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Human tissue-type plasminogen activator (tPA) is a valuable thrombolytic agent used to successfully treat acute myo-
cardial infarction, thromboembolic stroke, peripheral arterial occlusion, and venous thromboembolism. Recombinant 
tPA is accumulated as an inactive form in inclusion bodies of E. coli and is refolded in vitro, which is accompanied 
by extensive aggregation. In the present study, a tPA protease domain was expressed in an active soluble form in the 
cytosol of E. coli Rosetta-gami cells, which allowed disulfide bond formation and supplied the tRNA molecules 
required for six rarely used codons in E. coli. This strategy increased the amount of soluble protease domain protein 
and avoided the cumbersome refolding process. The purified protease domain not only degraded tPA substrate peptides 
but also formed a covalently bound complex with plasminogen activator inhibitor-1, as does full-length tPA. Soluble 
expression and purification of tPA domains may aid in functional analyses of this multi-domain protein, which has 
been implicated in many physiological and pathological processes.
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Introduction

Human tissue-type plasminogen activator (tPA) is a serine 
protease that cleaves plasminogen, an inactive proenzyme, to 
form plasmin, the active enzyme. Plasmin degrades fibrin into 
soluble fragments.1 The thrombolytic effect of tPA has been 
applied clinically to treat thrombosis, which can cause heart 
attack and stroke.2 Originally, human tPA was purified from 
human uterus.3 The availability of the cDNA for human tPA 
allowed recombinant tPA production by Chinese hamster ovary 
cells in large-scale tissue culture.4 In addition to its high cost, 
this mammalian expression method produced a glycosylated 
form of tPA, which is more rapidly removed from circulation.5 

The initial attempts at expressing tPA in Escherichia coli 
have yielded small amounts of tPA in inclusion bodies. There 
are two major obstacles to the production of tPA in E. coli: disul-
fide bond formation and rare codon usage. The whole tPA mole-
cule contains 17 disulfide bonds and a free Cys at position 83.6 
However, the formation of stable disulfide bonds in the E. coli 
cytoplasm is strongly disfavored, owing to its high concentra-
tions of reduced glutathione and thioredoxins.7 Thus, tPA cannot 
fold properly in the E. coli cytoplasm and can accumulate in 
inclusion bodies. Protein oxidation in the periplasm may be 
detrimental for the folding of proteins with several disulfide 
bonds, because of the randomness of disulfide bond formation 
by DsbA, a disulfide bridge-forming enzyme.8 It has been re-
ported that deletions of thioredoxin reductase (trxB) and gluta-
thione oxidoreductase (gor) raise the redox potential of the cy-
toplasm, thereby favoring disulfide bond formation in certain 
proteins such as alkaline phosphatase.9 

Codon usage varies among organisms and may lead to in-
efficient translation of mammalian genes in bacterial hosts.10 
The codons AGG, AGA, CUA, AUA, GGA, and CCC are rare 
in E. coli.11 However, the tPA coding sequence requires a signifi-

cant portion of these rare codons, especially AGA and AGG, 
which appear at a frequency of 3.24%. Augmentation with argU 
(decoding AGA/AGG) and argW (decoding AGG) genes im-
proved tPA production in E. coli.12 Nevertheless, tPA was still 
produced as an inactive enzyme in inclusion bodies and requir-
ed complicated renaturation steps, resulting in high costs and 
low yields. 

Human tPA is a polypeptide composed of 527 residues and 
contains five domains1: the N-terminal F-domain, which con-
tains 47 residues (residues 4-50) and is homologous to the fin-
ger domain; the E-domain (residues 50-87), which is homolo-
gous to epidermal growth factor; two kringle domains (K1- 
domain, residues 87-175; K2-domain, residues 176-256), which 
share a high degree of homology with the five kringle domains 
of plasminogen; and the P-domain (residues 276-527), which 
encodes a serine protease with an archetypal catalytic triad of 
Ser 478, His 322, and Asp 371.13 The F- and K2-domains are 
reportedly responsible for binding fibrin.5 Native tPA, initially 
synthesized as a single-chain molecule, can be cleaved by plas-
min at the Arg275-Ile276 peptide bond and thus converted to 
a two-chain tPA molecule held together by one interchain disul-
fide bond.14 

In addition to fibrinolysis, recent studies have uncovered 
other physiological roles for tPA, including the promotion of 
long-term potentiation,15 neuroprotection against ischemia and 
seizures,16 and microglial activation.17 These functions are in-
dependent of the protease activity of tPA,18 and the domains 
responsible for these activities have yet to be elucidated.

To facilitate the functional analysis of each domain and to 
make the molecular properties of tPA more amenable to prac-
tical applications, it is necessary to engineer an efficient process 
for the production of recombinant tPA. Toward this end, the 
current study evaluates several E. coli strains and culture con-
ditions for efficient expression of the tPA P-domain in a soluble, 
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functional form. In particular, the effects of supplying rare codon 
tRNAs and modulating the redox potential in the cytoplasm 
were evaluated.

Experimental

Cloning of tPA P-domain. A cDNA encoding human tPA 
was purchased from American Type Culture Collection (ATCC 
number 40403). The fragment coding for P-domain was obtain-
ed using PCR amplification. The forward primer sequence was 
5'-CCTCCATGGCCACCTGCGGCCTGAGACAG-3' and the 
backward primer was 5'-TGTAAGCTTGAATCCAGTCTA 
GGTAGTTGTTAAC-3'. The PCR mixture consisted of 5 µL 
of 10 × PCR buffer (final concentrations: 10 mM KCl, 0.01% 
gelatin, 20 mM Tris-HCl, pH 9.0), 2.5 mM MgCl2, 0.2 mM for 
each dNTP, 200 nM for each primer, 0.5 µL of template DNA, 
and 2.5 units of Pfu DNA polymerase (Promega Co., USA) in 
the final 50 µL volume. The PCR was performed in a DNA-
Engine thermal cycler (Bio-Rad Laboratories Inc., USA) using 
a cycling condition that consisted of an initial denaturation at 
95 oC for 5 min and then 30 cycles with denaturation at 94 oC 
for 30 seconds, annealing at 56 oC for 30 seconds, and exten-
sion at 72 oC for 2 min. A final extension was performed at 72 oC 
for 5 min. Two blanks that contained all the components of the 
reaction mixture except each of the two primers were used as 
controls. 

The PCR products were double-digested with NcoI and 
HindIII restriction endonucleases, and DNA fragments that 
were 0.8 kb in size were then cloned on a pRSET B vector 
(Invitrogen Co., USA) digested with the same enzymes. The 
cloned DNA was verified by sequencing analysis, and the re-
sulting plasmid for tPA P-domain-expression in E. coli was 
named pRSET-tPAP.

Expression of tPA P-domain in E. coli. Several E. coli strains 
were transformed with the recombinant pRSET-tPAP plasmid. 
Transformed cells were selected on Luria-Bertani (LB) medium 
plates supplemented with 100 µg/mL ampicillin and, if nece-
ssary, 30 µg/mL chloramphenicol (USB Co., NJ, USA). For 
overproduction of tPA P-domain, 1 mL of the overnight liquid 
culture was transferred to a flask containing 50 mL fresh LB 
medium that contained the same antibiotics. Cells were grown 
with vigorous shaking to a density of OD600 ≈ 0.4, and over-
production of recombinant protein was induced with the addi-
tion of IPTG to the final concentration of 0.1 mM. The cultures 
were incubated further at 30 oC or 37 oC for various times with 
vigorous shaking. Overexpression of the tPA P-domain protein 
was analyzed by 10% SDS-polyacrylamide gel electrophoresis 
and Western blotting analysis using a rabbit His-probe (H-15) 
antibody (Santa Cruz sc-803).

Purification of soluble tPA P-domain protein. For tPA puri-
fication, E. coli Rosetta-gami cells transformed with pRSET- 
tPAP was inoculated in LB medium that contained selective 
antibiotics. Five mL of the overnight liquid culture was trans-
ferred to each of four flasks containing 250 mL fresh LB me-
dium, and tPA protein was induced by the addition of IPTG at 
30 oC for 4 h. After harvest and lysis of cells by sonication using 
a Bandelin Sonoplus HD2200 ultrasonic homogenizer (Berlin, 
Germany) with a TT13 tip at 50% cycle (1 min × 3 times), the 

supernatant and pellet fractions from these cell lysates were 
separated by centrifugation in a centrifuge (Hanil Micro 17R+, 
Incheon, Korea) at 10,000 rpm for 10 min at 4 oC. The super-
natant fraction containing soluble recombinant tPA proteins 
was loaded on a Ni2+-NTA chelating agarose CL-6B column 
(Peptron Co., Korea) in a buffer (20 mM Tris-Cl, 5 mM imi-
dazole, and 0.5 M  NaCl, pH 7.4). The protein was eluted using 
an imidazole gradient from 5 mM to 500 mM. Concentrations 
of proteins were determined using Bio-Rad DC (detergent com-
patible) protein assay kit.

Determination of the tPA activity. The tPA protease activity 
of P-domain protein was determined via a direct chromogenic 
assay using 50 µM Spectrozyme tPA (methylsulfonyl-D-cyclo-
hexyltyrosyl-Gly-Arg-p-nitroanilide; American Diagnostica 
Inc., USA). The tPA assay buffer was 30 mM Tris, 30 mM 
imidazole, 100 mM NaCl, and 25 mM HCl, pH 7.9. The pro-
teins were incubated with the substrate at 37 oC for various 
times. The amount of products was measured by a spectropho-
tometer (Beckman DU650) at 410 nm, and calculated using a 
molar absorption coefficient of 8,800 M‒1 cm‒1 for p-nitroani-
line. Single-chain recombinant tPA (American Diagnostica Inc., 
USA), secreted from a Chinese hamster ovary cell line trans-
fected with the cDNA for human tPA, was used for compari-
son of protease activity.

To monitor covalently-bound complex formation with pla-
sminogen activator inhibitor-1 (PAI-1), 4 µg of PAI-1 protein 
was incubated with either 2 µg of single-chain tPA or 1.5 µg of 
purified tPA P-domain proteins in 30 µL of tPA assay buffer for 
10 min at 37 oC. Appearance of the SDS-resistant tPA (or P- 
domain)-PAI-1 complex was monitored by 10% SDS-poly-
acrylamide gel electrophoresis. The protein bands were visu-
alized by staining with Coomassie Brilliant Blue.

Results and Discussion

Overexpression of tPA P-domain in a soluble form. The ex-
pression levels of tPA P-domain were examined in several 
strains of E. coli listed in Table 1. Different strains harboring 
the pRSET-tPAP plasmid were grown with vigorous shaking 
to a density of OD600 ≈ 0.4. Overproduction of recombinant 
protein was induced with the addition of IPTG and incubation 
at 37 oC for 3 h. Approximately 1.1 × 109 cells were harvested 
and lysed by sonication. The cell lysate was separated by high- 
speed centrifugation, and the expression levels of tPA P-domain 
in the supernatant and pellet fractions were determined by SDS- 
polyacrylamide gel electrophoresis and Western blot analysis. 
The tPA P-domain was expressed predominantly as an insoluble 
protein in inclusion bodies, and the level of expression was 
enhanced in E. coli strains [CodonPlus(DE3)-RIL, CodonPlus 
(DE3)-RP, and Rosetta-gami(DE3)pLysS] containing extra co-
pies of the tRNA genes for the rarely used codons (Figure 1, 
top). The insoluble protein fractions were assayed for proteoly-
tic activity toward Spectrozyme tPA, a chromogenic peptide 
substrate. Despite the large amounts of tPA P-domain protein 
in the inclusion bodies, negligible proteolytic degradation of 
the substrate over the background level was observed, as ex-
pected. This result suggests that the inclusion bodies contained 
inactive forms of P-domain protein, which may need to be 
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Table 1. E. coli strains used in this study

Genotype

BL21(DE3) F‒ ompT hsdSB(rB
‒ mB

‒) gal dcm (DE3)
BL21(DE3)pLysS F‒ ompT hsdSB(rB

‒ mB
‒) gal dcm (DE3) pLysS (CamR)

Codon plus(DE3) RIL F‒ ompT hsdS(rB
‒ mB

‒) dcm+ Tetr gal λ(DE3) endA Hte [argU ileY leuW Camr]
Codon plus(DE3) RP F‒ ompT hsdS(rB

‒ mB
‒) dcm+ Tetr gal λ(DE3) endA Hte [argU proL Camr]

Rosetta-gami(DE3)pLysS ∆ (ara‒leu)7697 ∆lacX74 ∆phoA PvuII phoR araD139 ahpC galE galK rpsL (DE3) F'[lac+ lacIq pro] gor522::Tn10 
trxB pLysSRARE2 (CamR, KanR, StrR, TetR)
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Figure 1. Expression of tPA P-domain in different E. coli strains. After induction of tPA P-domain expression with 0.1 mM IPTG, cells were in-
cubated at 37 oC for 3 h. The pellet (inclusion body) and supernatant (soluble) fractions of the whole cell lysate were subjected to electrophoresis
on a 10% SDS-polyacrylamide gel and visualized by staining with Coomassie Brilliant Blue (a & c), and by western blot analysis using anti- 
His-probe antibody (b & d). Lane MW, molecular weight markers (Bio-Rad, low range); N, non-induced cells taken at the time of IPTG addi-
tion; I, induced cells taken at 3 hr after IPTG addition; BL21, E. coli BL21(DE3) cells carrying pREST-tPAP; pLysS, E. coli BL21(DE3)pLysS
cells carrying pREST-tPAP; RIL, E. coli Codon plus(DE3) RIL cells carrying pREST-tPAP; RP, E. coli Codon plus (DE3) RP cells carrying pREST-
tPAP; Rosetta, E. coli Rosetta-gami (DE3)pLysS cells carrying pREST-tPAP.
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Figure 2. Expression of tPA P-domain in E. coli Rosetta-gami(DE3)pLysS cells at different temperatures. After induction of tPA P-domain expres-
sion with 0.1 mM IPTG, cells were further incubated at either 30, or 37  oC for various time. The supernatant (soluble) and pellet (inclusion) 
fractions of the whole cell lysate were subjected to electrophoresis on a 10% SDS-polyacrylamide gel and visualized by staining with Coomassie
Brilliant Blue (a & c), and by western blot analysis using anti-His-probe antibody (b & d). Lane MW, molecular weight markers (Bio-Rad, low range).
The numbers on the top of the gel show the time (in h; or o/n, overnight) after IPTG addition. 
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Figure 3. Structural integrity of the purified tPA P-domain protein. (a)
SDS-polyacrylamide gel analysis of the purified tPA P-domain protein
illustrating disulfide-bond formation. The purified soluble tPA P-do-
main proteins were subjected to electrophoresis on 10% SDS-polyacryl-
amide gels in the presence and absence of 0.1 M DTT. Protein bands 
were visualized with Coomassie Brilliant Blue staining. Lane MW, 
molecular weight markers (Bio-Rad, low range). Please note the faster
migration of the tPA P-protein under non-reducing condition. (b) Gel 
filtration of tPA P-domain protein on a Superdex 75 column. tPA P- 
domain protein (1 mg/mL) was applied onto a FPLC Superdex 75 
column pre-equilibrated with 20 mM Tris-HCl buffer, pH 7.4 (broken
line). Molecular size standards were bovine serum albumin (66 kDa),
recombinant human α1-antitrypsin (44 kDa), and lysozyme (14 kDa) 
in the same buffer (straight line). The flow rate was 1 mL/min, and pro-
tein-elution was monitored by UV absorbance at 214 nm. 

refolded to acquire proteolytic activity.
It was presumed that a soluble form of tPA P-domain would 

be folded in its native state and exhibit biological activity. Al-
though there was insignificant expression of soluble tPA P- 
domain in most of the strains tested, the production of a solu-
ble form was noticeably increased in Rosetta-gami(DE3)pLysS 
cells (Figure 1, bottom). For many proteins, such as human 
globin and cyclodextrin glycosyltransferase, the expression of 
soluble, exogenous proteins is enhanced at low tempera-
tures.19,20 Similarly, the yield of soluble tPA P-domain was 
higher at 30 oC than at 37 oC (Figure 2). In addition, more solu-
ble protein was obtained after prolonged incubation (overnight). 
The formation of correctly folded protein, as evaluated by pro-
tease activity assays, was correlated with the amount of tPA 
P-domain in the soluble extract fraction. Supernatant fractions 
from cultures induced for 2, 4, 8, and 20 h at 30 oC had pro-
teolytic activities of 829, 1147, 1642, and 3219 IU/mL, respec-
tively, whereas induction for 2, 4, 8, and 20 h at 37 oC pro-
duced activities of 717, 860, 1115, and 2215 IU/mL, respec-
tively.

Purification of soluble tPA P-domain protein. Given that solu-
ble cellular fractions were more likely to contain the active con-
former, tPA P-domain protein was purified from the soluble 
fraction. The N-terminal (His)6-tag coding sequence present 
in the expression vector, pRSET-tPAP, enabled purification of 
polyhistidine-tagged tPA P-domain using immobilized metal 
ion affinity chromatography. This purification scheme avoids 
the cumbersome refolding steps described above, which result 
in extremely low yields, particularly with proteins containing 
several disulfide bonds. 

The purification of tPA P-domain protein was performed as 
follows. A 1-L culture of Rosetta-gami(DE3)pLysS cells harbor-
ing pRSET-tPAP were induced at 30 oC for 4 h after the addi-
tion of 0.1 mM IPTG. The supernatant from a high-speed cen-
trifugation of cell lysate was loaded onto a Ni2+-NTA agarose 
column pre-equilibrated with 20 mM Tris-Cl, 5 mM imidazole, 
and 0.5 M NaCl, pH 7.4, and the protein was eluted using an 
imidazole gradient. The final purified tPA P-domain prepara-
tion yielded only one protein band, at ~34 kDa, after SDS- 
polyacrylamide gel electrophoresis and Coomassie Brilliant 
Blue staining (Figure 3a). Routinely, about 1.2 mg of soluble 
tPA P-domain were obtained from a 1-L culture.

Disulfide bonds formed in the purified tPA P-domain protein. 
The tPA P-domain should form six disulfide bonds, consisting 
of 12 cysteine residues. Disulfide bond formation was monitor-
ed by gel electrophoresis and Ellman’s reagent.21 The P-domain 
protein was first electrophoresed in a SDS-polyacrylamide gel 
in the presence and absence of dithiothreitol (DTT), a reduc-
ing reagent. DTT was added in the sample loading buffer to a 
concentration of 100 mM, thereby rendering the proteins com-
pletely linearized. The presence of any disulfide bonds would 
cause the protein to migrate faster through the polyacrylamide 
gel, relative to the migration rate of the linearized (fully re-
duced) protein.22 The purified P-domain protein migrated more 
slowly in the presence of DTT (Figure 3a), indicating disulfide 
bond disruption by DTT. The migration rates of other proteins 
without disulfide bonds were not altered by the presence of 
reducing agent (data not shown). 

The number of remaining free thiols was quantified using 
Ellman’s reagent. The number of free thiols per tPA P-protein 
was only 0.19; suggesting that 11.81 cysteines, if not all, out of 
the total 12 cysteines in tPA P-protein, were involved in disulfide 
bonding.

Gel filtration of tPA P-protein on a Superdex-75 column 
resulted in an elution profile consistent with that of a 34-kDa 
protein (Figure 3b), indicating that tPA P-protein exists mostly 
as a monomer under native conditions, instead of intermole-
cular disulfide-bonded oligomeric forms.

Activity of the purified tPA P-domain. The proteolytic acti-
vity of the purified, soluble P-domain protein was kinetically 
monitored using Spectrozyme tPA, a chromogenic substrate 
(Figure 4a). The specific activity of the P-domain protein was 
489,000 IU/mg protein, and was comparable to 522,000 IU/mg 
protein of full-length tPA. 
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Figure 4. Activity of the purified tPA P domain protein. (a) Proteolytic
activity of the purified tPA P protein. The proteolytic activity 0.5 µg
of purified tPA P-protein (straight line) or 1 µg of full length tPA (bro-
ken line) was measured using 50 µM Spectrozyme tPA as a substrate. 
Generation of the chromogenic product p-nitroaniline was monitored
at 410 nm using a UV/visible spectrophotometer. (b) Covalently bound
complex formation with PAI-1. Lane 1, molecular weight markers 
(Bio-Rad, low range); lane 2, 4 µg of PAI-1 only; lane 3, 2 µg of full 
length tPA only; lane 4, full length tPA incubated with PAI-1; lane 5, 
1.5 µg of purified tPA P-domain protein only; and lane 6, purified tPA
P-domain protein incubated with PAI-1. Asterisks indicate the migra-
tion positions of protease/PAI-1 complex.

Plasminogen activator inhibitor (PAI)-1 acts as a native 
inhibitor of fibrinolysis by inhibiting tPA and urokinase-type 
plasminogen activators in vivo.23 The ability to form an inhi-
bitory complex with PAI-1 would therefore indicate proper 
folding of the tPA P-domain. This was assessed by monitoring 
the formation of a covalent protease-inhibitor complex with 
the P-domain protein. Full-length tPA binds to PAI-1 to form 
a 102-kDa complex. The P-domain protein also bound PAI-1, 
forming a 78-kDa complex (Figure 4b). Thus, the above puri-
fication scheme for P-domain protein from the soluble fraction 
of the cell lysate yielded a pure, functional, recombinant pro-
tein with high specific activity.

Expression of active, soluble tPA P-domain in E. coli. In the 
present report, E. coli strains and culture conditions were 
screened for efficient expression of tPA P-domain in a func-
tional, soluble form. The expression and purification of human 
tPA from eukaryotic and prokaryotic sources has been describ-
ed in several reports.4,24,25 However, tPA produced from animal 
cells is expensive and is rapidly cleared from the blood.5 There-
fore, more industrially applicable recombinant hosts were 
sought for tPA production. Most previous studies on tPA ex-
pression and purification in E. coli were based on the recovery 

of tPA from inclusion bodies.26,27,28 Since tPA molecules should 
be highly disulfide-bonded, refolding steps were very com-
plicated, including high concentration of arginine and mixed 
disulfide-solution of GSSH/GSH, etc. The refolded protein 
solution contained mostly misfolded proteins including protein 
aggregates and disulfide mismatched proteins. Therefore, the 
correctly folded monomeric proteins needed to be purified 
using several purification steps including expensive specific 
affinity resins, such as an Erythrina trypsin inhibitor-Sepha-
rose,26 benzamidine-Sepharose27 and lysine-Sepharose.27,28 
Worst of all, these schemes resulted in low-yields, despite of 
high costs and time consumed. Extracellular secretion of re-
combinant K2-P domain of tPA, using OmpA signal sequence, 
yielded a marginal amount of tPA at 7,000 IU/L culture even 
before purification.24 Our initial attempt to refold tPA P-do-
main protein from inclusion bodies was unsatisfactory due to 
aggregation, and efforts to optimize environmental factors, 
including salt concentration, detergent, and pH, in order to 
minimize this aggregation were likewise unsuccessful. Al-
though the amount of aggregated protein could be decreased, 
disulfide bonds were incompletely formed and possibly mis-
matched. Since recombinant proteins expressed in soluble forms 
are usually in their correctly folded forms, purification of the 
functional form can be simply achieved in one step using 
widely used affinity systems, such as Ni2+- or glutathione- 
agarose columns. Therefore, expression of a soluble tPA was 
highly desirable. The results described here show that lower-
ing the reducing power of the cytoplasm allowed the expression 
of soluble tPA P-domain. Supplementing the E. coli with tRNA 
genes for rarely used codons also promoted exogenous expres-
sion of tPA (Figure 1). Furthermore, the amount of tPA P-pro-
tein in the soluble component of the cell lysate was greater at 
a lower incubation temperature (Figure 2). The soluble mono-
meric tPA P-domain protein was purified by a single affinity 
step, and the purified protein retained its disulfide bonds 
(Figure 3a). The high proteolytic activity of the tPA P domain 
protein (Figure 4a) demonstrated that an active protease was 
obtained. tPA is physiologically regulated by PAI-1 in vivo, by 
forming a covalent protease-inhibitor complex. The ability tPA 
P domain protein to form a covalently bound complex with its 
native inhibitor (Figure 4b) also suggested that a functional 
protease was obtained. Recombinant tPA has therapeutic po-
tential for clinical conditions arising from improper blood clott-
ing, which can lead to heart attack and stroke. The purification 
scheme for tPA P-protein described here is quite simple and 
more importantly enables the large-scale preparation of active 
protein. The expression of recombinant tPA domains in their 
active conformations will allow further characterization of 
their roles and regulation in several physiological processes. 
In addition, this method facilitates mutational analyses, which 
can be used to elucidate structure-function relationships. The 
current study also provides helpful information for tackling 
the difficulties in expressing functional eukaryotic proteins, 
such as the extracellular domains of receptors, in E. coli.
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