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The production of recombinant proteins is an essential tool for the expansion of modern biological
research and biotechnology. The expression of heterologous proteins in Escherichia coli often results
in an incomplete folding process that leads to the accumulation of inclusion bodies (IB), aggregates
that hold a certain degree of native-like secondary structure. High hydrostatic pressure (HHP) impairs
intermolecular hydrophobic and electrostatic interactions, leading to dissociation of aggregates under
non-denaturing conditions and is therefore a useful tool to solubilize proteins for posterior refolding.

g?f/:\l/girg; Cholera toxin (CT) is composed of a non-toxic pentamer of B subunits (CTB), a useful adjuvant in vac-
High hydrostatic pressure cines, and a toxic subunit A (CTA). We studied the process of refolding of CTB using HHP. HHP was shown
Aggregates to be effective for dissociation of CTB monomers from IB. Posterior incubation at atmospheric pressure

of concentrated CTB (1 mg/ml) is necessary for the association of the monomers. Pentameric CTB was
obtained when suspensions of CTB IB were compressed at 2.4 kbar for 16 h in the presence of Tween 20
and incubated at 1bar for 120 h. Soluble and biologically active pentameric CTB was obtained, with a
yield of 213 mg CTB/liter of culture. The experience gained in this study can be important to improve the

Inclusion bodies
Cholera toxin B

refolding of proteins with quaternary structure.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Protein oligomers are essential for life, thereafter the folding of
oligomeric proteins has important implications for both biotech-
nology and medicine (Jaenicke and Lilie, 2000).

Cholerais an acute diarrheal disease that can kill within hours, if
left untreated. The clinical symptoms of cholera are mainly induced
by the cholera toxin (CT) released by the bacterium Vibrio cholerae
in the small intestine of the host (Holmgren, 1981). The CT is an ABs
holotoxin with molecular mass of 85 kDa composed of five B sub-
units (CTB) noncovalently linked to the A subunit (CTA). The CTB
is a 58 kDa non-toxic pentameric subunit of CT that binds specif-
ically to the membrane lipid ganglioside GM1 on the surface of
target human intestinal epithelial cells, promoting CT endocyto-
sis. CTA is a 27-kDa protein with an enzymatic toxic ability that is

Abbreviations: CTB, cholera toxin B; HHP, high hydrostatic pressure; IB, inclusion
bodies; GndHCI, guanidine hydrochloride.
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proteolitically cleaved within the host cell in the domains A1 and
A2 (Lhoir et al., 1990; Spangler, 1992). Integral CT travels from
the plasma membrane of the epithelial cells to the endoplasmic
reticulum (ER) where the toxic subunit A1 crosses the membrane
into the cytosol and ADP-ribosylates a trimeric G protein to acti-
vate adenylyl cyclase (Fujinaga et al., 2003; Lencer and Tsai, 2003).
The consequent stimulated production of cyclic AMP by intoxi-
cated cells initiates a metabolic cascade that results in the excessive
secretion of fluids and electrolytes into the intestinal lumen, char-
acteristic of the disease (Bernardi et al., 2008).

The CTB consists of five identical peptides that form a pentamer
through interactions between the 3-sheets of adjacent monomers.
Each monomer of CTB has 103 residues and a disulfide bond
between Cys9 and Cys86. A portion from 11 to 15 A is present at the
center of pentamer and is composed of five amphipathic « helices
which are involved in the stabilization of the pentamer (Mekalanos
et al., 1983; Merritt et al., 1994; Sanchez and Holmgren, 2011;
Spangler, 1992).

Several studies have described the immune properties of CTB.
Recombinant forms of CTB have been successfully used as an adju-
vant in vaccines for human use, such as cholera vaccine (Quiding
et al., 1991) and the vaccine against Escherichia coli that cause
diarrhea (Peltola et al,, 1991; Qadri et al., 2000). Similarly, CTB
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has proven to be a good adjuvant model for vaccine development
against Streptococcus pneumoniae (Malley et al., 2004) and SARS-
CoV virus (acute respiratory syndrome-associated coronavirus) (Qu
et al., 2005) when administered intranasally in mice.

In view of the potential as a regulator of the immune response,
CTB and CTB fusion proteins have been produced in yeast cells
(Miyata et al., 2012), plants (Arakawa et al., 1998; Hamorsky et al.,
2013; Nochi etal.,2007) and in prokaryotic cells, such as Lactobacil-
lus spp. (Slos et al., 1998). Recombinant CTB were also expressed
in E. coli as insoluble IB that were solubilized in denaturing con-
dition (8 M urea and 10 mM (3-mercaptoethanol) and refolded by
dilution (Areas et al., 2002, 2004) or as soluble protein in bacterial
cytoplasm (Arimitsu et al., 2009; Slos et al., 1998).

The refolding of proteins is a difficult task, frequently hampered
due to reaggregation of misfolded proteins on the withdrawal of
the denaturing reagent, often utilized for dissociation of the aggre-
gates. The refolding of oligomers present the additional drawback
that is the necessity of high protein concentration, a condition that
potentially induce the association of misfolded monomers and that
can favor reaggregation instead of the proper association of the
monomers. HHP was previously described to be a useful tool for
solubilization of aggregated proteins, enabling for the refolding of
monomeric (Chura-Chambi et al., 2008, 2013; Fraga et al., 2010;
Malavasi et al., 2011) and oligomeric proteins (Foguel et al., 1999).
In the present study we present the refolding of CTB expressed as
IB in E. coli to the pentameric and biologically active state utilizing
HHP to solubilize the aggregates. We show that the association of
the monomers occurs at atmospheric pressure after the treatment
at HHP with a relatively high yield (45%).

2. Materials and methods

2.1. Expression of CTB, growth conditions, cell fractionation, and
IB isolation

BL-21(DE3) was transformed with the vector pAE-ctxB contain-
ing a DNA sequence coding for CTB (Areas et al., 2002). For the
expression of CTB, a colony was randomly picked from transfor-
mants that were grown on LB plates (10g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl) containing 100 wg/ml ampicilin and inocu-
lated in 2-HKSII rich medium (Jensen and Carlsen, 1990). Cells were
grown at 37 °C, and the expression of CTB was induced by addition
of isopropyl-p3-p-thiogalactopyranoside (0.5 mM) when the O.D. at
Agoonm reached approximately 3. The culture was separated into
flasks that were then incubated at different temperatures (20°C,
30°C or 37°C). After incubation with constant orbital agitation
(150rpm) for a 16 h period, bacteria were collected by centrifu-
gation at 2500 x g for 10 min at 4°C. The pellet was resuspended
in 50 ml of 100 mM Tris-HCl, pH 7.5, and 5mM EDTA. Lysozyme,
at a final concentration of 50 wg/ml, was added to the suspension,
followed by incubation for 15 min at room temperature. The sus-
pension was sonicated in the presence of 0.1% sodium deoxycholate
and centrifuged at 8000 x g for 10 min. The supernatant was dis-
carded, and the pellet was suspended in 100 mM Tris-HCl, pH 7.5,
with 5mM EDTA and 0.1% sodium deoxycholate. The pellet was
washed twice in 50 mM Tris-HCI, pH 8.5, suspended in 40 ml of the
same buffer and stored at —20°C.

2.2. Sample pressurization

Suspensions of IB were diluted in refolding buffer (50 mM
Tris-HCI, pH 8.5, 1 mM EDTA). IB suspensions (1 ml) were placed
into plastic bags, which were sealed and then placed into a larger
plastic bag that was vacuum/heat sealed. The bags were placed in a
pressure vessel (R4-6-40, High-Pressure Equipment), and oil was

used as a pressure-transmitting fluid. The samples subjected to
HHP were centrifuged at 12,000 x g for 15 min. The supernatants
were dialyzed and centrifuged. The pellets were discarded and the
soluble fractions were stored at —20°C.

2.3. Intrinsic fluorescence and light-scattering (LS) measurements

The light scattering (LS) and fluorescence measurements of
the sample were recorded on a Cary Eclipse spectrofluorometer
(Varian). Data were collected using a 1 cm path length cuvette at
atmospheric pressure. Fluorescence measurements of Trp emis-
sions were carried out with an excitation wavelength of 285 nm.
The emission fluorescence spectra were collected between 300
and 400nm by using a response time of 1s and scan speed of
240 nm/min. The LS measurements were performed at 320 nm,
and the emission was recorded from 300 to 350 nm at an angle
of 90° relative to the incident light. For studies under pressure,
round quartz cuvettes filled with sample and sealed with flexible
polyethylene caps were placed into a high-pressure cell equipped
with three optical sapphire windows (ISS) and connected to a pres-
sure generator (High Pressure Equipment). Ethanol was used as a
pressure-transmitting fluid.

2.4. Circular dichroism

CD spectra were obtained using a Jasco-]J810 spectropolarime-
ter equipped with a temperature-controlled liquid system and a
0.1 cm-light path cuvette. The reported curves of ellipticity are the
averages of five measurements that were collected over a 3 min
period. The measurements were carried out at 20°C.

2.5. Determination of the percentage of solubilized CTB

SDS-PAGE analysis was performed on 12% SDS-polyacrylamide
gels using the method described by Laemmli, and gels were stained
with Coomassie Blue G-250. Suspensions of IB were heated at
95°C for 5 min in SDS-PAGE sample buffer (Tris HCl 50 mM pH 8.5
containing 2% SDS, 0.1 M dithiotreitol (DTT), 0.01% bromophenol
blue, and 10% glycerol) for complete solubilization of the protein
applied in the SDS-PAGE. The respective bands in the SDS-PAGE
were used as references for the total amount of CTB within IB. The
same volume of soluble fractions of the HHP-treated suspensions
of IB were applied to SDS-PAGE gels under non-reducing condi-
tions (samples not heated and in the absence of DTT). Image ]
software (http://www.ncbi.nlm.nih.gov) was used to analyze the
bands in digital photographs of the gels to determine the percent-
age of CTB pentamer in HHP-treated samples in comparison to the
total amount of CTB in IB.

2.6. ELISA for the determination of the binding of CTB to the GM1
receptor

The ability of the CTB pentamers to bind to the GM1 receptor
was assessed by ELISA, as described (Areas et al., 2004). Briefly, 96-
well plates were coated with 2 pg/ml GM1 ganglioside in PBS, pH
7.2, or BSA in 0.05 mol/L carbonate-bicarbonate buffer, pH 9.6 at
37 °Cfor 4 h. After washing each well for two times with PBS-T, the
wells were blocked by incubation with PBS containing 0.05% Tween
20 (PBS-T) and 2% BSA (BSA-PBS) for 16 h at 4°C and the wells were
washed twice again. Refolded CTB, diluted in BSA-PBS were added
to the wells and incubated for 2 h at 37 °C. Unbound proteins were
removed by washing the wells four times with PBS containing 0.05%
Tween 20 (PBS-T). The binding of CTB to the receptor was deter-
mined by incubation with 100 wl per well of a rabbit polyclonal
anti-CTB antibody (Sigma) diluted 1:1000 for 90 min. After washing
three times with PBS-T, a peroxidase-conjugated goat anti-rabbit
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Fig. 1. CTB expression in different temperatures. Analysis of the cellular extract of
E. coli transformed with the plasmid pAE-ctxB. Soluble (s) and insoluble (i) frac-
tions of the activated cells cultivated at 20°C, 30°C and 37°C. Equal volumes of
supernatants and suspended pellets were analyzed by SDS-PAGE.

IgG (Sigma), diluted 1:2000, was added to each well and the plate
was incubated for 1 h at room temperature. The wells were washed
and the presence of the secondary antibody was revealed by the
addition of 200 w1 of 8 mg o-phenylenediamine (OPD) in 20 ml of
a 0.2 mol/L citrate-phosphate buffer, pH 5.0 and 10 .l H,0;. The
reaction was stopped by the addition of 25 .l of 2M H,SO4. The
absorbance was measured at 492 nm.

2.7. Purification of CTB by immobilized metal affinity
chromatography (IMAC) and by size exclusion chromatography

Refolded CTB was purified by IMAC using a 1 ml column His Trap
HP (GE Healthcare) charged with Ni2*. The sample was loaded in
buffer Tris HCl 50 mM pH 8.5 containing 0.5M NaCl and 40 mM
imidazol with a flow of 1 ml/min in the column pre-equilibrated in
the same buffer. The CTB was eluted in the buffer containing 0.5 M
imidazol and dialyzed. Purified CTB was further concentrated and
applied on a size exclusion chromatography column (Superdex 75
10/300 GL, GE Healthcare), pre-equilibrated with buffer Tris HCI
50mM pH 8.5 with a flow of 0.8 ml/min. Elution of proteins was
monitored by determination of absorbance at 280 nm.

3. Results and discussion
3.1. Expression of CTB at different temperatures

The expression of CTB in the form of IB has been previously
reported (Areas et al., 2002; Lhoir et al., 1990). To verify if the
temperature of bacterial host cultivation affects the recombinant
CTB fractionation into soluble/insoluble fractions, the transformed
bacteria induced for CTB expression at different temperatures of
cultivation were analyzed (Fig. 1). The CTB is largely expressed in
the form of insoluble precipitates regardless of the temperature of
production, in the range 20-37°C. The refolding of proteins from
IB produced by bacteria cultivated at low temperature was shown
to produce proteins presenting structure that resemble the corre-
sponding native state (Vera et al., 2007). Additionally, cultivation
at high temperature promotes the formation of more stable aggre-
gates, as this condition favors intermolecular interactions at the

expense of native intramolecular contacts (de Groot and Ventura,
2006). Therefore, in order to produce CTB aggregates as similar
as possible to the native protein and requiring milder conditions
for solubilization, we chose to express this protein in the lowest
temperature tested (20°C).

3.2. Refolding of CTB at HHP in the presence of additives

High hydrostatic pressure (HHP) impairs intermolecular
hydrophobic and electrostatic interactions. Thus, moderate
pressures (1-3 kbar) are generally effective for dissociating protein
oligomers and aggregates, whereas protein denaturation gener-
ally requires higher pressure levels (>3 kbar) (Silva et al., 2006).
The solubilization of insoluble aggregates is the first step in the
refolding processes. The refolding of proteins presenting secondary
native-like structures can be improved in comparison to proteins
denatured by the presence of high levels of urea or guanidine
hydrochloride (GdnHCI), a step required for IB solubilization in
the traditional refolding process at atmospheric pressure. Thus, the
advantage of using HHP is to solubilize aggregated proteins in arel-
atively mild condition for posterior refolding. Hydrogen bonds are
insensitive to pressure and low levels of urea or GdnHCl may be
necessary to improve the solubilization of the IBs exerted at HHP
(StJohn et al., 1999).

The reaggregation from misfolded species after removal of the
factor that promotes solubilization of the aggregates, such as high
pressure or denaturing concentration of urea or GdnHCl, is the
main cause of low levels of refolding yields. Therefore, inhibition
of protein interactions that lead to intermolecular contacts and
aggregation can be an effective strategy to suppress the forma-
tion of these states. The presence of chemical compounds, such
as low concentrations of chaotropic agents, amino acids, surfac-
tants and osmolytes can be a useful tool to avoid reaggregation and
improve refolding yields (Qoronfleh etal.,2007; Shuklaetal.,2011).
However, for the refolding of oligomeric proteins, a balance must
be found between favoring the native inter-monomer interactions
and disfavoring of non-native contacts that lead to aggregation.
In order to evaluate the utility of the presence of additives, we
compressed suspensions of CTB IB in the presence of low levels of
GdnHCI (1.5 M)and the other reagents (shown inFig. 2A) at 2.4 kbar,
a pressure level condition that usually promotes the dissociation of
the aggregates, followed by step decompression and centrifugation
to remove insoluble aggregates and dialysis of the soluble fraction
to remove the additives. In the samples that were compressed in
the absence of additives, no bands corresponding to the pentameric
form of CTB are seen in the SDS-PAGE of the soluble fraction of the
treated IB suspension. However, the presence of the surfactants
that were analyzed, Triton X-100, and especially Tween 20, con-
tributed for the obtainment of the CTB pentamer. The immunoblot
(Fig. 2B) shows that in addition to the monomer and pentamer, an
intermediate form, possibly a trimeric form of CTB, is also present
in the soluble fraction. Our results indicate that Tween 20 leads
to a productive CTB folding pathway, assisting in oligomerization
of CTB to the pentameric form. Tween is a polyoxyethylene sor-
bitol ester, a nonionic surfactant that contains hydrophobic groups
that was shown to reduce the extent of self-association and aggre-
gation, improving the refolding yield of the human monomeric
growth hormone, possibly driven by hydrophobic interactions with
the protein (Bam et al., 1996). It was also previously shown that
the presence of nonionic surfactants can assist for the refolding
of the oligomeric proteins OmpA (Wang et al., 2013) and OmpF
(Visudtiphole et al., 2005).

For the posterior assays, the suspensions were diluted in refol-
ding buffer Tris HCl 50 mM, containing 1mM EDTA and 1mM
Tween 20 in the absence of GdnHCI, because higher yields of
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Fig. 2. Effect of the presence of additives on CTB refolding by HHP. (A) Suspensions
of IB in refolding buffer (50 mM Tris-HCl, 1.5M GdnHCl, 1 mM EDTA, pH 8.5) were
submitted to HHP (2.4 kbar for 16 h, followed by decompression in steps of 0.4 kbar
every 30 min) in the presence of different additives. After decompression, the sam-
ples were centrifuged, the supernatants were subjected to dialysis, centrifuged again
and equivalent volumes of the supernatants were applied to the SDS-PAGE. Lane 1,
NaCl (0.15 M); lane 2, L-arginine (0.5 M) in the absence of GdnHCI; lane 3, L-arginine
(0.5M); lane 4, glucose (1 M); lane 5, sucrose (1 M); lane 6, PEG 6000 (0.1%); lane 7,
glycerol (2.5 M); lane 8, Tween 20 (1 mM); lane 9, Triton X-100 (0.5 mM); lane 10,
bis-ANS (6.7 mM); lane 11, absence of additives; lane 12: sample of suspension of
IBs in reducing conditions. (B) Western blotting of the sample of the lane 8 of the
(A). The results shown are representative of three experiments.

monomeric and pentameric CTB were observed in the absence of
GdnHCI (data not shown).

3.3. Dissociation of the IB aggregates at HHP and low temperature

High hydrostatic pressures of up to 3—-4kbar, in general does
not cause substantial irreversible changes in secondary or tertiary
structure, but is an efficient method to dissociate macromolecular
complexes (Mozhaev et al., 1996). The freezing point of water is
lowered under high pressure, which allows studies of the effects
of application of high pressures at temperatures below 0°C in
aqueous solutions. At temperatures below the freezing point of
water, the hydrophobic effect, which is considered the main driv-
ing force for protein folding and also for intermolecular protein
interactions that leads to aggregation is weakened because at
low temperatures the interaction of non polar amino acids with
water is favored (Tsai et al., 2002). To determine the effect of
high pressure and of the association of high pressure and low
temperature on the solubilization of aggregates, a suspension of
CTB IB was subjected to increasing pressure levels and the dis-
sociation of the aggregates was monitored by determination of
the light scattering. Fig. 3 shows that the value of light scattering
decreases at the higher pressures, indicating dissociation of the IB,
an effect that is further improved at negative temperature, down
to —-9°C.

The analysis of the suspension subjected to 2.4 kbar at 20°C
for 16 h shows that 64% of CTB was solubilized, while 36% of CTB
was present in the insoluble fraction (data not shown), either
because a fraction of the insoluble aggregates were not dissoci-
ated at this pressure level, or because of the reaggregation that can
possibly occur after decompression. The value of light scattering
was reduced at —9°C and 2.4 kbar (Fig. 3) compared to the value
obtained at 20 °C, indicating that the aggregates are further disso-
ciated. Despite of this fact, the yield of CTB refolding at 2.4 kbar
was not improved by dissociation at —9°C, 0°C or 10°C (data not
shown), possibly because the reduction of temperature induces the
formation of misfolded states with lower capacity to achieve the
correct folding.
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Fig. 3. Dissociation of CTB IB under HHP and low temperatures. The light scattering
(LS) of the suspension of IB of CTB in buffer 50 mM Tris-HCl, 1 mM EDTA and 1 mM
Tween 20, pH 8.5 (W) were followed during pressure and temperature variation.
The values were collected after pressure and temperature stabilization. Values of LS
after return to 20°C and 1 bar (*).

3.4. Effect of schemes of compression/decompression on the
refolding of CTB

In order to improve the yield of refolded pentameric CTB from
suspensions of CTB IB, the compression/decompression schemes
1-6 presented in the legend of Fig. 4 were analyzed (Fig. 4A and
B). The incubation for 1.5 h at 2.4 kbar (schemes 1, 3-6), was effec-
tive to disaggregate IB (Fig. 3) however incubation at this pressure
for a longer time, 16 h (scheme 2), increased the yield of soluble
monomeric CTB. Thus, in order to generate higher concentration of
soluble monomeric forms, likely able to interact for the oligomeri-
zation to the native pentamer, the compression for 16 h at 2.4 kbar
was utilized for the subsequent assays. Incubation at the intermedi-
ary pressures of 0.8 kbar (scheme 4), 0.4 kbar (scheme 5) or 0.2 kbar
(scheme 6) was not useful for increasing the concentration of nei-
ther CTB monomers nor pentamers. The application of 2.4 kbar for
1.5hand incubation at 1 bar for 16 h (scheme 1) was the most effec-
tive scheme to obtain pentameric CTB, which suggests that the
formation of oligomers occurs preferentially at atmospheric pres-
sure. Therefore, incubation at atmospheric pressure during longer
periods of time was subsequently analyzed.

3.5. Effect of incubation at atmospheric pressure after
compression of CTB IB

To determine the effect of incubation at low pressure in the for-
mation of the CTB pentamer, a suspension of IB was subjected to
2.4 kbar for 16 h and incubated for periods of time ranging from 0 h
to 168 h at atmospheric pressure.

Incubation for 96 h and higher periods of time at atmospheric
pressure is necessary for achievement of pentameric CTB. The sus-
pension of IB that was not incubated at 1 bar and the one that was
incubated for 24 h at this condition (Fig. 5, lanes 1 and 2 respec-
tively) only present monomers and other forms of intermediate
molecular mass between the CTB monomer and pentamer. In con-
trast, the presence of a band corresponding to the CTB pentamer
is present in the supernatant of the suspensions that were incu-
bated for longer periods at atmospheric pressure (lanes 3-6). Our
results are in agreement with those described for the refolding of
another oligomeric protein, the trimeric protein tailspike, which
was described to occur during incubation at atmospheric pressure
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Fig. 4. Effect of different schemes of compression and decompression on the solu-
bilization of CTB from IB suspensions. The buffer used was 50 mM Tris-HCl, 1 mM
EDTA and 1 mM Tween 20, pH 8.5. (A) The samples were subjected to HHP on the
following schemes: (1) 2.4 kbar for 1.5h, direct decompression and incubation at
1bar for 16 h; (2) 2.4 kbar for 16 h and direct decompression; (3) 2.4 kbar for 1.5h,
step decompression and incubation at 1bar for 16 h; (4) 2.4 kbar for 1.5 h, decom-
pression to 0.8 kbar and incubation for 16 h and direct decompression; (5) 2.4 kbar
for 1.5 h, decompression to 0.4 kbar and incubation for 16 h and direct decompres-
sion (6) 2.4 kbar for 1.5h, decompression to 0.2 kbar and incubation for 16 h and
direct decompression; (7) suspension of IB. (B) Quantitative analysis of the sam-
ples shown in A in comparison to the amount of the insoluble CTB (lane 7 of the
(A). Error bars: mean + SEM. Statistical significance was determined using two way
anova with Bonferroni post test. The percentage of monomer solubilized in condi-
tion 2 is statistically different from the all other conditions (P<0.01). (C) Western
blot analysis of the schemes of compression/decompression shown as in (A). The
results shown are representative of three experiments.

Fig. 5. Effect of incubation for different times at 1 bar at 20 °C after compression of
the CTB IB at 2.4 kbar for 16 h. After incubation at atmospheric pressure, a fraction
of the suspension was centrifuged and the supernatant was frozen for subsequent
analysis. Lane 1, suspension not incubated at 1bar; lane 2, suspension incubated
at 1 bar for 24 h; lane 3, suspension incubated at 1 bar for 96 h; lane 4, suspension
incubated at 1 bar for 120 h; lane 5, suspension incubated at 1 bar for 144 h; lane 6,
suspension incubated at 1 bar for 168 h; lane 7, suspension of IB (reducing condition).
The results shown are representative of two experiments.

after dissociation of the aggregates at high pressure (Foguel et al.,
1999; Lefebvre et al., 2004).

3.6. Effect of protein concentration in the refolding of CTB

To determine whether the concentration of the dissociated
monomers affects CTB refolding yield, suspensions of IB contain-
ing 30 wg/ml to 1920 wg/ml of CTB were subjected to high-pressure
refolding (Fig. 6). The raise in the CTB concentration to 960 p.g/ml
increased 2.6-fold the refolding yield, in comparison with the con-
centrations used in the previous tests (120 wg/ml), rendering the
higher percentage of pentameric CTB: 45.6%, indicating that the
oligomerization of CTB can be optimized at higher concentration
of monomers, likely induced by a higher number of productive
contacts among them.

3.7. CTBIB
Scanning electron microscopy of the IB indicate a high con-

centration of IB aggregates (Fig. 7A). The HHP treatment of the
suspension of the IB was very effective to reduce the amount of IB,

Fig. 6. Effect of the protein concentration in the yield of CTB refolding. The suspen-
sions were subjected to 2.4 kbar for 16 h and 96 h at 1 bar. The buffer for refolding
was 50 mM Tris-HCl, 1 mM EDTA and 1 mM Tween 20, pH 8.5. The volumes applied
to the SDS-PAGE were normalized. Lane 1, suspension refolded at 1920 g CTB/ml,
lane 2, suspension refolded at 960 g CTB/ml; lane 3, suspension refolded at 480 g
CTB/ml; lane 4, suspension refolded at 240 g CTB/ml; lane 5, suspension refolded
at 120 wg CTB/ml; lane 6, suspension refolded at 60 g CTB/ml, lane 7, suspension
refolded at 30 pg CTB/ml.
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Fig. 7. Scanning electron microscopy of the IB. (A) Scanning electronic microscopy
of the dried CTB IB; (B) scanning electronic microscopy of the structures that remain
insoluble after HHP treatment. The insoluble material was dialyzed against water
to withdraw the Tris HCI buffer, in order to avoid the formation of Tris crystals that
interfere with the visualization of the IB. Scale: 5 m.

as verified by the microscopy of the insoluble fraction of the suspen-
sions that had been subjected to high pressure (Fig. 7B), showing
again that this treatment was effective in the dissociation of the
aggregates. The re-pressurization of the remaining aggregates that
were previously subjected to high pressure rendered low yields
(4.5%) of pentameric CTB (data not shown).

3.8. Characterization of the refolded CTB

CTB refolded using high hydrostatic pressure was purified by
immobilized Ni2* affinity chromatography and by size exclusion
chromatography (Superdex 75 10/300 GL) to separate the pen-
tamer from the monomer and other forms. The characterization
of the secondary structure of the purified pentameric form of CTB
was achieved by circular dichroism (Fig. 8A). The refolded protein
showed a profile of a structured protein with a profile very sim-
ilar to the previously published, with a negative peak at 215 nm
(Dertzbaugh et al., 1990).

Intrinsic fluorescence emission of Trp was used for the anal-
ysis of the tertiary structure of refolded and purified pentameric
form of CTB (Fig. 8B). Each monomer of CTB has one residue (W88),
totaling five Trp in the pentameric structure. The fluorescence spec-
trum of the refolded CTB showed an emission maximum at 350 nm,
in agreement with spectra for native CTB reported (Mertz et al.,
1996). The sample denatured in the presence of 8 M urea showed
a red shift in the maximum emission of fluorescence to 354 nm,
by increased exposure of Trp to the aqueous solvent that indicates
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Fig. 8. Spectra of refolded and purified CTB. (A) Spectrum of circular dichroism; (B)
spectraofintrinsic fluorescence of refolded CTB (continuous line) and CTB denatured
by incubation in the presence of 8 M urea for 2 h (dotted line). Excitation at 288 nm.
CTB refolded at HHP was purified in IMAC column and the pentamer was separated
from the monomeric form by size-exclusion chromatography.

protein denaturation. These data confirm the efficacy of the refol-
ding process.

3.9. Biological activity of CTB

The analysis of the functionality of refolded CTB, in comparison
with a denatured sample, was performed by an ELISA assay that
determines the binding of the protein to the GM1 receptor. The
ability of the refolded CTB to bind to the GM1 receptor was shown
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Fig. 9. Functional analysis of CTB. CTB refolded at HHP was purified as described.
The ability of the CTB pentamers to bind to the GM1 receptor coated on plates was
assessed by ELISA. The results shown are representative of five experiments.
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to be proportional to the protein concentration (Fig. 9), while the
denatured protein did not bind to the immobilized GM1 recep-
tor. Therefore, the refolded CTB was shown to present biological
activity.

4. Conclusions

This article describes the dissociation of CTB from IB aggregates
using high hydrostatic pressure and refolding of this pentameric
protein at atmospheric pressure. High hydrostatic pressure was
effective in the dissociation of the IB CTB. The fact that the oligome-
rization of CTB is optimized in the presence of the surfactants Triton
X100 and specially Tween 20, indicates that other concentrations
of Tween or the presence of other surfactants can have a positive
effect on the oligomerization of CTB. The incubation at 2.4 kbar for
16h and direct decompression to 1bar yielded the highest level
of monomeric protein and incubation for longer periods at atmo-
spheric pressure was essential to increase the yield of pentameric
CTB. Another important factor to obtain high yields of the pen-
tameric form of CTB was the incubation at high (960 p.g/ml) protein
concentration. Purification of CTB and separation of the forms gen-
erated after the high pressure treatment has proved troublesome
due to the presence of monomeric forms together with the pen-
tamers of interest. Therefore, two purification steps were necessary
to obtain pentameric CTB with high purity.

Circular dichroism and intrinsic tryptophan fluorescence have
demonstrated that CTB refolded at high hydrostatic pressure has
regular secondary and tertiary structure. In addition, CTB refolded
at high hydrostatic pressure showed biological activity.

The final yield of refolded CTB from the aggregated protein was
very high: 213 mg pentameric CTB/liter of culture (up to 59%). The
experience gained in this study can be advantageous for refolding
of proteins with quaternary structure, a difficult task to achieve by
other methods.
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