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BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERING
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Abstract Recombinant human interferon-gamma (thIFN-y)
is a protein of great potential for clinical therapy due to its
multiple biological activities. However, overexpressing rhIFN-
v in Escherichia coli was found to accumulate as cytoplasmic
inclusion bodies. In this work, a system for soluble and active
expression of rthIFN-y was constructed by coexpressing
chaperonin GroEL/GroES in E. coli. The rhIFN-y gene was
fused to a pET-28a expression vector, and rhIFN-y was
partially expressed as the soluble form following coexpres-
sion with a second vector producing chaperonin GroEL/
GroES. The fermentation of recombinant E. coli harboring
thIFN-y and GroEL/GroES plasmids was investigated, and
the optimized conditions were as follows: culture temperature
of 25°C, incubation time of 8§ h, isopropyl-3-D-thio-galacto-
side concentration of 0.2 mM, and L-arabinose concentration
of 0.5 g/L. As a result, the expression level of rhIFN-y was
improved accordingly by 2.2-fold than the control, while a
significantly positive correlation was also found between the
ratio of supernatant to precipitate of rhIFN-y and the amount
of chaperonin. Circular dichroism spectra, fluorescence
spectra, size exclusion chromatography, and chemical cross-
linking method were applied to characterize rhIFN-y,
indicating that the three-dimensional structure of rhIFN-y
was identical to that of the native rhIFN-y. The enzyme-
linked immunosorbent assay for active rhIFN-y quantifica-
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tion showed that coexpression yielded 72.91 mg rhIFN-y per
liter fermentation broth. Finally, protein—protein interactions
between rthIFN-y and chaperonin were analyzed using the
yeast two-hybrid system, which provided the direct evidence
that chaperonin GroEL/GroES interacted with rhIFN-y to
increase the soluble expression and presented the potential in
producing efficiently recombinant proteins.
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Introduction

Interferons (IFNs) are a family of secretory proteins with
immunomodulatory properties, which can induce an anti-
viral state to their target cells and inhibit cell proliferation.
Human interferons (hIFNs) are divided into three major
classes: hIFN-«, hIFN-3, and hIFN-y (Gray et al. 1982).
As the only type II interferon, hIFN-y is a pleiotropic
cytokine primarily produced by natural killer (NK) and
natural killer T (NKT) cells, and CD4 and CD8 cytotoxic T
lymphocyte (CTL) effector T cells in response to antigenic
stimuli (Schoenborn and Wilson 2007). It was reported that
the antitumor and immunomodulatory activity of hIFN-y
were 10—100-fold higher than that of hIFN-oc and hIFN-f3
(Blalock et al. 1980; Rubin and Gupta 1980). Clinical trials
have validated the therapeutic efficacy of hIFN-y against
many types of diseases, i.e., bladder carcinoma (Giannopoulos
et al. 2003), colorectal cancer (Matsushita et al. 2006),
ovarian cancer (Marth et al. 2006), renal cell carcinoma
(Ellerhorst et al. 1994), leukemia (Miller et al. 2009),
rheumatoid arthritis (Sigidin et al. 2001), hepatitis B
infections (Parvez et al. 2000), drug-resistant tuberculosis
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(Suérez-Méndez et al. 2004), etc. The native hIFN-y is
composed of 143 amino acid residues with a molecular
weight of 20-25 kDa. The protein is glycosylated at two
sites, and the isoelectric point is 8.3—8.5. Recombinant hIFN-
v (thIFN-y) is a non-glycosylated 16.7 kDa protein, but it is
still physiologically active (Zhang et al. 1992). The X-ray
crystal structure of rhIFN-y forms a stable homodimer
constituted by two identical, antiparallel, and non-
covalently bound polypeptides. Each domain consists of six
tightly associated o-helices (named A, B, C, D, E, and F), no
[3-sheet, and a long flexible loop between helices A and B.
The dimeric structure is stabilized by the intertwining of
helices across the domain interface with multiple intersubunit
interactions (Ealick et al. 1991).

Expressing rhIFN-y in Escherichia coli was achieved
about three decades ago (Gray et al. 1982). Nevertheless,
for de novo protein synthesis in cells, partially folding
rhIFN-y intermediates readily self-associated into disor-
dered aggregates driven by the hydrophobic forces that
derived from the considerable hydrophobic regions, espe-
cially the highly conserved C helix. Previous studies
showed that the rhIFN-y protein was mainly expressed as
inclusion bodies in E. coli, and additional steps were
needed to refold them in vitro to recover the correct
conformation (Gao et al. 2003; Jin et al. 2006; Reddy et al.
2007), which obviously raised the cost of production. Many
efforts have been attempted to achieve soluble expression
of rhIFN-y in a range of alternative hosts, e¢.g., mammalian
cells (Gray et al. 1982), Bacillus subtilis (Contreras et al.
2010), and Pichia pastoris (Hsieh 2010), as well as to
express rhIFN-y in periplasm (Hernandez et al. 2008).
However, the low expression level and the long production
cycle in these processes are their key problems, which
forces people to resort to E. coli system again.

Molecular chaperones are a large and diverse family of
proteins, which control both initial protein folding and
subsequent maintenance in the cells, but do not contribute
conformational information to the folding process (Liberek
et al. 2008). Nascent polypeptides in E. coli very often
require a complex cellular machinery of molecular chaper-
ones and the input of metabolic energy to counteract the
aggregation stress imposed by the intricate intracellular
environment, i.e., the macromolecular crowding, the high
local concentration of partially folding intermediates, and
the lack of translational modifications. The most extensive-
ly studied chaperone system is the chaperonin GroEL/
GroES. GroEL is characterized as a large, oligomeric
complex composed of 14 identical subunits which together
form a stacked two-chambered structure. The GroEL cage
(named Anfinsen cage) assisted by the co-chaperonin
GroES and ATP can provide appropriate microenvironment
for the folding of substrate intermediates (Hartl and Hayer-
Hartl 2002) and facilitate protein synthesis. Reconstitution
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of multimeric enzymes via interactions with GroEL and
GroES has previously been reported for several proteins,
and most of them achieved soluble expression by the
coexpression of GroEL/GroES (Brusehaber et al. 2010;
Kim et al. 2009; Nishihara et al. 1998). Vandenbroeck et al.
(1998) indicated that the GroEL/GroES/ATP system could
increase the yield of correctly refolded IFN-y in vitro.
However, there has been no report of chaperonin GroEL/
GroES system on rhIFN-y folding in vivo yet.

In this paper, GroEL/GroES coexpressing system in E.
coli was proposed to enhance the soluble expression of
rhIFN-y. The fermentation of recombinant E. coli was
optimized, and the structure of rhIFN-y was detected to
evaluate the effect of chaperonin GroEL/GroES on soluble
expression. Finally, the yeast two-hybrid system was used
to provide a direct evidence for protein—protein interactions
between rhIFN-y and chaperonin GroEL/GroES.

Materials and methods
Plasmids and bacterial strains

Plasmid pET-28a (Novagen, USA) was used for the
expression of rhIFN-y. The rhIFN-y gene was amplified
by PCR and located at downstream of the T7 promoter
between the Ncol and EcoRI sites of pET-28a, and the
resulting plasmid was named pET-IFN-y (Fig. 1a). Plasmid
pGro7 encoding chaperonin GroEL/GroES was purchased
from Takara (Japan) (Fig. 1b), which carried an origin of
replication derived from pACYC and a chloramphenicol
resistance gene (Cm"), and the chaperonin genes were
located at downstream of the araB promoter (Nishihara et
al. 1998). Thus, the pET-IFN-y and pGro7 plasmids were
compatible, and the expression of rhIFN-y and chaperonin
could be induced by adding isopropyl-{3-D-thio-galactoside
(IPTG) and L-arabinose, respectively. E. coli DH5x was
used for the recombinant plasmids construction and E. coli
BL21(DE3) as the host for thIFN-y expression.

Expression of thIFN-y and GroEL/GroES in E. coli

Plasmids of pET-IFN-y and pGro7 were cotransformed into
E. coli BL21 by the calcium chloride method (Sambrook et
al. 1989). Recombinant E. coli BL21 cells harboring pET-
IFN-y alone or together with pGro7 were cultured overnight
in Luria—Bertani medium at 37°C and 200 rpm with
kanamycin (50 pg/ml) or together with chloramphenicol
(20 pg/ml), respectively. To perform coexpression, the
overnight cultured seed liquid was inoculated into 150 ml
2x YT medium containing antibiotics for plasmids selection
and 0-0.6 g/ L-arabinose for induction of chaperonin
GroEL/GroES. The cell growth of the recombinant E. coli
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Fig. 1 Structure of the plasmids a
pET-IFN-y and pGro7.

a Plasmid pET-IFN-y. b

Plasmid pGro7

pBR322 orij

was calibrated by turbidity measurement at 600 nm using
UltraSpec 3300pro spectrophotometer (GE Healthcare,
USA). When the ODg reached 0.6 (about 3 h), IPTG was
added to induce the expression of rhIFN-y. After further
growth for 8 h, the cells were harvested by centrifugation at
10,000xg and 4°C for 10 min. The collected cells were
suspended in phosphate-buffered saline (PBS) buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and
2 mM KH,PO,, pH 7.4), and disrupted by ultrasonication.
After centrifugation at 13,000xg and 4°C for 30 min, the
precipitate was resuspended in PBS buffer, and the superna-
tant and precipitate were fractionated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on
4-12% gradient stained with Coomassie brilliant blue G-250.
The relative quantities of the protein bands on the gels were
analyzed by gel documentation unit (BioRad, USA). Ni-NTA
metal-affinity chromatography was used to purify the rhIFN-y
with the C-terminal six histidine tag according to the
instruction manual (Bio Basic, Canada).

Spectra measurement

Far-UV circular dichroism (CD) measurements were per-
formed on a MOS-450 spectropolarimeter (Bio-Logic,
France). The spectra were recorded over 190-240 nm using
a cuvette of | mm pathlength at a scan speed of 60 nm/min and
a time constant of 1 s. The CD data were further processed for
baseline subtraction, noise reduction, and signal averaging
and presented as ellipticity (¢, millidegree). The secondary
structure fractions were calculated from the CD spectra using
CONTINLL method (Vanstokkum et al. 1990; Whitmore
and Wallace 2008). The fluorescence spectra were measured
with an F-4500 fluorescence spectrometer (Hitachi, Japan).
The excitation wavelength was 295 nm, and the emission
spectra were recorded from 300 to 450 nm. The recombinant
human interferon-y expressed in E. coli with a specific
activity of 2x10” TU/mg was used as the standard (Bio
Basic, Canada), of which the single non-glycosylated

rhiFN-r
11 origin

pET-IFN-r

polypeptide chain is composed of 144 amino acids with a
molecular weight of approximately 17 kDa.

Analytical size exclusion chromatography

Analytical size exclusion chromatography (SEC) was used
to detect the active dimeric structure of rhIFN-y. The
experiment was performed on a TSK-GEL G3000SWy
column (Tosoh Bioscience, Japan) equilibrated with PBS
buffer (pH 7.4) at a flow rate of 0.3 ml/min. Low molecular
weight calibration kit (GE Healthcare, USA) was used as a
reference containing phophorylase b (97 kDa), albumin
(66 kDa), ovalbumin (45 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (20.1 kDa), and «-lactalbumin
(14.4 kDa). The elution profile of the rhIFN-y was
compared with the standards for determining the molecular
weight of the dimer and monomer.

Cross-linking analysis

The active dimeric structure of thIFN-y was further confirmed
by interchain cross-linking using disuccinimidyl suberate
(DSS) (Pierce, USA) (Reddy et al. 2007). For this reaction,
40 pl of purified rhIFN-y and 10 ul DSS (25 mM in DMSO)
were mixed, and the reaction mixture was incubated for
30 min at room temperature. The reaction was quenched by
adding Tris to a final concentration of 20 mM for 15 min.
The cross-linked dimer was analyzed by SDS-PAGE.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) assay
for immunoreactivity of active rhIFN-y was carried out
with human IFN-gamma Platinum ELISA Kit (Bender
MedSystems, Austria), where native hIFN-y with a specific
activity of 2x10” IU/mg was used as the standard. Firstly,
the cell culture supernatant samples and reference were
added to microwells coated with murine monoclonal
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antibody to hIFN-y. A biotin-conjugated anti-hIFN-y
monoclonal antibody was added to the microwells and
bound to rhIFN-y captured by the primary antibody after
the incubation for 2 h at room temperature. Finally,
streptavidin—horseradish peroxidase was added, and the
microwells were again incubated for 1 h at the same
temperature. The microwells should be completely rinsed
with the wash buffer (PBS with 0.05% Tween 20) after
each incubation. Following the second incubation, the
substrate solution (tetramethyl-benzidine) was added, and
the color reaction proceeded about 10 min. The reaction
was terminated by adding the stop solution (1 M phosphoric
acid), and the absorbance was read at 450 nm. Accord-
ing to the standard hIFN-y dilutions, a calibration curve
for hIFN-y ELISA was drawn, and the active thIFN-y sample
concentration was determined.

Yeast two-hybrid system

Matchmaker two-hybrid system 3 (Clontech, USA) was
used as the transcriptional assay to investigate protein—
protein interactions in vivo in yeast. Vectors of pGBKT7
and pACT2 were used as DNA-BD and AD fusion vectors,
respectively. To generate the bait plasmids of pGBKT7-
IFN-y, pGBKT7-GroEL, and pGBKT7-GroES, herein the
rhIFN-y, GroEL and GroES genes were amplified using
PCR. Amplified sequences were cloned into pGBKT?7
between Ncol and EcoRI sites and thereby fused in-frame
to the GAL4 DNA binding domain and the c-Myc epitope
tag. Similarly to generate the prey plasmid pACT2-IFN-y,
the rhIFN-y sequence was cloned into pACT2 between the
Ncol and Xhol sites and thereby expressed as a fusion
protein with the SV40 nuclear-localization signal, GAL4
transcription-activating domain and the HA epitope tag.
Saccharomyces cerevisiae strains AH109 and Y187 were
used as the hosts for the bait and prey plasmids,
respectively. Plasmid DNA transformation was done by
the lithium acetate (LiAc)-mediated method (Gietz et al.
1992), and yeast mating was applied to cotransform the bait
and prey plasmids into yeast strain AH109 (Bendixen et al.
1994). Cells were grown in complete minimal medium
lacking leucine or tryptophan to select for the presence of
different plasmids and screened the protein—protein interactions
by HIS3 reporter gene expression.

Results

Changes in the growth profile of E. coli BL21 transformed
with different plasmids

When host cells are programmed to produce large amounts of
heterologous proteins, extra energy is required to synthesize
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relevant nucleic acids and proteins. The aggravated metabolic
load imposed on the cells may adversely influence the host
growth as well as the expression level of target proteins. To
investigate the influence of coexpressing chaperonin on the
host growth, the growth curves were determined for E. coli
transformed stains expressing rhIFN-y with or without
GroEL/GroES (Fig. 2). At the initial phase, the growth
curves for both the strains were almost overlapping. After
induced at 2.5 h, the growth rate for pET-IFN-y-pGro7
transformed cells was obviously higher than that for pET-
IFN-y only transformed cells. Fitting the exponential phase
curves (Gupta et al. 2006), the specific growth rate constants
() for strains expressing rhIFN-y with or without GroEL/
GroES were obtained at 0.407 h™' (R* was 0.9733) and
0.309 h™' (R? was 0.9765), respectively. The results
demonstrated that chaperonin GroEL/GroES coexpression
could effectively accelerate the host growth owing to
enhancing the folding efficiency of some essential E. coli
proteins and reducing the toxicity of aggregates to the host
cells (Gupta et al. 2006; Hartl and Hayer-Hartl 2002; Stefani
and Dobson 2003). With the improved growth, the bacterial
cells were able to supply more metabolic energy to support
the soluble expression of rhIFN-y.

Optimizing the temperature and inducer concentration
yielded higher level of soluble rhIFN-y

To investigate the effects of fermentation conditions on
soluble expression, rhIFN-y was produced at different
culture temperature (37°C, 30°C, and 25°C) and IPTG
concentration (the final concentration of 0.5, 0.2, and
0.1 mM), while the GroEL/GroES was induced with a
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Fig. 2 Growth curves for recombinant E. coli BL21. Solid squares
show the growth characteristic of strains expressing thIFN-y with the
presence of GroEL/GroES. Solid circles show the growth characteristic
of strains expressing thIFN-y only
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constant amount of L-arabinose (the final concentration of
0.5 g/L). The E. coli BL21 transformed with pET-IFN-y
only was cultivated at 25°C as the control. The relative
amount of rhIFN-y at different conditions and SDS-PAGE
of corresponding proteins in the supernatant and precipitate
are shown in Fig. 3. According to the results, soluble
rhIFN-y expression at 37°C was both very low, no matter
with or without chaperonin coexpression. However, when
the temperature was decreased to 25°C, soluble rhIFN-y
expression level with chaperonin coexpression was greatly
enhanced by 2.2 times compared with the control. In
addition, the optimal IPTG concentration was 0.2 mM for
the soluble expression of thIFN-y.

Effect of chaperonin GroEL/GroES on the soluble
expression of thIFN-y

To study the effect of chaperonin on soluble rhIFN-y
expression, the GroEL/GroES induction was changed by
adding different concentration of L-arabinose in the range
of 0-0.6 g/L, while the rthIFN-y expression was controlled
by adding a constant amount of IPTG (the final concentra-
tion of 0.2 mM) cultured at 25°C. The generated GroEL
shown in Fig. 4 exhibited a linear relationship to the
amount of inducer L-arabinose at low concentration. With
the increase of L-arabinose, the induction of GroEL/GroES
was gradually saturated and the amount of chaperonin
reached the equilibrium. Interestingly, there was a signifi-
cantly positive correlation between the ratio of supernatant
to precipitate of rhIFN-y and the chaperonin level,
indicating that chaperonin effectively promoted soluble
rhIFN-y expression. Unfortunately, the small amounts of
inclusion bodies were still found even with the presence of
high GroEL/GroES concentration, and similar phenomenon
was also observed in the IFN-y refolding assisted by
GroEL/GroES in vitro (Vandenbroeck and Billiau 1998;
Vandenbroeck et al. 1998).

Fig. 3 SDS-PAGE of a
supernatant (S) and precipitate
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Fig. 4 Effect of L-arabinose concentration on GroEL and rhIFN-y
expression. Solid squares show the GroEL expression at different L-
arabinose concentration. Solid circles show the ratio of supernatant to
precipitate of thIFN-y at different L-arabinose concentration

Identification of rthIFN-y by circular dichroism
and fluorescence measurements

To be functionally active, the protein must fold to its unique
steric structure. Here, we focused on the conformation of
soluble rhIFN-y using CD because it is a powerful
conformational probe for the regular secondary structure
in proteins. The CD spectra in the far-UV region (190-
240 nm) were recorded to provide an estimation of the
secondary structure composition of rhIFN-y. From Fig. 5a,
the positive values near the 192 nm, the negative values
near the 206 and 220 nm on both the standard and soluble
rhIFN-y curves are in accordance with the characteristic of
the o-helix conformation. Furthermore, the peaks near the
206 and 220 nm in both the standard rhIFN-y and the
soluble thIFN-y can fully identify their similar secondary
structure. (Sharon et al. 2005). By analysis of the soluble
rhIFN-y curve, the fractions of several secondary structures
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Fig. 5 Spectra analysis of rthIFN-y structure. a CD spectra. Curve I
Standard rhIFN-y; curve 2 soluble rhIFN-y; curve 3 denatured rhIFN-
. b Fluorescence spectra. Curve I Standard thIFN-y; curve Il soluble
rhIFN-y; curve III denatured rhIFN-y. The arrows indicate the
respective Y-axis for each curve

were calculated through CONTINLL method. The results
showed that soluble rhIFN-y contained 40.9% o-helix,
9.8% {-strand, 28.2% f-turn, and 21.2% disordered and
indicated that the tertiary structure of soluble rthIFN-y was
mainly built up from «-helices (Levitt and Chothia 1976),
which was in accordance with the X-ray crystallography of
rhIFN-y (Ealick et al. 1991).

The fluorescence spectra also provide a meaningful
insight into the conformational changes in proteins, since
it can reflect the local environment changes around certain
residues on the level of tertiary structure. When rhIFN-y
was excited at 295 nm, the observed spectra were regarded
as the fluorescence emission of the unique tryptophan
residue (Trp 38) (Tsaprailis et al. 1998). The maximum
emission peak of soluble thIFN-y shown in Fig. 5b was
nearly identical to that of standard rhIFN-y around 340 nm,
indicating no changes in the microenvironment of the
unique tryptophan per subunit. As a contrast, the emission
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peak of denatured rhIFN-y shifted from 340 to 350 nm, and
the red shift suggested the polypeptide was unfolding
accompanied by exposing its single tryptophan to the
solvent.

Direct evidences for the dimeric structure of rhIFN-y: size
exclusion chromatography and cross-linking analysis

The single chain of rhIFN-y with 6x His-tag has a
molecular weight of 18 kDa, but the bioactive rhIFN-y is
considered to be a stable homodimer. SEC was used to
detect the dimer and monomer for the quaternary structure
of rhIFN-y. From Fig. 6, the fractions eluted between
ovalbumin (45 kDa) and carbonic anhydrase (30 kDa)
denoted the dimer of rthIFN-y with the molecular weight of
approximately 36 kDa (peak 1), and the elution between
trypsin inhibitor (20.1 kDa) and «-lactalbumin (14.4 kDa)
was the monomer of approximately 18 kDa (peak 2). The
soluble expression yielded more than 95% of the dimeric
rhIFN-y according to the HPLC data.

A further evidence for the dimer formation was obtained
from the interchain cross-linking of the purified rhIFN-y
followed by SDS-PAGE (Fig. 7). A single band
corresponding to ~36 kDa clearly indicated the formation
of the properly assembled dimer. Moreover, it was found
that most of the soluble rhIFN-y adopted the dimeric
configuration instead of a monomeric structure, which was
coincident with the SEC results.

Immunoreactivity assay of rhIFN-y by ELISA

ELISA method was taken to measure the immunoreactivity
of the soluble rhIFN-y. Since the immunoreactivity in
ELISA exhibited a direct relationship with the dimer
structure and biological activity (Vandenbroeck et al.
1998, 1993), the actual amount of bioactive rhIFN-y could
be conversed. The concentration of active rhIFN-y calcu-
lated from the ELISA was 72.91 mg/L fermentation broth.
Referring to the international NIBSC 82/587 Standard (1 TU
corresponding to 50 pg hIFN-y), equivalent of 1.46x
10° TU/L thIFN-y was acquired through coexpressing the
chaperonin GroEL/GroES in recombinant E. coli.

rhIFN-y/chaperonin interactions

As an approach to identify molecular interactions that
mediated the folding of rhIFN-y in vivo, the yeast two-
hybrid system was applied to know the functional role of
chaperonin in the coexpression system and the existence of
rhIFN-y homodimer (Fig. 8). The bait and prey plasmids
were cotransformed into strain AH109 and screened for
interacting proteins by HIS3 reporter gene. On the basis of
results with the SD/-Leu/~Trp/~His assay, rhIFN-y was
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Fig. 7 SDS-PAGE analysis of cross-linked rhIFN-y. Lane I The
whole cell supernatant; lane 2 thIFN-y purified by one-step Ni-NTA
metal-affinity chromatography; lane 3 cross-linked rhIFN-y

concluded to have a self-interaction (Fig. 8a), confirming
the existence of the homodimeric rhIFN-y. Importantly,
GroES and GroEL were detected to have strong interactions
with thIFN-y (Fig. 8b, c), which meant that chaperonins
directly interacted with rhIFN-y to increase its folding
during the coexpression process.

Discussion

rhIFN-y is a novel pharmaceutical protein in treating a
series of diseases. Efficient production of active rhIFN-y
with less downstream steps is necessary. In this paper, we
successfully achieved the soluble expression of rhIFN-y
through constructing a GroEL/GroES coexpression system
in E. coli. The soluble rhIFN-y effectively folded into a
correct conformation that was identical to the native thIFN-
v with the criteria such as secondary structure (CD
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(€) GroEL+ rhIFN-y

Fig. 8 Protein—protein interaction analysis using the yeast two-hybrid
system. Bait and prey plasmids were constructed and representative
interaction profiles between rhIFN-y and rhIFN-y, rhIFN-y and
GroES, and rhIFN-y and GroEL are shown in a—c¢, respectively. In
each culture plate, zones /-4 denote blank, bait plasmid, prey plasmid,
and bait plasmid and prey plasmid, respectively

spectrum), tertiary structure (fluorescence spectrum), and
quaternary structure (SEC and DSS cross-linking). Taking
the ELISA assay for immunoreactivity, coexpressing
chaperonin GroEL/GroES opened up a new opportunity
for the production of active rhIFN-y, and this improved
expression system illustrated a good example for the
production of other oligomeric proteins.

The yeast two-hybrid test (Fig. 8) and the positive
relationship between the ratio of supernatant to precipitate
of rhIFN-y and the chaperonin level (Fig. 4) well proved
that the GroEL/GroES interacted directly with rhIFN-y to
enhance its correct folding. In combination with the fact
that the rthIFN-y with the absence of chaperonin accumu-
lated as aggregates even at a relatively low temperature
(Fig. 3), we speculated the rhIFN-y folded essentially via
GroEL according to the following procedure. Firstly, the
nascent rhIFN-y chain exposing considerable hydrophobic
amino acids was captured by GroEL via multiple inter-
actions with hydrophobic surfaces on the apical GroEL
domains. With GroES forming a lid on the GroEL cavity,
the non-native rhIFN-y was concerted released to an
enclosed cage in which the protein was free to fold
unimpaired by aggregation (Kerner et al. 2005). After
folding in the cage for 1015 s, the subunit was released to
the cytoplasm with a structure closer to the native state.
Due to the predominantly dimeric nature of rhIFN-y, the
subunit passing through chaperonin machinery still exposed
substantial hydrophobic interfaces and was structurally
unstable. Thus, both the rhIFN-y subunit partially or totally
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of the native state would repeatedly return to GroEL for
assisted folding or conformational maintenance (Houry et
al. 1999). With the continuous assistance of the chaperonin
GroEL/GroES, a large number of subunits had the
opportunity of correctly assembling to the homodimer.

According to the putative folding process mentioned
above, the strong temperature dependence of hydrophobic
interactions among partially folding intermediates bore an
unshirkable responsibility for rthIFN-y aggregation. Thus,
temperature played a crucial role in the soluble expression
of rhIFN-y. The nascent chains exposing their non-native
features experienced a long period from translation to
entrapping into the Anfinsen cage of GroEL/GroES system.
At lower temperature (e.g., 25°C), the hydrophobic inter-
actions were remarkably weakened; thus, a considerable
number of intermediates were kept in a folding-competent
state when they were captured by GroEL. With the
assistance of GroEL/GroES system, the nonaggregated
intermediates were finally correctly folded. Moreover,
lower temperature is more favorable for GroEL/GroES to
function efficiently. The protein folding and release activity
of GroEL/GroES is gradually weakened due to a decreasing
affinity of GroES for GroEL at non-permissive temperature
(Gnoth et al. 2010; Goloubinoff et al. 1997).

One deficiency of the above GroEL/GroES coexpression
system was that the inclusion bodies of rhIFN-y seemed
unavoidable even with the presence of high concentration
of GroEL/GroES. Several reasons may account for that.
Firstly, the chaperonin GroEL/GroES was sustainable not
only for rhIFN-y intermediates but also for a number of
bacterial proteins and maintenance of cell viability during
rhIFN-y production process. At some particular moments,
the concentration of folding intermediates could be very
high, but the chaperonin binding sites were not available,
resulting in the formation of inclusion bodies for those
unassisted thIFN-y intermediates. Secondly, Vandenbroeck
et al. demonstrated the dimerization of the folding-
competent monomer was a rate-limiting step in the IFN-y
refolding process in vitro. For those monomer intermediates
that had already passed through the GroEL/GroES machin-
ery, the low solubility of this conformational state may form
either aggregates (at high protein concentration and non-
permissive temperature) or correctly assembled dimer (at
low protein concentration and proper temperature). Once
those thermal inactivation inclusion bodies occur, GroEL/
GroES system cannot solubilize and refold them again
according to the general concepts of GroEL/GroES action
(Fenton and Horwich 1997). Therefore, the use of chaper-
one “cocktails” may become a prospective approach to
avoid the inclusion bodies formation and yield a higher
production. For example, trigger factor (TF), as a ribosome-
binding chaperone, can bind to ribosomes and interact with
nascent chains to stabilize them in a state competent for
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subsequent folding. Chaperone system DnaK—DnaJ-GrpE
acts on nascent chains subsequent to TF to keep the
intermediates nonaggregated, and they can also act on
protein aggregates to liberate and refold the polypeptides
embedded inside the aggregates (Liberek et al. 2008; Moon
et al. 2009). With the upstream control, GroEL/GroES
system would ultimately exert a better function in the
folding process.
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