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DsbA (disulfide bond formation protein A) located in the periplasm of Escherichia coli is a disulfide iso-
merase, which is vital to disulfide bonds formation directly affecting the nascent peptides folding to
the correct conformation. In this paper, recombinant DsbA was firstly immobilized onto NHS-activated
Sepharose Fast Flow gel. Then Sephadex G-100 gel was sequentially packed on the top of recDsbA
Sepharose Fast Flow, and a so-called conjoint chromatography column composed of SEC and immobilized

l<eywqrds: recombinant DsbA was constructed. Denatured lysozyme was applied on the conjoint column. The effect
Conjoint column . e ..

DsbA of SEC volume, flow rate, loading amount and volume, pre-equilibrium mode and KCl concentration in
Immobilization the buffer on lysozyme refolding were investigated in detail and the stability of DsbA immobilization was
Lysozyme evaluated. Finally the reusability of the conjoint refolding column was also tested. When loading 2.4 mg

denatured lysozyme in 0.5 ml solution, the activity recovery reached 92.7% at optimized experimental
conditions, and the conjoint column renaturation capacity decreased only 7.7% after six run reuse due to
the use of SEC section in the chromatographic refolding process. The conjoint chromatography offers an

Chromatographic refolding
Protein refolding in vitro

efficient strategy to refold proteins in vitro with high productivity and column reusability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Escherichia coli recombinant system is generally employed
in genetically engineered proteins production because of its easy
manipulation and high productivity. When proteins are expressed
in heterologous cells, the recombinant proteins are often present
in the form of inclusion bodies [1,2], which are insoluble protein
aggregates with no biological activities. Inclusion bodies can occur
in both the cytosolic and periplasmic location in bacteria, which
is dependent of the expression level of the target proteins and
the environment parameters, including richness of the medium,
micronutrients, pH, the level of aeration, growth temperature, etc.
Specially, most of eukaryotic proteins are expressed in the form of
inclusion bodies in prokaryotic system due to the lack of the post-
translational modifications, e.g. glycosylation, as in the eukaryotic
system. How to refold the inclusion bodies has become a problem in
genetically engineered proteins production in large scale. In order
to refold inclusion bodies to biologically active recombinant pro-
teins, it is necessary to develop an efficient procedure for refolding
these proteins in vitro [3].

Till now, many studies have showed that proteins folding
in vivo, especially with high concentrations, are mediated by helper
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proteins, such as molecular chaperones [4,5] and foldases [6,7].
From the classical ‘self-assembly’ principle to the new recognized
‘assisted assembly’ theory, this undergoing viewpoint has made
more clear about the protein folding mechanism in de novo protein
synthesis in cells. Even in vitro protein refolding at high concentra-
tion has also been enlightened from it by introducing these helper
proteins into former spontaneous systems [8,9].

As the rate-limiting step in the folding process, disulfide bonds
formation is usually assisted by protein disulfide isomerase (PDI),
which is the typical representative of foldases among the helper
proteins. DsbA (disulfide bond formation protein A) with a molecu-
lar weight of 21.1 kDa is one kind of PDI existing in E. coli periplasm.
The active site of DsbA is Cys3°-Pro3'-His32-Cys33, which could
not only oxide the free thiols to disulfide bonds but also isomerase
the mismatched disulfide bonds to correct ones, and accelerate the
folding procedure. The dsbA gene and its product DsbA, the first
found member of Dsb family, were identified by two independent
research groups, almost simultaneously via two totally different
approaches. In 1991, research results by Bardwell [10] indicated
that pulse-labeled [-lactamase, alkaline phosphatase and OmpA
could be secreted but severely defective in disulfide bond for-
mation in dshA mutant E. coli cells; while Kamitani [11] in 1992
found that the formation of correctly folded alkaline phosphatase
was impaired in Tn5 insertion mutant E. coli cells, where inser-
tion occurred at the ppfA (periplasmic phosphatase formation) gene
which is identical with dsbA, confirmed by Plunkett [12] in 1993.
Several in vitro investigations indicated high performance of DsbA
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in assisting the refolding and renaturation of bovine pancreatic
ribonuclease A (RNase A) [11], bovine pancreatic trypsin inhibitor
(BPTI) [13], and alkaline phosphatase (PhoA) [11]. Recent studies
alsorevealed that DsbA had intrinsic activity as a molecular chaper-
one besides its isomerase activity in the catalysis of native disulfide
formation [14,15]. Immobilized system of DsbA on an agarose gel
column together with minichaperone GroEL and peptidyl-prolyl
isomerase had achieved a 87% yield of protein with 100% biological
activity in the refolding of denatured and reduced scorpion toxin
Cn5 [16].

Although immobilized system of helper proteins has achieved
good results in protein refolding in vitro, the lacking of both stability
and reusability has to be taken into account in the implementation.
In the refolding with immobilized minichaperone GroEL [17,18],
high concentration of denaturant in the loading buffer inactivated
the assistant proteins and shortened the lifetime of the column.
On the other hand, since denaturant concentration fell sharply,
lots of folding intermediates would be prone to aggregating at the
entrance, blocking the column and increasing the operation pres-
sure. Urea gradient size exclusion chromatography (SEC) [19,20]
is a well established on-column refolding system and could be
introduced to solve above problem. Lysozyme of large molecules
immigrates faster than urea of small molecules in the porous
medium of SEC, so concentration of urea is decreasing along the
column. Besides, urea gradient SEC could effectively but not sharply
dilute the high concentration of urea and provide a much gentler
environment for subsequent refolding process. Based upon that, a
column containing of 1cm height of Sephadex G 200 at the top
and packed with immobilized mini-GroEL has been designed and
applied successfully to refolding of recombinant human interferon-
v inclusion bodies by our group [21].

In this work, a conjoint refolding chromatography was estab-
lished by packing the Sephadex G-100 gel (SEC section) on the top of
recDsbA Sepharose Fast Flow in one column. On-column refolding
of denatured lysozyme was carried out with this conjoint column to
investigate the stability and reusability ofimmobilized DsbA refold-
ing system. The refolding conditions were optimized and refolding
mechanism by the conjoint chromatography was discussed.

2. Experimental
2.1. Plasmid and strain

Plasmid pAVD63, encoding the sequence of DsbA and a signal
peptide, was a gift from Prof. Fersht in Centre for Protein Engineer-
ing MRC, Cambridge. Host strain E. coli BL21 (A DE3) [F~, ompT,
hsdSB, rg~, mg~ (A Ci857, ind1, Sam7, nin5, lacUV5-T7.AL)] pLysS
was stored in our lab. DsbA was induced by IPTG under the control
of the strong T7 promoter and solubly expressed as cytoplasmic
protein from plasmid pAVD63, where a par locus (originally from
pSC101 via pMTL21P) was added in order to stabilize the plasmid.

2.2. Chemicals and reagents

Lysozyme substrate micrococcus lysodeiktisus, coomassie bril-
liant blue R-250, tris (hydroxymethyl) aminomethane (Tris) and
L-arginine were purchased from Sigma (St. Louis, MO, USA).
Hen egg white lysozyme, tryptone, yeast extract, dithiothreitol
(DTT), nitro-thiocyanobenzoic acid (NTCB) and isopropyl-3-D-thio-
galactopyranoside (IPTG) were purchased from BBI (Markham,
Ontario, Canada). All other chemicals were of analytical grade.
Buffers were prepared with deionized water filtrated by 0.22 um
membrane (Millipore, Billerica, MA, USA). Q Sepharose Fast Flow
gel, Sephadex G-100 and NHS-activated Sepharose Fast Flow gel
were obtained from GE Healthcare (Piscataway, NJ, USA).

2.3. Reduction and denaturation of lysozyme

Lysozyme was fully unfolded in the presence of DTT and high
concentration of denaturants. The typical denaturing buffer con-
tained 8 M urea, 30 mM DTT, 50 mM Tris-HCl at pH 8.5. Lysozyme
was added to a final concentration of 10 mg/ml and shaken in an
incubator under 37°C, 220 rpm for 90 min.

2.4. Production of recombinant DsbA

Recombinant DsbA protein was produced as our previous work
[22]. After harvesting, the cells were collected by centrifugation at
8000 x g for 10 min at 4°C and resuspended with 1/10 broth vol-
ume of Tris—-HCl buffer (pH 8.3, 16.7 mM). Followed disrupting the
cells by ultrasonication, the supernatant were recollected by cen-
trifugation. Then, 9.25 ml cells extract was directly loaded to a Q
Sepharose Fast Flow column (16 mm x 100 mm) at 2.5 ml/min with
a column volume (CV) of 20ml and monitored by absorbance at
280 nm. Finally DsbA protein was eluted by 4 CVs step elution buffer
composed of 5.88% high salt concentration, i.e. pH 8.3, 16.7 mM
Tris-HCI, 117.6 mM KCI. This purification process was performed
on AKTA Explorer 100 (GE Healthcare, Piscataway, NJ, USA). The
purified DsbA protein was concentrated by Amicon Ultra-4 10,000
MWCO (Millipore, Billerica, MA, USA), and stored at —20°C for
later use. The concentration of DsbA protein was calculated based
upon its absorbance at 280 nm using the extinction coefficient of
1.1 mg/ml for the native oxidized protein [16].

2.5. Immobilization of DsbA

The purified DsbA protein was immobilized onto the NHS-
activated Sepharose Fast Flow gel followed by Altamirano’s
description [16], which was named recDsbA Sepharose Fast Flow.
Firstly the thiols at the active site of DsbA were protected by
reversible block reaction using NTCB, which was carried out under
nitrogen atmosphere. The blocked DsbA was concentrated to
10 mg/ml. Then the concentrated protein was rapidly diluted into
the coupling buffer pH 8.3 (50 mM NaHCO3 and 500 mM NacCl) and
mixed with the gel end-over-end for 6 h at 25 °C, followed by wash-
ing with the coupling buffer. After immobilization, the blocked
thiols at the active site of DsbA were reoxidized to disulfide bond.
The buffers in the whole immobilization procedure were gathered
to monitor the loss of DsbA using Bradford’s assay in order to eval-
uate the immobilization efficiency.

The stability of immobilization was also measured by soak-
ing the recDsbA Sepharose Fast Flow in the refolding buffer of
50 mmol/I PBS with pH 8.5 containing 0.15 M KCl, 1 mM EDTA, 1.5 M
Urea, 0.5 mM GSSG, 1 mM GSH, 0.25 M arginine for 24, 48, 72 and
96 h respectively.

2.6. Preparation of the conjoint refolding chromatography
column

5ml recDsbA Sepharose Fast Flow were packed into a
chromatography column with sectional area of 1cm?2. After sedi-
mentation, a certain volume of Sephadex G-100 gel functioning as
the size exclusion chromatography was sequentially packed onto
the top of the recDsbA Sepharose Fast Flow in the column. Namely,
SEC gel and the immobilized DsbA were packed into a conjoint
refolding chromatography column, as shown in Fig. 1.

2.7. On-column refolding of denatured lysozyme
After the conjoint column was constructed, denatured lysozyme

was loaded onto the column and refolded as it went through the
column, i.e. on-column refolding. Prior to on-column refolding, the
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Fig. 1. The scheme of the conjoint refolding chromatography column composed of
SEC and immobilized recombinant DsbA.

conjoint column was pre-equilibrated. Then solubilized lysozyme
was applied to the column at arelatively high flow rate of 1 ml/min.
Finally, lysozyme was eluted with the refolding buffer at a slow
flow, while all factions were collected and enzymatically assayed.
The whole refolding procedure was carried out on AKTA chromato-
graphic system.

The conjoint column could be pre-equilibrated in three modes
(Fig. 2), where buffer A was the same ingredients as the refolding
buffer and buffer B was buffer A containing 8 M urea. Pre-
equilibrium mode I: the whole conjoint column was equilibrated by
buffer A, i.e. the urea concentration was uniform at 1.5 M through-
out the whole column. Pre-equilibrium mode II: a linear gradient
of urea concentration from 8 M to 1.5 M along the SEC section was
established by mixing buffer A and B, and urea concentration of
1.5M in the immobilized DsbA section. Pre-equilibrium mode III:
similar as mode II with urea gradient from 4M to 1.5 M.

The effects of the volume of SEC section, elution flow rate, load-
ing amount and volume of denatured lysozyme, pre-equilibrium
mode, and KCI concentration in the refolding buffer on the activity
recovery of lysozyme were studied in detail, and the reutilization
of conjoint column was also tested.

2.8. Assay

Cells growth was monitored by optical density at 600 nm using
Ultraspec 3000 spectrophotometer (GE Healthcare, Piscataway, NJ,
USA), and proteins were detected by SDS-PAGE with 12% of acry-
lamide for running gel and 4% for stacking gel, respectively [23]. The

semi-quantitation and purity of proteins were analyzed by the GD
2000 gel documentation system (Bio-rad, Hercules, CA, USA). The
exact protein concentration was determined by a modified Brad-
ford’s method using bovine serum albumin (BSA) as a reference
[24]. The activity of native and refolded lysozyme was deter-
mined by the modified turbidimetric assay [25] using Micrococcus
lysodeikticus as substrate. Correspondingly, the activity recovery
was calculated dividing the measured enzymatic activity by the
native lysozyme activity in a 10 pl sample solution. In this work,
all experiments and measurements were carried out in triplicates,
and the averages were adopted in the data analysis.

3. Results and discussion
3.1. Preparation of recombinant DsbA protein

Fig. 3 showed the chromatogram of ion-exchange chromatog-
raphy elution profile of recombinant DsbA by Q Sepharose Fast
Flow and SDS-PAGE of the corresponding fractions respectively. No
further desalting procedure was required after the ion-exchange
chromatography because of the low salt concentration at elution.
Totally, 377.9 +1.74 mg recombinant DsbA per liter fermentation
broth was obtained with the purity 95%. The molecular weight of
DsbA was 23.1 kD with the signal peptide.

3.2. Immobilization of DsbA on NHS-activated Sepharose Fast
Flow gel

After reversibly blocking the thiols at the active site of DsbA,
DsbA protein was immobilized onto the NHS-activated Sepharose
Fast Flow gel via the e-amino groups of lysine residues. Data from
Bradford’s assays indicated the immobilization capacity of about
5.3 mg DsbA/ml swollen gel.

In stability test, the immobilized DsbA presented excellent sta-
bility when soaked in the refolding buffer containing some extreme
reagents such as urea, which simulated the microenvironment in
the refolding procedure. After 4 days test, only about 6% DsbA des-
orbed, as shown in Fig. 4.

3.3. On-column refolding of lysozyme by the conjoint column

Sephadex G-100 gel was packed into the column followed by
the recDsbA Sepharose Fast Flow gel. Before applied to on-column
refolding of denatured lysozyme, the conjoint column was pre-
equilibrated in mode III by refolding buffer with a urea gradient
[20], as shown in Fig. 2. The operation parameters of on-column
refolding of denatured lysozyme were initially set as follows:
2.4mg denatured lysozyme dissolved in 0.5 ml aqueous solution

Mode | 15M — 1.5M

_ Urea concentration
Mode Il M ‘_ 15M

Mode Il % 1.5M
v ey

Immobilized DsbA

Fig. 2. Three pre-equilibrium modes for the conjoint column.
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Fig. 3. The elution profile of purification of DsbA protein by ion-exchange chromatography using Q Sepharose Fast Flow and SDS-PAGE of the corresponding fractions of the
eluate. Equilibration buffer: 16.7 mM Tris-HCl, pH 8.3, and elution buffer: 16.7 mM Tris-HCl with 117.6 mM KCl, pH 8.3. (Lanes 2 and 3, peak 1; lane 0, supernatant after cell

disruption; lane 8, peak 2; lane M, marker; lanes 17, 18, 19 and 20, peak 3.)

was loaded at a flow rate of 1 ml/min, and refolded lysozyme was
eluted at 0.1 ml/min by refolding buffer in the conjoint column
stacked by 1ml Sephadex G-100-packed SEC and 5ml recDsbA
Sepharose Fast Flow in the same chromatography column.

3.3.1. Effect of the conjoint SEC volume on lysozyme refolding

For the conjoint chromatography refolding, the conjoint SEC sec-
tion acted both as the protection and pre-folding in the on-column
refolding procedure of denatured lysozyme. Generally denatured
lysozyme or other inclusion bodies were solubilized in denaturants
of high concentration, such as 6 M guanidine hydrochloride or 8 M
urea, which would severely destroy the active conformation of the
immobilized DsbA, even denature it, and shorten the longevity of
the immobilized DsbA column ifloaded directly. These denaturants
would be diluted by the SEC section on the top of the conjoint col-
umn and then a slightly gentle working environment was offered
for the immobilized DsbA. On the other hand, disulfide bonds for-
mation reactions were widely recognized as the rate limiting step
in protein refolding process, while DsbA could specifically speed
up these reactions. Moreover, the biological activity of molecu-
lar chaperone was also embedded within DsbA molecules. Totally

Immobilization density
(mg DsbA/mI swollen gel)

0 24 48 72 96
Soaked Time (h)

Fig. 4. Stability test for immobilized DsbA on NHS-activated Sepharose Fast Flow
gel.

denatured proteins achieved the pre-folding steps in SEC section
and refined folding assisted by immobilized DsbA.

Effects of different SEC volume on lysozyme refolding were com-
pared, as shown in Fig. 5. We can see that the activity recovery
increased 25% when 1ml SEC was conjoined than that no SEC
gel involved. In the on-column refolding of the conjoint chro-
matography, while denatured proteins entering the column, high
concentration denaturants were partially diluted in SEC section and
denatured proteins could spontaneously fold to some intermedi-
ates conformation. At this stage, aggregations would be observed
because of the hydrophobic interactions among the intermedi-
ates, in which some basic structures such as a-helix and (3-sheet
had already formed while disulfide bonds were not posed or mis-
matched. Whereafter in the immobilized DsbA, aggregations were
scattered by the molecular chaperone activity of DsbA, meanwhile
disulfide bonds were catalyzed by the strong oxidizability of the
disulfide bond of active site of DsbA and mismatched disulfide
bonds were isomerized by the isomerase activity of DsbA corre-
spondingly. On the contrary, when SEC volume further increased,
the activity recovery dropped from 96.7% to 92.7%, 82.4%, 75.1%

100 |
.- .-
2 el + :
2 : :
2 sof :
s | e
& 70
2 .
S eof .
B
Q
<< 50}
1 Il 1 1 1 1
0 1 2 3 4 5

Volume of SEC (ml)

Fig. 5. Effect of the SEC volume on the refolding of lysozyme using the conjoint
column.



M. Luo et al. / J. Chromatogr. B 879 (2011) 2971-2977 2975

100 -

95 -

85 - ]
80

75+

Activity Recovery (%)

70 -

0.00 0.05 0.10 0.15 0.20
Elution Flowrate (ml/min)

Fig. 6. Effect of flow rate on the refolding of lysozyme using the conjoint column.

and 60.3% for 2, 3, 4 and 5 ml SEC, respectively. Unacceptable low
urea concentration caused by excessive SEC length led to more
mismatched disulfide bonds and aggregations with the absence of
the appropriate redox microenvironment provided by DsbA, and
activity recovery dropped accordingly.

3.3.2. Effect of the flow rate on lysozyme refolding

The main functions of DsbA are to oxidize the free thiols into
disulfide bonds or isomerize the mismatched disulfide bonds in
the refolding. These redox reactions are all time-consuming pro-
cesses, so the residence time of denatured lysozyme, or to some
extent, the contact time between denatured lysozyme molecules
and DsbA could be an important parameter in the on-column
refolding using the conjoint chromatography, which would be def-
initely influenced by the operation flow rate. Macroscopic shearing
force brought by the flux of the mobile phase could always be
stronger than microscopic intermolecular forces between DsbA and
lysozyme. Hence, flow rate should also be taken into account when
lysozyme was applied to the conjoint column for refolding.

Elution flow rate on lysozyme refolding was studied and the
results are in Fig. 6. It was shown that at low flow rate, there was
no significant difference on the activity recovery and the activ-
ity recovery could reach about 97%. Usually relatively low flow
rate led to longer residence time, longer contact time and also the
higher possibility of disulfide bonds exchanging between immo-
bilized DsbA and lysozyme molecules. Taking time efficiency and
production cost into account, flow rate of 0.1 ml/min would be a
better choice.

3.3.3. Effect of loading amount and loading volume on lysozyme
refolding

Loading amount directly influences the molar ratio of lysozyme
to DsbA on the conjoint column, while loading volume would
alter the concentration of urea at the inlet of immobilized DsbA.
All these two factors could affect on the activity recovery of
refolded lysozyme and should be investigated. The effects of load-
ing amounts with different loading volumes are shown in Fig. 7.

For a fixed conjoint column, large loading amounts would result
in the troubles for the column capacity. With excessive denatured
lysozyme molecules, the SEC section of the conjoint column might
not be able to assist every denatured lysozyme molecule in pre-
folding. Also, the subsequent lysozyme intermediates pre-folded in
the SEC section would have been passing through the column with
incorrect conformation due to the insufficient binding capacity of
the immobilized DsbA for disulfide formation and isomerization.
On the contrary, small loading amount would lead to the unac-
ceptable low throughput. Thus, suitable loading amount should be
confirmed. In Fig. 7, we can see that the activity recovery dropped

Il Loading volume: 0.1ml
[ Loading volume: 0.2ml

100 I Loading volume: 0.5ml
S
>
t 80
4]
>
o
o
@
X 60
2
2
=
o
< 40

1.6 2.0 2.4 28 3.2
Loading Lysozyme (mg)

Fig. 7. Effect of loading amount and volume in refolding buffer on the refolding of
lysozyme using the conjoint column.

about 50% when denatured lysozyme loaded was increased to
3.2mg from 1.6 mg with different loading volume. But loading of
2.8 mg denatured lysozyme led to only about 20% decrease com-
pared with 1.6 mg sample. So considering column capacity and
productivity, loading amount of 2.4 or 2.8 mg denatured lysozyme
would be much favorable.

It is well known that same loading amount with different load-
ing volume would result in different protein concentration. With
low concentration of denatured lysozyme, as the injection pulled
through the urea gradient and immobilized DsbA, a much more
favorable micro-environment could be achieved for denatured
lysozyme to refold into native conformation. From Fig. 7, we know
that the activity recovery in 0.5 ml loading volume would be higher
than that in 0.1 ml with different loading amount of denatured
lysozyme respectively. The results also demonstrated the impor-
tance of the SEC section on the top of the conjoint column. For
2.8 mg denatured lysozyme, the activity recovery of the refolded
lysozyme increased to 82.1% with loading volume of 0.5 ml.

3.3.4. Effect of pre-equilibrium mode

Usually urea acted as both a folding promoter and denaturant
simultaneously in protein refolding. As the folding promoter, aggre-
gation inhibitor urea weakened the intermolecular hydrophobic
interactions of protein molecules, which resulted in the aggre-
gations among the folding intermediates [26,27]. Meanwhile, as
the denaturant, urea competed hydrogen bonds with polypep-
tide chains and thus destructed the secondary structure domain
of the proteins, resulting in denaturation. The activity recoveries of
lysozyme under three different pre-equilibrium modes were stud-
ied and the results are presented in Fig. 8. From Fig. 8, we know that
mode III obtained the best results with lysozyme activity recov-
ery of 96.7%, about 33% and 8.5% higher than mode I and mode II,
respectively.

In mode I, 1.5 M urea was homogeneously distributed from the
entrance to the exit of whole conjoint column. When denatured
lysozyme entered the column, urea concentration was directly
diluted from 8 M to 1.5M, which would weaken the aggregation
suppressing effect of urea. Hence urea molecules existed were
not enough to offer the hydrophobic interactions interference for
intermediates refolding to correct conformation, leading to lower
activity recovery. For pre-equilibrium modes Il and III, urea concen-
tration gradually decreased from 8 M to 1.5Mor4 M to 1.5 M along
the SEC section of the conjoint column respectively. Denatured
lysozyme, relatively larger molecules, migrated faster than the lin-
ear urea gradient which was formed by the smaller urea molecules
in the refolding column. Thus, the denatured lysozyme molecule
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Fig. 8. Effect of pre-equilibrium mode on the refolding of lysozyme using the con-
joint column. Mode I: a uniform urea concentration of 1.5 M throughout the whole
conjoint column. Mode II: a linear gradient of urea concentration from 8 M to 1.5M
along the SEC section and urea concentration of 1.5M in the immobilized DsbA
section. Mode III: similar as mode Il with urea gradient from 4 M to 1.5 M.

underwent a gradually decreased gradient of urea concentration
along the SEC section of the conjoint column. When passing by
the SEC section, denatured lysozyme refolded into some interme-
diates and entered the immobilized DsbA for further folding. It was
also reported that urea gradient size exclusion chromatography
achieved high refolding efficiency [19]. However, mode II spread
8M urea through the column, which would slightly damage the
immobilized DsbA. In mode III, denatured lysozyme exactly experi-
enced a two-step urea dilution refolding, firstly a dilution refolding
with 4 M urea followed by a 4-1.5 M urea gradient refolding. In this
way, better refolding effect was obtained.

3.3.5. Effect of KCl concentration on lysozyme refolding

The ionic strength in the refolding buffer, i.e. concentration of
KCl, was investigated at different levels, as shown in Fig. 9. lonic
strength played a significant role not only in inhibiting aggrega-
tion of refolding intermediates of lysozyme but also in disulfide
bonds formation. Excess low or high concentration of KCI had a
negative effect on lysozyme activity recovery. The optimal con-
centration of KCl was at 0.15M, under which activity recovery
of refolded lysozyme was about 22% higher than that at concen-
tration of 0.05M KCl. In contrast, the optimum KCI concentration
for immobilized DsbA refolding column alone was 0.20 M (unpub-
lished data). The difference might be due to the extra SEC section
in the conjoint chromatography: actual local concentration of KCl
in SEC section would be higher than that in the bulk buffer since
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Fig. 9. Effect of KCl concentration in refolding buffer on the refolding of lysozyme
using the conjoint column.
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Fig. 10. Reutilization of the conjoint column for denatured lysozyme refolding.

small molecules of KCI went through longer way across the SEC
column. When loaded on the conjoint column, denatured lysozyme
pre-folded in the SEC section with higher local KCI concentration.
Hence, lower KCI was required in a conjoint column system.

Ionic strength could result in the nonspecific action on pro-
tein conformation, so lysozyme and immobilized DsbA might be
affected by KCl concentration in the system. DsbA activity might
change and indirectly influence the disulfide bond formation in
lysozyme and its chaperone activity for preventing protein aggre-
gation. Direct effect of ionic strength on lysozyme could be as
follows: at low ionic strength, ions adsorbed onto protein (also
peptide or folding intermediates) surfaces increased the electronic
repulsive force between different molecules and reduced aggre-
gation; while at high concentration, hydration effect peeled off
the hydrated layer on the hydrophobic area of protein and thus
increased the interactions between hydrophobic area [28], finally
led to a low protein recovery due to aggregation. Moreover, ionic
strength would also act on the disulfide bonds formation. Higher
ionic strength would be favorable to disulfide bonding [29].

3.4. Reutilization of the conjoint column

In the assistant-mediated in vitro refolding field, how to recover
the used media becomes a key problem. These assistants are usually
artificial synthesized molecules [30-34] or recombinant assistant
proteins [21,16], both of which require fine technical controls with
high cost of production. In the DsbA-mediated batchwise refolding
system, it is difficult to recycle free DsbA protein with biological
activity. Immobilization of DsbA settled this tough problem to a
great extent. However, high concentration of denaturants, such
as urea (almost 8 M) in the denatured buffer might denature the
immobilized DsbA at the entrance of the column, damage the col-
umn permanently and shorten the longevity. The conjoint SEC
section in this work greatly improved the reusability of immobi-
lized DsbA column.

Investigating the reusability, the conjoint column was repeat-
edly used at least 10 batches, and the loading amount was set as
2.8 mg denatured lysozyme with a loading volume of 0.5 ml, achiev-
ing a higher throughput. No significant drop in activity recovery of
refolded lysozyme was observed in the first six usages with the pro-
tection of foregoing SEC section, as shown in Fig. 10, while only first
three run could obtain steady activity recovery in the immobilized
DsbA column alone (unpublished data). There was an obvious drop
in the seven run, about 18% off than the first use. After ten run,
refolded lysozyme still could gain 57.7% activity recovery, about
70% of the first use. Overall, easier recovery, higher stability and
repeated reutilization of the conjoint column were achieved than
batch or on-column refolding using immobilized DsbA.



M. Luo et al. / J. Chromatogr. B 879 (2011) 2971-2977 2977

Compared with the normal SEC refolding system, much higher
throughput and refolding efficiency were achieved in the conjoint
chromatography due to the introduction of immobilized DsbA into
the refolding system. Helper protein of DsbA with both molecular
chaperone and disulfide bonds isomerase activity could facilitate
the protein molecules to refold, especially for those, e.g. lysozyme,
with disulfide bonds in its steric structure. Herein, the compara-
tively small SEC volume could dilute the denaturants in the loading
sample and functions in two aspects. On one hand, with SEC section,
the concentration of denaturants was relatively low at the entrance
of immobilized DsbA; thus reduced its damage to foldase. On the
other hand, with lower concentration of denaturants, denatured
lysozyme began to refolding to some intermediates conforma-
tion. Under the optimal condition, the activity recovery of refolded
lysozyme in the conjoint chromatography reached about 92.7% and
the refolded lysozyme with a concentration of 542 p.g/ml in 4.2 ml
was fractionated.

4. Conclusions

A novel conjoint refolding chromatography column with high
stability and batches reutilization was reported in this paper. The
conjoint column was composed of 1 ml Sephadex G-100-packed
SEC and 5 ml recDsbA Sepharose Fast Flow and successfully applied
to lysozyme in vitro refolding. After pre-equilibrated by the refold-
ing buffer with a profile of urea gradually decreased from 4 M
to 1.5M along the SEC section and homogeneously 1.5M for the
immobilized DsbA section, 2.4 mg denatured lysozyme with a
loading volume of 0.5 ml was loaded on the conjoint refolding col-
umn at a flow rate of 0.1 ml/min and the concentration of KCI in
the refolding buffer at 0.15M. The activity recovery of refolded
lysozyme reached about 92.7% with the productivity of 151 mg
active lysozyme per hour per liter column volume.

With the protection of SEC section, the immobilized DsbA in the
conjoint column was much more stable than that with the absence
of SEC section. To some extent, the urea concentration in the dena-
tured lysozyme was diluted by the SEC section at the entrance of
recDsbA Sepharose Fast Flow section, accordingly less loss of bio-
logical activity of DsbA and much longer longevity of the conjoint
column were achieved. For six batches usage, the activity recov-
ery showed only 5% loss compared with the first usage, while the
ten run could also obtain 57.7% recovery. On-column refolding,
as one of the newly focused research, presents great potential in

reusability with higher recovery and productivity and will be an
inviting research orientation.
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