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Abstract

In this study we evaluated the association of high hydrostatic pressure (HHP) and alkaline

pH as a minimally denaturing condition for the solubilization of inclusion bodies (IBs) gener-

ated by recombinant proteins expressed by Escherichia coli strains. The method was suc-

cessfully applied to a recombinant form of the dengue virus (DENV) non-structural protein 1

(NS1). The minimal pH for IBs solubilization at 1 bar was 12 while a pH of 10 was sufficient

for solubilization at HHP: 2.4 kbar for 90 min and 0.4 kbar for 14 h 30 min. An optimal refold-

ing condition was achieved by compression of IBs at HHP and pH 10.5 in the presence of

arginine, oxidized and reduced glutathiones, providing much higher yields (up to 8-fold) than

association of HHP and GdnHCl via an established protocol. The refolded NS1, 109 ± 9.5

mg/L bacterial culture was recovered mainly as monomer and dimer, corresponding up to

90% of the total protein and remaining immunologically active. The proposed conditions

represent an alternative for the refolding of immunologically active recombinant proteins

expressed as IBs.

Introduction

Escherichia coli strains are the most usual alternative for production of heterologous proteins,

particularly for those that do not require post-translational modifications [1]. Depending on

the characteristics of the expressed protein, incubation temperature and expression levels, it

may be produced in soluble form or as insoluble aggregates: the inclusion bodies (IBs) [2]. In

IBs the proteins form amyloid-like structures in which molecules, with a conformation that

include the native ones, are trapped [3]. Indeed, proteins in IBs frequently keep secondary and

tertiary structures similar to those found in their native conformation [4] and may even show

some degree of biological activity [5, 6]. In addition, the expression of recombinant proteins as

IBs provides recombinant proteins with very low levels of contaminants.

In contrast, the difficulties faced to obtain a fully active protein from IBs is a frequent draw-

back. Usually the first step in the refolding processes is the solubilization of the insoluble
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aggregates with high concentrations of denaturing agents, such as urea or guanidine hydro-

chloride (GdnHCl). After removal of the denaturing agent, a massive protein aggregation is

frequently observed mainly due to intermolecular hydrophobic interactions [7]. Thus, for the

purpose of solubilizing IBs, alternative milder solubilization processes have been reported

avoiding disruption of native-like intramolecular bonds, such as the use of high hydrostatic

pressure (HHP) and alkaline pH conditions. HHP promotes the solubilization of protein

aggregates by rupture of hydrophobic and of ionic interactions [8]. However, HHP is fre-

quently not sufficient to achieve an efficient protein solubilization and other agents, such as

GdnHCl at low concentrations are frequently used [9, 10]. Another condition, used for the sol-

ubilization of IBs with low degree of protein unfolding, is alkaline pH, which breaks intermo-

lecular bonds by electrostatic repulsion [11]. Nonetheless, efficient protein solubilization at

alkaline pH also requires the concomitant use of a denaturing reagent [12–14].

In the present study, we tested the combination of HHP and alkaline pH for the refolding

of recombinant proteins accumulated as IBs expressed in E. coli cytoplasm. For such purpose

we tested, as a model, the dengue virus (DENV) non-structural protein 1 (NS1). NS1 is the

most used antigen for diagnostic tests in acute or convalescent patients infected by flavivirus

and may also have applications as a vaccine antigen [15].

Our results demonstrated that association of HHP with alkaline conditions allowed the dis-

sociation of aggregates into immunologically active soluble NS1 at high yields and, thus, repre-

sents a novel alternative for the solubilization of recombinant proteins accumulated in IBs.

Methods

Expression of recombinant proteins, bacterial lysis and NS1-IBs washes

The gene that codifies for the full-length DENV NS1 (GenBank: M29095.1) with one histidine

tag at the N-terminal was synthesized and cloned in the plasmid pET28A (Merck Millipor Inc)

by GenScript. (USA). Escherichia coli, strain BL21 (DE3) (Merck Millipore Inc.), was used as

host. Bacterial culture (1 L) was carried out in a rotary shaker at 37 ˚C in LB medium. NS1

expression induction was performed for 13 h after addition of 0.5 mM IPTG when cultures

reached an optical density (at 600 nm) of 0.5, as described [16]. The culture was centrifuged at

3,000 x g for 15 minutes at 4 ˚C and the supernatant was discarded. The pellet was resuspended

in 50 mL of buffer A1 (0.1 M Tris-HCl pH 8.5 + 5 mM EDTA), lysozyme (50 μg / mL) was

added and the suspension was incubated at room temperature for 15 minutes. Sodium deoxy-

cholate was then added to reach a concentration of 0.1%. Bacterial lysis was performed by son-

icating the suspension on ice until the solution lost viscosity and was then centrifuged at 9,500

x g for 20 minutes at 4 ˚C. The supernatant was discarded and the pellet was resuspended in 50

mL of buffer A2 (0.1 M Tris-HCl pH 8.5 containing 5 mM EDTA and 0.1% sodium deoxycho-

late). The suspension was sonicated rapidly to disrupt the lumps and centrifuged at 9,500 x g

for 20 minutes at 4 ˚C, and NS1-IBs were washed again. They were washed once with 0.1 M

Tris HCl buffer at a pH of 8.5 containing 50 mM EDTA, centrifuged and resuspended in 10–

20 mL of the same buffer. The absorbance was read on a spectrophotometer at 350 nm, and

the IBs suspension was separated into 1 mL aliquots that were kept in a freezer (-20 ˚C) until

use.

High hydrostatic pressure

The optical density of the suspension of NS1-IBs was determined by spectrophotometer at 350

nm and diluted to 1.0, 2.0 or 5.0 optical units (A600 nm) with the appropriate buffer containing

1 mM EDTA. The buffers used were 50 mM Tris HCl for pH 7.0 to 9.0 and 50 mM CAPS for

pH 10.0 to 12.0. GdnHCl was dissolved in Tris 50 mM at pH 8.5 for carrying out the different
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experiments. The suspension of IBs was maintained at 1 bar for 16 h or placed in plastic bags

that were sealed, placed inside a larger plastic bag that was vacuum-sealed and then in the pres-

sure vessel (R4-6-40, High Pressure Equipment). The vessel was pressurized at 2.4 kbar using

suitable high-pressure pump (PS-50, High Pressure Equipment) and oil as a transmission

fluid, incubating then under this condition for 90 minutes. The decompression was performed

slowly to 0.4 kbar, maintaining then under this condition for 14h 30min. The samples were

centrifuged at 12,000 x g for 15 minutes to remove insoluble aggregates and dialyzed overnight

against 50 mM TrisHCl buffer at a pH of 8.5 to lower the pH and for removal of additives. The

solution was centrifuged again and stored at -20 ˚C for further analysis.

Fluorescence and light scattering (LS)

Fluorescence and LS measurements were performed on a Cary Eclipse (Varian) spectrofluo-

rimeter. Data were collected using 1 cm optical path cuvettes and measures were performed at

a 90˚ angle relative to the incident light, using a 1 second response time and reading speed of

240 nm/minute. LS measurements were performed with excitation at 320 nm, and scattering

was measured from 315 to 325 nm. The intrinsic fluorescence emission of tryptophan (Trp)

was measured between 300 and 400 nm, with excitation at 290 nm.

Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed using 12% gel containing SDS, stained with Coomassie Blue G-250

[17]. For protein analysis under reducing condition, the sample buffer also contained 1 mM

dithiothreitol (DTT). The intensity of the bands of NS1, used for obtaining the percentage of

refolded NS1 in relation to the total protein present in the IBs suspension, was determined

with basis on the “Image J” program.

Size exclusion chromatography (SEC) analysis

Analysis of NS1 samples of DENV were performed on a Superdex 200 10/300 (GE Healthcare)

column coupled to an AKTA (GE Healthcare) system. The buffer used for elution was Tris 50

mM at a pH of 8.5 or CAPS 50 mM at a pH of 11.0. Ovalbumin monomer (44.3 kDa), dimer

(88.6 kDa), trimer (132.9 kDa) and bovine serum albumin monomer (66.4 kDa) were used to

calibrate the Superdex 200 10/300 column. The equation: YVE = -0.027XMW + 14.20 was

obtained, where VE is elution volume and MW is molecular mass.

Enzyme-Linked Immunosorbent Assay (ELISA)

Positive and negative human sera for DENV antibodies were collected under the approval of

the Ethics Committee (CEPSH—Off.011616) of the Institute of Biosciences of the University

of São Paulo. For 96-well plaque sensitization, 100 μL of NS1 diluted to 2 ng/ μL in a pH 7.2

phosphate saline buffer (PBS) was applied to each well and the plates were incubated at 4 ˚C

for 16 to 18 hours. The plates were blocked with 200 μL/well of PBS containing 0.05% Tween

20, 3% milk and 0.5% BSA (blocking and dilution buffer) for 2 h at 37 ˚C. The blocking solu-

tion was discarded and 100 μL of serum from patients, positive or negative for DENV antibod-

ies, diluted in dilution buffer were added to each well and incubated at room temperature for 1

hour. The wells were washed 3 times with 300 μL of wash buffer and 100 μL of peroxidase-con-

jugated goat anti-human IgG antibody (A0170, Sigma Aldrich), diluted 3,000-fold in dilution

buffer, were added to each well. The plates were incubated again (37 ˚C, 1h) and washed 3

more times with wash buffer. The reaction was performed by the addition of the substrate,

0.04% of o-phenylenediamine (OPD) and 0.04% hydrogen peroxide in 100 μL of 33 mM
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citrate-phosphate buffer at a pH 5.5 to each well and incubated in the dark for 15 minutes at

room temperature. The reaction was blocked by the addition of 50 μL of 1 M sulfuric acid. The

plates were read in a spectrophotometer (Labsystems Multiscan, Thermoscientific, USA) at

492 nm.

Results and discussion

Solubilization of NS1-IB at HHP and high pH

With the aim to solubilize IBs of a recombinant form of the dengue virus NS1 protein

expressed in E.coli (NS1-IB) as mildly as possible, we used the combinations of HHP and alka-

line pH as well as HHP and GdnHCl. The conditions of application of HHP were based on

Malavasi and cols [18], in which we had previously shown that Green fluorescent protein

(GFP) IBs were solubilized by application of 2.4 kbar, but that refolding of this protein, moni-

tored via green fluorescence formation, occurred by incubation at lower pressure levels (0.35–

0.69 kbar). Incubation at 0.4 kbar gave, moreover, the advantage of preventing reaggregation.

The solubilization of NS1-IBs subjected to HHP for 16 h (2.4 kbar for 90 min and 0.4 kbar for

14h30 min) or incubated at 1 bar for the same period was monitored using visible LS. Solubili-

zation of the IBs at HHP, as shown by the lower values of LS, is more efficient than incubation

at 1 bar (Fig 1 and S1 Table). The solubilization efficiency was enhanced at alkaline pH (Fig

1A). At a pH of 8.5, incorporation of GdnHCl was required for complete solubilization of

NS1-IBs, even at HHP (Fig 1B). The amino acid Arg, that generates an alkaline pH, was

described to solubilize aggregated proteins and to suppress protein aggregation [19, 20]. The

presence of Arg and pH 7 at 1 bar, however, only slightly solubilized NS1-IBs, while nearly

complete solubilization was obtained at the Arg natural pH (11.0), for both pressure condi-

tions (Fig 1C), which suggest that the most important factor for NS1-IBs solubilization is the

alkaline pH, rather than the presence of Arg.

NS1 monomers were present in the soluble fractions of NS1-IBs subjected to HHP and

alkaline pH ranging from 10 to 12 (Fig 2), while at 1 bar NS1 solubilization only occurred at

pH 12.0. Collectively, these results show that association of HHP and alkaline pH promote the

efficient solubilization of dengue virus NS1. It is likely that IBs solubilization occurs by rupture

of intermolecular hydrophobic interactions induced by HHP aided by the disruption of polar

interactions induced by electrostatic repulsion under alkaline conditions [8, 11]. In addition to

the band of 45 kDa, another band of approximately 35 kDa can also be observed in the IBs

control, as well as in the solubilized samples in Fig 2. A similar band was also described by

other authors for DENV NS1 that report it as a NS1 degradation product [21, 22] or to artifacts

generated by an anomalous electrophoretic behavior of the NS1 protein [16].

Analysis of NS1 solubilized by HHP and alkaline pH

NS1 produced by eukaryotic cells is a glycosylated dimeric protein [23]. Soluble recombinant

NS1 produced in E. coli strains may be found in both monomeric and multimeric forms [21].

SEC analysis was performed in order to determine the state of NS1 dissociated by HHP and

alkaline pH before dialysis (Fig 3). According to the equation obtained for SEC analysis

(described in the Materials and Methods section), monomeric NS1 (43.3 kDa) should elute at

a volume of 13.0 mL, while NS1 dimers and trimers at volumes of 11.7 mL and 10.5 mL,

respectively. We considered, therefore, the peaks at elution volumes of approximately 12.8 mL,

11.3 mL and 10.5 mL as NS1 monomer, dimer and trimer respectively. The peak with higher

intensity observed in the supernatant of NS1-IBs that was subjected to HHP at a pH of 10.0 is

the one that eluted at a volume 8.3 mL, which is in a position of oligomers of NS1 presenting

more than 500 kDa. The presence of Arg and pH increase promoted a shift of the peak to
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higher elution volumes, indicating dissociation of NS1-IBs into forms presenting lower molec-

ular weights. The presence of NS1 oligomers has been reported [23]. Application of HHP at a

pH of 11.0 induced the dissociation of aggregates mostly into dimer and monomer, while

monomer was found almost exclusively after solubilization at pH 12.0. Summarizing, higher

pH and the presence of Arg induces a more effective dissociation of NS1 into monomer and

dimer.

Determination of NS1 unfolding by HHP treatment

In order to evaluate the maintenance of NS1 secondary and tertiary structures that are fre-

quently found in IBs, we monitored the effect of NS1-IBs treatments on protein unfolding. A

peak of Trp fluorescence with maximal intensity (λ maximal) at 344 nm was described for

DENV NS1 while a shift of 11 nm towards higher wavelength (355 nm), which is indicative of

Fig 1. Incubation at HHP promotes solubilization of NS1-IBs. Suspensions of NS1-IBs were subjected to 2.4 kbar

for 90 min and to 0.4 kbar for 14 h30 min (2.4/0.4 kbar) or to 1 bar for 16 h. A, LS vs pH; B, LS vs GdnHCl

concentration at pH 8.5. The LS value, obtained for the suspension at a pH 7.0 that was not subjected to HHP and read

immediately after dilution, was considered to be 100%. C, LS vs pH and presence of Arg. The LS value obtained for the

suspension at pH 7.0, determined after 16 h incubation, was considered to be 100%. The LS measurements were

carried out in a spectrofluorimeter with an excitation of 320 nm; the emission was determined between 315 and 325

nm and the areas of the peaks were used for plotting. Values are expressed as LS mean ± SD. Each condition was

analysed in quadruplicate. The results shown are representative of 3 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g001
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exposure of the Trp to a more hydrophilic environment and protein unfolding, was observed

for the denatured protein [21] and also in the present study. At a pH of 7.0, we obtained a λ
maximal of 342.2 nm for NS1-IBs. An increment of pH induced small shifts towards higher

wavelengths indicating increased unfolding of NS1. Nonetheless, NS1 subjected to HHP

Fig 2. NS1 is found in the soluble fraction of the samples subjected to HHP at alkaline pH. A, SDS-PAGE analysis

of the supernatant of the suspension incubated at 1 bar at different pH; B, SDS-PAGE analysis of the supernatant of the

suspension incubated at HHP (2.4 kbar for 90 min and 0.4 kbar for 14h 30 min) at different pH. The results shown are

representative of 3 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g002
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showed a slightly higher degree of unfolding than samples prepared at 1 bar, with short shifts

to higher wavelength of approximately 1.0–2.0 nm (Fig 4A).

We had shown in Fig 1 that NS1-IBs subjected to HHP at pH of 10 showed a similar degree

of solubilization than the protein submitted to HHP at a pH of 8.5 in the presence of 1.5 M

GdnHCl. Nonetheless, as indicated in Fig 4A and 4B and S2 Table, NS1 solubilized at pH 10

and 11 showed λ maximum of 345.1 nm and 345.6 nm respectively, with lower degree of

unfolding (λ maximal shifts of 2.9 nm and 3.4 nm in relation to non-treated NS-IBs) than the

protein solubilized at pH 8.5 in the presence of 1.5 M GdnHCl, with a maximal λ at 350.0 nm

(shift of 7.8 nm). These results indicate that association of HHP with pH 10–11 represents a

milder alternative for solubilization of IBs in comparison with the association of HHP in the

presence of the chaotropic reagent; at pH 12, however, the level of unfolding was higher (λ
maximal shift of 6.9 nm).

Fig 3. Application of HHP at pH 11.0–12.0 dissociate NS1-IBs oligomers. SEC of supernatants of DENV NS1-IB suspensions subjected to 2.4 kbar/

0.4 kbar. A volume of 500 μl of the supernatants of the suspensions subjected to HHP was applied to a Superdex 200 10/300 column (GE Biosciences).

The elution buffer was 50 mM CAPS at a pH of 11.0. The results shown are representative of 3 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g003
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Refolded NS1 analyzed by SEC

The refolding of NS1 solubilized at HHP and alkaline pH was obtained by dialysis to a lower

pH (8.5). SEC analysis of the refolded NS1 was performed with the objective to determine if

NS1 re-associates to higher molecular weight forms by dialysis (Fig 5). The presence of oligo-

mers was observed in samples subjected to HHP at pH 10.0, as expected, based on the fact that

the application of HHP at this pH was not effective for NS1 oligomers dissociation. However,

a reduction in the oligomers was found for the samples subjected to HHP at pH 10.5 and in

the presence of Arg. As indicated in the chromatograms shown in Fig 5 for the sample sub-

jected to HHP at pH 10.5 in the presence of Arg, we observed that 5.8% of NS1 was present in

oligomeric form (6.36 mg/liter), 29.8% as trimer (32.7 mg/liter), 22.9% (25.1 mg/liter) as

dimer and 41.5% (45.5 mg/liter of bacterial culture) as monomer. Based on these results, the

condition chosen to solubilize NS1 for subsequent refolding was pH 10.5, in the absence or in

the presence of Arg.

Fig 4. HHP in association with alkaline pH and the presence of Arg induce only partial NS1 unfolding.

Suspensions of NS1-IB were subjected to 2.4 kbar/0.4 kbar or to 1 bar treatment. A, λ maximum vs pH; B, λ maximum

vs GdnHCl concentration. An excitation at 290 nm was used for intrinsic fluorescence determination and the emission

was measured between 300 and 400 nm. Each condition was analysed at least in triplicate. Values are expressed as

mean ± SD. The results shown are representative of 3 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g004
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Yield of NS1 refolding

The amount of NS1 in the supernatant of the samples subjected to HHP at pH 10–12 was

8-fold higher than the amount found in the samples that were subjected to HHP in the pres-

ence of GdnHCl at a pH of 8.5 (Fig 6A and 6B and S3 Table), a strategy similar to that already

described for the refolding of other proteins using HHP [9, 24–27]. The low concentration of

NS1 in the samples solubilized in the presence of GdnHCl is probably associated with protein

aggregation after removal of the chaotropic reagent during dialysis. This result confirms that

HHP in association with alkaline pH is the most appropriate condition for NSI-IB solubiliza-

tion. NS1 compressed at pH 10 and 11 is almost pure with the exception of a small amount

of the 35 kDa band already shown in Fig 2 (Fig 6C). The refolding experiments were

Fig 5. NS1 solubilized by application of HHP at pH of 10.0–11.5 and dialyzed at a pH of 8.5 forms mostly trimers, dimers and monomers. DENV

NS1-IB suspensions were subjected to 2.4 kbar/0.4 kbar and dialyzed against 50 mM Tris HCl at a pH of 8.5. A volume of 500 μl of the supernatant of

the suspensions was applied to a Superdex 200 10/300 column (GE Biosciences). The elution buffer was TrisHCl 50 mM at a pH of 8.5. The results

shown are the representative of 2 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g005
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performed 3 times and the yield of refolded NS1 for the samples subjected to HHP at pH 10.5

in the presence of Arg were similar to the samples compressed at pH 11 in the presence or in

the absence of Arg: 93.2 ± 14.1 mg/L bacterial culture at a relatively high concentration (up to

0.4 mg NS1/mL). A mixture of low molecular weight thiol and disulfide-containing com-

pounds, known as disulfide shuffling agents, such as reduced and oxidized glutathione (GSH/

GSSG) are commonly added to refolding buffers to allow disulfide bond formation and shuf-

fling [28]. The presence of Arg in association with the disulfide shuffling agents GSH (1 mm)

and GSSG (0.1 mM) slightly improved the volumetric yield of NS1 refolding to 109 mg/L ± 9.5

mg/L bacterial culture (Fig 6D), which is possibly related to an improvement in folding due to

correct disulfide bond formation. This yield is more than 30-fold higher than the one obtained

by Amorim and cols for the refolding of NS1-IBs generated by the same bacterial clone, using

an established protocol at atmospheric pressure: 3.5 mg/L [16]. The refolding yield of NS1,

Fig 6. Concentration of NS1 in the supernatants of NS1-IB subjected to HHP. Suspensions of NS1-IB were subjected to 2.4 kbar/0.4 kbar or to 1

bar. A) NS1 concentration vs pH; B) NS1 concentration vs GdnHCl concentration. Values are expressed as LS mean ± SD. Each condition was

analysed at least in triplicate and the assay was performed 4 times. C) NS1 refolded at HHP and the pH indicated; D, NS1 refolded at HHP. Column

1, pH 10.5 + 0.4 M arg, column 2, pH 11.0 + 0.4 M Arg, column 3, pH 11.0 + 0.4 M Arg + 1 mM GSH + 0.1 mM GSSG. IB, NS1-IB suspension. The

results shown are representative of 6 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g006
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Fig 7. DENV NS1 refolded at HHP is antigenic. A) Titers of NS1-specific IgG measured by ELISA using NS1

refolded with HHP at pH 10.5 in different conditions. The ELISA was employing with a control sera obtained from

patients that had been previously infected with DENV (gray bars) or not (white bars). B) Evaluation of the

preservation of conformational epitopes in NS1. NS1 obtained at HHP, pH 10.5 + Arg + GSH/GSSG was previously

denatured (100 ˚C, 10 min) or not and analyzed by ELISA for reactivity with a serum from a patient previously

infected with DENV. For A and B, the IB compression was performed in 2.4 kbar / 0.4 kbar. C) Titers of NS1 refolded

at HHP at pH 10.5 + Arg + GSH/GSSG by incubation at 2.4 kbar (90 min.) and 0.4 kbar for the time indicated in the

figure. Values are expressed as mean ± SD of the data. All NS1 samples had low reactivity with control serum in ELISA.

Control NS1, obtained from the same clone used in this study and refolded using traditional protocols performed at

atmospheric pressure. � p< 0.05, �� p<0.01, ��� p<0.001 (Two way ANOVA with Bonferroni post-test). The results

shown are the representative of 3 independent assays.

https://doi.org/10.1371/journal.pone.0211162.g007
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obtained by Image J program analysis of the SDS-PAGE bands, as described in Materials and

Methods, is very high: 90–94% of the total protein present in IBs (Fig 6D).

Reactivity of DENV-positive human serum with refolded NS1

The NS1 protein obtained with HHP at pH 10.5, in the presence or absence of the Arg/GSH/

GSSH combination, preserved its antigenicity, as measured by ELISA using a serum sample

from patient previously infected by DENV. Reduced NS1-specific IgG titers, however, were

obtained when the refolding procedure was performed in presence of the Arg or GSH/GSSH

additives separately (Fig 7A and S4 Table). As expected, all IgG titers were significantly

reduced when the NS1 protein was reacted with a control sera obtained from a non-infected

individual.

To assess whether the NS1 protein, obtained in the presence of Arg/GSH/GSSH combina-

tion, preserved conformational epitopes in its structure, this protein was reacted in the native

or denatured forms with a DENV+ sera by ELISA. Lower absorbance values were moreover

obtained after heat denaturing of NS1 (Fig 7B and S4 Table), suggesting that the refolded pro-

tein preserves conformational epitopes of the native viral protein. Moreover, higher titers of

NS1-specific IgG were obtained for NS1 refolded by incubation at 2.4 kbar for 90 min followed

by incubation at 0.4 kbar (6 h 30 min or for 14 h 30 min) than for the protein incubated only

at 2.4 kbar. This suggests that NS1 folding is favored during incubation at an intermediary

pressure (Fig 7C and S4 Table), indicating that the process can be completed in less than 16 h.

We cannot forget, however, that immunoreactivity of a protein is not strictly synonymous of

properly refolded 3D structure, since antibodies may react to a small poly-peptide fraction

which is not necessarily in the native folded state.

Conclusions

The utilization of HHP concomitantly with alkaline pH allowed the use of a pH lower that it

would be necessary to efficiently solubilize the aggregates at atmospheric pressure, with the

benefit of avoiding the utilization of chaotrope reagents. It does not induce important loss of

NS1 tertiary structure and was highly efficient to promote the dissociation of NS1-IBs to

dimers and monomers.

The refolding process using the association of HHP and alkaline pH is based on only two

steps: solubilization of IBs via HHP and dialysis. The whole process is very quick and easy,

being completed in less than 24 hours. In addition, the protein concentration during compres-

sion and dialysis can be relatively high (up to 0.4 mg NS1 / mL) and the refolded protein pres-

ent high purity. This innovative process can be a very interesting alternative also for the

refolding of other proteins of interest.
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(DOCX)

Acknowledgments

We thank Dr. Edson Luiz Durigon, (Department of Microbiology of the Instituto de Ciências

Biomédicas da Universidade de São Paulo) for the human serum samples.

Author Contributions

Conceptualization: Ligia Morganti.

Formal analysis: Lennon Ramos Pereira.

Funding acquisition: Ligia Morganti.

Investigation: Rosa Maria Chura-Chambi, Cleide Mara Rosa da Silva, Lennon Ramos Pereira,

Ligia Morganti.

Methodology: Cleide Mara Rosa da Silva.

Project administration: Rosa Maria Chura-Chambi.

Resources: Luis Carlos de Souza Ferreira.

Supervision: Ligia Morganti.

Writing – original draft: Luis Carlos de Souza Ferreira, Ligia Morganti.

Writing – review & editing: Paolo Bartolini, Ligia Morganti.

References
1. Rosano GL, Ceccarelli EA. Recombinant protein expression in Escherichia coli: advances and chal-

lenges. Front Microbiol. 2014; 5. https://doi.org/10.3389/fmicb.2014.00172 PMID: 24860555

2. Papaneophytou CP, Kontopidis G. Statistical approaches to maximize recombinant protein expression

in Escherichia coli: A general review. Protein Expr Purif. 2014; 94:22–32. https://doi.org/10.1016/j.pep.

2013.10.016 PMID: 24211770

3. de Groot NS, Sabate R, Ventura S. Amyloids in bacterial inclusion bodies. Trends Biochem Sci. 2009;

34(8):408–16. https://doi.org/10.1016/j.tibs.2009.03.009 PMID: 19647433

4. Ami D, Natalello A, Taylor G, Tonon G, Maria Doglia S. Structural analysis of protein inclusion bodies by

Fourier transform infrared microspectroscopy. Biochim Biophys Acta. 2006; 1764(4):793–9. https://doi.

org/10.1016/j.bbapap.2005.12.005 PMID: 16434245.

5. Vera A, Gonzalez-Montalban N, Aris A, Villaverde A. The conformational quality of insoluble recombi-

nant proteins is enhanced at low growth temperatures. Biotechnol Bioeng. 2007; 96(6):1101–6. Epub

2006/10/03. https://doi.org/10.1002/bit.21218 PMID: 17013944.

6. Garcia-Fruitos E, Gonzalez-Montalban N, Morell M, Vera A, Ferraz RM, Aris A, et al. Aggregation as

bacterial inclusion bodies does not imply inactivation of enzymes and fluorescent proteins. Microb Cell

Fact. 2005; 4. Artn 27 https://doi.org/10.1186/1475-2859-4-27 PMID: 16156893

7. Rathore AS, Bade P, Joshi V, Pathak M, Pattanayek SK. Refolding of biotech therapeutic proteins

expressed in bacteria: review. J Chem Technol Biotechnol. 2013; 88(10):1794–806. https://doi.org/10.

1002/Jctb.4152

8. Crisman RL, Randolph TW. Refolding of proteins from inclusion bodies is favored by a diminished

hydrophobic effect at elevated pressures. Biotechnol Bioeng. 2009; 102(2):483–92. Epub 2008/09/11.

https://doi.org/10.1002/bit.22082 PMID: 18781701.

9. Chura-Chambi RM, Genova LA, Affonso R, Morganti L. Refolding of endostatin from inclusion bodies

using high hydrostatic pressure. Anal Biochem. 2008; 379(1):32–9. https://doi.org/10.1016/j.ab.2008.

04.024 PMID: 18482572.

Dengue NS1 refolding at HHP and alkaline pH

PLOS ONE | https://doi.org/10.1371/journal.pone.0211162 January 25, 2019 13 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211162.s004
https://doi.org/10.3389/fmicb.2014.00172
http://www.ncbi.nlm.nih.gov/pubmed/24860555
https://doi.org/10.1016/j.pep.2013.10.016
https://doi.org/10.1016/j.pep.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24211770
https://doi.org/10.1016/j.tibs.2009.03.009
http://www.ncbi.nlm.nih.gov/pubmed/19647433
https://doi.org/10.1016/j.bbapap.2005.12.005
https://doi.org/10.1016/j.bbapap.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16434245
https://doi.org/10.1002/bit.21218
http://www.ncbi.nlm.nih.gov/pubmed/17013944
https://doi.org/10.1186/1475-2859-4-27
http://www.ncbi.nlm.nih.gov/pubmed/16156893
https://doi.org/10.1002/Jctb.4152
https://doi.org/10.1002/Jctb.4152
https://doi.org/10.1002/bit.22082
http://www.ncbi.nlm.nih.gov/pubmed/18781701
https://doi.org/10.1016/j.ab.2008.04.024
https://doi.org/10.1016/j.ab.2008.04.024
http://www.ncbi.nlm.nih.gov/pubmed/18482572
https://doi.org/10.1371/journal.pone.0211162


10. Chura-Chambi RM, Cordeiro Y, Malavasi NV, Lemke LS, Rodrigues D, Morganti L. An analysis of the

factors that affect the dissociation of inclusion bodies and the refolding of endostatin under high pres-

sure. Process Biochem. 2013; 48(2):250–9. https://doi.org/10.1016/j.procbio.2012.12.017

11. Yongsawatdigul J, Park JW. Effects of alkali and acid solubilization on gelation characteristics of rock-

fish muscle proteins. J Food Sci. 2004; 69(7):C499–C505.

12. Singh SM, Panda AK. Solubilization and refolding of bacterial inclusion body proteins. J Biosci Bioeng.

2005; 99(4):303–10. https://doi.org/10.1263/jbb.99.303 PMID: 16233795.

13. Singh SM, Upadhyay AK, Panda AK. Solubilization at high pH results in improved recovery of proteins

from inclusion bodies of E. coli. J Chem Technol Biotechnol. 2008; 83(8):1126–34. https://doi.org/10.

1002/jctb.1945

14. Patra AK, Mukhopadhyay R, Mukhija R, Krishnan A, Garg LC, Panda AK. Optimization of inclusion

body solubilization and renaturation of recombinant human growth hormone from Escherichia coli. Pro-

tein Expr Purif. 2000; 18(2):182–92. https://doi.org/10.1006/prep.1999.1179 PMID: 10686149.

15. Amorim JH, Alves RP, Boscardin SB, Ferreira LC. The dengue virus non-structural 1 protein: risks and

benefits. Virus Res. 2014; 181:53–60. Epub 2014/01/18. https://doi.org/10.1016/j.virusres.2014.01.001

PMID: 24434336.

16. Amorim JH, Porchia BFMM, Balan A, Cavalcante RCM, da Costa SM, Alves AMD, et al. Refolded den-

gue virus type 2 NS1 protein expressed in Escherichia coli preserves structural and immunological

properties of the native protein. J Virol Methods. 2010; 167(2):186–92. https://doi.org/10.1016/j.

jviromet.2010.04.003 PMID: 20399232

17. Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.

Nature. 1970; 227(5259):680–5. Epub 1970/08/15. PMID: 5432063.

18. Malavasi NV, Foguel D, Bonafe CFS, Braga CACA, Chura-Chambi RM, Vieira JM, et al. Protein refold-

ing at high pressure: Optimization using eGFP as a model. Process Biochem. 2011; 46(2):512–8.

https://doi.org/10.1016/j.procbio.2010.10.002

19. Tsumoto K, Umetsu M, Kumagai I, Ejima D, Philo JS, Arakawa T. Role of arginine in protein refolding,

solubilization, and purification. Biotechnol Prog. 2004; 20(5):1301–8. https://doi.org/10.1021/

bp0498793 PMID: 15458311

20. Xie Q, Guo T, Lu J, Zhou HM. The guanidine like effects of arginine on aminoacylase and salt-induced

molten globule state. Int J Biochem Cell Biol. 2004; 36(2):296–306. https://doi.org/10.1016/S1357-2725

(03)00252-8 PMID: 14643894

21. Allonso D, da Silva Rosa M, Coelho DR, da Costa SM, Nogueira RM, Bozza FA, et al. Polyclonal anti-

bodies against properly folded Dengue virus NS1 protein expressed in E. coli enable sensitive and early

dengue diagnosis. J Virol Methods. 2011; 175(1):109–16. Epub 2011/05/17. https://doi.org/10.1016/j.

jviromet.2011.04.029 PMID: 21569796.

22. Athmaram TN, Saraswat S, Misra P, Shrivastava S, Singh AK, Verma SK, et al. Optimization of Den-

gue-3 recombinant NS1 protein expression in E. coli and in vitro refolding for diagnostic applications.

Virus Genes. 2013; 46(2):219–30. Epub 2012/11/29. https://doi.org/10.1007/s11262-012-0851-5

PMID: 23188193.

23. Muller DA, Young PR. The flavivirus NS1 protein: Molecular and structural biology, immunology, role in

pathogenesis and application as a diagnostic biomarker. Antiviral Res. 2013; 98(2):192–208. https://

doi.org/10.1016/j.antiviral.2013.03.008 PMID: 23523765

24. Chura-Chambi RM, Nakajima E, de Carvalho RR, Miyasato PA, Oliveira SC, Morganti L, et al. Refolding

of the recombinant protein Sm29, a step toward the production of the vaccine candidate against schisto-

somiasis. J Biotechnol. 2013; 168(4):511–9. Epub 2013/10/03. https://doi.org/10.1016/j.jbiotec.2013.

09.017 PMID: 24084635.

25. Lemke LS, Chura-Chambi RM, Rodrigues D, Cussiol JR, Malavasi NV, Alegria TG, et al. Investigation

on solubilization protocols in the refolding of the thioredoxin TsnC from Xylella fastidiosa by high hydro-

static pressure approach. Protein Expr Purif. 2015; 106:72–7. Epub 2014/12/03. https://doi.org/10.

1016/j.pep.2014.10.013 PMID: 25448595.

26. St John RJ, Carpenter JF, Randolph TW. High pressure fosters protein refolding from aggregates at

high concentrations. Proc Natl Acad Sci U S A. 1999; 96(23):13029–33. PMID: 10557267.

27. St John RJ, Carpenter JF, Balny C, Randolph TW. High pressure refolding of recombinant human

growth hormone from insoluble aggregates. Structural transformations, kinetic barriers, and energetics.

J Biol Chem. 2001; 276(50):46856–63. https://doi.org/10.1074/jbc.M107671200 PMID: 11591710.

28. Qoronfleh MW, Hesterberg LK, Seefeldt MB. Confronting high-throughput protein refolding using high

pressure and solution screens. Protein Expr Purif. 2007; 55(2):209–24. https://doi.org/10.1016/j.pep.

2007.05.014 PMID: 17681810

Dengue NS1 refolding at HHP and alkaline pH

PLOS ONE | https://doi.org/10.1371/journal.pone.0211162 January 25, 2019 14 / 14

https://doi.org/10.1016/j.procbio.2012.12.017
https://doi.org/10.1263/jbb.99.303
http://www.ncbi.nlm.nih.gov/pubmed/16233795
https://doi.org/10.1002/jctb.1945
https://doi.org/10.1002/jctb.1945
https://doi.org/10.1006/prep.1999.1179
http://www.ncbi.nlm.nih.gov/pubmed/10686149
https://doi.org/10.1016/j.virusres.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24434336
https://doi.org/10.1016/j.jviromet.2010.04.003
https://doi.org/10.1016/j.jviromet.2010.04.003
http://www.ncbi.nlm.nih.gov/pubmed/20399232
http://www.ncbi.nlm.nih.gov/pubmed/5432063
https://doi.org/10.1016/j.procbio.2010.10.002
https://doi.org/10.1021/bp0498793
https://doi.org/10.1021/bp0498793
http://www.ncbi.nlm.nih.gov/pubmed/15458311
https://doi.org/10.1016/S1357-2725(03)00252-8
https://doi.org/10.1016/S1357-2725(03)00252-8
http://www.ncbi.nlm.nih.gov/pubmed/14643894
https://doi.org/10.1016/j.jviromet.2011.04.029
https://doi.org/10.1016/j.jviromet.2011.04.029
http://www.ncbi.nlm.nih.gov/pubmed/21569796
https://doi.org/10.1007/s11262-012-0851-5
http://www.ncbi.nlm.nih.gov/pubmed/23188193
https://doi.org/10.1016/j.antiviral.2013.03.008
https://doi.org/10.1016/j.antiviral.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23523765
https://doi.org/10.1016/j.jbiotec.2013.09.017
https://doi.org/10.1016/j.jbiotec.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24084635
https://doi.org/10.1016/j.pep.2014.10.013
https://doi.org/10.1016/j.pep.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25448595
http://www.ncbi.nlm.nih.gov/pubmed/10557267
https://doi.org/10.1074/jbc.M107671200
http://www.ncbi.nlm.nih.gov/pubmed/11591710
https://doi.org/10.1016/j.pep.2007.05.014
https://doi.org/10.1016/j.pep.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17681810
https://doi.org/10.1371/journal.pone.0211162

