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Recombinant human tissue plasminogen activator (rPA) is a truncated version of tissue plasminogen
activator (tPA), which contains nine disulfide bonds and is prone to forming inactive inclusion bodies when
expressed in bacteria. To obtain functional rPA expression, we displayed the rPA on the surface of poly-
hydroxybutyrate (PHB) granules using phasin as the affinity tag. rPA was fused to the N terminus of the phasin
protein with a thrombin cleavage site as the linker. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblot analysis showed that rPA fusion was successfully displayed on the surface of
PHB granules. An activity assay indicated that the rPA fusion is active. The in vivo surface display strategy for
functional rPA expression in Escherichia coli is distinct for its efficient folding and easier purification and may
be expanded to the expression of other eukaryotic proteins with complex conformation.

Tissue plasminogen activator (tPA) derives from a fibrino-
lytic system of blood vessel endothelial cells, activates plasmin-
ogen to form plasmin, and is an effective drug for thrombolytic
therapy. Native tPA is composed of 527 amino acid residues
with five structural domains and 17 disulfide bonds (19). Re-
combinant human tissue plasminogen activator (rPA) is a vari-
ant version of tPA with nine disulfide bonds, consisting of
kringle 2 and serine protease domain (12). rPA was confirmed
to possess enhanced capability for thrombolysis compared with
that of tPA. Therefore, rPA is more beneficial for the treat-
ment of acute myocardial infarction (17, 26, 28).

Heterologous expression of tPA as well as rPA in Esche-
richia coli often results in the formation of the insoluble ag-
gregates known as inclusion bodies due to the multidisulfide
bonds (3). The refolding of the inclusion bodies in vitro is a
long and difficult task, especially for proteins with complex
conformation and multiple disulfide bonds. In order to obtain
directly the functional rPA from recombinant E. coli, many
approaches have been utilized: expressing the rPA gene in E.
coli trxB gor ahpC* mutant strains, of which the cytoplasm is
highly oxidized; fusing the rPA gene with gpIII of �M13 and
linking to the OmpA signal sequence, through which rPA is
secreted into the medium; exploiting the novel twin-arginine
translocation (Tat) pathway to obtain active rPA in the
periplasmic space based on its inherent properties; and cose-
creting of rPA with chaperones and adding low-molecular-size
medium additives to promote the formation of disulfide bonds
(6, 11, 15, 25). However, the successful expression of rPA in its
soluble or active form gives rise to another task: separation and
purification of soluble active rPA from large amounts of other
proteins in cytoplasm or medium.

Normal protein purification typically involves several chro-

matographic steps. Each step can be costly and time-consum-
ing (4). The development of simple and reliable methods for
protein purification, which can be applied to arbitrary prod-
ucts, is therefore an important goal in bioseparation technol-
ogy developments. One method that was recently developed is
the addition of an affinity tag sequence to the target protein
gene (13). It was demonstrated that heterologous proteins can
be displayed actively on the surface of biopolyester granules in
E. coli by fusing to the polyhydroxyalkanoate (PHA) synthase
(PhaC), which serves as an affinity tag of PHA granules (21).
PHA granules are carbon inclusions produced intracellularly
by bacteria for coping with changing, often oligotrophic envi-
ronments (1). These inclusions are composed of a hydrophobic
polyester core and hydrophilic phospholipid membrane with
many embedded proteins (24). Besides PhaC, phasins (namely
PhaPs) are the main proteins tightly attached to the surface of
polyhydroxybutyrate (PHB) granules, which can stabilize and
prevent coalescence of separate PHB granules (22). Due to the
inherent properties, PhaP has been used as the affinity tag in
vivo to display recombinant proteins on the surface of PHB
granules (5).

In this study, we fused the rPA gene to the N terminus of
phaP. A thrombin cleavage site was introduced between them
to release rPA from PHB granules. The fusion gene was then
expressed in engineered E. coli, which was conferred with the
PHB production pathway by cloning the PHB biosynthesis
genes. We confirmed that recombinant rPA fusion was able to
be actively expressed in vivo on the surface of PHB granules.

MATERIALS AND METHODS

Strains and materials. E. coli strain DH5� [F� endA1 hsdR17(rK� mK�)
supE44 thi-l �� recA1 gyrA96 �lacU169 (�80dlacZ�M15)] was used as the host
for recombinant DNA manipulation. E. coli strain XL1-Blue [recA1 endA1
gyrA96 thi-1 hsdR17 supE44 relA1 lac F� proAB lacIqZ�M15 Tn10 (Tetr)] from
Stratagene was used for recombinant protein expression. Plasmid pHBS01, car-
rying the phbCAB operon for PHB biosynthesis, was constructed previously in
our laboratory (9). Plasmid pBluescript SK� from Stratagene was used to con-
struct the fusion expression vector. Restriction endonucleases and T4 ligase were
purchased from MBI Fermentas (Canada). The rPA standard was obtained from
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IND Pharm Co. Ltd. (Beijing, People’s Republic of China). Other reagents for
the rPA activity assay were obtained from Sigma (USA).

Construction of the fusion expression vector. The gene phaP encoding phasin
was amplified from genomic DNA of Ralstonia eutropha H16 (kind gift of Alex-
ander Steinbüechel, Germany) using primers phaP-F (5�-GCGGAATTCATGA
TCCTCACCCCGGAACAAG-3�) (EcoRI site in italics) and phaP-R (5�-ACA
AAGCTTGGCAGCCGTCGTCTTCTTTGCCGT-3�) (HindIII site in italics).
The PCR conditions were as follows: denaturation at 94°C for 5 min, followed by
29 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 40 s, with a final elongation
at 72°C for 10 min. The PCR fragment was then digested with EcoRI/HindIII
and ligated into plasmid pBluescript SK�. The resulting plasmid, named pSKPA,
was then ligated with the rPA gene amplified from a stocked plasmid containing
the rPA gene. The forward primer was 5�-ACCAAGCTTCTGGTTCCGCGTG
GATCCTCTTATCAGGGAAACAGTGACT-3� (where the HindIII site is in
italics and the thrombin cleavage site is underlined), and the reverse primer was
5�-AAACTCGAGTCACGGTCGCATGTTGTCACGAA-3� (XhoI site in ital-
ics). The PCR conditions consisted of a 5-min incubation at 94°C, followed by 29
cycles of 94°C for 30s, 58°C for 30s, and 72°C for 70s, and a final extension at
72°C for 10 min. The PCR product was then digested and subcloned into the
HindIII/XhoI sites of the pSKPA plasmid. The final plasmid, named pSPAr,
containing the rPA gene and the thrombin cleavage site between PhaP and rPA,
was transformed into E. coli XL1-Blue for expression. All plasmids constructed
in the study were confirmed by DNA sequencing.

Expression of the fusion protein. Recombinant E. coli XL1-Blue cells con-
taining plasmids pHBS01and pSPAr were selected on a Luria-Bertani (LB) agar
plate containing 100 	g/ml spectinomycin and 100 	g/ml ampicillin. A single
clone was precultured in 5 ml Luria-Bertani medium (1% tryptone, 0.5% yeast
extract, and 1% NaCl) at 37°C and 200 rpm overnight. Then, 1 ml overnight cells
were inoculated into 100 ml Luria-Bertani medium supplemented with 5 g/liter
glucose (wt/vol) and antibiotics. The culture was first cultivated at 37°C until
glucose was almost fully consumed. IPTG (isopropyl-
-D-thiogalactopyranoside)
was then added to a final concentration of 1 mM. Cells were incubated at 30°C
and 180 rpm for an additional 12 h and harvested by centrifugation at 5,000 � g
at 4°C for 10 min.

SDS-PAGE analysis. Harvested cells were washed three times with PBS buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.05% Tween
20, pH 7.4) and resuspended in the same buffer, followed by ultrasonication at
4°C (40% output, 10 min). After centrifugation at 14,000 � g at 4°C for 30 min,
the sediments were resuspended in 1 ml PBS buffer, and the PHB granules were
isolated by ultracentrifugation (2). The collected PHB granules and/or cell lysate
were analyzed by 12% (vol/vol) SDS-PAGE. The gels were stained with Coo-
massie Brilliant G250.

Western blot analysis. After SDS-PAGE, the protein bands on the gel were
transferred onto a polyvinylidene difluoride (PVDF) membrane. After being
washed with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween 20), the
membrane was blocked with 3% (wt/vol) bovine serum albumin (BSA) for 1 h at
room temperature and then incubated with tissue plasminogen activator anti-
body (ab27418; ABCam) overnight at 4°C. The horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibody (diluted 1:50,000) was then
added, and the mixture was incubated at room temperature for 1 h. The mem-
brane was washed three times with 20 ml TBST for 10 min each. The blots were

detected with DAB (3,3�-diaminobenzidine tetrahydrochloride)-NiCl solution in
darkness followed by the addition of distilled water to stop the reaction.

Activity assay for the recombinant protein. Plasminogen activation of rPA was
detected on an agarose-fibrin plate according to a slightly modified method
described previously (8). The agarose-fibrin plate was prepared as follows. A
total of 1.4 IU thrombin, 140 	g plasminogen, and 13.2 mg human fibrinogen was
added into 20 ml of 0.8% agarose gels dissolved in normal saline at 55°C to 60°C.
The mixture was incubated at room temperature for 30 min. The sample was
then loaded, and the plate was incubated at 37°C. To quantify rPA in samples,
the standard is serially diluted and spotted onto the fibrin/plate for activity assay.
A logarithmic curve is then constructed with the diameter of the lytic zone as the
ordinate and the activity as the abscissa (based on the formula Y � a�bX, where
Y is the logarithm of the diameter, X is the logarithm of the activity, a is the
intercept of Y, and b is the slope). The concentration of rPA is calculated from
the standard curve.

Release of rPA from the PHB granules. To release rPA from PHB granules,
the isolated PHB granules with PhaP-rPA fusion protein were treated with
thrombin (Novagen) at 20°C in PBS buffer for 12 h. After the reaction, the
mixture was centrifuged at 14,000 � g at 4°C for 30 min. The supernatant was
analyzed by 12% SDS-PAGE.

RESULTS

Selection of PHB accumulation strains. For PHB granule
biosynthesis, the phbCAB operon from R. eutropha H16 con-
taining the three essential genes, which encode PHB synthase
(PhbC), 
-ketothiolase (PhbA), and acetoacetyl-coenzyme A
(acetoacetyl-CoA) reductase (PhbB), was inserted into a low-
copy-number plasmid pSCP (9) to form the plasmid pHBS01,
where the phbCAB operon was under the control of a stress-
induced promoter. The stress-induced promoter was devel-
oped previously in our lab and allowed the recombinant E. coli
to begin to accumulate PHB at the late exponential growth
phase without the addition of any inducer (10). In order to
obtain suitable PHB accumulation for functional rPA gene
expression, E. coli BL21(DE3) and E. coli XL1-Blue were
selected as the expression host candidates. The strains exhib-
ited different PHB accumulation when they were cultivated in
LB medium plus 5 g/liter glucose for 12 h (Fig. 1A). E. coli
XL1-Blue/pHBS01 accumulated 25% PHB of the cell dry
weight, whereas E. coli BL21(DE3)/pHBS01 accumulated only
about 9% (wt/wt). Moreover, the PHB granules in E. coli
XL1-Blue were relatively small and well proportioned (Fig.
1B). Moderate PHB accumulation with small granule size will
offer maximum surface area and will be beneficial to the het-

FIG. 1. Cell growth and PHB accumulation of recombinant E. coli. The strains were cultivated in LB medium supplemented with 0.5% glucose.
(A) Comparison of PHB content and cell mass in E. coli BL21/pHBS01 and XL1-Blue/pHBS01. (B) Fluorescence micrograph of E. coli
XL1-Blue/pHBS01 cultivated for 12 h. Arrows indicate the small PHB granules in cells. Scale bar, 5 	m.
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erologous protein expression. Besides, it has been reported
that PhaP can affect the size and morphology of PHB granules,
with overexpression of PhaP resulting in many small PHB
granules (22). The final biomass of E. coli XL1-Blue/pHBS01
was nearly twice as much as that of E. coli BL21(DE3)/
pHBS01, which is also important for heterologous protein ex-
pression (Fig. 1A).

Display of rPA on the surface of intracellular PHB granules.
To display rPA on the surface of intracellular PHB granules,
the rPA gene was fused to the N terminus of phaP with a
linker-including thrombin cleavage site. PhaP is a noncatalytic
protein consisting of a hydrophobic domain, which associates
with the PHB granule surface, and of a hydrophilic domain
exposed to the cytoplasm of the cell (23). The thrombin cleav-
age site enables the easy and specific removal of rPA from the
fusion protein after PHB granule isolation. The resulting fu-
sion gene was introduced into recombinant E. coli XL1-Blue
already harboring the PHB production system. Then the engi-
neered E. coli XL1-Blue (pHBS01/pSPAr) was cultivated in
LB medium supplied with 5 g/liter glucose. The expression of
Phap-rPA fusion was subjected to SDS-PAGE analysis (Fig. 2).
An additional protein band at 60 kDa, which is the predicted
molecular size of the fusion protein, was clearly visible,
whereas it could not be detected in the control. Isolation of the
PHB granules by ultracentrifugation showed that this addi-
tional band was in the insoluble fraction, indicating that it was
anchored on the intracellular PHB granules. The harvested
PHB granules were then analyzed by Western blotting using
the tissue plasminogen activator antibody (Fig. 3). The cross-
reaction at the corresponding region confirmed that the addi-
tional protein anchored on the PHB granule surface is a Phap-
rPA fusion.

Activity evaluation of the Phap-rPA fusion. Functional ex-
pression of protein with multiple disulfide bonds, such as rPA,
in E. coli has proved to be a challenge. To see if our con-
structed rPA in the fusion which attached to the surface of
PHB granules is properly folded and to see if it is active, the
fibrin plate analysis method was used. Plasminogen was used as
the substrate of rPA in the medium of the plate. Active rPA
can convert plasminogen into plasmin, which will digest the
fibrin, resulting in a clear lytic zone on the fibrin/agar plate. To
do this, we applied the isolated PHB granules with Phap-rPA
fusion on the fibrin plates and incubated them at 37°C for
phenotype observation. As indicated in Fig. 4, there is a clear

lytic zone on the plate where isolated PHB granules were
supplied, indicating the degradation of the fibrin, whereas
there is no such lytic zone on the control. The results con-
firmed that the Phap-rPA fusion attached to the PHB granule
surface was active and was able to convert the inactive plas-
minogen to active plasmin. Our control experiment showed
that E. coli expressing only the rPA gene could not obtain
functional rPA in the cell lysate.

Release of rPA from the PHB granule. To determine if the
thrombin site is readily accessible, the PHB granules with
PhaP-rPA fusion were incubated in phosphate buffer with
thrombin for 12 h. After incubation, the reaction mixture was
centrifuged and the supernatant was analyzed with SDS-
PAGE. As shown in Fig. 5, a clear band of about 39 kDa,
corresponding to the molecular mass of rPA, can be clearly
observed. As we expected, the released rPA is quite pure with
only a very faint contamination band (Fig. 5). Fibrin plate
analysis showed that this released rPA from PHB granules has
activity comparable with that of standard rPA. The results
demonstrated that correctly folded rPA as a fusion with PhaP
can be completely removed by thrombin treatment with re-
tained activity. In addition, the rPA preparation process can be
simplified by thrombin treatment of the washed cell debris. No
PHB granule isolation process is needed (data not shown).

Optimization of rPA expression. Since the PHB accumula-
tion in our strains is induced automatically when the cells
entered the late exponential growth phase, the induction time
for Phap-rPA expression was critical. We compared the differ-
ent induction times for Phap-rPA fusion expression (Fig. 6).
Induction at the late exponential growth phase was the optimal
condition. The rPA activity induced at this time can achieve
nearly twice that induced at the early exponential phase, reach-
ing 760 IU/g cdw (cell dry weight) (Fig. 6). GC analysis showed
that PHB accumulation in the cells is changed with different
rPA induction times. When expression was induced at the early
exponential growth phase, the intracellular PHB accumulation
was at a very low level, corresponding to about 2.5% of the cell
dry weight. When expression was induced at the late exponen-
tial growth phase, the PHB accumulation reached 23% (wt/wt),
which is close to the maximum accumulation (Fig. 1A). These
results also agreed well with previous results that the PHB
biosynthesis genes are maximally induced at the late exponen-
tial growth phase (10). According to standard rPA, we assessed
that the yield of rPA was about 53.8 	g/g cells.

FIG. 3. Western blot analysis of the PhaP-rPA fusion protein. Lane
M, protein marker; lane 1, control; lane 2, PHB granules isolated from
E. coli XL1-Blue (pHBS01/pSPAr).

FIG. 2. SDS-PAGE analysis of the PhaP-rPA fusion protein. Lane
M, protein marker; lane 1, control; lane 2, lysate of E. coli XL1-Blue
(pHBS01/pSPAr); lane 3, PHB granules isolated from E. coli XL1-
Blue (pHBS01/pSPAr).
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DISCUSSION

Under physiological conditions, the reductive cytoplasmic
environment of wild-type E. coli is the bottleneck of the oxi-
dative folding of heterologous proteins with multiple disulfide
bonds. Expression of rPA in E. coli is a typical example of this
phenomenon, often resulting in unfolded or misfolded inactive
protein (12). Although many strategies have been applied to
express heterologous proteins with multiple disulfide bonds in
E. coli (16), it is thorny to seek out an appropriate pathway to
achieve active rPA expression in wild-type E. coli. Previous
studies have focused on improving the oxidation status of the
cytoplasm of E. coli or choosing the periplasmic space, which is
a more oxidized space, for active rPA expression (6, 18). How-
ever, because of the narrow periplasmic space, especially the
complicated and expensive purification process, these methods
are confined to small-scale study in the laboratory.

In the study, we presented a novel method for functional
rPA expression. By fusion to the affinity tag of PhaP protein
from R. eutropha H16, we expressed the functional PhaP-rPA
fusion on the intracellular surface of the PHB granules cou-
pled with in vivo PHB accumulation. In general, the oxidation
of cysteine thiols in cytoplasmic proteins is strongly disfavored
for both thermodynamic and kinetic reasons, because the thiol-
disulfide redox potential of the cytoplasm is too low to provide
a sufficient driving force for the formation of stable disulfide
(6). The biosynthesis of PHB granules in vivo is a NADPH-
dependent pathway (14) and therefore may serve as an elec-
tron sink for the reducing power (7). During the PHB biosyn-

thesis process, electrons are no longer able to traverse the
electron transfer chain to oxygen at the same rate and thus are
diverted to the reductive step of polymer synthesis. Thus, we
suggested that PHB biosynthesis in vivo provides the cytoplasm
a suitable and possibly more oxidized environment for disulfide
bond formation (Fig. 7). Both PhaP-rPA synthesis and PHB
accumulation happening near the PHB granule may also en-
hance this effect. Meanwhile, efficient folding of rPA may also
be due to the surface display, which provides a space for pro-
tein folding and reduces the opportunity for proteins to inter-
act with each other. The PhaP-rPA proteins are anchored onto
the surface of PHB granules as soon as they are synthesized,
which facilitates the proper formation of disulfide bonds and
proper folding of the protein.

Several reports have been published based on the develop-
ment of the PHB granule-based expression system (4, 20, 27).
Phasin, as the major protein located on the surface of PHB
granules, binds tightly to the granules. Display of heterologous
protein on the intracellular PHB granule surface using phasin
as the affinity tag was confirmed to be a successful and efficient
strategy. This method is distinct due to the simple recovery of

FIG. 4. Fibrin plate analysis of rPA activity. Equal amounts of the samples were spotted on the fibrin plate. (A) Cell debris from E. coli
XL1-Blue (pSCP/pSPAr). (B) Isolated PHB granules from E. coli XL1-Blue (pHBS01/pSPAr).

FIG. 5. SDS-PAGE analysis of rPA released from the PHB gran-
ules. Lane M, protein marker; lane 1, isolated PHB granules with
Phap-rPA fusions; lane 2, supernatant after cleavage with thrombin for
12 h.

FIG. 6. Relationship of rPA activity and PHB accumulation.
(A) rPA gene expression was induced at the early exponential growth
phase (4 h). (B) rPA gene expression was induced at the midexponen-
tial growth phase (8 h). (C) rPA gene expression was induced at the
late exponential growth phase (12 h). E. coli XL1-Blue (pHBS01/
pSPAr) was grown in LB medium plus 0.5% glucose and induced at
indicated time points. After induction, the cells were cultivated for a
further 10 h. rPA activity was expressed as IU per gram of cell dry
weight (IU/g cdw).
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the target protein and self-contained nature of the system. We
found that the system is especially useful for expression of
complex proteins with multiple disulfide bonds, such as rPA.
The simultaneous PHB biosynthesis and protein expression
provide the system inimitable advantages over other strategies.

Conclusions. In summary, we described a novel method for
functional rPA expression in E. coli. To our knowledge, it is the
first successful example of displaying active rPA on the intra-
cellular PHB granule surface. PHB biosynthesis and granule
display provided a suitable environment for the expression and
proper folding of rPA. The self-contained nature of the system
and the simple recovery of the target protein are other key
advantages of the system. This system may be applied to the
heterologous expression of other eukaryotic proteins in E. coli.
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