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ABSTRACT

An optimization of the refolding of endostatin (ES), by a study of the conditions that can affect (i) dissoci-
ation of inclusion bodies (IBs) and (ii) renaturation under high hydrostatic pressure (HHP), is described.
IBs produced by bacteria cultivated at 25 °C were shown to be more soluble than those produced at 37 °C
and their dissociation by application of 2.4 kbar at 20 °C was shown to be further enhanced at —9°C. Ared
shift in intrinsic fluorescence spectra and an increase in binding of the hydrophobic fluorescent probe
bis-ANS show subtle changes in conformation of ES in the presence of 1.5M GdnHCI at 2.4 kbar, while
at 0.4 kbar the native conformational state is favored. The 25% refolding yield obtained via compression
of IBs produced at 37 °C by application of 2.4 kbar, was increased to 78% when conditions based on the
insights acquired were utilized: dissociation at 2.4 kbar and —9°C of the IBs produced at 25 °C, followed
by refolding at 0.4 kbar and 20 °C. Besides providing insights into the conformational transitions of ES
structure under HHP, this work proposes innovative conditions that are likely to have wide applicability
to the HHP-induced refolding of proteins in general.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Many of the proteins with a biomedical relevance are found
at low concentrations in their native sources. Escherichia coli is a
microorganism that is extremely useful for producing proteins of
commercial interest at large scale and for structural and functional
studies. However, the production of recombinant polypeptides in E.
coli frequently results in an incomplete folding process that usually
leads to the accumulation of insoluble aggregates, known as inclu-
sion bodies (IBs), in the cytoplasm or in the periplasmic space of
the host cells. Therefore, refolding is often problematic and results
in low yields of soluble and biologically active proteins.

The aggregation of heterologous proteins is caused by a high
local concentration of nascent polypeptides on the ribosome [1],
which are not protected from aggregation due to insufficient
number of chaperones present during the overexpression of the
recombinant protein or even to an absence of chaperones [2]. It
has been shown that IBs contained ordered structural segments
of cross-f3 structures with specific amino acid sequences, which
were surrounded by folded domains or disordered segments. These
[-strands do not necessary have a [3-sheet conformation in the
corresponding soluble folded form of the protein. The number
of cross-f3 segments is variable, and their sizes typically range
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between 7 and 10 amino acid residues in length [3]. The proteins
in the IBs were considered to be completely inactive. However, the
current knowledge of IBs has evolved, and today, it is recognized
that proteins within the IBs present a native-like structure [4]. An
analysis by infrared spectroscopy (FTIR) showed that despite an
increase in the intermolecular 3-sheet structures in relation to the
native states, proteins in the IBs presented native-like secondary
structures [5,6]. In addition, a percentage of some of the proteins
in the inclusion bodies were shown to have a native tertiary struc-
ture and biological activity [7,8]. The characteristics of the proteins
within the IBs were shown to be affected by the cultivation tem-
perature of the host bacteria. The bioactivity in the IBs had an
inverse correlation with the temperature of the cultivation. During
cultivation at high temperatures, intermolecular interactions are
favored at the expense of native intramolecular contacts, and con-
sequently, the IBs become more resistant to chemical denaturation.
These results demonstrated that the dissociation of IBs produced at
lower temperatures can be performed in milder conditions. Thus,
the functional states of the IBs can be released using conditions
that break the network of intermolecular contacts that maintains
the stability of the IBs without denaturing the native-like proteins
that are embedded in these structures [9].

Traditionally, the proteins in IBs are solubilized using high con-
centrations of chaotropic agents, such as guanidine hydrochloride
(GdnHCI) or urea, and the denatured and soluble proteins are
refolded to their native states after the removal of the denatur-
ing reagents. However, the refolding step is difficult with these
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conventional methods because of the generation of new protein
aggregates during the removal of the chaotropic agents [10].

Aggregated proteins display specific volumes that are larger
than those of the native states due to the presence of intermolecu-
lar cavities, which are not exposed to water. The application of high
pressure favors transitions of the protein structures that reduce
the volume of the system. In vitro, pressures of 1-3 kbar impair
intermolecular and electrostatic interactions, thereby promoting
the dissociation of oligomeric protein states and aggregates. How-
ever, a stronger hydration with the rupture of intramolecular bonds
and a consequential denaturation of the proteins generally occurs
at higher pressure levels, above 4-5kbar [11,12]. The effective-
ness of refolding strategies that use mild solubilization conditions
to enable the preservation of secondary and tertiary structures is
increased in comparison to the solubilization of the aggregates
using high concentrations of denaturing agents, where the pro-
tein loses its existing native-like tertiary and secondary structures
[13,14]. The application of high pressure is a mild dissociation tech-
nique for aggregated proteins that does not require the use of high
levels of denaturing reagents and enables the maintenance of sec-
ondary and tertiary structures, which is useful for protein refolding.

High hydrostatic pressures have been utilized for the dissoci-
ation of aggregates and protein refolding [15,16]. However, the
pressure level at which the refolding occurs is controversial. While
some articles state that the dissociation and refolding occur con-
comitantly at pressure levels of 2.0-2.5 kbar [17,18], other authors
only utilize this range of pressure to dissociate the aggregates. In
those cases, it was shown that the refolding of proteins with qua-
ternary structures occurred at atmospheric pressure [15,19].

At high pressures, the freezing point of water is lowered, which
allows for studies on the concomitant effects of high pressures with
low temperatures in aqueous solutions. At low temperatures, the
proteins are driven to a lower entropic state that favors the inter-
action of non-polar amino acids with water [20]. Thus, the effect of
high pressures can be potentiated by the use of subzero tempera-
tures, which enhances the exposure of hydrophobic side chains to
the solvent and the dissociation of the aggregates.

Endostatin (ES) is a 20 kDa C-terminal fragment digested from
collagen XVIII, an endogenous antiangiogenic protein that shows
a potent inhibitory effect on endothelial cell migration, prolifer-
ation and tumor angiogenesis; [21-24]. This protein suppresses
tumor growth without toxicity or an acquired drug resistance
[24], exhibits a broad spectrum and is not toxic [25]. Studies have
demonstrated the difficulty of generating native ES [23] because
ES easily aggregates, resulting mainly in insoluble and aggregated
ES preparations [26]. Therefore, its correct refolding is essential for
the assurance of structural stability and biological functions [27].

In the present study, we have analyzed the factors that are
involved the dissociation of IBs and the refolding of ES under high
hydrostatic pressure. The impact of the growth temperature on
the quality of aggregated ES was assessed. We also studied the
effect of high hydrostatic pressure (2.4 kbar) with subzero temper-
atures (—9°C) on the dissociation of ES. The effects of application of
HHP on conformation transitions of ES were investigated in order
to determinate their influence on the ES folding. Additionally, we
studied the use of small molecule additives to increase the recovery
yields of native ES in association with the action of the pressure. All
of these factors were investigated with the aim of increasing the
efficiency of ES refolding under pressure.

2. Materials and methods

2.1. Expression of ES, growth conditions, cell fractionation, and inclusion body
isolation

BL-21(DE3)pLysS was transformed with the vector pET-28 containing the DNA
sequence coding for the amino acids methionine, alanine, and six histidine residues

at the N terminus, which was followed by the sequence for murine ES (construct
cTBO1#8, from pETKH-1, ATCC number 63404). For the expression of ES, a colony was
randomly picked from the transformants that were grown on Kan +LB plates (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 50 mg/L kanamycin) and inoculated in
2-HKSII rich medium [28]. Cells were grown at 37 °C, and the expression of ES was
induced with isopropyl-3-D-thiogalactopyranoside (0.5 mM) at the beginning of the
exponential phase (approximately 3.0 at Agoonm )- The culture was separated into 1L
erlenmeyer flasks containing 250 mL 2-HKSII medium, which were then incubated
at different temperatures (25°C, 30°C and 37 °C). After incubation with a constant
orbital agitation (150 rpm) for a 16 h period, bacteria were collected by centrifuga-
tion at 2500 x g for 10 min at 4°C. The pellet was resuspended in 50 mL of 0.1M
Tris-HCl, pH 7.5 and 5 mM EDTA. Lysozyme, at a final concentration of 50 p.g/mL,
was added, and the suspension was incubated for 15 min at room temperature. The
suspension was sonicated in the presence of 0.1% sodium deoxycholate and cen-
trifuged at 8000 x g for 10 min. The supernatant was discarded, and the pellet was
resuspended in 0.05 M Tris-HCI, pH 7.5 with 5 mM EDTA and sodium deoxycholate,
washed twice in 0.05M Tris-HCl, pH 7.5, and stored at —20°C.

2.2. Scanning electron microscopy

Scanning electron microscopy was performed by drying water-dialyzed insol-
uble aggregates onto clean polished Philips stubs and sputter coating in a SCD-040
sputter coater (Balzer) at 38 mA for 120 s. The samples were then viewed and photo-
graphed using a Philips XL-200 scanning electron microscope. The sizes of the IBs
were analyzed using the software ImageTools.

2.3. Sample pressurization

Suspensions of ES IBs were diluted in refolding buffer (50 mM Tris-HCI, pH 7.5
with 1 mM EDTA) containing the final concentrations of 1.5 M GdnHCI and 0.5 mM
oxidized (GSSG) and 0.5 mM reduced (GSH) glutathione. Samples of the suspension
(2 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) with a oil for a pressure-transmitting fluid, and
high pressure was applied (2.4 kbar). Samples were compressed to 2.4 kbar, incu-
bated for 2 h and then decompressed to 1.2 kbar, 0.8 kbar or 0.4 kbar, which was
maintained for 16 h, and was then followed by a decompression to atmospheric pres-
sure. The samples were then centrifuged at 12,000 x g for 15 min. The supernatant
was dialyzed against 50 mM Tris—HCI, pH 7.5 and centrifuged at 12,000 x g for 15 min
to remove insoluble aggregates that formed during the dialysis process. To test the
effects of additives on the HHP-induced refolding, 4,4’-dianilino-1,1-binaphthyl-
5, 5’-sulfonate (bis-ANS, 6.5 mM), heparin (2.5-20 mM), L-arginine (0.5 M), glycerol
(2.5M), sodium chloride (0.15 M), sucrose (1 M), Tween 20 (1 mM) or Triton X-100
(0.5 mM) were added to the refolding buffer.

2.4. Quantification of ES by SDS-PAGE

SDS-PAGE analysis was carried out on 15% SDS-polyacrylamide gels using
the method described by Laemmli and stained with Coomassie Blue G-250. Sus-
pensions of ES IBs were heated at 95°C for 5min in SDS-PAGE sample buffer
(Tris—HCI 50 mM pH 8.5 containing 2% SDS and 1% dithiotreitol, 0.01% bromophenol
blue and 10% glycerol) for complete ES solubilization and therefore the respec-
tive bands in the electrophoresis gels were used as a reference for the total
amount of ES within IBs. The soluble fractions of the HHP-treated suspensions of
IB were applied to SDS-PAGE gels under non-reducing conditions. Image J software
(http://www.ncbi.nlm.nih.gov) was utilized for the analysis of the bands in the dig-
ital photography of the gels for the determination of the percentage of soluble ES in
HHP-treated samples, in comparison to the total amount of ES in IBs. The total pro-
tein content was determined by a Bradford assay using pure bovine serum albumin
as standard.

2.5. Determination of the solubilization of the IBs in the presence of GdnHCI

ES IBs, which were expressed at different temperatures (25°C and 37 °C), were
suspended in solutions containing 0-8 M guanidine hydrochloride (GdnHCl). After
a 72 h incubation at 180° vertical rotation (35 rpm), the samples were centrifuged
at 12,000 x g for 10 min and the absorbance of the supernatants were measured at
280 nm. The amount of ES in the insoluble fractions was quantified by SDS-PAGE
analysis, as described above.

2.6. Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflectance (ATR)-FTIR spectra were obtained from dry samples
deposited directly onto the ATR crystal in a Nicolet 6700 IR spectrometer (Thermo
Corp., USA). Spectra were collected with a 4cm~! resolution and are the result of
the accumulation of 256 scans. Fourier self-deconvolution of the amide I band was
performed with a 1.6 enhancement factor and a 20 cm~' bandwidth. The peak pos-
itions and area assignments were done with the software OMNIC (Thermo Corp.,
USA) with a Voigt distribution for each peak.


http://www.ncbi.nlm.nih.gov/

252 R.M. Chura-Chambi et al. / Process Biochemistry 48 (2013) 250-259

2.7. Purification of ES

The HHP-treated supernatants of IBs suspensions were dialyzed and applied to a
1 mL HiTrap Heparin HP (GE Healthcare) that had been pre-equilibrated with 50 mM
Tris-HCl, pH 7.5, at a flow rate of 1 mL/min. The column was washed with 10 mL of
the equilibration buffer and then eluted using an increasing gradient of NaCl (0-1 M)
in 40 mL.

For size-exclusion chromatography, a TosoHaas G2000 SW column
(60cm-7.5mm i.d. particle size 10wm, pore size 125 A; Montgomeryville,
PA, USA) coupled to a 7.5 cm-7.5mm i.d. SW guard column was used. The mobile
phase that was used was 0.05M NaCl and 0.02 M sodium phosphate, pH 7.0 at a
flow rate of 1.0 mL/min. The sample elution was detected by UV absorbance at a
wavelength of 220 nm.

2.8. Circular dichroism

CD spectra were obtained using aJasco-J810 spectropolarimeter equipped witha
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 3min period. All measurements were carried out at 20°C. The K2d pro-
gram (http://www.embl-heidelberg.de/_andrade/k2d) was used for the analysis of
the protein secondary structures.

2.9. Fluorescence and light-scattering (LS) measurements

The LS and fluorescence measurements were recorded on Cary Eclipse spec-
trofluorometer (Varian). Data were collected using a 1cm-path length cuvette at
atmospheric pressure. The LS measurements were performed at 320nm, at an
angle of 90° relative to the incident light, and the emission was recorded from
315 to 325 nm. Fluorescence measurements of Trp emissions were carried out with
an excitation wavelength of 288 nm. The emission fluorescence spectra were col-
lected between 300 and 400 nm by using a response time of 1s and scan speed of
240 nm/min. In order to evaluate the binding of bis-ANS to ES, 5 uM bis-ANS was
added to a protein sample (1 wM) that was then excited at 360 nm and fluorescence
emission was measured between 400 and 600 nm.

For studies under pressure, a high-pressure cell equipped with optical sapphire
windows (ISS), was connected to a pressure generator (High pressure equipment)
and ethanol was utilized as pressure-transmitting fluid. Round quartz cuvettes filled
with the samples and sealed with flexible polyethylene caps were placed into the
high-pressure cell and subjected to HHP.

2.10. ES biological activity

The viability of HUV-EC-C endothelial cells (ATCC Number CRL-1730) was
evaluated by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay (Promega). In brief, 5 x 10? cells were
plated in a 96-well tissue culture plate in DMEM supplemented with 10% FBS at a
final volume of 0.1 mL, and the plates were incubated for 24 hat 37 °Cin a humidified
5% CO; incubator. The medium was replaced with fresh medium containing 2% FBS,
5ng/mL bFGF (RD systems) and different concentrations of ES and then incubated
for 48 h. The cell viability was measured by the addition of 20 nL of an MTS/PMS
(phenazine methosulphate) (20:1) solution and a 2 h incubation. The microplates
were read in a spectrophotometer at 490 nm.

3. Results and discussion
3.1. Analysis of ES IBs

Recombinant bacteria expressing ES were grown at the tem-
peratures of 25°C and 37°C, and the ES was always found in the
insoluble fraction. The content of ES was relatively high, as it rep-
resents 39-45% of the total bacterial proteins. The variation of the
level of ES concentration among bacteria grown in different tem-
peratures was low (Fig. 1A). IBs of ES that were extracted from a
culture grown at 25°C presented a regular spherical shape with
a rough surface and a diameter of 0.65+0.07 pm, as depicted in
Fig. 1B. The diameters of the IBs produced at 37°C presented a
slightly higher diameter of 0.74 & 0.06 .m and a smoother surface
(Fig. 1C).

The secondary structure of proteins in solid phase can be esti-
mated by analysis of the vibration spectra of the amide I band,
which is mainly due to the CO stretching vibration of the pep-
tide bonds and occurs in the 1700-1600 cm~! absorption region
of the infrared spectra [29]. ATR-FTIR spectroscopy was used for
the analysis of the secondary structure content of IBs in solid state.
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Fig.1. Expression of ES.(A), SDS-PAGE analysis of bacterial cultures that were grown
at different temperatures in the rich culture medium 2HK2 and isolated IBs. (B)
Scanning electron micrograph of ES IBs produced at 37°C; (C) scanning electron
micrograph of ES IBs produced at 25 °C. Magnification: 20,000 x. The bars represent
2 wm. Samples were normalized by volume of culture (30 pL).

The single globular domain of endostatin has a compact fold. The
secondary structure contains a large fraction of irregular loop struc-
tures and B-sheets, a small fraction of a-helices and two pairs of
disulfide bonds in a nested pattern [30]. The spectra of lyophilized
ES obtained by HHP refolding process [31] was examined by ATR
FTIR spectroscopy, as shown in Fig. 2A, and was similar to the spec-
tra described for native ES in solution [32], which indicated that the
process of lyophilization did not provoke effect on the secondary
structure of the dry protein. The determination of the secondary
structure percentages were calculated by the decomposition of the
FTIR spectra (Fig. 2A and B and Table 1). The spectra obtained for
the native ES show the presence of non-native 3-sheets (bands at
1684 and 1613 cm~!) at 10%, but the main (3-sheet peak obtained
after deconvolution was found at 1631 cm~! (Table 1), which is
characteristic of native 3-sheets [33]. Notably, the appearance of
a peak at ~1620cm~! (position also assigned as -sheet) in the
spectra of the IBs can be assigned as non-native [3-sheets because
it is not found in the native ES IR spectra (Fig. 2A and Table 1).
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Table 1
FTIR analysis of the secondary structure content of native ES and of IBs.
Native IBs IBs
25°C 37°C

Structural assignment Wavenumber (cm~1) Area (%) Wavenumber (cm~1) Area (%) Wavenumber (cm~) Area (%)
[B-sheets 1684, 1613 10 1691 3 1691 3
B-sheets 1631 26 1636, 1621 52 1637, 1622 54
Turns 1663 29 1675 10 1675 10
Disordered 1646 32 - - - -
a-helix/random 1653 2 1656 35 1656 33

The estimated error in the wavenumbers is+4 cm~!, and + 2% for the peak areas.
The data are representative of 3 experiments.

Another peak at 1656 cm~! is also present in the spectra of the IBs
produced at 25°C and 37°C, suggesting an increase of a-helices
[29,34], at the expense of the peak at 1646 nm assigned as disor-
dered structures in the spectrum of the native protein, which is
likely due to the high intrinsic a-helical propensity of the unfolded
polypeptide backbone of ES [32,35]. The determination of the sec-
ondary structure percentages (Fig. 2A and B and Table 1), show that
besides subtle differences among the IB spectra, the conformational
statuses of IBs produced at both 25°C and 37 °C presented similar
secondary structure profiles (Fig. 2A and Table 1), which may be
due to the high tendency of ES to aggregate even at low cultivation
temperatures.
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Fig. 2. IBs produced at different temperatures present similar secondary structure.
(A) Fourier self-deconvoluted (FSD) spectra of lyophilized native endostatin (black
solid line) and IBs obtained at 25°C (gray line) or at 37 °C (dashed line). Only the
amide I region is shown. (B) Curve fitting and peak assignment of the deconvoluted
IBs produced at 25 and 37°C IBs amide I band yielded five Voigt functions: (1 and
6) 1684 and 1613 cm™!, B-sheets; (2) 1663 cm™!, turns; (3) 1653 cm™!, a-helix; (4)
1646 cm~!, disordered; and (5) 1631 cm~!, B-sheets. The data are representative of
3 experiments.

3.2. The temperature for bacterial growth influences the
solubility of IBs

During recombinant protein production, aggregation is gener-
ally favored at higher temperatures due to the strong temperature
dependence of hydrophobic interactions [36].

The effect of growth temperatures on the quality of IBs was stud-
ied. To investigate the solubility of ES IBs, we explored whether
the cultivation temperature influences the resistance of IBs to the
breakage of intermolecular hydrogen bonds and hydrophobicinter-
actions, which sustain IBs architecture, by the chaotropic agent
GndHCL. Thus, suspensions of IBs, which were produced at differ-
ent temperatures, were tested for a resistance to dissociation by
GdnHCL. As illustrated in Fig. 3A, the solubility of the proteins from
the IBs produced at 25 °C was slightly higher than the protein solu-
bility in the IBs expressed at 37 °C. However, when we specifically
analyzed the solubility of ES by the determination of the respective
bands of insoluble fractions of the GdnHCI curve, we verified that
it was greatly improved in IBs formed at 25 °C in comparison to IBs
produced at the higher temperature (Fig. 3B). For example, the con-
centration of GdnHCI necessary to solubilize 50% of the ES within IBs
formed at 25°C (0.7 M), doubled for IBs produced at 37°C (1.5 M).
Further, incubation for 72 h in the absence of GdnHCl reduced the
amount of ES in the insoluble fraction to 62% and 81% in IBs formed
at 25°C and 37 °C, respectively.

These results indicate that the cultivation temperature influ-
ences the stability of the intermolecular interactions among the
polypeptide chains embedded within the IB aggregates.

Low levels of GndHCI are frequently used for high hydrostatic
pressure-refolding protocols because its presence is necessary to
disrupt hydrogen bonds that are insensitive to the high pressure
application [17].

We had previously demonstrated that ES can be obtained from a
suspension of IBs by an application of 2.0 kbar for 16 h. The applica-
tion of this process to suspensions of IBs produced at 37 °C rendered
ES refolding yields of up to 35.6% [31]. One of the benefits of refol-
ding with high pressure is the dissociation of aggregates under mild
conditions, which is induced by the high pressure, and the min-
imum levels of chaotropic reagents required that do not hamper
the obtainment of the refolded protein from intermediary states,
such as molten globules. However, in order to supplant the diffi-
culty of disaggregating all of the protein states that are embedded
within the aggregates under non-denaturing conditions, it is con-
venient to obtain IBs with increased solubility. The higher solubility
of the IBs formed at 25 °C suggests that higher yields of dissocia-
tion would likely be obtained by application of high pressure. In
fact, the solubilization of ES using HHP rendered a higher yield of
soluble ES from the IBs produced at 25°C (32.4%) than from that
produced at 37°C (25.3%) allowing for a greater proportion of the
protein to refold.

Therefore, despite the similarities between the secondary struc-
tures of the IBs formed at different temperatures, as shown by FTIR
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Fig. 3. The temperature of production affects the solubility of IBs. The suspensions
of IBs were incubated with different concentrations of GAnHCI for 72 h with 35 rpm
of 180° vertical rotations. (A) The solubilization behavior of IBs produced at differ-
ent growth temperatures was monitored by estimating the amount of total protein
at 280 nm in the soluble fraction; (B) The percentage of ES found in the insoluble
fraction of IBs produced at different growth temperatures was determined by SDS-
PAGE analysis. Chart symbols: IBs produced at 25 °C (®) and IBs produced at 37°C
(m). The data points represent the average of two sets of experiments.

(Fig. 2A), the yield of soluble ES obtained from the IBs formed at
lower temperatures were improved.

3.3. Incubation at 0.4 kbar improves the yield of soluble ES

Tertiary and quaternary protein structures are stabilized by sim-
ilar types of interactions [37], and high pressure is effective at
destabilizing both structures, promoting the dissociation of aggre-
gates and partially or totally unfolding polypeptides, depending
on the pressure level. The application of relatively low pressures
(1-2 kbar) has been shown to induce structural alterations in the
native tertiary structure of monomeric proteins [38,39]. Hence,
pressure levels that can cause dissociation of protein aggregates
likely can also affect the interactions involved in the maintenance
of the tertiary structure.

We and other authors have previously performed dissociations
of protein aggregates and then refolding the proteins under sim-
ilar pressure levels (2.0-2.5kbar) [16,17,31,40]. However, recent
studies performed with IBs of green fluorescent protein (GFP)
demonstrated that incubation at pressure levels higher than 1 kbar
hinders the refolding of GFP to the native state, likely by ham-
pering the connections involved in the generation of the protein’s
native structure. Thus, high yields of biologically active GFP were
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Fig. 4. The refolding yield of ES depends on the pressure level at which the protein
was incubated after dissociation at 2.4 kbar. Suspensions of ES IBs in refolding buffer
(50 mM Tris-HCl, pH 7.5 with 1.5M GdnHCl, 0.5 mM GSSG and 0.5 mM GSH) were
compressed at 2.4 kbar for 2 h and then decompressed to 0.4, 0.8 or 1.2 kbar and
incubated for 16 h before the complete release of pressure. The scheme of decom-
pression was straight for all of the samples, except for the one indicated in the figure
as a “step decompression”, in which 0.4 kbar of pressure was released every 30 min.
The data are representative of 4 experiments.

only obtained by an application of 2.4 kbar for 30 min to disso-
ciate the aggregates with an incubation at lower pressure levels
(0.35-0.70 kbar), which were shown to favor GFP refolding, for
16h [41] Hence, we investigated if the effect of incubations at
pressure levels lower than those applied to dissociate the aggre-
gates of ES were beneficial. A suspension of IBs, which were
produced at 25°C in the presence of 1.5M GdnHCl, 0.5 mM GSSG
and 0.5 mM GSH, was subjected to different schemes of compres-
sion/decompression. The first scheme was performed following
the conditions of pressure that were previously described by our
group. This scheme consists of a compression at 2.4 kbar for 16 h
followed by a direct decompression to atmospheric pressure. In
the second scheme, IBs were compressed at 2.4 kbar for 2h and
then decompressed to 1bar, 0.4 kbar, 0.8 kbar or 1.2 kbar, which
was maintained for 16 h before a full decompression to atmospheric
pressure. Other authors reported that a slow decompression can
improve the yield of refolded protein after an application of high
hydrostatic pressure, which suggests that rapid depressurization
rates can trap aggregation-prone species [42]. To assess the effect
of a gradual decompression on the refolding of ES, IBs samples
were compressed at 2.4 kbar for 2 h that was followed by a step-
wise decompression by 0.4 kbar reductions every 30 min. Each
sample was dialyzed to withdraw the GdnHCI and glutathione
reagents, and the percentage of recovery of ES in the soluble frac-
tion was assessed by SDS-PAGE analysis. A higher solubilization
yield (63%) was obtained by the incubation of the IB suspension at
2.4 kbar for 2h and at 0.4 kbar for 16 h, as compared to the sam-
ple that was compressed at 2.4 kbar for 16 h (32%) (Fig. 4), which
suggests that 0.4 kbar is an effective pressure level to foster the
refolding of this protein. These results indicate that the incubation
at 0.4 kbar after dissolution of ES IBs at higher pressure (2.4 kbar)
was efficient to avoid the reaggregation of non-native states, asso-
ciated to the formation of the contacts involved in the folding
of the native-like ES, which thereby doubled the solubilization
yield.

3.4. Conformational analysis of ES at HHP as determined by
extrinsic and intrinsic fluorescence

The intrinsic fluorescence of the ES was previously shown to
present a maximal emission at 319 nm [43]. This blue-shifted struc-
tured emission reflects the fact that the four tryptophan residues
distributed within the structure present their side chains into
the molecule [30], which makes tryptophan fluorescence a use-
ful marker for evaluating the conformation of the ES structure.
Fig. 5A depicts the intrinsic fluorescence spectra of ES that were
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Fig. 5. HHP induced reversible changes in the intrinsic and extrinsic fluorescence
emission of ES. (A) Effect of GdnHCl on the intrinsic fluorescence of native ES; (B)
effect of the compression and the decrease of the temperature on maximal intrinsic
fluorescence of ES. Maximal intrinsic fluorescence obtained by compression and
decrease of the temperature (O) and maximal intrinsic fluorescence obtained at the
return of the temperature from —9 to 20 °C and of the pressure level from 2.4 kbar to
0.4 kbar or directly to 1 bar (®) (as indicated in the graph B and in the inset). The inset
shows the maximal fluorescence of the ES that was straightly decompressed from
2.4 kbar to 1 bar; (C) effect of the compression and the decrease of the temperature

displaced from the value obtained for the native state, reach-
ing a maximum at 356 nm, which indicates protein structural
changes and full exposure of Trp residues to the aqueous envi-
ronment, as the concentration of GdnHCI is raised to 3M and
higher.

In order to gain insight into the structural stability of ES under
HHP and low temperature, the determination of intrinsic fluores-
cence was performed. ES in the presence of 1.5 M GdnHCI presents
a fluorescence emission maximum at 319 nm. Compression of ES in
the presence of 1.5M GdnHCI induces a progressive red-shift dis-
placement of maximum intrinsic fluorescence, indicating partial
exposure of the Trp residues to the aqueous environment (Fig. 5B).
The decrease in temperature to —9°C induced a further red-shift
displacement of maximum intrinsic fluorescence to 351 nm, con-
sistent with Trp residues almost fully exposed to the aqueous
environment, which is in agreement with the expectations because
it is well known that low temperature destabilizes hydrophobic
interactions [44]. The red-shift in maximum fluorescence is accom-
panied by a decrease in fluorescence quantum yield (not shown).
Decompression to 0.4 kbar induced the return of the maximum
intrinsic fluorescence to a value very similar to that obtained for
the native state (320 nm), indicating absence of hysteresis effect
and the reversibility of ES denaturation after complete decompres-
sion. In opposition, the maximal intrinsic fluorescence obtained
for the ES that was straightly decompressed did not return to
the initial value, even after 16 h incubation at atmospheric pres-
sure (inset Fig. 5B). These results show the importance of the
incubation at the intermediary pressure level for the reversibil-
ity of the ES unfolding, in agreement with the results depicted in
Fig. 4.

Bis-ANS is a hydrophobic probe that has been amongst the most
frequently used dyes for protein characterization due to its abil-
ity to fluoresce mainly upon binding to hydrophobic regions of
partially unfolded proteins, and also to positively charged amino
acids by electrostatic interactions [45]. Fig. 5C shows a progres-
sive enhancement in the fluorescence emission of this probe with
the raise of pressure level, indicating an increase of bis-ANS bind-
ing to ES. This result suggests that HHP converts the protein into
intermediate species that exposes hydrophobic tertiary contacts
able to bind bis-ANS more effectively than the native state. The
fluorescence of bis-ANS is abrogated in case of unfolding of ES by
incubation of with 6 M GdnHCI (not shown). Thus, the 3-fold raise
of the bis-ANS fluorescence at 2.4 kbar and —9 °C indicate a further
improvement of exposure of ES hydrophobic patches, and suggests
that ES is not completely unfolded. The reversibility at 0.4 kbar
was also shown by bis-ANS fluorescence (Fig. 5C), in accordance
with the data obtained by determination of instrinsic fluorescence
(Fig. 5B).

Altogether these data show that incubation at 2.4 kbar induces
alterations in ES structure that likely impairs the folding of
this protein. The fact that the alterations that occur at 2.4 kbar
were shown to be reversible by incubation at 0.4 kbar, explains
the higher ES solubilization yield obtained by incubation of
the IBs dissociated states at this pressure level (black bar,
Fig. 4).

on the intensity of bis-ANS fluorescence. Fluorescence obtained by compression
and decrease of the temperature (O) and fluorescence obtained at the return of the
temperature from —9 to 20 °C and of the pressure level from 2.4 kbar, 0.4 kbar and
1bar (@) (as indicated in the graph C). Experiments were performed in refolding
buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM GSSG and 0.5mM GSH containing 1.5M
GdnHCl in graphs B and C) and 1 M ES. For intrinsic fluorescence determination
samples were excited at 288 nm and the emission was measured between 300 and
400 nm. For bis-ANS fluorescence determination, samples were excited at 360 nm
and emission was measured between 400 and 600 nm; a.u., arbitrary units. The data
are representative of 2 experiments.
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Fig. 6. The effect of the presence of different additives on ES solubilization. Suspen-
sions of ES IBs in refolding buffer (50 mM Tris-HCl, pH 7.5 with 1.5 M GdnHCl, 0.5 mM
GSSG and 0.5 mM GSH) were subject to 2.4 kbar for 2 h and then decompressed at
0.4 kbar for 16 h before complete pressure release. (A) Yields of ES solubilization in
buffer containing: (1) Absence of additive; (2), 0.5M L-arginine without GdnHCl;
(3), 0.5 M L-arginine; (4), 0.15M NaCl; (5), 1M Glucose; (6), 1M sucrose; (7), 0.1%
PEG; (8), 1 mM Tween 20; (9), 0.5mM Triton X-100; (10), 6.5 mM bis-ANS; and
(11), 15mM heparin. (B) Yields of ES solubilization in buffer containing increasing
concentrations of heparin (5-30 mM). The data are representative of 4 experiments.

3.5. Effect of the presence of additives on the solubilization of ES

It has been known that additives, especially low molecular
weight compounds, may significantly enhance the yield of the refol-
ding process [46].

To assess if the solubilization and refolding of ES could be
enhanced by the presence of some additives commonly used for
improving the refolding yields at atmospheric pressure, they were
added to the refolding buffer and IBs suspensions were pressur-
ized at the optimized conditions (2.4 kbar for 2 h, decompression
to 0.4 kbar and incubation for 16 h). The majority of the additives
did not have a positive effect on augmenting the yield of soluble
ES (Fig. 6A). Bis-ANS was described as blocking solvent-exposed
hydrophobic patches in nonnative proteins and preventing them
from forming insoluble aggregates. Bis-ANS was shown to be an
effective inhibitor of a thermal- or chemical-induced aggregation
of proteins [47,48]. Surprisingly, the presence of bis-ANS induced
massive reaggregation, as shown by the reduction from 60% to 6%
of ES in the soluble fraction. This result suggest that the binding of
bis-ANS to the ES hydrophobic domains causes a steric hindrance
of intramolecular contacts and prevents the coiling of misfolded
states to the native one, thus leading to reaggregation.

The utilization of heparin as an artificial chaperone to con-
trol aggregation and promote refolding has rarely been reported
[49,50]. Heparin consists of mixtures of polysaccharide chains with
multiple acidic groups, polyanions that give it a highly negative
charge. Heparin has been shown to bind to ES by an extensive patch
of basic amino acids that is formed by 11 arginine residues present
on its surface [30]. The presence of 15mM heparin increased the
refolding yields from 60% to 66%. On the basis of these results, we
analyzed the effect of different concentrations of heparin on the
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Fig. 7. Sub-zero temperatures in association with high hydrostatic pressure ele-
vated the dissociation of IBs. Light scattering of the samples in the presence (®)
or in the absence of 1.5M GdnHCl (m) were followed as a function of pressure and
temperature. Each spectroscopic data-point was collected 5 min after the pressure
or temperature value had stabilized. The isolated open symbols on the left side of the
panel represent the light-scattering value after the return to atmospheric pressure.

refolding of ES. The presence of 10 mM heparin increased the ES
refolding yield to 70% (Fig. 6B). This result suggests that the bind-
ing of heparin can stabilize ES intermediaries at a conformation that
has a higher tendency to enter a productive folding pathway and/or
a lower tendency for reaggregation.

3.6. Sub-zero temperatures in association with high pressure
improve the dissociation and enhance the yield of soluble ES

High hydrostatic pressure was utilized to reach subzero temper-
atures without freezing the water because it lowers the freezing
point of water. The effect of the application of high pressure and
low temperature on the dissociation of ES IBs, which was moni-
tored by the scattering of visible light (350 nm), is shown in Fig. 7.
At a high pressure (2.4 kbar) and 20 °C, a suspension in the absence
of GdnHCl (squares) exhibited a pronounced decrease in the LS to
56% of the initial value. Lowering the temperature to —9°C fur-
ther enhanced the decrease of the LS to 30%. However, a return of
pressure to 1bar following the return of the temperature to 20°C
induced a recovery of 77% of the initial LS intensity, a decay of only
23%, a result that suggests that the dissociation of the aggregates
by application of high pressure and low temperature is reversible
resulting in the reaggregation of ES. The presence of 1.5M GdnHCI
induced a decrease in the intensity of the LS by the IB suspension
to 26% of the LS value obtained for the sample in the absence of the
chaotropic reagent. The application of high pressure (2.4 kbar) at
20°C (circles) to this sample induced a further decrease of the LS
to 13%. A decrease in the temperature to —9°C induced a decrease
of the LS to 7%, indicating enhancement of the dissociation of the
aggregates. The return of the sample to 20 °C and atmospheric pres-
sure did not provoke significant reaggregation of this sample (LS of
8%). The results indicate that the presence of GdnHCl, is essential
for enhancing and maintaining the ES dissociation after the return
to atmospheric pressure.

With the aim to verify if the increase in the dissociation of aggre-
gates due to the application of a negative temperature in association
with high pressure can improve the yield of soluble ES, we per-
formed a comparison of the process under high pressure with IBs
dissociation at —9°C (2.4 kbar) that was followed by incubation
at 20°C (0.4 kbar) to compare it to the former process that was
performed entirely at 20°C. As expected, the application of a low
temperature increased the yield of soluble ES from 69% to 78%.



R.M. Chura-Chambi et al. / Process Biochemistry 48 (2013) 250-259 257

2 -1
deg em”.dmol
b
=
T

o
e

n
S

1
"

N
=3

T T T T T 1
200 210 220 230 240 250

Wavelength (nm)

Normalizated Fluorescence Intensity (A.U) W

T T T T
30 340 360 350 400
‘Wavelength (nm)

Fig. 8. HHP-treated ES present native secondary and tertiary structure. (A) Circular
dichroism spectra of purified ES that was refolded under pressure; (B) normalized
emission spectra for tryptophan fluorescence of the soluble fraction of ES IBs that
were refolded at 0.4kbar (a) and the same sample that was purified in a size-
exclusion TosoHaas G2000 SW column on an HPLC system (®). The fluorescence
was measured at an excitation wavelength of 288 nm, and the emission spectra
were collected between 300 and 400 nm.

3.7. ES treated by the HHP process present native structure and
biological activity

With the aim of confirm that the structure of the ES that was
solubilized utilizing the process of HHP was properly refolded, a
purified sample of ES was analyzed. The CD spectrum exhibited a
negative peak at 205 nm (Fig. 8A), and the analysis show a content
of 7% o helices, 51% [3 sheets, and 42% of random coils. This result is
inagreement with the literature concerning the ES secondary struc-
ture [27] and thus confirms the efficiency of the refolding process
to obtain ES with a native secondary structure.

The emission spectra of the soluble fraction of a suspension of
IBs treated under pressure presented a broad peak (Fig. 8B) with a
maximal emission at 337 nm. To verify if this red shift in the max-
imal emission was due to an alteration in the conformation of the
ES state or, alternatively, to the presence of bacterial contaminant
proteins in the soluble fraction of the treated suspension of IBs,
the intrinsic fluorescence of ES that was purified by size-exclusion

Table 2
Yields of ES refolding under HHP.
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Fig.9. Purified ES refolded under HHP reduces the viability of endothelial cells. The
viability of HUV-EC-C endothelial cells was monitored by the MTS assay after 48 h
of treatment with ES. The absorbance at 490 nm indicates the conversion of a tetra-
zolium salt into a colored, aqueous soluble formazan product by the mitochondrial
activity of viable cells and is directly proportional to the number of living cells. Each
value is a mean of triplicate cultures from a representative experiment and the error
bars represent the standard deviation.

HPLC was analyzed. The fluorescence of the refolded and purified
ES presents a sharper peak with a maximum intensity at 319 nm,
indicating that the protein has a native tertiary structure. Fur-
thermore, it was reported that the maximal intrinsic fluorescence
emission wavelength of ES mutants, which lack the two disulfide
bonds due to exchange of the Cys residues for Ala (C33A/C173A
and C135A/C165A), was at 340 nm, which is close to the denatured
state [27]. The peak of fluorescence with a maximum emission
at 319nm was found for the refolded and purified ES, which
corroborates our presumption that the ES refolded under a high
pressure has a native tertiary structure retained by the disulfide
bonds.

The ES that was refolded under HHP presented a dose-
dependent effect on the viability of endothelial cells, as depicted in
Fig. 9, which shows that the molecule presents a biological activity,
in addition to a native structure.

3.8. The refolding yields were improved by application of the new
HHP process

The improvement in the refolding yields of native ES, at a con-
centration of 180 g ES/mL suspension of IBs, by applications of
high pressure can be seen in Table 2. The factor that induced the
most substantial improvement was the incubation at an interme-
diary pressure (0.4 kbar), which doubled the yield of soluble and
native ES. The optimization of the process rendered an improve-
ment of the refolding yields of more than 3-fold, from 25.3% to

Temperature of IBs Pressure of Heparin in Temperature of Initial ES Refolding Refolded ES per liter of Purity (%)
production refolding refolding buffer dissociation content (mg/L) yield (%) bacterial culture

37°C 2.4 kbar - 20°C 237 253+ 15 60 mg/L 76,8
25°C? 2.4 kbar - 20°C 238 324+12 77 mg/L 80,8
25°C 0.4 kbar? - 20°C 238 629+ 1.8 150 mg/L 82,7
25°C 0.4 kbar 10 mM? 20°C 238 702 £ 1.0 167 mg/L 83,2
25°C 0.4 kbar 10mM —9°C?2 238 780+ 14 185 mg/L 82,9

2 Condition changed.
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78.0%, with an obtainment of 185 mg ES with a native conforma-
tionin 1 L of bacterial culture. Notably, in comparison to the method
using HHP, the refolding protocol performed at atmospheric pres-
sure rendered a refolding yield of only 4.7%.

4. Concluding remarks

The protein refolding from aggregates that was recently
described for some proteins utilized the same pressure levels
(2.0-2.5kbar) and temperatures (20-25°C) for both the dissoci-
ation of the aggregates and the protein refolding [40,51,52]. In the
present study, the optimization of the method for ES refolding was
based on a separation in to a HHP-based two-step process: (1) the
dissociation of the IBs (at 2.4kbar) and (2) the refolding of ES to
the native state (at 0.4 kbar). The dissociation step utilizing IBs that
were produced at a lower temperature (25 °C), which despite con-
taining similar secondary structures, were more soluble than those
produced at higher temperatures, was optimized and resulted in an
increase in the refolding yields. The utilization of a negative tem-
perature (—9°C) was effective in amplifying the effect exerted by
the high pressure on the dissociation of the aggregates, which also
increased the ES refolding yields.

However, the condition that produced the greatest effect in dou-
bling the yield of ES refolding was the incubation at 0.4 kbar for 16 h
after the dissociation of the IBs. This is likely due to the fact that
this pressure level enables the formation of native intramolecular
contacts in the ES, which does not occur at higher pressures, while
preventing reaggregation of the unfolded states that occur at atmo-
spheric pressure. The presence of heparin, polysaccharide chains
with an affinity for ES, also increased the yield of HHP-induced ES
refolding possibly by increasing the stability of the ES molecules.

Thus, we have shown that by using this high pressure-induced
refolding method, the pressure level, temperature and presence of
additives can be chosen to disfavor the nonnative intermolecular
connections that form aggregates, and subsequently the conditions
can be selected to favor the intramolecular connections involved in
shaping the native protein state. Further studies on additional pro-
teins will demonstrate whether this method is widely applicable.
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