
than those in SAK and control groups (P < 0.05). (B) An improved
thrombolytic function of SFH evaluated in IVC thrombosis model in the
rats (n = 10). A significant reduction in thrombus size was observed for
SFH group compared with SAK (P < 0.01), HV2 (P < 0.01) and saline
alone (P < 0.01), respectively. No significant difference was observed
for SFH from the combination of SAK with HV2 (P > 0.5)

complex, but susceptible to inactivation by hirudin [46];
second, animals treated with t-PA and concomitant hirudin
experienced less reocclusion than those with t-PA and
heparin or aspirin [47]; third, hirudin exhibited excellent

activity of inhibiting thrombin-mediated platelet
aggregation [47] and seemed to displace FXa from its
complex with the components of prothrombinase complex
[48]. Thus, to combine thrombolysis with anticoagulation to
reduce the occurrence of reocclusion and bleeding compli-
cation, SAK and HV2 were chosen in this study.

To circumvent the bifunctional activity and the dilemma
between anticoagulant activity and hemorrhage event, we
introduced FXa recognition site to the novel bifunctional
fusion protein because an FXa is an essential activated
factor for blood coagulation. Intact SFH showed no activity
at the thrombus-free sites without FXa. As SFH arrived at
the clot site, hirudin was locally released and its antico-
agulant activity was present where this activity was needed
in vivo. SFH retained fibrinolytic activity of SAK, which is
consistent with the previous reports [21, 22]. However, we
also found that SFH showed less than half of fibrinolytic
activity at the equimolar concentration to that of SAK
in vitro (Fig. 3). This apparent decrease of fibrinolytic
activity SFH in vitro might result from the link with
hirudin, but the fibrinolytic activity in vivo did not decrease
(Table 2, Fig. 5).

Our results demonstrated that FXa began to cleave SFH
rapidly within 5 min, but did not completely cleave it
in vitro within 3 h. The dynamics of the cleavage reaction
is closely related not only to the cleaved protein, but also to
the reaction condition and the special activity of FXa itself
in vitro. Previous studies reported that the reaction rate of
FXa to prothrombin in vivo should be increased at least
19,000-fold at the site of thrombus compared with that
in vitro [49, 50]. Therefore, the activity of FXa to SFH
in vivo should be much higher than that in vitro and SFH
should be much more easily cleaved to release the full
fibrinolytic and anticoagulant activities in the vicinity of
the thrombus in vivo than in vitro. Actually, two animal
experiments above supported this hypothesis.

The antithrombotic effect of HV2 alone was better than
SAK alone and SAK group showed a higher infarction
frequency in MTT model (Table 2 and Fig. 5A). These
results are consistent with previous reports on the differ-
ence between fibrinolytic and anticoagulant agents such as
streptokinase and heparin [38, 51]. Therefore, the MTT
infarction model is more suitable for evaluation of anti-
coagulants than fibrinolytics. It is equally well suited for
investigating whether FXa cleaved SFH and liberated the
anticoagulant activity of hirudin.

In both MTT and IVC thrombosis models, we observed
that SFH performed better than SAK and HV2 alone
(Fig. 5). Besides the bifunctional activity, a significantly
lower bleeding risk in mice receiving SFH than in mice
receiving the mixture of free SAK and HV2 was observed
not only through monitoring TT (P <0.01), aPTT
(P < 0.05) and PT (P < 0.05), but also in bleeding time in
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the vessel-injured animal model. In fact, aPTT and TT
better reflect the bleeding risk triggered by anticoagulants,
while the tail transection bleeding time reflects the bleeding
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Fig. 7 Bleeding times in tail-transected mice pretreated with saline,
equimolar SFH, SAK, HV2 and mixture of SAK+HV2 (dose
200 nmole/kg, 10 mice per group)

risk triggered by both fibrinolytics and anticoagulants. That
is why a less variant aPTT and TT in mice receiving SAK
while a less variant bleeding time in mice receiving HV2 is
shown in Figs. 6 and 7. Comparing the bleeding time in
mice receiving SFH with those in mice receiving SAK,
HV2 (329 + 153 s) and the mixture of SAK plus HV2, the
remaining fibrinolytic activity of SFH mostly accounted for
the prolonged bleeding time in mice receiving SFH. This
lower bleeding risk of SFH is not only because of N-ter-
minal extension of HV2, but also because of the reduced
fibrinolytic activity of intact SFH.

It should be noted that, according to design idea of SFH,
the man-made vessel-injured model amplified the moni-
tored bleeding risk of SFH because the artificial bleeding
synchronously triggered the coagulation pathway and re-
sulted in the liberation of free HV2 and its anticoagulant
activity. So, the actual bleeding risk might be less than the
result monitored by bleeding time at the cut site but much
closer to the results monitored by aPTT and TT without a
man-made wound.

In summary, the newly designed SFH is a promising
candidate for effective and safe clinical thrombosis ther-

«Fig. 6 SFH did not increase TT, aPTT or PT. SFH group did not

increase (A) TT, (B) aPTT or (C) PT compared with both before drug
administration and saline control groups at 30 and 60 min after drug
administration (31.5 nmole/kg). Whereas, a significant prolongs of
TT (P < 0.01), aPTT (P < 0.05) and PT (P < 0.05) were observed in
groups receiving HV2 and SAK+HV2 compared with both before
drug administration and other groups (SFH, SAK and saline groups)
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apy. The potential therapeutic use of SFH resides in its
three features: first, an improved antithrombotic and fibri-
nolytic bifunction; second, no anticoagulant activity at
thrombus-free sites and locally recovered its maximal
anticoagulant activity at the site of thrombus where it is
needed; and third, based on the second, SFH significantly
reduced the side effects of systemic bleeding risk in animal
models. Further investigation is under way to determine
possible clinical application.
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