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To examine the effects of overexpression of trigger factor (TF) on recombinant proteins produced in
Escherichia coli, we constructed plasmids that permitted controlled expression of TF alone or together with the
GroEL-GroES chaperones. The following three proteins that are prone to aggregation were tested as targets:
mouse endostatin, human oxygen-regulated protein ORP150, and human lysozyme. The results revealed that
TF overexpression had marked effects on the production of these proteins in soluble forms, presumably
through facilitating correct folding. Whereas overexpression of TF alone was sufficient to prevent aggregation
of endostatin, overexpression of TF together with GroEL-GroES was more effective for ORP150 and lysozyme,
suggesting that TF and GroEL-GroES play synergistic roles in vivo. Although coexpression of the DnaK-DnaJ-
GrpE chaperones was also effective for endostatin and ORP150, coexpression of TF and GroEL-GroES was
more effective for lysozyme. These results attest to the usefulness of the present expression plasmids for

improving protein production in E. coli.

Recombinant proteins produced in Escherichia coli often
aggregate or degrade rapidly because of their inability to form
correct tertiary structures due to anomalies in protein folding.
In some cases, overexpression of molecular chaperones, such
as GroEL-GroES and DnaK-Dnal-GrpE, facilitate protein
folding and enhance production of active proteins (16, 18). We
previously constructed a series of versatile plasmids for con-
trolled expression of these chaperones and described their
utility for stabilizing or preventing aggregation of certain re-
combinant proteins (9). However, these plasmids are not al-
ways effective; there are many instances in which production of
active proteins is not improved by the chaperones and seems to
require additional factors or conditions. Thus, we examined
new chaperonelike factors, including E. coli trigger factor (TF),
whose role in protein folding was implicated by the results of
several in vitro experiments. This 50-kDa protein exhibits pep-
tidyl-prolyl cis/trans isomerase (PPIase) activity and has a do-
main structure that is conserved in the FK506-binding protein
family (14, 17). TF was originally identified as a protein that
can bind to certain precursor proteins and facilitate their trans-
port into membrane vesicles (1). The results of subsequent
studies, however, failed to support hypothesis that TF plays a
role in protein transport (2) and instead suggested that it may
play a role in protein folding because of its association with
nascent polypeptides, as well as the 50S ribosome (3, 17).
Moreover, TF was found to be associated with GroEL and can
strengthen GroEL-substrate binding to facilitate protein fold-
ing (5) or degradation (6).

In this study, we constructed plasmids with which we could
easily manipulate the production of TF, alone or together with
GroEL-GroES chaperones, and examined the effects of coex-
pression of these molecules on the production of several re-
combinant proteins. The target proteins employed were mouse
endostatin (molecular mass, 20 kDa), human oxygen-regulated
protein ORP150 (150 kDa), and human lysozyme (14 kDa),
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which contained 8, 58, and 2 proline residues, respectively, and
formed inclusion bodies when they were expressed in E. coli.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli K-12 strains JM109 {recAl endAl
@rA96 thi hsdRI17 supE44 relAl A(lac-proAB)/F'[traD36 proAB™ lacl?
lacZAM15]} and BL21 (F~ ompTr~ B m~B) were used throughout this study. An
expression vector for human ORP150, pORP4, was constructed as follows. A
3.2-kb DNA fragment containing the coding region for the ORP150 mature
protein (4) was inserted into the pTrc99A vector (Pharmacia Biotech) just
downstream of its ATG initiation codon. Mouse endostatin expression vector
pTBO1#8 was kindly donated by Thomas Boehm (10), and human lysozyme
expression vector pLY-46 was donated by Yasushi Matsuki (Sumitomo Chemi-
cal).

Media, chemicals, and culture conditions. L broth was used for most experi-
ments. To express lysozyme, RM medium (1X M9 salts, 2% Casamino Acids, 1%
glycerol, 1 mM MgCl,) was used. All chemicals were purchased from Wako Pure
Chemicals (Osaka, Japan) and Nacalai Tesque (Kyoto, Japan). Strains harboring
a pair of expression plasmids (one for a recombinant protein and the other for
chaperones) were grown in medium containing 50 pg of ampicillin per ml and 20
wg of chloramphenicol per ml at 37°C with constant aeration. To induce chap-
erone expression, L-arabinose and/or tetracycline was added to the medium at
the concentrations indicated below. When a culture reached the mid-log phase
(optical density at 600 nm, 0.4 to 0.6), expression of the recombinant protein was
induced and the culture was incubated for an additional 1 to 4 h.

Construction of plasmids. TF expression plasmid pTf16 with the L-arabinose-
inducible (araB) promoter was constructed by cutting out a 1.7-kb DNA frag-
ment containing the TF coding region (tig gene) from \ clone 148 of the Kohara
genomic library (8) (digested with XmnI and Ndel) and inserting it just down-
stream of the araB promoter in vector pAR3 (11) that had been treated with PstI
and Bgl/11. Both the #ig gene and the vector were treated with T4 DNA polymer-
ase to form blunt ends before ligation. Plasmid pG-Tf2, which could express TF
and GroEL-GroES together under the tetracycline-inducible promoter (Pzt-1),
was constructed by cutting out a 2.5-kb Bsp1286I-Nrul fragment containing the
tig gene from A clone 148 (8) and inserting it just downstream of groEL in
GroEL-GroES expression plasmid pGro11 (9) that had been cut with Smal. The
resulting plasmid, pG-Tf1, was partially digested with BspHI and then with AfIII;
this was followed by isolation of the 8.3-kb fragment and self-ligation to remove
a 0.3-kb fragment containing part of clpP gene, which yielded pG-Tf2. Plasmid
pG-Tf3, which could express TF from the araB promoter and GroEL-GroES
from the Pzt-1 promoter independently from each other, was constructed by
inserting a 3.3-kb DNA fragment containing the groES-groEL operon under the
control of the Pzt-1 promoter and the fefR repressor (prepared as described
previously [9]) into plasmid pTf16 that had been cut at the XmnlI site (located
between ori and car). Plasmid pG-KJES, which could express the DnaK-Dnal-
GrpE and GroEL-GroES chaperones from the araB and Pzt-1 promoters, re-
spectively, was a derivative of plasmid pG-KJE6 (9) into which the rmBT;T,
terminator from plasmid pTrc99A was inserted downstream of grpE.

Protein extraction and analysis. Culture samples were harvested and treated
with trichloroacetic acid, and whole-cell proteins from samples having equivalent
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FIG. 1. Structures of TF and other chaperone expression plasmids used,
including pTf16 (A), pG-Tf2 (B), pG-Tf3 (C), and pG-KJES (D). ori, replication
origin of pACYC184; cat, chloramphenicol acetyltransferase gene; araB p/o,
araB promoter-operator; araC, araC repressor gene; Pzt-1p, Pzt-1 promoter; tetR,
tetR repressor gene; tig, gene encoding trigger factor.

optical densities were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) by using a 10 or 12.5% polyacrylamide gel as
described previously (19). Proteins were detected by staining the gel with Coo-
massie brilliant blue. To examine the extent of aggregation of recombinant
proteins, cells were disrupted by sonication (model XL.2020 ultrasonic liquid
processor; Heat Systems Inc.) for 30 s, which was followed by centrifugation to
remove debris; then the resulting preparation was separated into soluble and
insoluble fractions by centrifugation at 8,200 X g for 10 min (9). Protein contents
were determined with a MicroBCA protein assay reagent kit (Pierce Chemical
Co.). Fractions obtained from extracts having equivalent protein contents (ap-
proximately 7 pg) were analyzed by SDS-PAGE. Protein bands were quantified
with an Intelligent Quantifier apparatus (BioImage Systems Co., Tokyo, Japan).

RESULTS

Plasmids for controlled expression of TF and GroEL-GroES
chaperones. We constructed several TF expression plasmids in
which the tig gene encoding TF was placed under the control of
the araB promoter inducible with L-arabinose or the Pzt-1
promoter inducible with tetracycline. The plasmid that could
express TF alone and the plasmid that could express TF to-
gether with GroEL-GroES were designated pTf16 and pG-Tf2,
respectively (Fig. 1A and B). Another plasmid, which could
express TF and GroEL-GroES from two separate promoters,
was also constructed and was designated pG-Tf3 (Fig. 1C). All
of these plasmids were derivatives of pACYC184 that were
compatible with the ColEl type of plasmids widely used for
expression of recombinant proteins and carried the chloram-
phenicol resistance gene (cat) for selection. In addition, the
times and levels of TF and/or GroEL-GroES expression could
be controlled independently from the times and levels of ex-
pression of the recombinant proteins induced by IPTG (iso-
propyl-B-p-thiogalactopyranoside). When E. coli cells harbor-
ing these plasmids were induced, they could produce TF or
GroEL-GroES at levels that were up to 10 times the levels
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FIG. 2. Overexpression of TF and GroEL induced by L-arabinose or tetra-
cycline in strain JM109 harboring TF expression plasmid pTf16 (A), pG-Tf2 (B),
or pG-Tf3 (C). Cells were grown in L broth containing 20 p.g of chloramphenicol
per ml at 37°C, and L-arabinose (Ara) and/or tetracycline (Tet) was added to the
medium as indicated. Cultures were grown to the mid-log phase, and proteins
were analyzed by SDS-PAGE (10% polyacrylamide gel); the gel was stained with
Coomassie brilliant blue. The positions of molecular mass markers (in kilodal-
tons) are indicated on the left.

produced by the wild type (Fig. 2). GroES was produced co-
ordinately with GroEL, which was verified separately (data not
shown). Overexpression of the chaperones had little effect on
cell growth under the conditions used. We then examined the
effects of overexpression of TF, either alone or in combination
with GroEL-GroES, on preventing aggregation of three mam-
malian proteins, endostatin, ORP150, and lysozyme.
Overexpression of TF but not GroEL-GroES prevents ag-
gregation of endostatin. Derivatives of strain BL21 harboring a
pair of compatible plasmids for expression of endostatin from
a T7 promoter and for expression of TF and/or other chaper-
ones from the araB or Pzt-1 promoter were used to examine
the effects of TF overexpression on production of endostatin.
To avoid the deleterious effects of constitutive expression of
endostatin on cell growth, cells lacking T7 RNA polymerase
were grown to the log phase and were infected with NCE6
phage carrying the polymerase gene to induce endostatin syn-
thesis. As shown in Fig. 3, when a large amount of endostatin
was expressed in E. coli at 37°C, it was found mostly in the
insoluble fraction (Fig. 3, lanes 1 and 4). However, when TF
was overexpressed prior to endostatin production, it was re-
covered mostly in the soluble fraction, suggesting that over-
produced TF could effectively prevent aggregation of the re-
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FIG. 3. Effects of coexpression of TF and other chaperones on production of mouse endostatin. Strain BL21 harboring endostatin expression plasmid pTB01#8
together with pTf16 (lanes 1 and 2), pG-Tf2 (lanes 3), or pG-KJES (lanes 4 through 7) was grown at 37°C in L broth with or without L-arabinose and/or tetracycline
(see below), and the cells were infected with ACE6 phage (2 X 10° PFU/ml) to induce endostatin at the mid-log phase. After 1 h of incubation, cells were harvested,
disrupted, and separated into soluble (S) and insoluble (I) fractions; this was followed by an SDS-PAGE analysis (12.5% polyacrylamide gel). The protein bands for
endostatin (Endo), TF, and other chaperones and the positions of molecular mass markers (in kilodaltons) are indicated. The amounts of endostatin were quantified
and corrected for the background due to control cells carrying no plasmid (data not shown), and total amounts (relative to the control) and the percentages of the
soluble fraction are shown at the bottom. The chaperone inducers used were as follows: none (lanes 1 and 4), 10 mg of L-arabinose per ml (lanes 2 and 6), 10 ng of
tetracycline per ml (lanes 3), 20 ng of tetracycline per ml (lanes 5), and 20 ng of tetracycline per ml and 5 mg of L-arabinose per ml (lanes 7).

combinant protein, although the total amount was reduced
appreciably (by about 50% based on several independent ex-
periments) (lanes 2). Control experiments revealed that en-
dostatin production clearly depended on NCE6 infection and
that production of soluble endostatin resulted from coexpres-
sion of TF and not from other effects of the arabinose used to
induce TF (data not shown). In contrast, overexpression of
GroEL-GroES hardly increased the amount in the soluble
fraction and reduced the total yield (lanes 5), whereas overex-
pression of both TF and GroEL-GroES gave results similar to
the results obtained with expression of TF alone (lanes 3).
When the DnaK-DnaJ-GrpE chaperones were overexpressed,
endostatin was partially converted from the insoluble fraction
to the soluble fraction, and the yield was reduced (lanes 6); this
conversion was accelerated by coexpression of both DnaK-
DnalJ-GrpE and GroEL-GroES chaperones (lanes 7). Thus,
aggregation of endostatin produced in E. coli could be effec-
tively prevented by prior overexpression of TF or the combined
members of two major chaperone teams (DnaK-DnaJ-GrpE
and GroEL-GroES) but was less effectively prevented by the
members of either team alone. Similar effects of TF and other
chaperones that occurred concomitantly with reduced yield
were observed in experiments performed with human endosta-
tin (whose amino acid sequence was ~85% identical to the
amino acid sequence of the mouse protein) (data not shown).
To minimize possible degradation of endostatin when chaper-
one overexpression occurred, we repeated the experiments by
using a multiple protease mutant lacking Lon, Clp, and HsIVU
proteases (7) as the host. However, a similar decrease in en-
dostatin yield occurred even with this mutant (data not shown).
Moreover, mouse endostatin expressed in cells with coexpress-

ing TF and mouse endostatin expressed in cells without coex-
pressing TF were both quite stable (data not shown). No fur-
ther attempt was made to improve production of soluble
endostatin by optimizing the amounts of coexpressing chaper-
ones.

Simultaneous overexpression of TF and GroEL-GroES pre-
vents aggregation of ORP150. Similar experiments carried out
with JM109 cells harboring a pair of expression plasmids for
ORP150 and TF and/or chaperones yielded results that appar-
ently differed from the results obtained for endostatin. As
shown in Fig. 4, the ORP150 protein that for the most part was
insoluble in the control cells at 37°C (lanes 1 and 5) was only
partially converted to the soluble form when it was coexpressed
with either TF or GroEL-GroES alone (lanes 2, 3, and 6).
L-Arabinose (10 mg/ml) significantly enhanced the solubility of
ORP150 in the control strain harboring no TF expression plas-
mid, although TF coexpression had a much stronger effect
(data not shown). In contrast, most ORP150 was found in the
soluble fraction when both TF and GroEL-GroES were over-
expressed (lanes 4). Essentially the same results were obtained
with another plasmid, pG-Tf3, in which expression of TF and
expression of GroEL-GroES were controlled by separate pro-
moters, although induction of TF with L-arabinose enhanced
GroEL expression to some extent (data not shown). These
results strongly suggested that TF and GroEL-GroES worked
cooperatively in preventing aggregation of ORP150 under the
conditions used. Coexpression of the DnaK-DnaJ-GrpE chap-
erones alone or together with GroEL-GroES was also quite
effective in solubilizing this protein (lanes 7 and 8), suggesting
that there is a partial functional overlap between TF and
DnaK-DnaJ-GrpE. Thus, both simultaneous coexpression of
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FIG. 4. Effects of coexpression of TF and other chaperones on production of human ORP150. Strain JM109 harboring ORP150 expression plasmid pORP4 together
with pTf16 (lanes 1 and 2), pGroll (lanes 3), pG-Tf2 (lanes 4), or pG-KJES (lanes 5 through 8) was grown as described in the legend to Fig. 3, and 1 mM IPTG was
added to induce ORP150 at the mid-log phase. After 2 h of incubation, cells were harvested, disrupted, and separated into soluble (S) and insoluble (T) fractions; this
was followed by an SDS-PAGE analysis (10% polyacrylamide gel). The protein bands for ORP150 (ORP) and chaperones and the positions of molecular mass markers
(in kilodaltons) are indicated. The amounts of ORP150 were quantified and corrected, and the total amounts (relative to the control) and percentages of the soluble
fraction are indicated as described in the legend to Fig. 3. The chaperone inducers used were as follows: none (lanes 1 and 5), 10 mg of L-arabinose per ml (lanes 2
and 7), 50 ng of tetracycline per ml (lanes 3 and 4), 20 ng of tetracycline per ml (lanes 6), and 20 ng of tetracycline per ml and 10 mg of r-arabinose per ml (lanes 8).

TF and GroEL-GroES and coexpression of the DnaK-Dnal-
GrpE chaperone team were very effective for producing
ORP150 in soluble states.

Overexpression of both TF and GroEL-GroES is required
for production of soluble lysozyme. Similar chaperone coex-
pression experiments were carried out for human lysozyme by
using strain JM109 cells harboring appropriate plasmids that
were grown in RM medium, which supported much higher
levels of expression of lysozyme than L broth supported. The
effects of TF and chaperones observed for lysozyme were sim-
ilar to, but slightly different from, the effects for ORP150. As
shown in Fig. 5, most of the lysozyme produced in the control
cells was insoluble, but some of it was converted to the soluble
form upon coexpression of TF, although there was a slight
decrease in the total yield (lanes 1 and 2). Whereas coexpres-
sion of GroEL-GroES alone was less effective in solubilizing
lysozyme (lanes 3 and 6), coexpression of both TF and GroEL-
GroES was quite effective, and most of the lysozyme was sol-
uble without a significant decrease in yield (lanes 4). Such
cooperativity was also confirmed by using another plasmid,
pG-Tf3 (data not shown). Our results indicated that overex-
pression of both TF and GroEL-GroES was needed to prevent
aggregation of lysozyme effectively under the conditions em-
ployed. Lysozyme was also made partially soluble by coexpres-
sion of DnaK-DnaJ-GrpE (lanes 7), although the total yield
appeared to be reduced and the effects were not affected by
simultaneous coexpression of GroEL-GroES (lanes 8) or TF
(data not shown). These results also indicated that TF and

GroEL-GroES had specific synergistic effects in preventing
aggregation of lysozyme. Control experiments revealed that
the reduced yield of lysozyme was largely due to the L-arabi-
nose used to induce TF or other chaperones (data not shown).
Lysozyme enzyme activity (as determined by a turbidimetric
assay) was detected in the soluble fraction prepared with the
strain that coexpressed TF and GroEL-GroES, although the
specific activity was much lower than the specific activity of
purified lysozyme obtained from human milk (data not shown).
On the other hand, no activity was detected in the strain with-
out coexpressing chaperones, suggesting that at least some of
the soluble lysozyme obtained was folded correctly.

DISCUSSION

We found that overexpression of TF can effectively prevent
aggregation of recombinant proteins when they are coex-
pressed in E. coli. Previous findings that TF binds to ribosomes
and to nascent polypeptides suggested that this molecule acts
as a folding catalyst (3, 17), and our results provide in vivo
evidence that supports this notion. TF exhibits PPlase activity
and is known to catalyze the PPlase-dependent refolding of
RCM-T1 (a reduced and carboxymethylated variant of RNase
T,) in vitro (12, 14). On the other hand, the binding of TF to
some protein substrates has been reported to be independent
of proline residues (13). Whether the PPIase activity is needed
for the chaperonelike activity of TF found in this study has not
been determined.
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FIG. 5. Effects of coexpression of TF and other chaperones on production of human lysozyme. Strain JM109 harboring lysozyme expression plasmid pLY-46 and
TF or another chaperone expression plasmid was grown as described in the legend to Fig. 4 (except that RM medium was used), and 1 mM IPTG was added to induce
lysozyme at the mid-log phase. After 4 h of incubation, cells were harvested, disrupted, and separated into soluble (S) and insoluble (I) fractions; this was followed by
an SDS-PAGE analysis (12.5% polyacrylamide gel). The protein bands for lysozyme (Lys) and chaperones and the positions of molecular mass markers (in kilodaltons)
are indicated. The amounts of lysozyme were quantified and corrected, and the total amounts (relative to the control) and percentages of the soluble fraction are
indicated at the bottom. The chaperone inducers used were as follows: none (lanes 1 and 5), 10 mg of L-arabinose per ml (lanes 2), 5 ng of tetracycline per ml (lanes
3, 4, and 6), 5 mg of L-arabinose per ml (lanes 7), and 5 ng of tetracycline per ml and 5 mg of L-arabinose per ml (lanes 8).

It seems remarkable that all three recombinant proteins that
have distinct molecular masses and structures and are prone to
aggregation in E. coli were rescued by overexpression of TF to
appreciable extents, particularly when the GroEL-GroES
chaperone was simultaneously overproduced (Fig. 3 through
5). In contrast, coexpression of either the GroEL-GroES chap-
erone team or the DnaK-DnaJ-GrpE chaperone team was
relatively inefficient. It is likely that the TF coexpression system
described here will provide a useful way to study and improve
production of various recombinant proteins that are difficult to
obtain in the native states.

The effects of TF, however, may differ depending on the
specific target protein used. Overexpression of TF alone ap-
peared to be sufficient for preventing aggregation of endostatin
but was only partially effective for ORP150 and for lysozyme.
In the case of the latter two proteins, simultaneous overexpres-
sion of TF and GroEL-GroES proved to be more effective than
overexpression of TF alone (Fig. 4 and 5). These results clearly
indicate that TF and GroEL-GroES play cooperative roles in
assisting folding at least for some proteins. Such cooperativity
is in good agreement with previous findings that TF binds to
GroEL and increases its affinity for certain proteins in order to
promote their folding or degradation (5, 6).

The effect of overexpression of TF was apparently similar to
the effect of the DnaK-DnaJ-GrpE chaperone team in pre-
venting aggregation of both endostatin and ORP150. These
results suggest that TF and DnaK-DnaJ-GrpE have similar
functions during protein folding, which is consistent with re-
cent data that indicated that the functions of DnaK and TF in
folding nascent polypeptides overlap partially (15).
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