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Abstract

Objective Thrombin, platelets, and plasmin are three
key factors involved in hemostasis and thrombolysis.
Thrombolytic therapy with clinically approved drugs
is often followed by recurrent thrombosis caused by
thrombin-induced platelet aggregation from the clot
debris. In order to minimize these problems, new
constructs were designed for the expression of
recombinant staphylokinase (rSAK) and also a fusion
protein composed of staphylokinase, 20 amino acids
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containing 2 RGD followed by tsetse thrombin
Inhibitor (SAK-2RGD-TTI) in Pichia pastoris.
Result Modeling the tertiary structure of SAK-
2RGD-TTI showed that the linker containing RGD
and TTI did not interfere with proper folding of SAK.
In laboratory testing, the purified SAK-2RGD-TTI
(420 pg/mL) dissolved an average of 45% of the blood
clot. The activity of the SAK-2RGD-TTI was also
confirmed in various tests including human plasmino-
gen activation assay, fibrin clot lysis assay, well
diffusion method, activated partial thromboplastin
time and platelet rich clot lysis assay.

Conclusion Our findings suggest that SAK-2RGD-
TTI has improved therapeutic properties preventing

R. Nedaeinia

Isfahan Cardiovascular Research Center, Cardiovascular
Research Institute, Isfahan University of Medical
Sciences, Isfahan, Iran

H. Moghimi Benhangi
Department of Toxicology, Islamic Azad University,
Shahreza Branch, Shahreza, Isfahan, Iran

B. Mashkani (D<)

Bioinformatics Research Group, Mashhad University of
Medical Sciences, Mashhad, Iran

e-mail: mashkaniba@mumes.ac.ir

@ Springer


http://orcid.org/0000-0001-9922-7181
https://doi.org/10.1007/s10529-019-02748-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s10529-019-02748-5&amp;domain=pdf
https://doi.org/10.1007/s10529-019-02748-5

104

Biotechnol Lett (2020) 42:103-114

reocclussion. It further confirms that it is practicable to
assemble and produce a hybrid multifunctional protein
that targets hemostatic process at various stages.

Keywords Process engineering - Staphylokinase -
Tsetse thrombin inhibitor peptide - Yeast

Introduction

Thrombotic disorders including myocardial infarction
and stroke have become a major health issue that
imperil human life (Lian et al. 2003; Szemraj et al.
2005). Thrombolytic therapy is a well-established
treatment for these disorders in which the fibrinolytic
system of the patient is activated by infusing the
plasminogen activators (Pulicherla et al. 2013). One is
streptokinase which induces systemic plasminogen
activation with sever side-effects such as reocclussion
and bleeding complications (Apte-Deshpnade et al.
2009). As a frequently occurring problem (Szemraj
etal. 2007), reocclussion results from the large amount
of thrombin released during thrombolysis, which in
turn activates the coagulation system, promotes
platelet degranulation, and inhibits fibrinolysis
(Kowalski et al. 2009; Pulicherla et al. 2013; Szemraj
et al. 2011). The platelets in the secondary thrombi
release factors such as platelet plasminogen activator
inhibitor-1 (PAI-1) rendering these clots resistant to
fibrinolytic agents such as tissue plasminogen activa-
tor (t-PA) (Serizawa et al. 1993).

Staphylokinase (SAK) produced by certain lysog-
enized Staphylococcus aureus strains is a promising
thrombolytic agent with high fibrin specificity. Mature
SAK includes of 136 amino acid (Nguyen and Quyen
2012b). Its fibrin specificity is indirect as it preferen-
tially forms a 1:1 stoichiometric complex with fibrin-
bound plasminogen (Kumar et al. 2010; Lian et al.
2003). SAK-plasmin (Ogen) complex circulating in
the blood is rapidly neutralized by the circulatory
plasmin inhibitor, o,-antiplasmin (Apte-Deshpnade
et al. 2009; Kumar et al. 2010), while the fibrin-bound
SAK complex is nearly 100 times more resistant to o,-
antiplasmin-mediated inhibition (Pulicherla et al.
2013). Therefore, SAK activates plasminogen on the
clot surface without the systemic fibrinolytic activa-
tion (Pulicherla et al. 2013). Since SAK is PAI-I
resistant, it efficiently mediates fibrinolysis of platelet-
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rich and retracted secondary clots (Apte-Deshpnade
et al. 2009).

Several studies used staphylokinase fused to anti-
platelet or antithrombin sequences or both (Kotra et al.
2013; Kowalski et al. 2009; Kumar et al. 2013;
Pulicherla et al. 2012, 2013; Szarka et al. 1999; Szemraj
etal.2007,2011; Van Zyl etal. 1997; Wang et al. 2009).
Hirudin-based multifunctional recombinant sthaphy-
lokinases such as PLATSAK (Van Zyl et al. 1997), HE-
SAKK (Lian et al. 2003), HV1-SAK and SAK-HVI
(Szarka et al. 1999), SAK-Thrombin recognition pep-
tide-HV2 (Zhang et al. 2010), SAK-Hirul (Kotra et al.
2013), SAK-RGD-K2-Hir (Szemraj et al. 2005), SAK-
RGD-K2-Hirul (Kowalski et al. 2009), SRH (Pulicherla
etal. 2013), were constructed and expressed in different
expression systems. Mature tsetse thrombin inhibitor
(TTI), with 32 amino acid, is a specific stoichiometric
inhibitor peptide of thrombin (Cappello et al. 1998). It
does not have any activity against common serine
proteases, such as thrombolytic cascade, components of
the human coagulation, trypsin and chymotrypsin
(Cappello et al. 1996, 1998). TTI not only has intrinsic
anticoagulation effects, it is also a potent inhibitor for
thrombin-induced platelet aggregation (Cappello et al.
1996, 1998; Rydel et al. 1990). Unlike hirudin, TTT does
not require reshuffling the disulfide bonds to show
functional effects (Kowalski et al. 2009; Lian et al.
2003).

It was previously demonstrated that the rSAK
expressed in Pichia pastoris was a potent thrombolytic
product (Faraji et al. 2017). This study aimed to design
and express a fusion of SAK with RGD and recently
rediscovered TTI, instead hirudin or its derivatives, to
investigate their effects on SAK biological activity.

Materials and methods
Design, structure prediction

The protein sequence of SAK was as previously
reported (Faraji et al. 2017); the TTI sequence
(097373) was obtained from Uniprot database. The
C-terminal mature SAK fragments was fused to a
linker (ARASGRGDGGDSGRGDGGRA) followed
by TTI. For providing structural flexibility, this linker
contains glycine and serine residues flanking RGD
motifs. Another linker (ARASLIL) fused C-terminal
of TTI to C-Myc and 6 His tag.
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Potential effects of the linkers and TTI on SAK was
investigate using bioinformatics tools. Secondary
structure was predicted using the improved self-
optimized prediction method (SOPMA) software
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=
/NPSA/npsa_sopma.html). Four conformational states
(helices, sheets, turns and coils) of candidate construct
were analyzed. Tertiary structure was predicted by
I-TASSER server (http://zhanglab.ccmb.med.umich.
edu/I-TASSER). It is based on folding recognition or
treading, plus homology with other known structures.
This software delivers 5 models in PDB format, in
which the best model is the one with higher C-score. In
order to improve modelled protein structure, the model
energy was minimized using Swiss-PDB Viewer
software (v. 4.1.0, Basel, Switzerland). Then, the
model was validated by Ramachandran Plot using
Rampage software (http://mordred.bioc.cam.ac.uk/
~ rapper/rampage.php).

Expression and purification of the SAK-2RGD-
TTI

The preparation of the coding construct, its expression
and condition optimization (effect of methanol, pH and
temperature on expression and activity) were carried out
as previously described (Faraji et al. 2019). A codon-
optimized construct for the pPICZaA-SAK-2RGD-TTI
was expressed in Pichia pastoris with or without 20 pg/
mL tunicamycin (deglycosylating antibiotic) in the
expression medium (BMMY). The final product was
purified using Ni**-IDA (iminodiacetic acid) resin and
quantified using BCA protein quantification kit (both
purchased from Parstous, Mashhad, Iran). The presence
of fusion protein and its purity were also assessed by
western blotting technique using mouse anti c-Myc
(9E10) primary antibody (Santa Cruz Biotechnology,
Dallas, TX) and goat anti-mouse IgG conjugated to
horseradish peroxidase (HRP) (Santa Cruz) and densit-
ometric analysis of coomassie brilliant blue stained gels
(12% (w/v) SDS-PAGE) using gel-pro software (Media
Cybernetics Silver Springs, MD). Flow chart of study
design was illustrated (Fig. 1).

Human plasminogen activation assay of the SAK-
2RGD-TTI

Biological activity of the purified SAK-2RGD-TTI
and rSAK was determined by its amidolytic activity as

previously described (Hernandez et al. 1990) with
minor modification. Briefly, the SAK-2RGD-TTI was
dissolved in 100 mM phosphorus buffer (pH 7.4). In
the test tubes, 50 pL of the SAK-2RGD-TTI (4, 8 and
16 uM) was mixed with 100 pL. of plasminogen
(2.4 uM) and incubated at 37 °C for 30 min. Subse-
quently, chromogenic substrate Spectrozyme PL
(American Diagnostic Inc., USA) was added to the
SAK-2RGD-TTI-plasminogen complex at a final
concentration of 0.3 mM and incubated at 37 °C for
30 min. The reaction was stopped by adding 10 pL of
0.4 M acetic acid and chromogenic release of p-ni-
troanilide was measured at 405 nm. Each experiment
was repeated 3 times and compared with the rSAK.

Fibrin clot lysis assay of the SAK-2RGD-TTI

Ina 96-well plate, 100 pL of a mixture forming fibrin clot
including human thrombin (1 NIH unit/mL) and human
fibrinogen (1 mg/mL) (sigma) was prepared and incu-
bated for 3 h at room temperature (Pulicherla et al. 2013).
Then 100 pL of different concentrations of the purified
SAK-2RGD-TTI or the rSAK, and plasminogen
(24 pM), pH 7.4, was added to each well and incubated
for 5 h. The turbidity in each well was measured at
405 nm. Residual turbidity for different concentrations
of the SAK-2RGD-TTI was calculate versus negative
control without the SAK-2RGD-TTI. The concentration
of SAK-2RGD-TTI required to achieve 50% the clot
lysis (a decrease 50% in turbidity) was considered as Csy,.
Each experiment was repeated 3 times and compared
with the rSAK. To convert molecular weight to mole, the
Russian online site “http://molbiol.edu.ru/eng/scripts/
01_04.html” was used.

Fibrinolytic activity assay of the SAK2RGD-TTI
using clot lytic method and residual clot weight

The cost effectively clot lytic method, described by
Swetha Prasad et al. (Faraji et al. 2017), was used to
confirm the fibrinolytic activity of the SAK-2RGD-
TTI. In this method, 500 pL of clotted whole blood
was mixed with 100 pL of the SAK-2RGD-TTI and
incubated at 37 °C for 90 min. The weight of the clot
before incubation with the SAK-2RGD-TTI was
compared to the after-incubation one (Prasad et al.
20006).
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Fig. 1 Flow chart of study
design
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Fibrinolytic activity assay of the SAK-2RGD-TTI
using well diffusion method

Fibrinolytic activity of SAK-2RGD-TTI was mea-
sured according to well diffusion method, with
streptokinase 10000 U (Sigma-Aldrich, St. Louis,
MO, USA) as a standard (Faraji et al. 2017). Samples
(30 pL) were loaded on plasma LB agar or nutrient
agar plate, and then incubated at 37 °C overnight to
get the clearance zones (mm?). The specific activity
was determined with regard to standard curve.

Assay for thrombin inhibition

The capacity of thrombin inhibition by SAK-2RGD-
TTI and rSAK proteins and delay in clot formation
was measured using standard test of activated partial
thromboplastin time (aPTT) (Cappello et al. 1996;
Chanarin 1989; Van Zyl et al. 1997). The normal value
is 3040 s. Briefly, equal volume (100 pL) of normal
citrate plasma, various concentrations of SAK-2RGD-
TTI and cephaloplastin were mixed at 37 °C for
4 min. Subsequently, 100 pL. CaCl, (placed in water
bath, 37 °C for 5 min) was added together with gently
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agitation probed for clot formation (Cappello et al.
1996; Chanarin 1989). Each experiment was repeated
3 times and compared with the rSAK results.

Platelet rich clot lysis assay

Thrombolytics activity using the RGD sequences
(arginine-glycine-aspartic acid) become more acces-
sible to fibrin, via attachment to integrin receptors of
platelet available in clot and inhibition of its aggre-
gation. As a result, it leads to more clot lysis. In the
other words, platelet—targeted fibrinolysis increases
clot lysis along with inhibition of platelet aggregation
(Bode et al. 1991). In this study, to confirm antiplatelet
activity of the SAK-2RGD-TTI, a simple method
without the need for specialized equipment’s, namely
the platelet rich clot lysis assay was used (Harrison
2005).

Whole blood was collected with trisodium citrate
(3.2% (wlv)), at aratio 1 to 9, centrifuged at 200 g, for
15 min, to separate the platelets and plasma from the
red blood cell. It was followed by spinning the plasma
at 400 g for 15 min to prepare platelet enriched
plasma (PRP) (Zhang et al. 2010). A mixture (100 pL)
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of human thrombin (1 NIH unit/mL) and human
fibrinogen (1 mg/mL) (sigma), CaCl, 20 mM and
PRP was transferred to a 96-well plate and incubated
for 3 h at room temperature as explained before
(Pulicherla et al. 2013). On the clot, 100 pL of
different concentrations of the purified SAK-2RGD-
TTI or rSAK was added along with plasminogen
(2.4 uM), pH 7.4. The Csy was calculated as described
earlier for fibrin clot lysis assay. Each experiment
repeated 3 times and results of the SAK-2RGD-TTI
were compared to the rSAK.

Statistical analysis

Student’s ¢ test was used where applicable (GraphPad
Prism V5.0). The mean values were considered
statistically significant if the p value was < 0.05. Data
was presented as mean £ SD of three independent
experiments.

Results
Structure prediction of the SAK-2RGD-TTI

Analysis of the secondary structure of the protein
fusion by SOPMA software showed that 24.31% (w/
w) of the protein had an alpha-helix structure, 40.22%
random coil, 20.64% extended strand and 14.22%
beta-turn (Online Resource 1). Five models were
constructed using I-TASSER with C-scores ranging
from -2.41 to 3.2. Model-1 with the most favorite
C-Score (— 2.41) was considered as the best predicted
tertiary structure for the fusion protein of the SAK-
2RGD-TTI. Ramachandran Plot Assessment of the
selected model revealed more than 87% residues were
placed in the favored (69.9%) and allowed (17.6%)
regions (Online Resource 2). In this model, all
components of the fusion protein (SAK, RGD and
TTI) were posed separately without interfering with
the others compartments (Fig. 2). As a result, it
exhibited that the linker containing RGD and TTI
would not influence SAK proper folding.

The SAK-2RGD-TTI protein analysis
SDS-PAGE analysis of the purified SAK-2RGD-TTI

revealed two protein bands of nearly 27 kDa and
24 kDa with intensity ratio 5 to 3, respectively (Fig. 3,

lane 2). It was confirmed by western blotting as well
(Fig. 3, lane 5). The quantity of the purified protein
was 420 pg/mL with more than 99% (w/w) purity.
When the protein expressed in presence of tuni-
camycin, only one protein band was appeared in the
SDS-PAGE analysis indicating interruption of glyco-
sylation (Fig. 3, lane 3).

Comparing human plasminogen activator activity

The amidolytic activity of human plasmin (ogen) is in
parallel with fibrinolytic activity. Thus, to confirm the
fibrinolytic properties of the SAK-2RGD-TTI and
rSAK, plasminogen activation activity was investi-
gated. It was indicated by the enzyme activities of
1099 =+ 113, 2226 + 413 and 4212 + 500 U/mL in
presence of the SAK-2RGD-TTT at the concentrations
of 4, 8 and 16 uM, respectively. Comparatively, the
same Concentrations of the purified rSAK resulted in
the enzyme activities of 824 £ 163, 1917 + 290 and
3469 + 438 U/mL. As shown in Fig. 4, there was no
significant difference between plasminogen activator
activity of equimolar concentrations of the SAK-
2RGD-TTI and rSAK (p value > 0.7).

Comparing the fibrin clot lysis activity

The concentration required for 50% fibrin clot lysis
(Cs0) for the SAK-2RGD-TTI was slightly lower than
the rSAK (467 and 544 nM, respectively) (Fig. 5).
However, this was not significant difference
(p value = 0.3702).

Comparing of fibrinolytic activity using the clot
Iytic method and residual clot weight

The residual clot weight after exposure to fibrinolytic
proteins was determined. The results showed that
100 pL of the purified SAK-RGD-TTI (420 pg/mL)
dissolved 45% of the blood clot, while the crude
culture supernatant (175 pg/mL) nearly 20% of the
clot. Further, the purified rfSAK (720 pg/mL) and non-
purified one (310 pg/mL) could dissolve approxi-
mately 74% and 35% of blood clots, respectively
(Faraji et al. 2017). Increase of blood clot lysis from 20
to 41% was demonstrated for the non-purified, deg-
lycosylated SAK-2RGD-TTIL.
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Tsetse thrombin inhibitor position
(158-190)

Fig. 2 A model of SAK-2RGD-TTI protein predicted by
I-TASSER online software after energy minimization. In this
model, all functional domains of the protein fusion (SAK, RGD

Comparison of anti-thrombin activity

As shown in Fig. 6, the SAK-2RGD-TTI with a TTI
fragment prolonged the activated partial thromboplas-
tin time (aPTT) of normal human plasma in a
concentration—dependent manner. Compared to the
rSAK, a concentration at least 130 nM of the SAK-
2RGD-TTI effectively increased around two 2.3 times
the PTT test (52 s) when normal control was 27 s.
There was a statistically significant difference
between the two groups at the clotting time (p value
< 0.0001).

Comparing lysis activity on platelet rich clot

More tendency of the SAK-2RGD-TTI towards
platelets of platelet rich clot led to more fibrinolysis
along with turbidity reduction. The required concen-
tration of the SAK-2RGD-TTI for 50% platelet rich
clot lysis (Csp) was 233 nM, which was significantly
(p value = 0.0033) less than 778 nM (Csg) of the
rSAK (Fig. 7). In other words, as compared to the
rSAK, the SAK-2RGD-TTI with a lower mole
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and TTI) was unveiled separately without burying inside other
domains. This model was visualized using the viewer lite 4.2
software (Molecular simulations, Inc., San Diego, CA)

concentration (< 1/3) was caused a 50% platelet rich
clot lysis after 5 h.

Discussion

Platelet and thrombin play the critical role in throm-
bosis development in the body while plasmin dissolves
the thrombosis produced (Van Zyl et al. 1997). It is not
surprising, therefore, to be designed an antithrombotic
agent that can inhibit the action of thrombin and
platelet aggregation, while causing a clot lysis. Platelet
inhibitors include the synthetic peptide sequences of
arginine-glycine-aspartic acid (RGD) (Taylor and
Gartner 1992), F(ab ‘), fragment of the monoclonal
antibody 7E3 (Coller et al. 1989) and snake venom
(Savage et al. 1990). Among the thrombin inhibitors,
there are hirudin (Markwardt 1970), hirudin portions
(Dennis et al. 1990), bivalirudin (hirulog) (Maraga-
nore et al. 1990), hyrogen (Maraganore et al. 1989),
synthetic peptides obtained from C-terminal portion of
hirudin (Dimaio et al. 1990), fibrinopeptide A (Van
Zyl et al. 1997a), dipetalin domains (Icke et al. 2002)
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Fig. 3 The SDS-PAGE and western blotting analyses of the
SAK-2RGD-TTI protein. Lane M: protein marker (10-
250 kDa); SDS-PAGE analysis, lane 1: culture supernatant of
Pichia pastoris including pPICZaA as negative control, lane 2:
elute of the purified SAK-2RGD-TTI lane 3: culture super-
natant of Pichia pastoris including pPICZaA-SAK-2RGD-TTI
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after treatment with tunicamycin (20 pg/mL), lane 4: elute of
the purified rSAK; Western blotting analysis, lane 5: elute of the
purified SAK-2RGD-TTI. The SAK-2RGD-TTI protein was
probed using mouse anti-cMyc antibody and HRP-conjugated
secondary anti-mouse IgG followed by visualization using
enhanced chemiluminescence method

-o- SAK-2RGD-TTI
rSAK

Y T T
4 8

Human plasminogen activator activity (U/mL)

Concentration (uM)

Fig. 4 Human plasminogen activator activity of the purified
SAK-2RGD-TTI and rSAK proteins. Different concentrations
(4, 8 and 16 pM) of the SAK-2RGD-TTI and rSAK were
compared. Optical density (OD) of chromogenic substrate

and tsetse thrombin inhibitor (Cappello et al.
1996, 1998). Inhibitors of thrombin production
include the recombinant tick anticoagulant protein

16

released from Spectrozyme PL at 405 nm was investigated.
Data were represented as mean & SD of three independent
experiments (p value = 0.8312)

(trTAP) (Neeper et al. 1990), and the recombinant
activated protein C (Gruber et al. 1990). Initially,
Cohen and Lijnen proposed that the effectiveness of
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Fig. 5 Comparison of the
effect of various
concentrations of the SAK-
2RGD-TTI and rSAK on
fibrin clot lysis in microtiter
plate. The residual relative
turbidity (%) was measured
at 405 nm after 5 h. Data
were represented as

mean £ SD of three
independent experiments

(p value = 0.3702)

-o— SAK-2RGD-TTI
—a- [SAK

Turbidity (%) of fibrin clot

Fig. 6 The effects of 80
various concentrations of 70
the SAK-ZRGD-.TTI and 3 SAK-2RGD-TTI
rSAK on the activated 60 -
partial thromboplastin time B rSAK
of normal human citrate L 504
plasma based on a control g
clotting time of 27 s. The = 40+
data were represented as 2 30
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Fig. 7 Comparison of the
activity of various
concentrations of the SAK-
2RGD-TTI and rSAK for
platelet rich clot lysis in
microtiter plate. The
residual relative turbidity
(%) was measured at

405 nm after 5 h. Data were
represented as mean + SD

—e— SAK-2RGD-TTI

Turbidity (%) of platelet-rich clot

of three independent —&- SAK
experiments
(p value = 0.0033)
1 1 1 T 1 ) T 1
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anti-coagulant and antiplatelet agents could be Continually, various studies used staphylokinase fused
enhanced by fusing them to thrombolytic agents such to antiplatelet or antithrombin sequences or both

as staphylokinase (Collen and Lijnen 1995). (Kotra et al. 2013; Kowalski et al. 2009; Kumar et al.
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2013; Pulicherla et al. 2012, 2013; Szarka et al. 1999;
Szemraj et al. 2007; 2011; Van Zyl et al. 1997; Wang
et al. 2009). In this study, a fusion protein (SAK-
2RGD-TTI) was designed and expressed in Pichia
pastoris which contained fibrinolytic SAK, 2xRGD
platelet aggregation inhibitor and newly tsetse throm-
bin inhibitor. Modelling the tertiary structure con-
firmed that the linker containing RGD and TTI did not
interfere with SAK proper folding. Following, it was
purified and characterized, in vitro. In well diffusion
method for determining fibrinolytic activity (Faraji
et al. 2017; Jasim et al. 2015; Pulicherla et al. 2012),
our purified SAK-2RGD-TTI and rSAK showed a
specific activity of 19,616 U/mg and 21,042 U/mg,
respectively, after purification. Overview of other
studies expressing staphylokinase or its derivatives
appeared different results. The specific activity was
ranged from very highly 2,197,420 U/mg with S2251
(p-valyl-leucyl-lysine-p-nitroanilide dihydrochloride)
as substrate in E. coli (Mandi et al. 2009), very highly
activity 102,955 IU/mg reported in the well diffusion
method with streptokinase as standard in E. coli
(Pulicherla et al. 2013), high activity of 20,658 U/mg
with AAS (N-(p-tosyl)-gly-pro-lys 4-nitroanilide acet-
ate salt) as substrate in P. pastoris (Nguyen and Quyen
2012b), 15,175 U/mg protein with AAS as substrate in
E. coli (Nguyen and Quyen 2012a), low activity 2.5
U/mg of glycosylated and 95 U/mg of non-glycosy-
lated with S2251 as substrate in P. pastoris (Apte-
Deshpnade et al. 2009) to zero U/mg of glycosylated
but high level of non-glycosylated with S2251 as
substrate in P. pastoris (Miele et al. 1999). PLATSAK,
SAK containing RGD as an antiplatelet together with
hirudin and segments of fibrinopeptide A as thrombin
inhibitors exhibited slightly decrease in fibrinolytic
activity (Van Zyl et al. 1997). Further, fibrinolytic
activity of the SAK-RGD-Hirulog (Pulicherla et al.
2013) and SAK-hirulog (Kotra et al. 2013) produced
in E.coli was 102,730 U/mg and 21,825 U/mL,
respectively. Despite of small decrease, there was no
significant difference in the fibrinolytic activity
between rSAK and its recombinant derivatives (Kotra
et al. 2013; Pulicherla et al. 2013). Totally, it was
demonstrated added compartments would not have
unfavorable effects over fibrinolytic activity of
staphylokinase. It was also revealed that adding the
Kringle 2 domain (fibrin binding) from the tissue
plasminogen activator protein (t-PA) to SAK-RGD-
Hirulog or SAK-RGD-Hirudin increased significantly

fibrin clot lysis (Kowalski et al. 2009; Szemraj et al.
2005, 2011). In present study, more thrombolytic
activity of the SAK-2RGD-TTI compared to the rSAK
with equal molar proportions was shown in fibrin clot
lysis test and plasminogen activation assay. However,
consistence with a similar study (Pulicherla et al.
2013), there was no significant difference between the
rSAK and its multifunctional derivative. These indi-
cated that adding antiplatelet and anti-thrombin seg-
ments had no adverse effect on the kinetics of SAK.
Staphylokinase, alone or as part of a fusion protein,
would form a binary complex with plasmin (ratio 1 to
1), led to non-significant difference of its plasminogen
activation potential. In addition, the non-significant
Cso between the SAK-2RGD-TTI and rSAK in the
fibrin clot lysis test reaffirmed that the addition of
RGD and TTI would not reduce fibrinolytic activity.

Moreover, the RGD and TTI sequences increased
significantly the antiplatelet and antithrombin activi-
ties in the SAK-2RGD-TTI compared to the rSAK.
Increase of these activities was also reported in
previous studies (Icke et al. 2002; Kowalski et al.
2009; Pulicherla et al. 2013; Szemraj et al. 2007). The
SAK-2RGD-TTI at a molar concentration less than 1/3
relative to the rSAK led to 50% lysis of platelet rich
clot after 5 h. Hence, it demonstrated visibly the high
efficacy of the SAK-2RGD-TTT in lysis of platelet-
rich clot. It might increase the thrombolytic activity
through binding directly the fusion protein to the
GPIIb/IIIa receptors of the activated platelet on
surface of the clot. In this study, the efficacy of fused
TTI was also demonstrated along with the used
previously thrombin inhibitors (Icke et al. 2002; Kotra
et al. 2013; Kowalski et al. 2009; Pulicherla et al.
2013; Van Zyl et al. 1997; Wang et al. 2009). In this
regard, the TTI of fusion protein at a concentration of
at least 130 nm increased around 2 times the aPTT test
(52 s). Hence, the TTI fragment could access to the
thrombin and inhibit its catalytic activity.

In the clot lytic method and residual clot weight,
increase of blood clot lysis nearly 2 times (from 20 to 41%)
was demonstrated for the non-purified, deglycosylated
SAK-2RGD-TTI consistence with changing its specific
fibrinolytic activity from 8269 to 18,196 U/mg according
to well diffusion method. For the non-purified deglycosy-
lated rSAK, more increase of blood clot lysis (2.3 times,
from 35 to 82%) was also confirmed by well diffusion
method (Faraji et al. 2017). Induction with tunicamycin
did not increase the rSAK expression. Also, fibrinolytic
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part of the SAK-2RGD-TTI was accessible to fibrin
(19,616 U per mg protein with more molecular weight
relative to the rSAK). Glycosylation of staphylokinase
decreases fibrinolytic activity (Apte-Deshpnade et al.
2009; Miele et al. 1999). The rSAK was mostly glyco-
sylated when expressed in Pichia pastoris (Faraji et al.
2017), while the SAK-2RGD-TTI was shown a mixture of
glycosylated and nonglycosylated forms with a ratio of
5:3. As a results, after induction with tunicamycin, the
more glycosylated rSAK proteins changed into non-
glycosylated than that the SAK-2RGD-TTI.

Future perspectives

In this study, staphylokinase fused to anti-platelet and
newly anti-thrombin sequences was designed and after
the codon optimization was expressed and purified
successfully from Pichia pastoris with improved
functional properties. However, there are following
suggestions in the article for continuation of the work.
They include: separation of glycosylated proteins
from non-glycosylated after purification via column
chromatography of concavalin A. Evaluation of
thrombolytic properties of the SAK-2RGD-TTI and
rSAK, in vivo, for instance, thrombosis of the rats tail
with carrageenan (Kumar et al. 2013). Evaluation of
other pharmacokinetic profiles of the SAK-2RGD-TTI
and rSAK such as plasma half-life, renal clearance and
immunogenicity, in vivo. Adding additional compart-
ments to the SAK-2RGD-TTI, such as the Kringle 2
domain from t-PA and determining its subsequent
effects. Removal of glycosylated sites and also sites
with high antigenic potential using site directed
mutagenesis approach and determining its subsequent
effects.

Conclusions

From the present study is concluded that adding RGD
and TTI peptides increased antiplatelet and antithrom-
bin activities to the conventional plasminogen activa-
tor of the SAK protein. These changes are expected to
improve the therapeutically function of the SAK-
2RGD-TTI by preventing reocclussion.
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Supporting information Supplementary Figure 1—The sec-
ondary structure of the SAK-2RGD-TTI protein predicted by
SOPMA online software. Amino acid residues of N-terminal,
which is indeed a catalytic site for fibrinolytic activity, has more
the random coil structure.

Supplementary Figure 2—Ramachandran plot analysis of
the SAK-2RGD-TTTI using the RAMPAGE online software. It
is based on torsional angles (Phi or ¢ and Psi or ) of amino
acid residues (A) led to their falling in energetically favoured,
allowed or outlier regions. More amino acids in favoured and
allowed regions, the model more valid. The conformations and
location of amino acids is shown in four individual plots
having heading as general (all amino acids except Glycine,
Proline and Pre-Pro (amino acid before proline), Glycine, Pre-
Pro and Proline. Amino acids marked with red rectangleplace
in outlier region.
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