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Abstract Microplasminogen (pPlg), a truncated form of
human plasminogen, has considerable potential as a direct-
acting thrombolytic agent. To further develop pPlg into a
thrombolytic agent with anti-thrombus properties, we con-
structed two pPlg variants containing tripeptide Arg-Gly-
Asp (RGD) and tetrapeptide Gly-Pro-Arg-Pro (GPRP) by
site-directed mutagenesis. The recombinant cDNAs were
expressed in yeast (Pichia pastoris) and purified to high
homogeneity by Ni—-NTA affinity chromatography. The
specific activities of RGD-puPlg and GPRP-pPlg were 7.7 and
13.3 U/mg, respectively, as determined using the fibrin-plate
method. RGD-uPlg significantly inhibited ADP-induced
platelet aggregation, which was 33.6- and 14.1-fold higher
than the native pPlg and GPRP-pPlg, respectively. On the
other hand, GPRP-PPlg prolonged thrombin-initialized fib-
rinogen polymerization in a concentration-dependent man-
ner, which was 9.2- and 5.7-fold stronger than pPlg and
RGD-pPlg, respectively. Under activation by urokinase,
wPlg, RGD-uPlg, and GPRP-pPlg all showed over 80 %
conversions to their active enzyme in 24 h. The structure
models that docked RGD-Plg and pPlg activation loops into
the enzymatic active site of urokinase showed that Pro559 to
Asp559 mutation of RGD-pPlg led to an alteration in the
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interaction, which possibly explains the slowed activation of
RGD-pPlg by urokinase over an 80-min period. In conclu-
sion, this study has presented two recombinant pPlg variants
with anti-platelet aggregation and anti-fibrinogen clotting
activity, thus suggesting the anti-thrombosis properties of
these two pPlg derivatives.

Keywords Arg-Gly-Asp - Fibrinogen clottting -
Gly-Pro-Arg-Pro - Human microplasminogen - Platelet
aggregation - Fibrinolysis

Abbreviations
UK  Urokinase
Plm  Plasmin

t-PA  Tissue-type plasminogen activator
Plg  Plasminogen

puPlg  Microplasminogen

Introduction

Thromboembolism diseases, such as myocardial infarction,
ischemic stroke, deep vein thrombosis and retinal blood
vessel embolism, are prevalent causes of death and disability
around the world. Thrombolytic therapy is a major strategy
for thromboembolism disease treatment. However, the suc-
cess of thrombolysis is limited by recurrent occlusion, which
occurs in 10-20 % patients [1]. Thus, novel thrombolytic
agents fused with anti-thrombotic elements are necessary.
The tetrapeptide Gly-Pro-Arg-Pro (GPRP) is an ana-
logue of the amino-terminal GPRVV sequence of the
human fibrin a-chain and can prevent fibrin monomers from
polymerizing to insoluble clots [2]. Moreover, a PEGylated
fibrin knob ‘A’ peptide containing GPRP exhibited a
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tenfold enhancement of anticoagulant activity than that of
the non-PEGylated knob peptides [3]. On the other hand,
Arg-Gly-Asp (RGD)-containing peptides can inhibit the
binding of fibrinogen to integrin oyy,/Ps on activated pla-
telets, thus inhibiting platelet aggregation [4]. Several
indirectly-acting thrombolytic agents, such as staphyloki-
nase and urokinase (UK), have been chimerized with anti-
thrombosis peptides through gene recombination or chem-
ical linkage, as reported in previous studies, and each pre-
sented anti-thrombosis characteristics [5—7]. However, the
combination of anti-thrombosis peptides and direct-acting
thrombolytic proteins has not yet been reported.

Plasmin (PIm) is the major fibrinolytic enzyme in human
plasma and can be a potent direct-acting thrombolytic
agent for local delivery [8]. It is noticeable that intravenous
administration of a large amount of PIm, unlike tissue-type
plasminogen activator (t-PA), appeared to be well tolerated
without bleeding [9, 10]. In addition, two des-kringle
variants of Plm, miniplasmin (mPlm) (Val442-Asn791)
and microplasmin (uPlm) (Lys531-Asn791) are also well-
tolerated and potent with pharmacological application [11-
14]. Furthermore, pPlm was the only drug approved by
FDA as a substitute for vitrectomy [15].

Plasminogen (Plg) is the precursor of Plm and contains 792
amino acids with a molecular weight of 92 kDa. Under
physiological conditions, UK and t-PA convert inactive Plg to
active Plm by hydrolyzing the Arg561-Val562 peptide bond.
Under alkaline conditions (pH 10.0), PIm can autodegrade
and degrade Plg, producing pPlm and microplasminogen
(uPlg) respectively [16, 17]. It is difficult to express Plg due to
its complex domains; however, a high production yield of
pPlg has been obtained by its expression in yeast Pichia
pastoris [18].

In this study, we constructed a novel pPlg variant, which
comprised of Ala543 to Asn791 amino acids of human Plg.
At the same time, the GPRP tetrapeptide and RGD
tripeptide were each constructed into the pPlg by site-di-
rected mutagenesis. Recombinant cDNAs of pPlg, RGD-
wPlg, and GPRP-IPlg were expressed in yeast P. pastoris
and purified to high homogeneity, and their biological
activities were compared in vitro.

Materials and methods
Materials

Plasmid pDNR-LIB-hPLG containing full-length cDNA
sequence of human Plg was obtained from Enogene biotech
Co. Ltd (Nanjing, Jiangsu, China).The pPICZaA plasmid
and yeast P. pastoris GS115 were purchased from Invitrogen
(Carlsbad, CA, USA). The pGME®-T plasmid was obtained
from Promega biotech (Shanghai, China). Xba-I, Xho-I,

Sac-I, T4 DNA ligase, Premix Tag DNA polymerase and
Escherichia coli TOP10 cells were obtained from Takara
Bioengineering (Dalian, Liaoning, China). Primers were
synthesized by Sangon biotech Co. Ltd (Shanghai, China).
PCR Purification Kit was purchased from Omega Sciences
(Germantown, MD, USA). Thrombin, fibrinogen, fibrin
monomers, bovine serum Plg were obtained from Sigma-
Aldrich Co. (St Louis, MO, USA). NiZ‘nitrilotriacetate (Ni—
NTA) column was supplied by Bio-Rad (Hercules, CA,
USA). DAPase was obtained from QiagenGEN (Valencia,
CA, USA).

Construction of pGEM-T-pPLG plasmid

The cDNA fragment encoding [tPlg (Ala543-Asn791) was
subcloned by PCR from the plasmid pDNR-LIB-HPLG using
forward primer F1 5'-CATCACCATCACCAT CACGCCCC
TTCATTTGATTGTG G-3' that contained a 6xHis tag and
reverse primer D 5-GTTTCTAGAAAGTTAATTATTTC
TCATCACTCC-3' containing an Xba-I site. In the second
PCR, an Xho-I site followed by a KEX-2 cleavage site was
added to the 5’ end with forward primer F2 5-TCTCTCGA
GAAAAGACATCACC ATCACCATCAC-3'. Both reac-
tions were thermocycled as follows: one cycle at 94 °C,
5 min, 30cyclesat 94 °C, 30 s; 55 °C,30 sand 72 °C,7 min.
The final PCR product was ligated into pPGEM®-T Easy vector,
sequenced with forward and reverse primers pUC/M13.

Site-directed mutagenesis

The cDNA sequences of RGD-pPLG and GPRP-uPLG were
obtained by mutagenesis PCR. Briefly, the PCR for RGP to
RGD mutation was performed on plasmid pGEM-T-uPLG
with forward primer F2 and reverse primer M1 5'-CCTAC
AAC CCTTCCATCACATTTCTTCGGCT-3'. To amplify
the RGD-pUPLG sequence, the PCR product was used as
forward primers together with reverse primer D on lin-
earized plasmid pGEM-T-pPLG in a second PCR. The same
double-PCR procedure was applied to obtain the cDNA
sequence of GPRP-UPLG except using reverse primer M2:
5'-CACCATCACGGCCCTCGTCCTGATTGTGGG-3' in
the first PCR. The final PCR products were separated,
purified and ligated into pGEM-T Easy vector. Sequencings
were performed with primers pUC/M13 in both forward and
reverse directions.

Expression and purification

The transformation, screening and expression of pGEM-T-
WPLG and its mutants in yeast P. pastoris was referred to the
operation manual of Invitrogen Kit. Briefly, these plasmids
were digested with Xba-I and Xho-I. Purified cDNA frag-
ments containing PPLG, RGD-uPLG and GPRP-puPLG were
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linked to pPICZoA plasmids, which was then amplified in
E. coli TOP10 cells and transformed into competent cells P.
pastoris GS115. Transformants were screened in sequence
on YPDS plates containing 100, 200 and 800 pg/mL zeocin.
High-expression strains were selected from YPDS plates
containing 800 pg/mL zeocin.

Colonies were selected and inoculated in 100 mL BMGY
medium and cultured for 16 h at 30 °C. The cells were
pelleted, washed by sterilized water, re-suspended in 50 mL
BMMY medium and cultured for 48 h. 1 % methanol was
supplied every 24 h and 300 pL culture supernatant was
retained in 0, 12, 24, 36 and 48 h. The expression of pPlg,
RGD-pPlg or GPRP-pPIg in culture supernatant was iden-
tified by 12 % SDS-PAGE.

For batch purification, the culture supernatant was
diluted 1:2 with column buffer (50 mM phosphate buffer,
500 mM NaCl, pH 7.4) and loaded on a Ni-NTA column
at 1 mL/min. After loading, the column was washed with
10 columns of column buffer and 5 columns of column
buffer supplemented with 10 mM imidazole at 2 mL/min
to remove the unbounded proteins. pPlg, RGD-uPlg or
GPRP-pPlg was eluted with column buffer supplemented
with 500 mM imidazole, dialyzed against 150 mM NaCl,
50 mM phosphate buffer at pH 7.4 and concentrated by
PEG 20 000. The 6xHis tag was cleaved by DAPase
enzyme, and removed together with uncleaved proteins by
Ni—-NTA chromatography. The purified proteins with
native N-terminus were assayed for protein concentration
by BCA method and identified by western blot.

Fibrinolytic activity

The fibrinolytic activity was determined using fibrin plate
method as described previously [19]. Briefly, 1 % agarose
gel plates contained 0.15 M NaCl, 15 mg/mL human fib-
rinogen, 2.5 U/mL thrombin, 0.02 % NaN3 and 50 mM
phosphate buffer, pH 7.4. On the solidified fibrin plates,
wells of 2 mm diameter were punched and 10 pL. samples
were added and kept in moist box at 37 °C for 18 h. The
diameter of the halo around the well was measured with
vernier caliper to calculate the fibrinolytic activity of pPlm,
RGD-pPlm and GPRP-pPIlm by comparison with standard
preparation for bovine plasmin.

Inhibiting ADP-induced platelet aggregation

The anti-platelet aggregation activity was measured by
classic turbidity method [20]. Fresh blood obtained from
rabbits was anti-coagulated by 110 mM sodium citrate at a
ratio of 1:9 (v/v). Platelet rich plasma (PRP) was obtained
by centrifugation at 800 rpm for 10 min, and a second
centrifugation at 3500 rpm for 15 min was used to prepare
platelet-poor plasma (PPP). The PRP was diluted by PPP to
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a platelet count of 400,000/puL. Two hundred microliter of
PRP was added into colorimetric cup with continuous
agitation and the reader was modified to “100 %”. 5 uL
ADP (20 uM final concentration) and 5 uL. 50 mM PBS
was added to induce platelet aggregation. The relative
turbidity at 350 nm wavelength in 200 s was recorded as
PAG x blank. For sample assays, 20 pM pPlg, RGD-uPlg
or RGD-pPlg was added instead of PBS and the relative
turbidity was recorded as PAG sample. The percentage of
aggregation inhibition (Ri %) was calculated by the fol-
lowing formula: Ri % = (PAG x sample — PAG x blank)/
(100 % — PAG x blank) x 100 %. To determine the rel-
ative potencies of the tree proteins, the Ri % was measured as
a function of protein concentration.

Inhibiting thrombin-fibrinogen polymerization

The fibrinogen clotting were induced by adding 2 U bovine
thrombin to human fibrinogen solutions (2.0 mg/mL fibrino-
gen, 25 mM CaCl,, and 50 mM phosphate buffer, pH 7.4) and
incubating at 37 °C for 2 min. For anti-fibrinogen polymer-
ization assays, the fibrinogen solutions was pretreated with
50 mM PBS, 5 uM pPlg, RGD-pPlg or GPRP-pPlg respec-
tively before thrombin. The scattering light at 450 nm
wavelength was determined every 10 s, and scattering degree
(SD) was recorded in 80 s. The percent inhibition rate was
calculated as (SDpgs — SDgumpie)/(SDpgs) x 100 %. The
functions of percent inhibition rates versus protein concen-
trations were also calculated to evaluate the relative inhibition
potencies of nPlg, RGD-iPlg or GPRP-uPlg.

Urokinase activations Kkinetics

The activation of pPlg, RGD-puPlg and GPRP-uPlg by
urokinase was performed at a molar ratio of 1 % of
urokinase at 37 °C for 24 h in buffer (50 mM phosphate
buffer, pH 7.4). Reaction mixture of 30 pL. was taken in
20, 40, 60, 80 min, 6, 12, 18, 24 h and assayed by 12 %
reduced SDS-PAGE. The gels were scanned and the optical
densities of various bands were measured to calculate
activation percentage.

RGD-pPIg modeling and docked into urokinase

The RGD-pPlg structure was modeled by software DS 2.5
(Accelrys Inc., CA, USA) based on pPIg crystal structure
published previously [PDB No: 1DDJ] [21]. After artificial
mutation of Pro559 to Asp559 in activation loop, energy
minimization was performed for the loop domain using
force field CHARMm. The crystal structure of urokinase
used for the dock was also previously published [PDB No:
4MNY] [22]. Dock was conducted between RGD-pPlg
activation loop and enzymatic active site of urokinase
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using ZDOCK module of DS 2.5. The Arg561 of RGD-
pPlg and the Asp194 of urokinase were set as binding site
residues for filtering the docked poses, which was arrayed
according to the ZDOCK scores. The top 20 poses were
selected for further refinement and rescored using RDOCK
module under the force field CHARMm Polar H. Only the
pose with the highest RDOCK scores was selected for
protein—protein interaction analysis. A similar docking was
made between native pPlg and urokinse. The best poses of
1Plg and RGD-pPlg were superimposed and the RMSD
was calculated for evaluating the structural alterations.

Statistical analysis

Data presented in figures and tables are expressed as
mean + S.D. of duplicate determinations from 3 to 4
independent experiments. Student’s ¢ test was used where
applicable. The differences with P values < 0.05 were
considered statistically significant.

Results
Construction, expression, and purification

The successful constructions of three plasmids, pPICZaA-
WPLG, pPICZaA-RGD-pPLG, and pPICZaA-GPRP-
WPLG, were confirmed by double-enzyme cleavage and
DNA sequencing. After expression in P. pastoris, SDS-
PAGE showed a prominent band of 31 kDa in 12 h, which
was consistent with the calculated molecular weight by
amino acid sequences (Fig. la). Ni-NTA affinity chro-
matography showed these recombinant proteins reached to
more than 93 % homogeneity as assayed by densitometric
scanning. The averaged products of WPLG, RGD-uPLG,
and GPRP-pPLG were 281 + 25.6, 163 £ 19.0, and
198 £ 27.1 mg/L culture medium, respectively. Western
blot assays confirmed the immunogenic reaction with anti-
human Plg antibody (Fig. 1b).

Fibrinolytic activity

The fibrinolytic activities of nPlg, RGD-uPlg, and GPRP-
1Plg were measured on fibrin plates in comparison with
bovine plasma Plg standard (Fig. 2a). Regression analysis
showed a significant linear correlation between the diameter
squares of lysis zone and fibrinolytic activity (correlation
coefficient = 0.9956; Fig. 2b). The specific fibrinolytic
activities of pPlg, RGD-Plg, and GPRP-pPlg were calcu-
lated according to the regression equation, which were 8.0,
7.7, and 13.3 U/mg, respectively.

Inhibiting ADP-induced platelet aggregation

The ADP-induced platelet aggregation was measured tur-
bidimetrically. As shown in Fig. 3a, addition of ADP into
PRP induced platelet aggregation and led to decreased
turbidity. Incubating RGD-puPlg with PRP before ADP
attenuated the turbidity decrease, indicating that RGD-pPlg
inhibited platelet aggregation. The inhibition curve of
RGD-pPIg confirmed a concentration-dependent inhibition
of platelet aggregation. The slopes of linear regression of
pPlg, RGD-pPlg and GPRP-pPlg were 0.008, 0.269, and
0.019, indicating that RGD-pPIg had a 33.6- and 14.2-fold
stronger inhibition rate than pPlg and GPRP-pPlg,
respectively (Fig. 3b).

Inhibiting thrombin-fibrinogen blotting

Thrombin-induced fibrinogen clotting transformed the fib-
rinogen solution into a fibrin gel, which increased astig-
matism, meanwhile reducing transmittance. As shown in
Fig. 4a, a progressive curve of astigmatic rate was observed
during the thrombin-induced fibrin clotting process. The
curve shifted to right significantly when the clotting system
was pretreated with GPRP-pPlg and the clotting time was
prolonged. The functions of protein concentration showed
that the slopes of linear regression of pPlg, RGD-puPlg, and
GPRP-pPlg were 0.178, 0.286 and 1.638, indicating that the
inhibition rate of GPRP-pPlg was 9.2-fold, 5.7-fold stronger
than pPlg and GPRP-pPlg, respectively (Fig. 4b).

Urokinase activation kinetics

The UK activation kinetics of 1Plg, RGD-uPlg, and GPRP-
1Plg were measured with reducing SDS-PAGE, in which
the single-chain proenzymes, appearing as 31 kDa bands,
were cleaved to form double-chain active enzymes that
appeared as a 27 and a 4 kDa band under reducing con-
ditions (Fig. 5a). When incubated with UK for 24 h, pPlg,
RGD-pPlg, and GPRP-pPlg demonstrated over 80 %
conversion as determined using photodensity assays. RGD-
nPlg showed significantly slowed activation in 80 min but
a similar activation percentage to uPlg and GPRP-uPIg in
24 h (Fig. 5b).

RGD-pPIlg modeling and docking with urokinase

To explain the effect of the RGD mutation on UK activation,
we modeled the activation loop of RGD-Plg and docked it
into the active pocket of UK using ZDOCK. Figure 6 shows
a surface representation of LMW UK docked with RGD-
pPlg activation loop, clearly showing this active pocket,
which provided an ideal complementary environment for
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Fig. 1 Expression, purification and identification of RGD-pPlg and
GPRP-pPlg. a Expression of RGD-pPlg and GPRP-puPlg in Pichia
pastoris. Lane 1-5, RGD-pPlg expression 0, 12, 24, 36, and 48 h after
menthol induction; Lane 6—10: GPRP-puPlg expression 0, 12, 24, 36,
and 48 h after menthol induction. b Purification by Ni-NTA affinity
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Fig. 2 Fibrinolysis assay of pPlg, RGD-pPlg, and GPRP-pPlg.
a Fibrinolysis activity determined by fibrin plate method. Well 1,
50 mM phosphate buffer; Well 2—-6, plasminogen standard gradients
of 5.0, 2.5, 1.25, 0.63, and 0.31 U/mL respectively; Well 7-8, 50 and

A
100 4
3
< 80+
&
Z 60
St
=
40
2 -e PBS
= 20 = uPlg
2 -+ RGD-piPlg
-¥- GPRP-yiPlg

0 T T T T T |
0 50 100 150 200 250 300
Time (s)

Fig. 3 Activity of inhibiting ADP-induced platelet aggregation.
a Anti-platelet aggregation curves measured by turbidimetry. The
turbidity of platelet rich plasma (PRP) without ADP was set as
100 %. After ADP addition, the relative turbidities of PRP for

Arg561 (Fig. 6a). The P559D modification led to formation
of a hydrogen bond between the side-chain carbonyl oxygen
of Asp559 and the main-chain amide nitrogen of Gly218 of
UK, which substituted the hydrophobic interaction between
native Pro559 and Gly218. This interaction promoted the
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lated as described in methods

moving of the whole activation loop towards the pocket wall
near Gly218. At the same time, the cleavage site Arg561-
Val562, which was on the opposite side of Asp559 in the
activation loop, moved away from the pocket wall (Fig. 6c,
d). Comparing the activation loop of RGD-pPlg with native
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Fig. 4 Activity of inhibiting thrombin-induced fibrinogen polymer-
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1Plg showed that the root mean square deviation (RMSD) of
main-chain atoms and side-chain atoms were 1.069 and
1.008 A, respectively. This involved not only the translation
of the framework but also the changes in the rotatable bonds
of the proximate amino acid residents around Asp559 such
as Gly560, Arg561, Val562, Val563, Cys566, and Val567
(Fig. 6b).

Discussion

It has been proposed that several pathways are involved in
rethrombosis after pharmacological thrombolysis. Firstly,
after fibrinolytic treatment, there is a large amount of
thrombin released from the degraded fibrin, which activates

the coagulation system and promotes fibrinogen polymer-
ization [23]. Secondly, the major fibrinolytic enzyme, Plm,
could activate platelets and vascular endothelial cells in a
receptor-dependent manner, leading to the release of
arachidonate, which promotes platelet aggregation [24, 25].
Additionally, PIm could also immediately cleave and acti-
vate coagulation factor XII, and high molecular weight
kininogen and complements, which activate an intrinsic
coagulation cascade [26].

Given the mechanisms of rethrombosis, the present study
constructed and expressed two human pPlg variants, RGD-
puPlg and GPRP-pPlg. These recombinant proteins were
bifunctional molecules containing the serine proteinase (SP)
domain of human PIg for fibrinolysis, the RGD sequence for
inhibiting platelet aggregation, and the GPRP sequence for
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Fig. 6 Molecular docking of pPlg and RGD-pPlg with urokinase.
a Docking the activation loop of RGD-Plg into the substrate pocket
of urokinase. The RGD-pPlg activation loop was modeled using DS
2.5 based on the crystal structure of puPlg. After energy minimization,
ZDOCK and RDOCK were performed to obtain the best position of
the activation loop in the substrate pocket of urokinase. RGD-pPlg is
displayed as sticks. The inset shows surface interaction between the
activation loop and substance pocket. b Superposition of the
activation loop of RGD-pPlg on pPlg. The best positions of the

blocking fibrinogen polymerization. The in vitro results
revealed that RGD-pPlg and GPRP-pPlg demonstrated
antithrombotic activity in addition to the fibrinolytic activity,
whereas native [IPlg only displayed fibrinolytic activity.

In RGD-pPlg, the RGD tripeptide was engineered into
the activation loop of pPlg by P559D mutation (Fig. 7).
The fibrinolytic activity of pPlg was not changed and the
fused RGD tripeptide was able to bind to oyy,/B3 and inhibit
platelet aggregation. The fibrin plate assay showed that
RGD-pPlg was valid in hydrolyzing fibrin and the specific
fibrinolytic activity was similar to native pPlg, although the
UK activation kinetics showed a delayed activation.
Molecular docking of RGD-puPlg with UK indicated that
P559D did not change the binding model. However, the
horizontal movement of the RGD-puPlg activation loop
relative to the UK active pocket affected activation effi-
ciency, leading to a delayed activation.

In GPRP-pPlg, the GPRP tetrapeptide was constructed
using A543G, S545R, and F546P mutations at the N-terminus
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activation loops of RGD-pPlg and pPlg were superimposed to
observe conformation changes. The green circle represented the
differences of rotatable bonds between RGD-pPlg and pPlg activation
loops. ¢, d, Interactive amino acids of urokinase with RGD-pPlg and
pPlg. The activation loops of RGD-pPlg and pPlg are displayed as
sticks, and the interacting amino acids of urokinase are displayed as
lines. The amino acid numbers of RGD-pPlg and pPlg are referenced
to full-length human plasminogen

of pPlg (Fig. 7). The fibrinolytic activity of pPlg was
enhanced, the constructed GPRP was able to inhibit fibrinogen
polymerization, and the UK activation kinetics were almost
unaffected compared to that with the native pPlg.

According to crystal structures of pPlg published previ-
ously [21], pPlg is folded into two B-barrels with a surface
covered by various loops. The N-terminus and activation
loop are exposed on the solvent-accessible surface and are
far from the fibrinolytic pocket. Upon activation, the pro-
teolysis-released N-terminus activation loop moves 12 Ato
enter the fibrinolytic pocket, but the upstream cleavage site
remains unchanged. This is consistent with findings that the
mutations in this study had little effect on the fibrinolytic
activity of pPlg, and that RGD-pPlg and GPRP-pPlg could
respectively inhibit platelet aggregation and fibrinogen
polymerization, indicating that GPRP and RGD in these
variants play corresponding roles.

Additionally, low risk of bleeding is one of the superi-
orities of Plm to (recombinant tissue plasminogen activator,
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Fig. 7 Schematic diagram of pPlg and the mutations constructed in
the present study. The amino acid sequence of 1Plg (Ala543-Asn791
of human plasminogen) are presented as solid lines; the six disulfide
bonds are shown as dash lines; asterisks denote the catalytic triad of
human plasminogen comprising His603-Asp646-Ser741; amino acids
in text frames represent mutations constructed in the present study;
the activation loop was locked by the Cys558-Cys566 disulfide bond;
“PA” and arrow denote the activation site of plasminogen activator,
including urokinase and tissue plasminogen activator. The amino acid
numbers of pPlg are referenced to full-length human plasminogen

rt-PA), which is due to its quick neutralization by o,-an-
tiplasmin once it separates from fibrin, leading to a short
plasma half-life of 0.02 s [27]. Although pPPlm has a plasma
half-life 100-fold greater than PIm [28], the bleeding risk is
still lower than that of rt-PA [29]. Moreover, since RGD and
GPRP peptides can bind activated platelets and fibrin
monomers, respectively, the addition of RGD and GPRP to
1Plg may enhance platelet- and fibrin-targeted thrombolysis,
which may explain the increased fibrinolytic activity of
GPRP-1Plg than that of the native pPlg.

In conclusion, the present study presented two truncated
plasminogen derivatives (543Ala-791Asn) which were
integrated with the RGD tripeptide and the GPRP
tetrapeptide, respectively. The recombinant chimeric pro-
teins were expressed at high-level in P. pastoris and
maintained similar fibrinolytic activity to native pPlg. In
addition, two variants showed anti-platelet aggregation and
anti-fibrin clotting properties, which provides a rationale
for further investigation into their therapeutic potentials in
animal models of thrombosis as well as into associated
complications such as bleeding risk.
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