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Abstract

Background: Human tissue plasminogen activator (tPA) belongs to the serine protease family. It converts plasminogen
into plasmin and is used clinically to treat thrombosis. Human tPA is composed of 527 amino acids residues and
contains 17 disulfide bonds. Escherichia coli has been used only rarely for the efficient production of recombinant
tPA. However, the functional expression of full-length tPA that contains multiple disulfide bonds on an industrial
scale remains challenging. Here, we describe the soluble expression and characterization of full-length tPA by
auto-induction in E. coli.

Results: We achieved optimal levels of gene expression, minimized negative effects related to the production
of heterologous proteins, and optimized cytoplasmic yields. Three different E. coli strains, BL21 (DE3), Rosetta,
and Origami 2, could express tPA using an auto-induction mechanism. In addition, similar yields of recombinant
protein were produced at temperatures of 33, 35, and 37°C. The E. coli strain origami 2 could increase disulfide
bond formation in cytoplasmic tPA and produce purified soluble recombinant protein (~0.9 mg/l medium). The
full-length tPA was monomeric in solution, and fibrin plate assays confirmed that the recombinant tPA displayed
serine protease activity.

Conclusions: This is the first report that describes the heterologous expression of correctly folded active full-length
tPA. This could provide valuable information for using prokaryotic auto-induction expression systems to produce tPA
at industrial and pharmaceutical levels without in vitro refolding during the production step.
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Background
Human tissue plasminogen activator (tPA), a serine pro-
tease that selectively cleaves plasminogen, is found in
the fibrinolytic system of blood vessel endothelial cells
[1]. The human protein comprises 527 amino acids resi-
dues, including 35 cysteine residues that participate in
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the formation of 17 disulfide bonds [1]. tPA contains five
distinct structural domains: an N-terminal finger domain
(F domain, residues 4–50), the epidermal growth factor-
like domain (E domain, residues 50–87), two kringle do-
mains (K1 domain, residues 87–176; and K2 domain,
residues 176–256), and a serine protease catalytic do-
main (P domain, residues 276–527). Its binding to fibrin
and the subsequent modulation of protease activity are
regulated primarily by the F and K2 domains, respect-
ively. tPA converts plasminogen into plasmin, and has
been used clinically to treat thrombosis [2].
However, the functional preparation of tPA containing

multiple disulfide bonds remains the bottleneck for its
his is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,

mailto:zjzcqu@163.com
mailto:wangd@ustc.edu
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/


Long et al. BMC Biotechnology  (2015) 15:13 Page 2 of 9
production on an industrial scale. The expression and
purification of human tPA from eukaryotic and prokary-
otic sources, such as human uterus or Chinese hamster
ovary cells, has been described in several reports [3-5].
In contrast, tPA that is purified from mammalian ex-
pression systems is expensive, and the resulting glycosyl-
ated protein is cleared rapidly from the blood [6].
Consequently, several recombinant hosts, such as Sac-
charomyces cerevisiae and insect systems, have been
used for the industrial preparation of tPA. However,
these have also been associated with several problems
including hyperglycosylation, poor export, and improper
folding [7-10].
Due to its low cost and simplicity, the Escherichia coli

expression system is the preferred choice for the produc-
tion of therapeutic proteins. Generally, the overexpres-
sion of eukaryotic proteins in E coli is tightly regulated
by the inclusion of an inducible promoter [11]. Bacterial
systems utilize the lac promoter, which is induced by
Isopropyl β-D-1-Thiogalactopyranoside (IPTG). In addition,
some background expression of host proteins might occur
in the bacterial system, even when the lac operator
sequence is present [12]. The expression of eukaryotic pro-
teins, particularly those of human origin, in such heterol-
ogous systems has not been achieved, which is problematic
for biophysical or structural biology experiments that re-
quire milligram quantities of highly purified protein.
There are several obstacles to the expression of tPA in

prokaryotic systems, including disulfide bond formation,
rare codon usage, and cytotoxicity [13]. Auto-induction,
an alternative to IPTG induction, depends on glucose
catabolite repression and lactose (substrate) induction to
supply tightly control protein expression [14]. Because
of the reduced need for sample processing (e.g., no
OD600-dependent induction window) and ease by which
the culture size can be scaled-up, this system is a very
attractive method for achieving high-throughput protein
expression. In addition, auto-induction results in a high
cell density prior to induction, which often results in sev-
eral-fold higher yields of the target protein compared with
than obtained using conventional IPTG induction [14].
To facilitate the structural and functional analysis of

tPA, we sought to improve the expression and purification
strategies to obtain milligram quantities of purified and
untagged full-length tPA protein. tPA with a six-histidine
tag (His-tag) was expressed using auto-induction in E.
Figure 1 Recombinant full-length tPA protein. A scheme showing the f
66.7 kDa) generated using auto-induction in E. coli Origami 2 cells. The pro
with PSP to generate a tag-free 528 amino acid full-length tPA with a calcu
Coli (Figure 1). After Ni2+-nitrilotriacetic acid (NTA)
chromatography and elution with imidazole, the His-tag
was cleaved using PreScission Protease (PSP), leaving only
two additional residues (Gly and Pro) at the N-terminal.
The RGDS, as the integrin binding motif, fused in C-
terminal of the recombinant [15]. Gel filtration and fibrin
plate experiments suggested that the recombinant tPA
was an active monomer in solution.

Results
Auto-induction of soluble tPA
The aim of this study was to use bacterially expressed
tPA in structural and biophysical experiments that re-
quire mg quantities of highly purified protein. To the
best of our knowledge, high yields of full-length tPA
using these bacterial expression systems have been re-
ported previously only rarely. Therefore, we sought to
improve the current expression and purification strat-
egies to obtain milligram amounts of highly purified and
untagged tPA protein. BL21 is the most widely used pro-
karyotic host for protein expression and has the advan-
tage of being deficient in the lon and ompT proteases.
Rosetta host strains are BL21 derivatives designed to en-
hance the expression of eukaryotic proteins containing
rare codons in E. coli [16]. Additionally, Origami 2 host
strains have mutations in both the thioredoxin reductase
(trxB) and glutathione reductase (gor) genes to enhances
disulfide bond formation in the cytoplasm [17]. The ex-
pression of tPA was examined in three cell lines using
different IPTG concentrations and in the absence of
IPTG (data not shown). The cells were then harvested
after 4–20 h of induction. All the cell lines showed sig-
nificant leaky expression in the presence or absence of
IPTG (data not shown).
A reductive cytoplasmic environment and cytotoxicity

are both possible obstacles for the active expression of
tPA, a heterologous protein with multiple disulfide
bonds, in wild-type E coli. Studier developed a reliable
protocol for the lac operon/promoter-dependent auto-
induction of genes in E coli [14]. The amount of human
proteases expressed using auto-induction is far greater
than that achieved using IPTG-based induction. In
addition, supplying rare tRNAs (using the Rosetta 2 and
Origami 2 strains) did not increase expression compared
with BL21 (Figure 2). Origami 2 cells enhanced tPA di-
sulfide bond formation in the cytoplasm; therefore,
unctional domains of HisTag-PSP-tPA-RGDS protein (calculated MW
tein was further processed using His-affinity purification and cleavage
lated MW of 60.8 kDa.



Figure 2 Soluble expression of tPA in different E. coli strains.
After the auto-induction of tPA expression at 37°C for 24 h. The
lysates from E coli, supernatant (soluble) fractions, flow-through
proteins that did not bind to the column, and recombinant
full-length tPA (His-tag-PSP-tPA-RGDS) were analyzed using
SDS-PAGE and Coomassie blue staining. Lane 1, protein markers;
lane 2, Origami 2 cell lysate; lane 3, Origami 2 supernatant; lane 4,
flow-through; lane 5, elution with 200 mM imidazole from Ni2+-NTA;
lane 6, BL21 lysate; lane 7, BL21 supernatant; lane 8, flow-through; lane
9, elution with 200 mM imidazole from Ni2+-NTA; lane 10, Rosetta™ 2
lysate; lane 11, Rosetta™ 2 supernatant; lane 12, flow-through; lane 13,
elution with 200 mM imidazole from Ni2+-NTA.
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Origami 2 was the preferred choice for the expression
of tPA.
Next, the effect of temperature was tested to optimize

the expression of recombinant tPA. As shown in Figure 3,
the recombinant protein was expressed at three different
temperatures: 33, 35, and 37°C. Similar yields of recom-
binant protein were produced at each temperature. These
results suggest that expressing the protein at a higher
temperature increased the yield of recombinant tPA
significantly.
The molecular mechanisms of protein folding have

been studied extensively over previous decades both ex-
perimental and computationally. However, the refolding
of inclusion bodies in vitro is a difficult and complex
task, particularly for proteins that have multiple domains
and complex disulfide bonds. The refolding of tPA,
which contains five domains and 17 disulfide bonds, is
an even greater challenge. It was presumed that a sol-
uble form of the target protein would be folded in its na-
tive state and exhibit biological activity. To this end,
different strains harboring the pET28-HisTag-tPA-RGDS
plasmid were cultured and auto-induced at 37°C in
auto-induction medium, which provides a cell density
that is typically several-fold higher than obtained using
conventional IPTG induction in LB medium [18]. The
auto-induced cells were harvested and lysed by sonic-
ation. The cell lysates were separated by high-speed cen-
trifugation, and the expression of tPA in the supernatant
and pellets was determined using SDS-PAGE. The Ori-
gami 2 strains produced the protein of interest in a sol-
uble form, although ~50% of the tPA was present in the
insoluble protein fraction (Figures 2 and 3).

Purification of soluble tPA protein
To facilitate the purification of tPA, the N-terminal His-
tag of pET28-HisTag-tPA-RGDS was captured using
metal ion affinity chromatography. This purification
strategy prevents the cumbersome refolding processes
that lead to extremely poor efficiency, particularly for
proteins with several disulfide bonds.
After the cultivation period, cells were harvested by cen-

trifugation, resuspended in cold lysis buffer, and disrupted
by sonication. The supernatants containing soluble re-
combinant tPA protein were applied to an Ni2+-NTA
affinity column, and were subsequently purified using
ion exchange chromatography (DEAE, GE Healthcare,
England). The target fractions were then combined and
incubated with PSP to cleave the His-tag from tPA. Finally,
the recombinant protein was subjected to size-exclusion
chromatography. The final purified tPA preparation yielded
only one major protein band, at ~65 kDa, after analysis by
SDS-PAGE followed by Coomassie Brilliant Blue staining
(Figure 4). Although no weak overexpressed band of tPA
was observed in total protein lysates from IPTG induction
cultures, we used the powerful auto-induction system to
generate ~1.8 mg tPA protein (calculated using the BCA
method, Thermo Scientific, USA) from an auto-induced E
coli culture.

Characterization and activity of the recombinant tPA
SDS-PAGE analysis of the different fractions obtained
during purification revealed the progressive enrichment of
a ~70 kDa protein (Figure 4). This was the only protein
band that was present in the electrophoretically homoge-
neous final enzyme preparation; it was the was the same
size as a tPA monomer (Figure 4). Western blotting con-
firmed that this band (~70 kDa) was detected by an anti-
tPA monoclonal antibody, suggesting that the purified
band represents recombinant tPA (Figure 4).
Previous studies revealed that the P domain of tPA ex-

ists as a monomer under native conditions [10]. There-
fore, we next aimed to further characterize the molecular
weight of tPA in solution. In a size-exclusion chromatog-
raphy experiment, tPA was eluted in a single peak at
72.1 ml, corresponding to the estimated monomeric mass
of ~66.7 kDa (Figure 5). Because tPA has a calculated mo-
lecular mass of ~63.8 kDa, the recombinant protease ex-
ists mostly as a monomer under native conditions rather
than in an intermolecular disulfide-bonded oligomeric
form. Both the P domain and full-length tPA exist in a
monomeric state in solution, implying that the monomer
serves as its Physiological aggregation.



Figure 3 The auto-induction of Origami 2 (pET28-HisTag-tPA-RGDS) at various temperatures. A, Recombinant tPA after auto-induction
at 25°C. Lane 1, protein marker; lane 2, lysate; lane 3, supernatant; lane 4, flow-through; lanes 5 and 6, washes with 20 and 40 mM imidazole,
respectively; lane 7, elution with 200 mM imidazole. B, Recombinant tPA after auto-induction at 33°C. Lane 1, protein marker; lane 2, supernatant;
lane 3, flow-through; lanes 4 and 5, washes with 20 and 40 mM imidazole, respectively; lane 6, elution with 200 mM imidazole. C, Recombinant
tPA after auto-induction at 35°C. Lane 1, protein marker; lane 2, lysate; lane 3, supernatant; lane 4, flow-through; lanes 5 and 6, washes with 20
and 40 mM imidazole, respectively; lane 7, elution with 200 mM imidazole. D, Recombinant tPA after auto-induction at 37°C. Lane 1, lysate; lane
2, supernatant; lane 3, flow-through; lanes 4 and 5, washes with 20 and 40 mM imidazole, respectively; lane 6, elution with 200 mM imidazole;
Lane 7, protein marker.

Figure 4 Purification of recombinant tPA. A, SDS-PAGE analysis of tPA purity. Lane 1, protein markers; lane 2, lysate; lane 3, supernatant; lane
4, elution with 200 mM imidazole; lane 5, recombinant tPA purified using ion exchange chromatography; lane 6, PSP; lane 7, PSP enzyme reaction
mixtures; lane 8, tPA purification using size-exclusion chromatography. B, Western blotting of the enzyme reaction products (lane 7 of Figure 4A)
and the purified fraction (lane 8 of Figure 4A) using anti-tPA antibodies.
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Figure 5 Size exclusion gel filtration chromatography of tPA using a Superdex 200 column. tPA (MW ~60.8 kDa) was eluted as a single
peak at a volume of 72 ml, which corresponds to a molecular weight of 66.68 kDa on the calibrated column. Standard protein samples (black
data points) were used for calibration: albumin bovine V (66.2 kDa), chicken egg albumin (44.2 kDa), chymotrypsinogen A (24.5 kDa), and
lysozyme (14.4 kDa).
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Disulfide bonds, which play multiple critical roles in
protein stability and function, are often abundantly
present in secreted proteins. The functional expression
of human proteins with multiple disulfide bonds, such
as tPA, in bacterial systems has proved challenging.
Therefore, we used fibrin plate assays to assess whether
the recombinant tPA was actively folded. Plasminogen
was used as the tPA substrate in the medium on the
plate. Active tPA can bind to plasminogen and cleave it
into plasmin, which degrades fibrin and results a clear
lysed zone on the fibrin/agar plate. RGDS, as the binding
motif of integrin, will improve the specific affinity of the
recombinant tPA to substrate [15]. Similar to tPA, Uro-
kinase could cleave plasminogen into plasmin and was
used as a positive control [19]. As is shown in Figure 6A
and B, tPA and urokinase exhibited similar halo patterns,
suggesting that the His-tag-PSP and RGDS, which were
attached to the C- and N-terminus of tPA, respectively,
did not affect either tPA receptor-ligand binding or the
resulting signal transduction. In addition, the similar
Figure 6 Lysis on a fibrin plate using urokinase and tPA. tPA-RGDS; Hi
control); BSA (bovine serum albumin standard, negative control). The fibrin
(positive control) and bovine serum albumin (BSA; negative control). A, dot 1
(positive control); dot 4, 10 μg His-tag-PSP-tPA-RGDS; dot 5, 20 μg His-tag-PSP
diameters of the lysis dots on the fibrin plate from at four independent evalu
diameter of the halo patterns of HisTag-PSP-tPA-RGDS
and tPA-RGDS suggests that they exhibit similar amido-
lytic activities in vitro. The activity of recombinant tPA
was similar to that of urokinase.

Discussion
The production of recombinant proteins in their soluble
active forms mainly uses eukaryotic and/or prokaryotic
expression systems. Because of their low cost and the sim-
plicity of bacterial cultivation, E. coli expression systems
remain the preferred choice for the production of thera-
peutic proteins both on a laboratory and an industrial
scale. The expression of soluble and active full-length tPA
in E. coli is a major bottleneck for investigators. Under
normal physiological conditions, the reductive environ-
ment of E. coli cytoplasm makes it challenging to prepare
recombinant proteins with multiple disulfide bonds. How-
ever, native disulfide bond formation is critical for the
proper folding of active proteins. tPA is an important
thrombolytic agent that contains five distinct structural
sTag-PSP-tPA-RGDS; urokinase standard (10 × 103 IU ml−1. positive
olytic activity of tPA was measured and compared with urokinase
, 10 μg BSA; dot 2, 2.5 × 103 IU urokinase; dot 3, 5.0 × 103 IU urokinase
-tPA-RGDS; dot 6, 10 μg tPA-RGDS; dot 7, 20 ug tPA-RGDS. B, the
ations. The bars indicate standard error of the mean.
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domains with 17 disulfide bonds; therefore, it is typically
unfolded or misfolded and so inactive when expressed in
E. coli. Most recent studies have focused on improving the
oxidation state of the cytoplasm, for example by selecting
the periplasmic space or fusing granules, to express tPA in
E. coli [20-22]. Nevertheless, because of the rare codon
usage, cellular toxicity, and the narrow periplasmic space,
the soluble expression of full length tPA has not yet been
reported in a prokaryotic system. In the current study, we
described a novel and efficient strategy to express and
purify high yields of soluble, biologically active tPA.
Although we used the conventional E. coli expression

system with multiple strategies, such as different host
strains, temperatures, and/or IPTG concentrations, we
did not observe any overexpressed tPA in the total protein
lysates. As a protease, human tPA might be toxic to its
host bacteria, which leads to low levels of expression [13].
In addition, the rare code of tPA might hamper the over-
expression of large amounts of this protein. Therefore, we
explored several novel methods to express soluble tPA.
Studier previously developed a reliable protocol for the lac
operon/promoter-dependent auto-induction of genes in E.
coli [14]. Auto-induction media contains three different
carbon sources: glucose, glycerol, and lactose. At the ini-
tial stage, gene expression is suppressed by glucose, and
the cells grow to a very high density. Subsequently, the ex-
pression is induced in a lactose-dependent manner until
the glucose is consumed. Compared with IPTG induction,
auto-induction has several advantages including a greater
cellular biomass, regulated expression, and reduced sam-
ple handling. All three E. coli lines (BL21, Rosetta 2, and
Origami 2) yielded an obvious target protein band in the
cell lysates. The supply of rare tRNAs in Rosetta 2 and
Origami 2 did not enhance expression compared with that
obtained in BL21 (Figure 2). However, Origami 2 cells en-
hanced the formation of disulfide bonds; therefore, they
were used for the preparation of full-length tPA.
Protein solubility is an important indicator of its correct

folding [23,24]. Interestingly, the auto-induction expres-
sion system provides advantages for protein expression in-
cluding enhanced folding and protein solubility. In the
current study, ~50% of the tPA was expressed in the sol-
uble form, which represents the first report of soluble tPA
expressed using a prokaryotic expression system. Because
the recombinant protein is expressed in a soluble form,
the purification of tPA could be achieved easily in three
steps using affinity systems, ion exchange chromatog-
raphy, and size-exclusion chromatography (Figure 4). The
high proteolytic activity of the recombinant tPA confirmed
that an active protease had been expressed successfully
(Figure 6). The method used to purify tPA described here
is relatively simple and, more importantly, allows the
large-scale production of active protein. This suggests that
the auto-induction system is an optimal expression system
for achieving the high-yield production of soluble tPA
in E. coli.
Approximately 33% of all known proteases identified to

date are serine proteases with a wide variety of functions,
including roles in blood clotting, protein digestion, cell
signaling, inflammation, and protein processing [25]. As a
serine protease, human tPA contains the so-called “clas-
sical” catalytic Ser195/His322/Asp371 triad, and cleaves
the inactive proenzyme plasminogen to form plasmin, the
active enzyme [1,26]. The aggregation state of serine pro-
teases in solution, such as monomers, dimers, and trimers,
is related to its biological activity. For some serine prote-
ases, such as thrombin, alpha-synuclein, and Rv3671c
from Mycobacterium tuberculosis, the monomeric form is
active in solution [27-29]. In contrast, some serine prote-
ases such as FAAH amidase, LD carboxypeptidase, and
cytomegalovirus protease adopt active homodimers in so-
lution [25]. Herpesvirus proteases, which belong to a
unique class of serine proteases that contain a Ser-His-His
catalytic triad, exist in monomeric-dimeric equilibrium in
solution, and the homodimer is its active form [30,31].
Interestingly, the active form of a mitochondrial serine
protease HtrA2 is a pyramid-shaped homotrimer [32].
To characterize the oligomeric state of recombinant tPA

in solution, size exclusion chromatography experiments
were performed using tPA. Elution peaks were observed
at volume of 72.1 ml; this corresponds to an estimated
molecular weight of ~66.68 kDa, which is similar to the
calculated molecular mass (~60.8 kDa). This suggests that
tPA exists mostly as a monomer under native conditions.
Importantly, this is the first study to report the aggrega-
tion state of full-length tPA. Interestingly, Lee et al. also
observed that the P domain of tPA folded correctly as a
monomeric protein in solution [10]. Collectively, these re-
sults strongly suggest that a monomer of tPA might be re-
quired for its proper physiological function.
Recombinant tPA is one of the most promising clinical

treatments for improper blood clotting, which might re-
sult in a heart attack and stroke [2]. Compared with ex-
pression and purification in a eukaryotic system, the
scheme described here for full-length tPA is relatively af-
fordable, simple, and, more importantly, is suitable for
the large-scale industrial production of active proteins.
To our knowledge, this is the first report of the soluble
and functional expression of full-length tPA in E. coli.
The preparation of full-length tPA in its active conform-
ation will allow its three-dimensional structure to be de-
termined and its physiological roles to be characterized.

Conclusion
In summary, we described a novel method for the soluble
expression of large amounts of full-length untagged hu-
man tPA in E. coli. To the best of our knowledge, this is
the first report of the successful large-scale heterologous
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expression of correctly folded active tPA using a pro-
karyotic expression system. We used PSP to obtain a
highly pure protein preparation with the addition of
only Gly and Pro residues at the N-terminus, and a C-
terminally fused RGDS to improve the targeting effi-
ciency of tPA in thrombolysis. The typical biophysical
properties of tPA, such as its protease activity, were main-
tained in the purified protein. tPA exists as a monomer in
solution, which was verified using size exclusion chroma-
tography, suggesting that the monomer is the structural
and active unit of tPA.

Methods
Bacterial strains, plasmids, and growth conditions
For recombinant protein expression experiments, chem-
ically competent E. coli strains BL21 (DE3), Origami 2
(DE3), and Rosetta™ 2 (DE3) pLysS were transformed
using standard protocols (Novagen, USA). Unless other-
wise stated, the strains were grown at 37°C in either
Luria-Bertani (LB) broth or auto-induction medium with
vigorous shaking. They were also grown on tryptone
yeast agar [14]. When necessary, 50 μg ml−1 kanamycin
was added.

Construction of the fusion expression vector
The gene tPA (accession number NM_000930) was ampli-
fied from human liver cDNA using the primers tPA-F (5′-
ATGGATCCATGCTGGAAGTTCTGTTCCAGGGGCC
CTCTTACCAAGTGATCTGCAGAGAT-3′; the BamHI
site is italics, and the PSP site is bold-italics) and tPA-R
(5′-ACAAGCTTTTAGCTATCCCCTCGCGAATCCCC
TCGCGGTCGCATGTTGTCACGAATCCA-3′; the Hin-
dIII site is italics and the RGDS peptide is bold-italics).
The PSP site enables the proteolytic removal of the His-
tag, which can be separated subsequently from the recep-
tor using a Ni2+-NTA column (GE Healthcare, Sweden).
BamHI and HindIII restriction sites were introduced into
the upstream and downstream oligonucleotide primers,
respectively (Figure 1). PCR was performed using Pfu
DNA polymerase (Promega, USA) with the following con-
ditions: denaturation at 94°C for 5 min, followed by 25 cy-
cles of 94°C for 40 s, 58°C for 40 s, and 72°C for 180 s,
with a final elongation step at 72°C for 10 min. Two
blanks that contained all the reaction components except
the primers or cDNA, respectively, were used as controls.
The PCR fragments were double-digested with BamHI
and HindIII, and then subcloned into pET28a expression
vector (Novagen, USA) that had been pre-digested with
the same enzymes. The vector contained an N-terminal
His-tag and a C-terminal RGDS sequence. The presence
of the insert in the recombinant plasmid was verified
using DNA sequencing. The resulting plasmid for the
expression of tPA in E. coli was named pET28-HisTag-
tPA-RGDS.
Soluble expression and purification of tPA
The E coli strains BL21 (DE3), Origami 2 (DE3) and
Rosetta™ 2 (DE3) pLysS were transformed with the recom-
binant pET28-HisTag-tPA-RGDS plasmid. The recom-
binant protein was then expressed using auto-induction
at 37°C overnight, as described previously [14]. The trans-
formed cells were selected on LB medium plates supple-
mented with 50 μg ml−1 kanamycin. For pre-cultures, 5 ml
of LB medium was inoculated using a single colony picked
directly from agar plates, and then cultivated at 37°C with
shaking at 180 rpm for 12 h. For the main cultivation, five
separate 200 ml cultures of auto-induction media contain-
ing kanamycin (50 μg ml−1) were inoculated with 2 ml of
the pre-culture in flasks shaking at 250 rpm for 15 h at
37°C. For temperature optimization, the bacterial cultures
were grown at four different temperatures (25, 33, 35, and
37°C) and auto-induced for 30, 24, 20, and 15 h,
respectively.
At the end of the cultivation period, cells were har-

vested by centrifugation at 4000 rpm for 10 min. The
bacterial pellets were resuspended in 100 ml cold lysis
buffer (20 mM Tris pH 8.0 and 300 mM NaCl), and dis-
rupted by sonication (20 min at 30% amplitude, with 3 s on
and 6 sec off cycles) in an ice-bath to avoid overheating the
samples. All purification steps were performed at 4°C. The
cell debris was removed by centrifugation at 15 000 rpm
for 30 min at 4°C. The supernatants containing soluble re-
combinant tPA protein were applied to Ni2+-NTA affinity
resin (Qiagen, Germany) that had been equilibrated with
lysis buffer. Non-specifically bound proteins were eluted
using 200 ml wash buffer (20 mM Tris pH 8.0, 300 mM
NaCl, and 30–50 mM imidazole), and the target protein
was eluted in ~60 ml elution buffer (lysis buffer containing
a constant concentration of 300 mM imidazole). The eluted
protein was then purified further using ion exchange chro-
matography (DEAE, GE Healthcare) and separated using a
linear gradient elution of NaCl (0–500 mM with 20 mM
Tris–HCl pH 8.0). Then, fractions containing the protein
were combined and incubated with PSP (made in our la-
boratory) overnight at 4°C to cleave the His-tag from tPA.
The reaction products were centrifuged, and the super-
natant was separated using size-exclusion chromatography
(Superdex 200, GE Healthcare) with a mixture of 200 mM
NaCl and 20 mM Tris–HCl pH 8.0. Finally, the fractions
containing tPA were combined, concentrated, and buffer-
exchanged into the final buffer (5 mM Tris–HCl pH 8.0
and 100 mM NaCl) using a 5-kDa cutoff Millipore Amicon
concentrator. They were then stored at 193 K for subse-
quent studies. The concentration of the final purified re-
combinant protein was ~1.0 mg ml−1.

SDS electrophoresis
To check the purity of the tPA preparations, SDS-PAGE
was performed using a 5% stacking gel and a 10%
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separating gel in Tris-glycine running buffer. Unless
otherwise stated, samples were diluted to a protein con-
centration of 0.1–0.5 mg ml−1 before loading. Samples
were boiled 1:2 with loading buffer (70 mM SDS,
100 mM dithiothreitol [DTT], 10% [v/v] glycerol, 0.05 M
Tris pH 6.8, 0.06% [w/v] pyronin G). Gels were run in a
vertical Mini-PROTEAN Tetra MP4 apparatus (Bio-Rad,
USA) and stained with Coomassie Brilliant G250.

Western blotting
Proteins were separated using SDS-PAGE in Tris-glycine
buffer, and transferred to polyvinylidene difluoride (PVDF)
membranes overnight using a semi-dry electroblotting ap-
paratus (Bio-Rad). The membranes were washed with
TBST (10 mM Tris–HCl pH 8.0, 150 mM NaCl, and
0.05% Tween 20) and blocked with 3% (w/v) bovine serum
albumin (BSA) for 1 h at room temperature. Subsequently,
the membranes were incubated overnight with goat-anti-
tPA antibodies (sc-5239, Santa Cruz, CA, USA) at 4°C
with permanent shaking, and were then washed and incu-
bated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. Finally, the bound antibodies were
detected using enhanced chemiluminescence (Millipore,
Billerica, MA, USA).

Oligomeric state determination
Size exclusion chromatography was performed using a
Superdex 200 column (GE Healthcare) as described pre-
viously [33]. The protein of interest or molecular mass
standards were applied to the Superdex 200 (GE Health-
care) column, and eluted using 50 mM Tris–HCl pH 8.0
and 150 mM NaCl. The protein molecular weight stan-
dards used were albumin bovine V (66.2 kDa), chicken
egg albumin (44.2 kDa), chymotrypsinogen A (24.5 kDa),
and lysozyme (14.4 kDa). The peak elution volumes
(measured at 280 nm) were used to calculate the stand-
ard curve using the equation log MW= −0.01712 Ve +
6.05667, with R2 = 0.9726. tPA was diluted to 1 mg ml−1

in buffer (50 mM Tris–HCl pH 8.0 and 150 mM NaCl),
and then loaded on the column. tPA was eluted as a sin-
gle peak in a volume of 72.1 ml, corresponding to an es-
timated molecular weight of 66.68 kDa.

Assay to assess the activity of the recombinant protein
The plasminogen activation activity of tPA was assessed
using agarose-fibrin plates according to methods described
previously with minor modifications [34-36]. The agarose-
fibrin plates were prepared as follows: 1.0 IU thrombin,
0.75 g plasminogen, and 30 IU human fibrinogen were
added to 15 ml of 1.0% agarose gel that had been dissolved
in normal saline at 45–55°C. The mixture was incubated at
room temperature for 30 min. The sample was then loaded
onto the plate, which was incubated at 37°C for 24 h.
To determine the activity of the recombinant tPA, the
standard (urokinase) was serially diluted and spotted onto
the fibrin plates. The activity of the recombinant tPA was
then measured according to the diameter of the clear zone
on the fibrin plates.
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