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Abstract: Mis-folded recombinant cytochrome c3 (rcyt c3) formed in the purification
process was refolded with strong cation exchange chromatography, with tri-gradient of
salt, urea, and pH in the mobile phase. The optimal concentration of urea was found to
be 6.0 mol /L in mobile phase to refold the mis-folded rcyt c; under the experimental con-
ditions. The recovery of the correctly refolded rcyt c; was calculated to be 57.0%.
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INTRODUCTION

Cytochromes c3 (cyt c3) are low potential tetraheme proteins, and have many
potential uses such as bioremediation, bioelectronics, physicochemical
analyses, and biotechnology.[1I Natural cyt c3 are found almost exclusively
in anaerobic bacteria, including sulfate reducing bacteria in the genus Desul-
fovibrio. At present, they can be produced by several expression systems, such
as E. cali,[2’3] Shewanella oneidensi,"**' etc. In the S. oneidensis system, the
highest yield of recombinant Desulfovibrio vulgaris, Miyazaki F cyt c3
(reyt ¢3) was 8.3 mg/L-culture so far. Meanwhile, mis-folded rcyt ¢; was
also found in the purification process, amounting to 10—30% of the total
product. To further improve the yield of native rcyt c3;, we tried to refold
the mis-folded rcyt c;.

To refold denatured proteins, various methods have been proposed such
as dilution, dialysis, reverse micelles,”™ chaperones,® polyethylene
glycol,""! tetrahydrofuryl alcohol,™ surfactant,””! antibodies,"” and liquid
chromatography."' ! Of these methods, liquid chromatography has been paid
more attention due to its preparative ability in industry. Especially, ion
exchange chromatography has been successively employed for the refolding
of many proteins, such as papiloma virus HPV E7MS2,'? fusion
proteins of monomeric a—glucosidase,[13] recombinant secretory leukocyte
inhibitor,”" lysozyme,!'> and bovine serum albumin.''® In the studies of
protein refolding, how to renature mis-folded proteins avoiding aggregation
is a usually encountered question.

This paper presents a procedure to refold the mis-folded rcyt c; to
its native state with strong cation exchange chromatography (SCX) by
tri-gradient of salt, urea, and pH in the mobile phase. Under the optimal
conditions, the recovery of the correctly refolded rcyt c3 was 57%, fulfilling
the goal of improving the total yield of rcyt cs.

EXPERIMENTAL
Host Strain and Vector

Shewanella oneidensis (S. oneidensis) strain MR-1 was used as a host cell for
Desulfovibrio vulgaris, Miyazaki F (DvMF) cyt c;3 expression.[4] The cells
were transformed with pKFC3 vector,"'”! which was derived from pKF19 k
vector (TaKaRa Bio Co. Ltd., Japan, Gene bank accession No. D63847)
containing DvMF cyt c5 gene as described previously.!'”!

Media and Cultivation Condition

Transformants were microaerobically grown at 30°C, 90 rpm, and 48 h in
2 x YT media, adjusting the pH at 7.0 by 2 N NaOH. The media contained
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200 pg/mL of kanamycine and 10 wg/mL of rifanpicine as described
previously.

Origination of Mis-folded rcyt c3

Mis-folded rcyt c3 originated from the separation and purification process of
reyt ¢, which included four steps.!'®! In the first step, the supernatant contain-
ing rcyt c3 was collected after centrifugating the broken cell supernatant
treated with 50% and 70% ammonium sulfate, respectively. In the second
step, rcyt c3 (pI = 10.5) was separated from the supernatant with hydrophobic
interaction chromatography. In the third step, the resulting rcyt c; fraction was
dialyzed, then purified by SCX (SP Sepharose HP column, Hitrap™
2 x 5mL, Amersham Pharmacia Biotech) to give native rcyt c3 and mis-
folded rcyt cs, respectively. In the fourth step, the mis-folded rcyt c;
fraction after dialysis was frozen and dried for use as the next studied
object for this paper.

Characterization of Produced rcyt c;

The obtained rcyt c3 and native D. vulgaris Miyazaki F cyt c; were lyophilized
three times with 99.9% “H,O and resuspended in deuterated 10 mM sodium
phosphate buffer, p?’H 7.0. One-dimensional "H NMR spectra at 400 MHz
recorded at 303 K on a Bruker DRX-400 NMR spectrometer confirmed that
they were identical.

The mass recovery of the correctly refolded rcyt c3 was calculated with
regression analysis.

RESULTS

The refolding procedure of mis-folded rcyt ¢z included dissolving of the
obtained mis-folded rcyt c; with urea, renaturation of mis-folded rcyt c3 by
SCX with tri-gradient of salt, urea and pH in the mobile phase, and finally,
separation of the correctly refolded rcyt c; by the same SCX but with salt
gradient in the mobile phase.

In detail, 2.0 mg mis-folded rcyt c¢; solid was dissolved in 1.0 mL of
6.0 M urea solution. The sample was then placed at room temperature
for 24 hours. Two refolding modes were used. In the first one (namely,
urea-salt gradient), 100 pL solution was injected into a SP Sepharose HP
column (two 5 mL Hitrap™ columns were tandemly connected, Amersham
Pharmacia Biotech) pre-equilibrated with solution Al (6.0 M urea in
30 mM sodium phosphate buffer, pH 7.0). Then, it was eluted with 5 mL of
solution Al, 10 mL of Al/B1 mixture with the gradient from 0 to 100%
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(for a solution B1, 1.0 M NaCl, 30 mM sodium phosphate buffer, pH 7.0), and
then 10 mL of 100% Bl at 0.8 mL/min flow rate to elute the correctly
refolding rcyt c3, which formed in the elution process. In the second one
(namely, tri-gradient of urea-salt-pH), other chromatographic conditions
including the solution composition and the gradient are the same as those in
the first one, except that the pH values of solution Al and B1 were 6.0 and
8.0, respectively. In these two cases, only one peak was found in the chroma-
togram (Figure 1). Its fraction contained the mixture of correctly refolded and
mis-folded cyt c;. In the second step, after dialysis against 30 mM sodium
phosphate buffer, pH 7.0, the eluted fraction of this peak was loaded onto
the same SP Sepharose HP column pre-equilibrated with solution A2
(30 mM sodium phosphate buffer, pH 7.0), then it was eluted with 80 mL of
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Figure 1. The refolding chromatogram of mis-folded rcyt c3 by strong cation chrom-
atography under two elution modes. Column: SP, 2 x 5 mL. Concentration of sample:
2.0 mg/mL, injection volume: 100 pL. Elution mode: buffer A1 with 5 mL, 10 mL of
A1/B1 mixture with the gradient from 0 to 100% B1, then 100% B1 with 10 mL; Flow
rate: 0.8 mL/min. (A) Buffer Al, 6.0 mol/L urea-30 mmol/L sodium phosphate, pH
7.0; Buffer B1, 1.0 mol/L NaCl-30 mmol/L sodium phosphate, pH 7.0. (B) Buffer
Al, 6.0 mol/L urea-30 mmol/L sodium phosphate, pH 6.0; Buffer B1, 1.0 mol/L
NaCl-30 mmol /L sodium phosphate, pH 8.0.
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A2/B2 mixture with the gradient from 0 to 40% B2 (for solution B2,
1.0 M NaCl, 30 mM sodium phosphate buffer, pH 7.0), and then impulse
elution with 20 mL of 100% solution B2 to separate the correctly refolded
rcyt cs.

After the separation by SCX with the salt gradient, the corresponding
fraction obtained from the two elution modes gave mainly three peaks
(Figure 2), of which the retention times of peaks 1 and 3 are the same as
the native cyt c3 and the initial mis-folded rcyt c3, respectively, indicating
preliminarily parts of mis-folded rcyt c; restore its native structure in the
elution process with urea in the mobile phase, but the peak area was remark-
ably different. For a urea-salt gradient, the final peak area of peak 1, corre-
sponding to the correctly refolded rcyt c3, was very small (Figure 2A), while
it was large (Figure 2B) for the tri-gradient of urea-salt-pH, that is, when a
pH gradient was simultaneously added to the urea-salt gradient; the mass
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Figure 2. The separated chromatogram of the refolded rcyt ¢; mixture from Figure 1 by
strong cation chromatography. (A), sample from Figure 1A; (B) sample from Figure 1B.
Column: SP, 2 x 5 mL. Injection volume: 100 pL. Buffer A2, 30 mmol / L sodium
phosphate buffer, pH 7.0; buffer B2, 1.0 mol/L NaCl-30 mmol/L sodium phosphate buf-
fer, pH 7.0. Elution mode: 80 mL of A2/B2 mixture with the gradient from 0 to 40% B2,
and then impulse elution with 20 mL of 100% solution B2; Flow rate: 0.8 mL/min.
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recovery of the correctly refolded rcyt c; improved and, appropriately, that
of the mis-folded rcyt c; decreased. The elution modes of the combined
urea, salt, and pH gradient is the optimal one, and the mass recovery of
the correctly refolded rcyt c; in Figure 2B was calculated to be 57% by
regression analysis.

Characterization of rcyt c;

The biological activity of rcyt c; has been confirmed in terms of its redox poten-
tials and electron transfer kinetics with hydrogenase.!'® In addition, physical
methods, i.e., NMR, and UV-vis, could be used to determine if the obtained
cyt c; possesses the identical structure with the native cyt c3, as reported by
Ozawa, et al.''! As stated above, the fraction of peak 1 in Figure 2, whose
retention time is the same as native cyt ¢z, was preliminarily confirmed to
contain the correctly refolded rcyt c3. To further confirm this, NMR were,
therefore, used to determine the structure of the obtained rcyt c;. Figure 3 is
the NMR diagram of native cyt c3 (A), the initial mis-folded rcyt c; (B), the
fraction of peak 1 (C) and peak 2 (D) in Figure 2. The spectrum of peak 1 is

(A)

(B)

(C)

(D)

30 28 26 24 22 20 18 16 14 ppm

Figure 3. Four hundred MHz '"H-NMR spectra of rcyt 3. (A) authentic DvMF cyt c¢3;
(B) mis-folded rcyt c3; (C) peak 1 in Figure 2B; (D) peak 3 in Figure 2B.
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identical with native cyt c3, indicating that the obtained rcyt c3 possess the same
structure as native cyt cz. A total 57% of mis-folded rcyt c; was correctly
refolded via the procedure described in this paper.

DISCUSSION

The chromatographic condition, including column type, mobile phase compo-
sition, elution gradient mode, flow rate of mobile phase, and sample concen-
tration, had influences on the refolding behavior of unfolded rcyt c3 inside a
SCX column. Of these factors, denaturant concentration in the mobile phase
and elution gradient mode were found to be crucial to the renature of
mis-folded rcyt cs.

Effect of the Urea Concentration in the Mobile Phase on Refolding
of Mis-folded rcyt c3

To investigate the effect of denaturant concentration, the chromatographic
experiment was carried out with 2.0, 4.0, 6.0, 7.0, and 8.0 M urea in
solution Al, respectively, which constitutes a gradient of urea-salt along
with salt in the mobile phase. Under these conditions, only one peak was
found in the chromatogram. The resulting fractions were then separated by
SCX with the salt gradient, respectively. No peak at the location of the
target peak in the chromatogram was found at 2.0 and 4.0 M urea, while
many peaks near the target peak appeared at 7.0 and 8.0 M (Figure not
shown). At 6.0 M urea only one peak was on the location of native cyt c3,
and no other peaks near it were found in the chromatogram (Figure 2A).
The fraction corresponding to this peak was proven to be the mixture of the
correctly refolded and mis-folded cyt c;. These results indicated that
6.0 mol /L urea was the optimal concentration of the denaturant agent for
the refolding of mis-folded rcyt c;.

Effect of the Elution Modes on the Refolding of Mis-folded rcyt c3

The two elution modes in SCX, in which urea concentrations of solution Al
are both 6.0 mol/L, but one gradient is combination of urea and salt while
the other is trigradient of urea-salt-pH, were used to illustrate the influence
of the elution mode on the refolding of mis-folded rcyt c;. In these two
cases, only one peak was found in the chromatogram as stated above in the
experimental section. Then, SCX only with the salt gradient was used to
separate the fraction obtained from Figure 1. The results showed that the tri-
gradient was of the optimal elution mode, with a refolding yield of 57%.
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Although, the mechanism of protein refolding by ion exchange chromato-
graphy is unclear so far, the refolding procedure was inferred to include two
stages. In the first stage, proteins are retained on the stationary phase due to
the electronic interaction, and thus is separated from the denaturant and
starts to refold to form a hydrophobic core. In the second stage, the hydro-
phobic core further folded to the native structure in the elution process.”!

The function of the urea gradient, in which urea concentration decreased
gradually to zero, is similar to the dilution method, but the difference is that
unfolded protein was constantly interacting with the surface of the resins
packed inside a column with the decrease of the denaturant concentration.
Consequently, the formation of aggregation could be efficiently restrained,
and the proteins start to refold to form the hydrophobic core and, further, to
the native structure.'®’ In liquid chromatography, the strong interaction
between protein and stationary phase would cause the change of the
molecular conformation.”*”! Therefore, the pH gradient was used to improve
the recovery by decreasing the surface charge of rcyt c; (pI 10.5) gradually
with the change of pH from 6.0 to 8.0 in the elution solution, so as to
gradually decrease the interaction between protein and stationary phase. As
aresult, such an elution mode with urea, salt, and pH gradient, simultaneously,
in the mobile phase could favor the formation of the nature structure of rcyt c;
during the elution process.
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