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Abstract

Purposes: Solubilization of inclusion bodies expressed in E. coli is a critical step during
manufacturing of recombinant proteins expressed as inclusion bodies. So far, various methods
have been used for solubilization and purification of inclusion body proteins to obtain active
proteins with high purity and yield. The aim of this study was to examine the benefit of organic
solvents such as alcohols in solubilization of recombinant interferon B-1b inclusion bodies.
Methods: Effect of important parameters inclusion pH, concentration and type of denaturant
and concentration of alcoholic solvents were optimized to formulate a suitable solubilization
buffer and investigate their effect on solubilization of interferon B-1b inclusion bodies.

Results: Our findings showed the acidic pH in the range of 2-3 is more suitable than alkaline pH
>12 for solubilization and achieving higher content of interferon p-1beta and pure recombinant
protein. We have also demonstrated that 1% SDS acts better than 2M urea to solubilize Inclusion
body proteins of interferon B-1b at pH of 2-3. The interferon concentration was 2.35 mg per 100
mg IB when we used 40% (v/v) 1-propanol and 20% (v/v) 2-butanol into the buffer solution as
well.

Conclusion: The optimized method provides gentile condition for solubilization of inclusion
body at high protein concentration and purity with a degree of retention of native secondary

structure which makes this method valuable to be used in production and research area.

Introduction
Multiple sclerosis (MS) is an inflammatory chronic
disease characterized by multiple neurological symptoms
and disability which involves the nervous system."' Despite
the fact that the exact etiology of MS is far from being
completed, the evidence to date has strongly supported that
Genetics, environment, and infection (e.g. viruses) may be
the factors that are involved in the MS pathogenesis.! So
far, interferon B is a drug of choice to alleviate relapsing
forms of MS which was discovered for the first time by
Issacs and Lindenmann in 1957.2° This medication is
administered either as INFp-1a; a natural form' or INFp-
1b; a non-glycosylated form.*® The amount which the
human body produces is not sufficient to fully cure the
disease, therefore finding another source is necessary.
In this regard, the development of biotechnological
procedures has paved the way to massive production
using bacterial variants.

Of those INFpB-1b is produced in E. coli as a host cell.
Given that prokaryotic cells are not able to form disulfide

bonds and also cannot perform post-translational
processes, the expressed recombinant protein does not
have its own natural structure as a result and forms
intracellular insoluble particles known as “Inclusion
Bodies” (IB) which contain native-like secondary structure,
condensed, classically inactive and insoluble proteins.” In
other words, IBs are the result of the recombinant protein
overexpression in the expression system.'*!! Production of
bio-drugs in E. coli as a host cell has many challenges due
to the formation of IBs. It is necessary to dissolve these
intracellular particles using denaturing agents to obtain
bioactive proteins.'

In spite of new developments in understanding the
detailed structure of the IB proteins, there are still many
problems with the dissolution and refolding of IB proteins
to acquire active proteins.'? As indicated, the IBs of the
recombinant proteins are typically solubilized at the high
concentration of urea and GndHC." However, this process
leads to the destruction of the native-like secondary
structure of the recombinant proteins. Therefore, there
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is a need for the development of alternative methods to
solubilize IBs. In this regard, recent studies have revealed
that the mild dissolution of IB proteins by anionic
detergents such as SDS has resulted in the retention of the
secondary structure of the recombinant protein.”'? On the
other hand, given the hydrophobic properties of INFp-
1b,'*"5 this variant has poor solubility in the aqueous
solution in the absence of anionic detergents.’>!¢ Thus, it
seems that using SDS can be a suitable alternative for urea.
Another evidence suggests that there is an interaction
between the organic solvents and proteins."” It has also been
shown that the organic solvents such as alkyl alcohols have
the ability to promote secondary structure formation at
high concentrations.'®* and help to stablize the secondary
structure of the proteins.'” It has been suggested that the
organic solvents provoke transition of proteins to molten
globule intermediate states with pronounced secondary
and native-like structure. In other words, this is caused by
the decrease in dielectric constant of organic solvents.?
Because the native-like secondary structure of IB’s
proteins, this investigation was designed to study
whether organic solvents such as 1-propanol, 2-propanol
and 2-butanol as a mild denaturant can be used for
solubilization of recombinant proteins of IBs.

Materials and Methods

Materials

Inclusion body of recombinant interferon beta-1b was
provided by Zistdaru Danesh Company (Tehran, Iran).
All chemicals used in this experiment were supplied by
Merck (Kenilworth, New Jersey, US) and Sigma Aldrich
(St. Louis, Missouri, US).

Washing

Normally, inclusion bodies contain  bacterial
contaminations such as DNA and, lipid which need to be
minimized, because of their toxic or immunogenic effects
on human body. For this purpose, 5 g IBs were washed
twice with buffer containing Tris 50mM, EDTA 2mM,
TritonX-100 1-2%, NaCl 0.5M, pH = 7 and incubated at
room temperature for 30 minutes. The supernatant was
discarded by centrifugation at 12,000 rpm for 30 minutes.
The resulting precipitate was washed for the third time
by a buffer solution containing Tris 50mM, EDTA 2mM,
NaCl 0.5M, pH = 7, incubated at room temperature for
30 minutes and centrifuged at 10000 rpm for 10 minutes.
The recovery yield was calculated by weighing the washed
pellet divided into the unwashed pellet. The recovery yield
resulting from washing step was 2.1 g.

Solubilization

PpH optimization

In order to optimize the pH of solubilization, different
buffers in two acidic and basic pH were prepared (Table
1). The pH was adjusted to acidic (pH=2) using 0.2%
TFA and 37% HCI, as well as alkaline pH (pH=12) which

was set by 100 mM arginine. An effective reducing agent
was also added constantly to each buffer solution such
as dithiothreitol at a concentration of 50mM and a non-
polar organic solvent, 2-butanol, at a concentration of
30%. Denaturing agents of urea at the final concentration
of 2 M and SDS at the concentration of 1% were used as
well (Table 1). An 84 mg Inclusion body were added to
each buffer solution and incubated for 3 hours at 37°C.
Then they were centrifuged at 10000 RPM for 10 minutes
at 10°C. Each supernatant was analyzed by 14% reduced
SDS-PAGE and subsequent densitometric analysis was
carried out using Bio Rad Image Labe 6.0 software. A
fraction of each supernatant was subjected to Ammonium
Acetate precipitation (100mM, pH 5-6) and precipitates
were solubilized in 1 milli q water amount of protein in
solubilized samples was quantitatively determined by UV
absorption.

Optimization of urea and SDS in presence of the organic
solvent

According to the Table 2, 12 different buffer solutions
were prepared for selecting the optimal denaturant.
Briefly, each buffer was set up in either 1% SDS or 2M
Urea containing organic solvents at final concentrations
of 25% (v/v) of each of them. As an effective reducing
agent, dithiothreitol was added to each buffer solution at a
concentration of 50mM. After addition of inclusion body
suspension (135 mg) to each buffer solution, the mixtures
were incubated for 3 hours at 37°C, and centrifuged at
10000 rpm for 10 minutes at 10°C. Each supernatant
was analyzed by 14% reduced SDS-PAGE and Bio Rad
gel documentation image lab Software was applied to
analyze of each band. A fraction of supernatant was used
for ammonium acetate precipitation. Precipitated proteins
were solubilized in 1milli q water and subjected to UV
absorption in order to determine protein concentration.

Optimization of organic solvents

The response surface methodology (version 7.0.0; Stat-
Ease, Inc., Minneapolis, Minnesota, US) was applied
to optimize a different combinatorial aspect of buffer
solution. A User Defined design of experiments,
1-propanol, and 2-butanol, was employed at values of
0-90. The 1% SDS is considered as denaturant agent in
each buffer solution (Table 3). Also, each buffer solution
was received a dithiothreitol as a reducing agent at the final

Table 1. Chemical composition for optimizing pH

Sample Recipe 1 2 3 4 5 6 7 8

Arginine (mM) 100 100 100 100 0 0 0 0

TFA (%) 0 0 0 0 02 02 02 02
SDS (%) 0 1 0 1 0 1 0 1
Urea (M) 0 0 2 2 0 0 2 2

2-Butanole (%) 30 30 30 30 30 30 30 30
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Table 2. Optimization of urea and SDS

Sample Recipe 1 2 3 4 5 6 7 8 9 10 11 12
SDS (w/v) 1 0 0 1 1 0 0 1 1 0 0
Urea (M) 0 2 0 0 0 0 2 2 0 0 2 2
1-Propanole (v/v) 0 0 25 0 25 0 25 0 25 0 25 0
2-Propanole (v/v) 0 0 0 25 0 25 0 25 0 25 0 25
2-Butanole (v/v) 0 0 0 0 0 0 0 0 25 25 25 25
Note: Acidic pH (=2) has been considered in all samples. Alkyl alcohols were added in constantly (25%).
Table 3. Optimization of organic solvents
Sample Recipe 1 2 3 4 5 6 7 8 9 10 11 12 13
1-Propanole (v/v) 90 30 60 45 37.5 45 15 37.5 15 15 0 0 0
2-Butanole (v/v) 0 30 15 45 37.5 0 15 15 37.5 60 45 0 90

Note: Acidic pH (=2) has been considered in all samples. The experimental design was carried out by using two factor factorial Design.

concentration of 50mM. Following addition of Inclusion
body 100 mg into the prepared buffer solutions, they were
incubated at 37°C for 3 hours and centrifuged at 10000
RPM for 10 minutes at 10°C. Supernatants were carefully
collected and analyzed by 14% reduced SDS-PAGE and
densitometric analysis was carried out by Bio Rad image
lab software. A fraction of supernatants was subjected
to Ammonium acetate precipitation. Precipitates were
solubilized in 1milli q water, absorbance was measured at
280 nm for protein estimation.

Circular dichroism analysis of purified IFNf-1bs

The o-helicity of purified IFNB-1b in different
buffer solutions was estimated using the Far-UV
spectropolarimeter (Aviv, Lakewood, USA) at the region
of 195-260 nm. The precipitated proteins by ammonium
acetate were diluted in 50mM phosphate buffer to final
concentration of 1 mg/mL, then the CD spectra was
measured at 25°C. The spectra were processed using
the software supplied with the device. Each sample was
screened three times and the average value was plotted.

Results and Discussion

The acidic pH for solubility of IFN-$-1b inclusion body
proteins

Eight series of reactions were used to determine the
optimum pH condition of either acidic or alkali and
urea and SDS during solubilization of inclusion body
of interferon beta-1b (Table 1). There is an estimation
that organic solvents such as alcohols with less polarity
have more effect on solubilizing IB proteins; therefore,
2-butanol was added to the reactions as a constant
content.”! As Figure 1 indicates, the acidic environment
has a higher impact on solubilizing the secondary native-
like proteins from inclusion bodies and have yielded more
than other buffer solutions (Figure 1; sample no. 6). These
results in line with findings of Zhuravko et al who reported
that the maximum yield of the proteins was observed at
a pH value less than 3. They have also shown that a pH

value higher than twelve results in partial degradation of
the protein.?! In fact, they confirmed the previous results
which have shown that the dissolution of IBs at high pH’s
can lead to irreversible protein denaturation.”? On the
other hand, protein dissolution can be both detergent and
pH-dependent which indicates the presence of ionic and
hydrophilic interactions in IBs.?' Moreover, according to
findings of Nick Pace et al unfolded protein state requires
more net charges to better interact with denaturant agent
for dissolution. These net charges are prepared when pH
is lowered.” Based on our findings, hereafter, pH=2 was
selected for the downstream optimization process.

High solubilization of IEN-f-1b IB proteins by SDS
According to Table 2, we showed that mild solubilization
is more effective using 1% SDS comparing to the 2M of
urea and yielded a purer product (Figure 2; Sample No.
9). Interestingly, buffer solutions containing 2-propanol
(Figure 2; Samples No. 4, 6, 8, 10, and 12) has not been a
good result compared to other buffer solutions.

150
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1 2 3 4 5 6 i 8
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Figure 1. The yield and purity of the IFNB-1b recombinant protein present
in the solubilized Inclusion Body at both acidic and alkaline pH. Samples
are based on Table 1. Black and Gray bars represent the yield and purity,
respectively. To better insight, the real yield was multiplied by a constant
factor (x100).
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Figure 2. The yield and purity of the IFNB-1b recombinant protein presents
in the solubilized Inclusion Body with/without Urea or SDS. Samples were
ordered as indicated in Table 2. Black and Gray bars represent the yield
and purity, respectively. To better insight, the real yield was multiplied by a
constant factor (x100).

Several studies have used GndHCL or urea for the
solubilization of recombinant proteins from inclusion
bodies."”* However, SDS as an anionic detergent was used
less frequently.?* Traditionally, the chaotropic agents such
as urea and GndHCL are used for solubilizing IB proteins.'
However, the recent study utilizes such detergents with
different concentrations and has demonstrated that
increasing the concentration reduces the recombinant
protein. They have also revealed that the solubilization of
the intended protein by a solution with pH=2.0 and using
no urea or GdnHCI has resulted in a maximum release
of interferon beta-1b from IB.* Furthermore, according
to Vallejo's findings, dissolution of the inclusion bodies
using a detergent such as urea is sensitive to pH. Vallejo
also indicates that the optimal pH for protein dissolution
should be determined.”

High solubility of IFN-B-1b inclusion bodies in
1-propanol and 2-butanol

As indicated in Figures 3 and 4, the sample No. 8
which contains 1% SDS combined with 1-propanol and
2-butanol has better results and gives high pure content
protein. This effect was achieved in the ratio of about 2
:1 of 1-propanol to 2-butanol as shown in Table 3. At first
glance, it seems that samples No. 2, 3 and 9 (Table 3) have
yielded good results too. However as shown in Figure 4,
protein purity and protein content of these samples are
less than sample No. 8. We set up another experiment
based on Table 4 to have a better characterization of the
exact proportion of two organic solvents. Our analysis
confirmed that the ratio of 2:1 of 1-propanol to 2-butanol
is more effective for dissolution of IFNf-1b recombinant
proteins from insoluble IBs (Figure 5; Sample No. 14) and
was yielded high content and pure proteins. Similar to
recent work,” our findings indicated that using alcohols
with less polarity is effective for the dissolving of insoluble
recombinant proteins of IBs. However, in contrary to their
results, it seems that effective hydration is provided by the

10 11 12 13

i

IFN-bl

Figure 3. The 14% SDS-PAGE analysis of the solubilized IFNB-1b Inclusion
Body in different concentrations of the organic solvents with 1% SDS. Lane
M is the protein ladder in kilodalton (kDa) and subsequent lanes are samples
presented in Table 3.
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Figure 4. The yield and purity of the IFNB-Tb recombinant protein present
in the solubilized Inclusion Body in different concentrations of the alkyl
alcohols with 1% SDS. Black and Gray bars represent the yield and purity,
respectively. To better insight, the real yield was multiplied by a constant
factor (x100).

simultaneous presence of two simple alkyl alcohols.
Given that the hydroxyl group of 2-propanol exhibits
less freedom than 1-propanol’s OH-group. Therefore, it
showed no proven solubility in all experiments. In fact, the
simultaneous effect of the hydroxyl group, the alkyl group
and the length of the alkyl alcohol carbons play a major
role in the process of protein dissolution. The 1-propanol
is easily soluble in water due to having a short allylic chain.
On the other hand, the hydroxyl group has more freedom.
These properties give its amphipathic effect and resulted in
easy solubilization of proteins present in IBs. In the case of
2-butanol, despite the fact that the carbon chain is longer
than 1-propanol, the presence of hydroxyl group on its
second carbon can properly maintain the hydrophilic and
hydrophobic balance in the dissolution process and has an
effective impact on the dissolution along with 1-propanol.

Circular dichroism analysis

To analysis the secondary structure of solubilized
interferon B-1b using CD spectroscopy, we chose samples
No. 3 and 8 of Figure 4 as well as sample 14 from Figure 5;
because they had the highest purity and protein content.
As demonstrated in Figure 6, it seems that the sample No.
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Table 4. Determination of the organic solvents’ ratio relative to each other

Sample Recipe 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
SDS (w/v) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1-Propanole (v/v) 20 20 20 20 20 20 20 10 10 0 10 20 30 40 50 60 70 80
2-Butanole (v/v) 0 10 20 30 40 50 60 70 80 20 20 20 20 20 20 20 10 10

Note: Acidic pH (=2) has been considered in all samples.

3 and 14 have maintained a better secondary structure
rather than sample No. 8 and the structure is similar to
the structure of the native protein reported elsewhere.
However, sample No. 3 has higher a-helix and lower
random coil formation in contrast to the sample No. 14
(Supplementary file 1, Table S1). These results suggest that
despite the fact that the ratio of 4 to 1 for 1-propanol to
2-butanol has been better in maintaining the secondary
structure, the ratio of 2 to 1 has been improved in terms of
quantity and purity. Our study shows that increasing the
percentage of 1-propanol causes a reduced level of protein
content which is similar to recent work.?’ However, we
observed that this loss has been compensating with the
maintenance of protein secondary structure.

In the recent years, mild solubilization of IBs has been

250 250

200 200
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Yield x100

1234567 8 9101112131415161718

Samples

Figure 5. Determination of the exact proportion of 1-propanol to 2-butanol.
Samples ordered as indicated in Table 4. Black and Gray bars represent the
yield and purity, respectively. To better insight, the real yield was multiplied
by a constant factor (x100).
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Figure 6. Far-UV CD spectra of IFNB-1b recombinant proteins obtained in
different optimization steps. Green and Purple dotted-dashed lines represent
for Samples number 3 and 8 which were selected of Figure 4, respectively
as well as the Red dotted-dashed line represents for sample number 14 from
Figure 5.

considered with the preservation of the second structure
of proteins. In this regard, Singh et al concluded that using
high concentrations of denaturant agents such as Urea
leads to the destruction of the second structure of proteins
and driving proteins to the form of random coils as well
as exposure of the hydrophobic surface.” As a result,
compromising of the secondary structure of proteins leads
to the interaction of the denaturant proteins and losing
bioactivity of proteins.>*

Conclusion

Mild solubilization of bodies of interferon -1b using an
anionic detergent, SDS, was more effective than urea in
acidic pH compared to alkali pH. Also, inclusion of 40%
(v/v) 1-propanol and 20% (v/v ) 2-butanol in solubilization
buffer containing SDS resulted in highly pure protein at
high concentration However, CD analysis demonstrated
that better retention of second structure of the interferon
B-1b is occurred at 1-propanol concentration of 60% (v/v)
and 2-butanol concentration of 15% (v/v) in solubilization
buffer.
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