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a  b  s  t  r  a  c  t

Obtaining  correctly  folded  proteins  from  inclusion  bodies  of  recombinant  proteins  expressed  in  bacte-
rial  hosts  requires  solubilization  with  denaturants  and  a refolding  step.  Aggregation  competes  with  the
second  step.  Refolding  of  eight  different  proteins  was  carried  out by precipitation  with  smart  polymers.
These  proteins  have  different  molecular  weights,  different  number  of  disulfide  bridges  and  some  of  these
are  known  to  be  highly  prone  to aggregation.  A  high  throughput  refolding  screen  based  upon  fluorescence
emission  maximum  around  340  nm  (for  correctly  folded  proteins)  was  developed  to identify  the  suitable
smart  polymer.  The  proteins  could  be  dissociated  and  recovered  after  the  refolding  step.  The  refolding
could  be  scaled  up  and  high  refolding  yields  in the range  of  8  mg  L−1 (for  CD4D12,  the  first  two  domains  of
human  CD4)  to  58  mg  L−1 (for  malETrx,  thioredoxin  fused  with  signal  peptide  of  maltose  binding  protein)
were  obtained.  Dynamic  light  scattering  (DLS)  showed  that  polymer  if chosen  correctly  acted  as  a pseu-
dochaperonin  and  bound  to  the  proteins.  It  also  showed  that  the  time  for maximum  binding  was  about
mart polymer 50 min  which  coincided  with  the  time  required  for  incubation  (with  the  polymer)  before  precipitation  for
maximum  recovery  of  folded  proteins.  The  refolded  proteins  were  characterized  by fluorescence  emis-
sion  spectra,  circular  dichroism  (CD)  spectroscopy,  melting  temperature  (Tm),  and  surface  hydrophobicity
measurement  by  ANS  (8-anilino1-naphthalene  sulfonic  acid)  fluorescence.  Biological  activity  assay  for
thioredoxin  and  fluorescence  based  assay  in case  of  maltose  binding  protein  (MBP)  were  also  carried  out
to confirm  correct  refolding.
. Introduction

While it is well established that a correctly folded conforma-
ion of a protein – called the native structure – is responsible for its
iological activity [1],  the exact mechanisms are still less than com-
letely understood. The well known work by Anfinsen showed that
he information for folding resides in the primary sequence of the
rotein [2].  As Hartl et al. [3] recently observed “Although small pro-
eins may  fold at very fast speeds (within microseconds), in dilute
uffer solutions, larger multidomain proteins may  take minutes to
ours to fold, and often even fail to reach their native states in vitro”.

n vivo, protein crowding [4] contributes to aggregation of non-
ative structures. This is prevented by molecular chaperones or

haperonins in a cell. Their role is not always limited to prevention
f aggregation, but may  extend to acceleration of folding and rever-
al of misfolding events [3].  Many excellent reviews are available on
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protein folding [5,6]. While Sinha and Udgaonkar [5] have provided
a rigorous treatment of early events in protein folding, Nickson and
Clarke [6] have reviewed both theoretical and experimental meth-
ods (and their results) used to study protein folding. There is enough
evidence that protein folding involves existence of one or more
partially folded structures. In many cases, it is possible to isolate
‘molten globules’ which occur on the folding pathway. The ‘oil drop’
model of protein structure envisages that there is a hydrophobic
core with polar amino acids on the surface H-bonded with water.
Hydrophobic clusters do occur on the protein surface and are quite
often part of a specific binding site for ligands/substrates. Apart
from the above ‘nucleation model’, ‘energy landscape model’ has
also been proposed more recently, where folding intermediates are
viewed as ‘kinetic traps’ on the folding pathway. The greater under-
standing of protein folding is also of practical utility in the context
of protein refolding. The overexpression of recombinant proteins in
bacterial hosts often leads to the formation of inactive and insolu-

ble aggregates called inclusion bodies. In some cases, proteins in
these inclusion bodies may  not be completely inactive [7].  Pro-
tein aggregation as such has also attracted attention as the cause
behind several neurodegenerative diseases and cataract formation

dx.doi.org/10.1016/j.chroma.2012.02.048
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:appliedbiocat@yahoo.co.in
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8].  From the biotechnological perspective, the recovery of soluble
ctive proteins from inclusion bodies generally involves: (1) solubi-
ization of the inclusion bodies by denaturants to obtain the protein
n an unfolded form, (2) a second step of refolding [9–11]. While a
arge number of strategies have been described in the literature for
he refolding step [9,11–14], it is a “no single shoe fits all” situation.

Tsumoto et al. [12] have provided an excellent overview of
ifferent classes of additives which have been used during pro-
ein refolding. These can be classified as folding enhancers (e.g.
ucrose, ammonium sulfate) or aggregation suppressors (e.g. mild
enaturants or low concentration of denaturants like urea or guani-
ine hydrochloride). The use of PEG in assisting protein refolding

s a pioneering study in the area. While its detailed role on the
asis of thermodynamics has been discussed [15], it essentially
inds to hydrophobic regions of the folding intermediate(s), pre-
ents protein–protein interaction and hence essentially works as
n aggregation suppressor. Use of smart polymers as “pseudochap-
ronins” for refolding has been described by various workers
s one such approach [16–19].  Smart polymers are reversibly
oluble–insoluble materials which respond to various stimuli such
s pH changes, temperature changes and presence of different
hemical species [20–25].  Use of smart polymers (as compared to
ther water soluble polymers like PEG) offers the added advantage
hat one can easily isolate the folded protein–polymer complex as a
recipitate by applying a suitable stimulus. This precipitation often
ill also result in simultaneous purification of the desired pro-

ein [21,26,27].  In the past, refolding by smart polymers has been
enerally limited to working with chemically or thermally dena-
ured proteins [16,28,29].  A few years back, we  reported use of a
H-responsive methyl methacrylate polymer for obtaining active
ecombinant controller of cell division or death B (CcdB) protein
rom its inclusion bodies [19]. Unfortunately, refolded CcdB could
ot be dissociated from that polymer Eudragit S-100.

In this work, we have attempted to develop the use of smart
olymers as a general approach for recovery of active proteins from
heir inclusion bodies. Obviously, a single smart polymer would not
ork with different proteins. So, we decided to develop a screen for

he searching of a suitable smart polymer in a 96-well plate format.
ur results show that, at least with a variety of proteins investi-
ated by us, it was possible to identify a suitable smart polymer for
btaining a reasonable recovery of the active protein by refolding.
he refolding was confirmed by biological activity (wherever pos-
ible), fluorescence, and circular dichroism (CD) spectroscopy. The
roteins used for refolding from inclusion bodies in the present
tudy are: five aggregation prone mutants of the E. coli proteins-
ontroller of cell division or death B (CcdB) [30], maltose binding
rotein (MBP) [31], and thioredoxin fused with signal peptide of
BP  (malETrx) [13]; the first two domains of human CD4 (CD4D12)

32]; single chain variable fragment (ScFv) b12 and single chain
ntigen binding fragment (ScFab) b12, both derived from the anti-
uman immunodeficiency virus (HIV)-1 antibody b12, which binds
o the CD4 binding site on gp120 of HIV-1 [33].

. Materials and methods

.1. Materials

Eudragit L-100 and S-100 were products of Rohm Pharma GmbH
Weiterstadt, Germany). This is a copolymer of methacrylic acid
nd methyl methacrylate (in a molar ratio of 1:1) with aver-
ge molecular weight of 1,35,000 g/mol (Product sheet, Rohm

harma). Cationic starch (Catamyl-VS; 99.6% purity), starch deriva-
ized with a quaternary ammonium compound, was  a kind gift from
hemtech Marketing (Delhi, India). Protanal LF 10/60 (free algi-
ate from brown seaweed) having a high content of guluronic acid
r. A 1235 (2012) 10– 25 11

(65–75%) was  a product of Protan A/S (Drammen, Norway). The
average molecular weight of Protanal LF 10/60 is 3,20,000 g/mol
[34]. Alginic acid, composed predominantly of mannuronic acid
residues (catalog no. A-2158), 8-anilino1-naphthalene sulfonic
acid (ANS), phenylmethanesulfonylfluoride (PMSF), isopropyl �-d-
thiogalactopyranoside (IPTG) and ampicillin were purchased from
Sigma–Aldrich (St. Louis, MO,  USA). All other chemicals used were
of analytical grade.

2.2. Strains and expression plasmids

E. coli BL21 (DE3) was used for protein expression of malETrx,
human CD4D12, mutants of MBP, ScFv b12 and ScFab b12. E. coli
CSH501 was used for expressing wild type (WT) CcdB and its
mutants. The plasmids used for expression of these proteins
were pBAD24 containing CcdB-F17P, CcdB-M97K, MBP224D and
MBP264D inserts, pET20b(+) containing (A14E)malETrx insert,
pET28a containing human CD4D12 insert, pET22(+) containing ScFv
b12 insert and pComb containing ScFab b12 insert.

2.3. Overexpression in E. coli

The plasmid pBAD24 expressing CcdB mutants F17P or M97K,
was  transformed into E. coli CSH501 [30]. A single colony was picked
and inoculated into 5 mL  LB medium containing 100 �g mL−1 ampi-
cillin. One percent of primary inoculum was  transferred into 1 L
fresh LB broth (amp+) and grown at 37 ◦C with shaking at 200 rpm
until OD600 reached 0.8. Induction was carried out by adding l-
arabinose (0.2%) and the culture was further grown under similar
conditions for 12 h at 37 ◦C at 200 rpm. This procedure was repeated
for the transformation of the plasmid pET20b(+) containing (A14E)
malETrx insert (showing leaky expression), pBAD24 containing
MBP  224D and 264D inserts, pET22(+) containing ScFv b12 insert
and pComb containing ScFab b12 insert into E. coli BL21 (DE3). The
plasmid pET28a expressing CD4D12 was  transformed into E. coli
BL21 (DE3) and 50 �g mL−1 kanamycin was used as the selection
marker. Induction was carried out by adding l-arabinose (0.2%) in
case of MBP224D and MBP264D; 0.5 mM IPTG (final concentration)
in case of malETrx and CD4D12; and 1 mM IPTG (final concentra-
tion) in case of ScFv b12 and ScFab b12, and the culture was further
grown under similar conditions for 12 h.

2.4. Isolation and solubilization of inclusion bodies

Cells were harvested, sonicated in resuspension buffer (For CcdB
mutants, 50 mM Tris/pH 8.0/1 mM EDTA/10% glycerol/200 mM
PMSF; for malETrx, MBP  mutants, ScFv b12 and ScFab b12, 50 mM
Tris/pH 7.0/150 mM NaCl/1 mM EDTA/100 mM PMSF; for CD4D12,
PBS/pH 7.4/100 mM PMSF) 10 times with 30 s pulses on ice, and
centrifuged at 9000 × g for 30 min  at 4 ◦C. The inclusion body
pellet was  washed (thrice) with washing buffer (50 mM PBS/pH
7.4/0.5% Triton X-100) and centrifuged at 9000 × g for 30 min. Iso-
lated inclusion bodies were solubilized with 8 M urea in 50 mM
Tris–HCl buffer (pH 7.5 for CcdB mutants, malETrx, CD4D12 and
MBP  mutants and pH 7.0 for ScFv b12 and ScFab b12) containing
100 mM  DTT and incubated with stirring for 5 h at room tempera-
ture.

2.5. Preparation of Eudragit solution

Eudragit solutions (2%, w/v) for both kinds of Eudragit (L-100
and S-100) were prepared by suspending the polymer powder (2 g)

in 50 mL  of 50 mM Tris–HCl buffer, pH 7.5. The pH of the solution
was  raised to 11.0 with 3 M NaOH and stirred until the polymer
dissolved. The pH was  then readjusted to 7.5 with 3 M HCl, and
the volume of the solution was  increased to 100 mL  with buffer.
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udragit solutions thus prepared were stored at 4 ◦C. All the exper-
ments were done with these stored polymer solutions.

.6. Preparation of cationic starch solution

Cationic starch solution (2%, w/v) was prepared by adding 0.2 g
f starch in 10 mL  of distilled water and heating the suspension at
0 ◦C for about 2–3 min  till a clear solution was obtained. The solu-
ion was cooled to room temperature and diluted appropriately
ith 50 mM Tris–HCl buffer, pH 7.5, to get the desired concentra-

ion wherever required.

.7. Preparation of alginate solution

Alginate solutions (2%, w/v) for both kinds of alginate (Protanal
F and Alginic acid) were prepared by dissolving 0.4 g of dry alginate
n 20 mL  of water and the pH was adjusted to 7.0. The solutions were
tored at 4 ◦C and diluted with appropriate buffer for further use.

.8. High-throughput screening of the affinity ligand (smart
olymer) in 96-well plate format

An aliquot of solubilized inclusion bodies containing 0.1 mg  pro-
ein (final concentration 0.5 mg  mL−1) was taken in the 96-well
late along with the polymer (final concentration of the polymer
as 0.2%, w/v, for Eudragit L-100 and S-100, and 0.5%, w/v, for algi-
ate and other polymers) and the volume was made up to 0.2 mL
ith 50 mM  Tris–HCl buffer pH 7.5 in the 96-well plate. Six dif-

erent polymers were examined for refolding of different inclusion
ody proteins. In the dilution control, appropriate buffer was  added

nstead of the smart polymer. The 96-well plate was incubated at
5 ◦C for 1 h at 150 rpm. The appropriate polymer was  identified by
easuring the fluorescence emission maximum (�max) with exci-

ation at 280 nm,  of the desired wells in 96-well plate placed in a
icrotitre plate reader accessory of the Cary Eclipse spectrofluo-

imeter (Varian Inc., Victoria, Australia) at 25 ◦C.

.9. Refolding of two mutants of CcdB (F17P and M97K), malETrx
nd CD4D12 from inclusion bodies with Eudragit L-100

Different aliquots of solubilized inclusion bodies were incu-
ated with 0.2 mL  of 2% (w/v) Eudragit L-100 (final concentration
f Eudragit was 0.2%, w/v), and the final volume was  made up to

 mL  with 50 mM Tris–HCl buffer, pH 7.5, containing 0.1 M KCl and
 mM EDTA. The final protein concentration was 0.2–2.5 mg  mL−1.
fter incubation at 25 ◦C for 1 h, the polymer–protein complex was
recipitated by lowering the pH to 4.0 with 2 M acetic acid [35].
he precipitate was separated from the unbound protein in the
upernatant by centrifugation (10,000 × g, 10 min) at room temper-
ture. The precipitate was then washed twice with 0.01 M acetate
uffer, pH 4.0. The polymer–protein complex was incubated with
ifferent concentrations of dissociating agents (NaCl and ethylene
lycol) in 50 mM  Tris–HCl buffer, pH 7.5, for 1 h at 4 ◦C with shak-
ng at 150 rpm. The supernatant collected after centrifugation at
0,000 × g for 10 min  at 4 ◦C, was used for spectroscopic measure-
ents and activity assay. All measurements were carried out after

emoval of the dissociating agent by membrane filtration (Amicon
ltra-15 3K, Millipore).

.10. Refolding of two mutants of MBP  (224D and 264D) from
nclusion bodies with cationic starch
Cationic starch is known to bind soluble MBP  and MBP  fusion
roteins [36], therefore cationic starch was used as a pseudochap-
ronin for the refolding of MBP  mutants from their inclusion
odies. Different aliquots of the solubilized inclusion bodies of
r. A 1235 (2012) 10– 25

MBP  mutants (224D and 264D) were incubated with 0.3 mL of 2%
(w/v) cationic starch (final concentration, 0.3%, w/v) and final vol-
ume  was made up to 2 mL  with 50 mM Tris–HCl buffer, pH 7.5.
The final protein concentration was 0.2–2.5 mg mL−1. After incu-
bation at 25 ◦C, 150 rpm for 1 h, the polymer–protein complex was
precipitated by the addition of 10% (w/v) PEG and 50 mM CaCl2
[Stock solutions of PEG (40%, w/v) and CaCl2 (1 M)  were made in
distilled water. Aliquots of the solutions were taken to precipitate
the polymer–protein complex] [36]. After 10 min, the precipitate
was  separated from the supernatant by centrifugation (10,000 × g,
10 min  at 4 ◦C). The precipitate was then washed twice with 2 mL
of 50 mM Tris–HCl buffer, pH 7.5, at 4 ◦C. The bound protein was
dissociated from the polymer by suspending the polymer–protein
complex in 1 mL  of chilled 1 M NaCl (in 50 mM Tris–HCl buffer,
pH 7.5) and incubating at 150 rpm at 4 ◦C for 1 h [36]. The poly-
mer  was  separated from the dissociated protein by centrifugation
(10,000 × g, 10 min) at 4 ◦C. Further characterization and activity
assays were determined in the supernatant after extensive dialysis
against the 50 mM  Tris–HCl buffer, pH 7.5 to remove NaCl.

2.11. Refolding of two antibody fragments (ScFv b12 and ScFab
b12) from inclusion bodies with alginate

Different aliquots of solubilized inclusion bodies of ScFv b12 and
ScFab b12 were incubated with 0.5 mL  of 2% (w/v) Protanal LF (final
concentration, 0.5%, w/v), and the final volume was  made up to
2 mL  with 50 mM Tris–HCl buffer, pH 7.0. The final protein concen-
tration was 0.2–2.5 mg  mL−1. After incubation at 25 ◦C for 1 h, the
polymer–protein complex was precipitated by the addition of 1 M
CaCl2 (final concentration of CaCl2 in solution was  60 mM)  [29]. The
precipitate was  separated from the supernatant by centrifugation
(10,000 × g, 10 min). The precipitate was then washed twice with
2 mL  of 50 mM  Tris–HCl buffer, pH 7.0, containing 0.06 M CaCl2. The
bound protein was  dissociated off of the polymer by suspending the
polymer–protein complex in 2 mL  of chilled 1 M NaCl (prepared in
50 mM Tris–HCl buffer, pH 7.0) and incubating this suspension at
4 ◦C for 18 h with shaking at 150 rpm. Further characterization and
activity assays were determined in the supernatant after extensive
dialysis against the 50 mM Tris–HCl buffer, pH 7.0 to remove NaCl.

2.12. Polyacrylamide gel electrophoresis

SDS-PAGE of the protein samples using 15% gel was performed
according to Hames [37], using a Genei gel electrophoresis unit
(Bangalore Genei, Bangalore, India). The protein bands on the gel
were visualized using Coomassie Blue stain.

2.13. Estimation of protein concentration

The protein concentrations were estimated using extinction
coefficients (at 280 nm)  of 1.4 mL  mg−1 cm−1 in the case of CcdB
[38], 18,450 M−1 cm−1 for CD4D12 as calculated from the amino
acid sequence [39] and 1.46 mL  mg−1 cm−1 for pure MBP  [40]. The
protein concentration in other cases was estimated by the dye bind-
ing method using bovine serum albumin as the standard protein
[41].

2.14. Spectroscopic measurements

2.14.1. Fluorescence measurements
All fluorescence spectra were recorded at 25 ◦C on a Cary Eclipse,
Varian spectrofluorimeter. Typically, 1.0–2.0 �M protein in 10 mM
Tris–HCl, pH 7.5, was  used and the fluorescence emission spec-
tra were recorded from 300 to 400 nm upon excitation at 280 nm.
The excitation and emission slit widths were kept at 2 nm and
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 nm,  respectively. All fluorescence spectra were normalized and
orrected for buffer contributions.

.14.2. ANS binding measurements
All ANS binding fluorescence measurements were carried out on

 Cary Eclipse spectrofluorimeter at 25 ◦C. Samples were excited at
90 nm,  and emission spectra were collected over the wavelength
ange of 420–600 nm.  The excitation and emission slit widths were
ept at 2 nm and 5 nm,  respectively. The protein and ANS concen-
rations used were 1 and 100 �M,  respectively. All fluorescence
pectra were corrected for buffer contributions.

.14.3. Circular dichroism (CD) measurements
Far-UV CD spectra were recorded on a JASCO J-815 spec-

ropolarimeter (Jasco Corporation, Tokyo, Japan) equipped with a
eltier-type temperature controller and a thermostated cell holder,
nterfaced with a thermostatic bath at 25 ◦C using a cell with a
ath length of 0.1 cm.  Typical spectral accumulation parameters
ere a scanning rate of 50 nm/min with a 2 nm bandwidth over

he wavelength range 200–250 nm with six scans averaged for
ach far-UV spectrum using a protein concentration of 10–15 �M
n 10 mM Tris–HCl, pH 7.5. The CD data are presented in terms of

ean residue ellipticity (MRE, expressed as deg cm2 dmol−1) as a
unction of wavelength, calculated as given below according to the
rocedure described earlier [42]:

�]MRE = MRW  × �obs

10 × d × c

here [�]MRE is the calculated mean residue ellipticity
deg cm2 dmol−1), MRW  is the mean residue weight for the
eptide bond [MRW is calculated as, MRW  = M/N-1, where M is
he molecular mass of the polypeptide chain (Da), and N is the
umber of amino acids in the chain], �obs is the observed ellipticity
expressed in degrees), d is the pathlength (cm), and c is the
rotein concentration (g mL−1). All CD spectra were corrected
or buffer contributions and secondary structures were calcu-
ated by using web based K2d neural network software package
http://www.embl.de/∼andrade/k2d.html)  [43].

Thermal denaturation curves were determined directly by
onitoring the ellipticity changes at 222 nm.  Samples with a con-

entration of 0.2 mg  mL−1 were used. The temperature of sample
olution was raised linearly by 1 ◦C min−1. The heating curves
ere corrected for an instrumental baseline obtained by heating

he buffer (10 mM Tris–HCl, pH 7.5) alone. The melting temper-
ture (Tm) was  calculated from the first-order derivatives of the
llipticity-temperature plot.

.14.4. Dynamic light scattering (DLS) measurements
Dynamic light scattering measurements were performed at

5 ◦C using the instrument laser-spectroscatter 201 by RiNA GmbH
Berlin, Germany). Data analysis was done using PMgr v3.01p17
oftware supplied with the instrument. Solubilized inclusion bod-
es (with a protein concentration of 0.5 mg  mL−1) in 10 mM Tris–HCl
uffer, pH 7.5, were incubated with smart polymer for different
ime intervals at 25 ◦C. The sample (50 �L) was manually injected
nto a flow cell (1.5 mm path length) and illuminated by a 100 mW,
60 nm laser diode. Prior to measurements, the buffer solutions
ere filtered through a 0.2 �m filter, while the smart polymer solu-

ion was centrifuged at 4000 × g for 15 min  and the solubilized
nclusion bodies centrifuged at 10,000 × g for 15 min  before use.

.15. Activity assays
.15.1. Assay for thioredoxin
The activity of thioredoxin was assayed by the insulin aggrega-

ion assay [44].

(

r. A 1235 (2012) 10– 25 13

2.15.2. Binding assay for MBP
The binding of maltose to MBP  was assayed fluorimetrically by

observing a red shift and quenching in the intrinsic tryptophan of
MBP  upon maltose binding [45].

3. Results

3.1. High-throughput screening of the affinity ligand (smart
polymer) in 96-well plate format for appropriate refolding of the
proteins

A protein usually binds to a polymer which has the affinity
for that particular protein, therefore identifying the appropriate
smart polymer becomes a critical step for refolding the protein by
the action of these smart polymers (pseudochaperonins). We  have
developed a high-throughput method for identifying the appropri-
ate smart polymer in 96-well plate format (Table 1). The suitable
smart polymer is chosen for appropriate refolding by looking at the
fluorescence emission maximum, as given in Table 1.

The various polymers chosen to develop this screen have been
described earlier as smart polymers and used for purification of pro-
teins by affinity precipitation [21,27,46].  Eudragit S-100 and L-100
are commercially available synthetic polymers. Both are methyl
methacrylate polymers differing in extent of esterification of the
carboxyl groups in the polymer chains. Both are pH responsive
polymers [19–21].  Protanal LF and Alginic acid are both alginates,
again commercially available from different vendors. Alginates are
polysaccharides and block copolymers of mannuronic acid and
guluronic acid blocks. The two alginates chosen are representative
of a wide variety of alginates which occur in nature and differ in
their mannuronic acid and guluronic acid content [29,47]. Algi-
nate forms insoluble calcium-alginate in the presence of Ca2+.
Cationic starch has been used earlier for purification of MBP  and
MBP  fusion proteins [36]. �-Carrageenan is again a naturally occur-
ring polysaccharide, which becomes insoluble in the presence of
K+ [48]. Chitosan is a partially deacetylated form of chitin, a natu-
rally occurring polymer of N-acetylglucosamine [23]. Chitosan is a
pH-responsive polymer. The choice of these polymers (apart from
their ready availability from commercial sources) is based upon
two  considerations: (1) availability of the earlier experience with
their use in protein purification, (2) diverse chemical structure. The
chemical structures and some relevant properties of the polymers
used are given in Table 2. Affinity precipitation essentially con-
sists of triggering precipitation of polymer–protein conjugate in
response to the appropriate stimulus. Here, with no known exis-
tence of any affinity between polymer and target protein, it would
be more appropriate to call this simply precipitation (however see
later discussion on this issue). The design of the screen was  to incu-
bate solubilized inclusion bodies of chosen proteins with solutions
of all the polymers in different wells (Table 1). After 1 h, fluores-
cence emission was  recorded for each sample. Folded proteins
are characterized by the blue shift of the fluorescence emission
maximum. Generally, it is around 340 nm for most (tryptophan
containing) proteins [49]. These measurements during the screen-
ing were made while proteins were still bound to the polymers.
Earlier work showed that refolded proteins have the same (or very
close) value of �max (emission) while bound to the smart polymers
[19].

The results (Table 1) indicated that:

a) CcdB-F17P was  refolded by both Eudragit L-100 and Eudragit

S-100 and by no other polymer.

b) malETrx and CD4D12 were also refolded by these two  polymers.
(c) For ScFv b12 and ScFab b12, Protanal LF was  successful in refold-

ing. It is interesting that the analogous polymer Alginic acid was

http://www.embl.de/~andrade/k2d.html
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Table  1
High-throughput screening of the affinity ligand (smart polymer) in 96-well plate for appropriate refolding of the proteins. The promising conditions are shown in bold.

Proteinsa 1 2 3 4 5 6 7 8 9
Inclusion
bodies  in 8 M
urea

Dilution control Eudragit L-100 Eudragit S-100 Protanal LF Alginic Acid Cationic Starch �-Carrageenan Chitosan

Fluorescence emission maxima (�max)
A  358 nm 355 nm 340 nm 340 nm 351 nm 352 nm 354 nm 355 nm 352 nm
CcdB-F17P (1:0.93) (1:0.81) (1:0.82) (1:0.91) (1:0.91) (1:0.94) (1:0.94) (1:0.93)
B  356 nm 352 nm 342 nm 342 nm 350 nm 352 nm 352 nm 354 nm 351 nm
malETrx (1:0.80) (1:0.50) (1:0.50) (1:0.78) (1:0.80) (1:0.80) (1:0.82) (1:0.77)
C 357  nm 354 nm 340 nm 342 nm 352 nm 353 nm 355 nm 353 nm 355 nm
CD4D12 (1:0.84) (1:0.62) (1:0.63) (1:0.82) (1:0.82) (1:0.85) (1:0.82) (1:0.85)
D  360 nm 353 nm 354 nm 355 nm 340 nm 346 nm 352 nm 354 nm 352 nm
ScFv  b12 (1:0.90) (1:0.92) (1:0.92) (1:0.78) (1:0.84) (1:0.90) (1:0.92) (1:0.90)
E  360 nm 352 nm 354 nm 355 nm 340 nm 345 nm 352 nm 355 nm 355 nm
ScFab  b12 (1:0.86) (1:0.84) (1:0.86) (1:0.72) (1:0.78) (1:0.84) (1:0.86) (1:0.84)

a Rows 1–9 indicate inclusion bodies in 8 M urea or dilution control of solubilized inclusion bodies with appropriate buffer instead of the smart polymer or solubilized
i ent in
fl  intens
8 on 2.8
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refolding and dissociation of the refolded protein by 70% ethylene
glycol (Table 3) indicated that the interaction between the polymer
and protein is largely hydrophobic in nature. With isoelectric points

Fig. 1. Fluorescence emission spectra (Arbitrary units, AU)  of solubilized inclusion
nclusion bodies with different smart polymers and columns A–E indicate differ
uorescence emission maxima (�max) values indicate the ratio of the fluorescence

 M urea at �max (emission). The experiments were carried out as described in Secti

not as good for this purpose. Again, other polymers did not cause
refolding.

As dilution can also cause refolding, at least partly in some
ases [9,12],  a control with the simple addition of buffer without
ny polymer was  also run to assess the contribution of the poly-
ers in refolding (fluorescence spectra of the individual wells not

hown).

.2. Refolding of two mutants of CcdB (CcdB-F17P and M97K)
rom inclusion bodies

CcdB is a homodimeric protein of 101 amino acids and is
ncoded by F plasmid [50,51].  CcdB has been of great interest for
esearchers due to its cytotoxic activity in E. coli by the inhibition
f DNA gyrase. The mutants of CcdB taken in the present study are
ighly aggregation prone and form inclusion bodies upon expres-
ion, and cannot be refolded by conventional refolding techniques
uch as dilution or dialysis [13]. Therefore, the refolding of CcdB
utants by Eudragit was investigated further. As earlier work had

hown that with Eudragit S-100, it is not possible to dissociate the
efolded CcdB from the polymer [19]; Eudragit L-100 was  chosen
n the present work. Table 3 gives the results on attempts to dis-
ociate the CcdB-F17P protein from the polymer and recover it.
ssentially, like in any affinity precipitation work [19,23,28,29],
fter incubating the polymer–protein complex with the dissociat-
ng agent (various concentrations of each were tried), the polymer

as precipitated by suitable stimuli and up to 93% protein could be
ecovered. Experiments showed that CcdB and its mutants can be
issociated from Eudragit L-100. The fluorescence emission spec-
ra of CcdB-F17P along with the polymer (Fig. 1) (at different time
ntervals during refolding) show: (a) the refolding of all the protein

olecules takes place only after the binding event is completed
t around 50 min, (b) it is the binding step which is responsible
or the refolding and subsequent precipitation does not play any
ole in refolding and only facilitates recovery of the folded pro-
ein in the purified form, (c) the �max (emission) of 340 nm for the
efolded protein at around 50 min  indicates that the refolded pro-
ein is devoid of any significant aggregates as protein aggregation
s known to cause blue shift of the �max (emission) beyond 340
19,52]. Dynamic light scattering (DLS) was used to follow the time
ourse of binding of the polymer with the CcdB mutant (Fig. 2A). It

s interesting to note that again a minimum of 50 min  was  neces-
ary for polymer–protein association to reach the maximum size.
his also confirmed that the refolding is mediated by actual binding
etween the protein and polymer. Similarly, solubilized inclusion
clusion bodies of different proteins. The numbers in the parentheses below the
ity at that �max (emission) to the fluorescence intensity of the protein solution in
.

bodies of ScFv b12 with the appropriate smart polymer Protanal
LF, showed a significant increase in size with time, again reaching
a maximum size at around 50 min  as shown in Fig. 2A.

The conclusion was further confirmed by monitoring interaction
of proteins with polymers which were not conducive to refold-
ing based upon the screen (Table 1). It was seen that incubation
of proteins CcdB-F17P and ScFv b12 with inappropriate polymers
(Protanal LF and Eudragit L-100, respectively), did not lead to any
significant interaction as tracked by light scattering (Fig. 2A) i.e.
no significant size increase (due to interaction) with time could be
seen.

Over the years, the meaning of ‘affinity’ has undergone drastic
changes [53,54]. Any adequate level of interaction in a selective
fashion is viewed as an affinity interaction. In that sense, the
strategy used here could be, (broadly speaking) called affinity pre-
cipitation. The nature of the polymer (Table 2) found suitable for
bodies of CcdB-F17P with Eudragit L-100. The Eudragit L-100 concentration was 0.2%
(w/v) and the protein concentration was 0.5 mg mL−1 in a total volume of 0.2 mL.  All
the  spectra were taken at different time intervals and corrected for buffer contribu-
tions in 10 mM Tris–HCl, pH 7.5, using excitation and emission slit widths of 2 nm
and 5 nm,  respectively.
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Table 2
Properties of the different smart polymers used.

S. no. Smart
polymer

Average molecular weight (Da) Composition Ionic state
at neutral
pH

Chemical structure References

1. Eudragit
L-100

135,000 Copolymer of methacrylic acid and
methyl methacrylate (1:1)

Anionic
C

O
OH

CH3 CH3

C
O

O

CH3 n

[Product
specifica-
tion Rohm
Pharma]b

2. Eudragit
S-100

135,000 Copolymer of methacrylic acid and
methyl methacrylate (1:2)

Anionic

CH3

C

CH3

n

CH3

C

O

O

CH3

OH

O

C

O

O

CH3

[Product
specifica-
tion Rohm
Pharma]b

3. Protanal LF 3,20,000 Copolymer of guluronic acid and
mannuronic acid, composed
primarily of guluronic acid residues

Anionic

O

HO

OH

O

O OH

O
O

O

OH

HO

OH

n
m

[34]

4.  Alginic
Acid

1,00,000 Copolymer of guluronic acid and
mannuronic acid, composed
primarily of mannuronic acid
residues

Anionic

O

HO

OH

O

O OH

O
O

O

OH

HO

OH

n

m

[60]
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5. Cationic
Starch

– Polymer of glucose, derivatized
with a quaternary ammonium
compound

Cationic

O

HO

OH
O

O

O

OH

O

O
OH

HO

H2C CH

OH

CH2 N

CH3

CH3

CH3

n

[36]

6.  Chitosan 4,00,000 A linear polysaccharide
composed of randomly
distributed �-(1-4)-linked
d-glucosamine (80%) and
N-acetyl-d-glucosamine (20%)a

Cationic

OH

O
HO

NH2

O

NH

HO

n

OH

m

CH3

O

O [Product
specifica-
tion Fluka,
Sigma–Aldrich
(Cat. no.
22742)]

7.  �-
Carrageenan

2,50,000–3,50,000 Polymer composed of
1,3�-1,4�-galactans having
one sulfate every disaccharide
unit

Anionic

O

OSO3-
CH2OH

OH

O O

O

O

OH n

[61]

a Degree of deacetylation depends on the source of chitosan and the process of deacetylation.
b http://www.solimide.eu/de/pharmapolymers/eudragit/quality/spezifikationen neu.Par.0001.TRow.0006.TCell.0002.File.tmp/7.1.03 INFO7.3e L100 S100 200409.pdf.

http://www.solimide.eu/de/pharmapolymers/eudragit/quality/spezifikationen_neu.Par.0001.TRow.0006.TCell.0002.File.tmp/7.1.03_INFO7.3e_L100_S100_200409.pdf
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Table  3
Dissociation of bound proteins from Eudragit L-100 by different dissociating agents.

Dissociating agent Concentration of the dissociating agent Recovery of protein (%)

CcdB-F17P malETrx CD4D12

NaCl 0.2 M 5.3 4.0 6.1
0.5  M 8.2 5.7 8.6
1.0  M 14.5 8.2 12.0

Ethylene glycol 50% (v/v) 55.3 60.4 60.0
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70%  (v/v) 

90%  (v/v)

he experiments were carried out in triplicates and the difference in the individual

f 6.1 and 6.7 for CcdB-F17P and M97K, respectively (Table 4), the
rotein will not have a high amount of charge at the refolding pH
f 7.5. Hence, it is understandable that electrostatic bonds do not
ominate in this interaction. Fig. 2B shows that when the binding
f CcdB-F17P to the polymer was carried out in the presence of
0% ethylene glycol, no size increase was observed. This indicated:
1) size increase with time indeed reflects binding of the polymer
ith the protein, (2) the binding is largely due to hydrophobic

nteraction as ethylene glycol is known to inhibit hydrophobic
nteractions [55].

The concentration of Eudragit L-100 used in the refolding exper-
ments was 0.2% (w/v). Fig. 3A shows that this indeed was the

inimum concentration which bound the maximum (>90%) of
he protein. Using higher concentration of Eudragit L-100 would
ot be more useful. Fig. 3B shows that under these conditions,
he protein concentration for refolding experiments can be raised
p to 1.50 mg  mL−1. Increasing protein concentration beyond this
ould mean that a significant percentage of protein would remain
nbound to the polymer and would be unlikely to refold.

.2.1. Characterization of refolded CcdB mutants
The fluorescence emission spectra of WT-CcdB and the mutants

re given in Fig. 4A. As it was indicated during the polymer screen-

ng data, both mutants have the same �max (emission) of 340 nm as

T-CcdB and hence fluorescence data shows that these are in the
orrectly folded, native-like forms. When both refolded mutants
re incubated in 6 M GdmCl, there was a red shift in the spectra

able 4
elting temperature (Tm) and other physicochemical properties of different proteins refo

roteins.

Name of the protein Tm of the protein (◦C)a Molecular weight (Da)b

WT-CcdB 65.0 11,706 

Refolded CcdB-F17P 61.0 11,656

Refolded CcdB-M97K 60.0 11,703 

WT-Thioredoxin 84.0 11,675 

Refolded malETrx 85.2 14,355 

Refolded CD4D12 61.0 20,262 

WT-MBP 64.0 40,707 

Refolded MBP224D 63.0 40,691 

Refolded MBP264D 62.0 40,735 

Refolded ScFv b12 53.0 28,130 

Refolded ScFab b12 59.0 51,014 

a As determined by CD.
b Calculated by using ProtParam program (http://web.expasy.org/protparam/) [62].
c As calculated from CD spectra by using K2d software package [43].
92.0 90.8 88.2
93.2 91.5 89.6

ngs was  less than 5%.

to 358 nm,  along with increase in the fluorescence intensity due to
exposure of tryptophan residues from the quenched environment,
similar to WT-CcdB [51].

The CD spectra of the refolded mutants along with WT-CcdB
are given in Fig. 4B. The CD spectrum of WT-CcdB was  similar to
what has been reported earlier [13]. The spectra of the mutants are
very similar to the spectra of WT-CcdB indicating that the refolded
mutants have native like structure.

ANS binding measurements were also carried out on the affinity
precipitation refolded CcdB-F17P and CcdB-M97K, and compared
with the WT-CcdB (Fig. 5). WT-CcdB does not bind to ANS in its
native state at pH 7.0 due to its low surface hydrophobicity and
presence of a folded dimeric form at pH 7.0. However, ANS binding
was  observable at pH 4.0 in WT-CcdB because the dimer dissociates
into folded monomers [51], increasing its surface hydrophobic-
ity at pH 4.0. Similar behavior was  seen in the cases of refolded
CcdB-F17P and M97K mutants, indicating a folded dimeric CcdB at
pH 7.0, whereas at pH 4.0, the CcdB dimer dissociates into folded
monomers.

Fig. 6A shows the SDS-PAGE analysis of inclusion bodies
(washed and unwashed) and refolded CcdB mutants. As seen in
lanes 4 and 7, refolding of the CcdB mutants was accompanied
by simultaneous purification. The refolded CcdB mutants were
homogenous by SDS-PAGE analysis.
Tm of the refolded CcdB mutants along with WT-CcdB, were also
determined by CD (Table 4). The refolded CcdB mutants had Tm very
similar to WT-CcdB.

lded by affinity precipitation and their comparison with soluble native (wild type)

Amino acidsb Isoelectric pointb Secondary structure contentc

101 6.1 Alpha Helix: 25
Beta Sheet: 30

101 6.1 Alpha Helix: 26
Beta Sheet: 28

101 6.7 Alpha Helix: 26
Beta Sheet: 28

108 4.7 Alpha Helix: 28
Beta Sheet: 23

134 5.3 Alpha Helix: 29
Beta Sheet: 22

183 9.0 Alpha Helix: 14
Beta Sheet: 38

370 5.2 Alpha Helix: 36
Beta Sheet: 18

370 5.1 Alpha Helix: 34
Beta Sheet: 17

370 5.1 Alpha Helix: 33
Beta Sheet: 18

254 9.1 Alpha Helix: 15
Beta Sheet: 34

479 8.8 Alpha Helix: 18
Beta Sheet: 31

http://web.expasy.org/protparam/
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Fig. 2. The size distribution analysis to show the binding of the protein molecules
with the smart polymers with time at 25 ◦C by dynamic light scattering experiment
for:  (A) Smart polymers, Eudragit L-100 with solubilized inclusion bodies of: (�)
CcdB-F17P and (�) ScFv b12, and Protanal LF with solubilized inclusion bodies of:
(©)  CcdB-F17P and (�) ScFv b12. (B) Eudragit L-100 with solubilized inclusion bodies
of  CcdB-F17P in the presence of: (�) 20% ethylene glycol, (�) 50% ethylene glycol and
(©)  70% ethylene glycol. In the above experiments the Eudragit L-100 concentration
was  0.2% (w/v), Protanal LF concentration was 0.5% (w/v) and the protein concentra-
tion was 0.5 mg  mL−1 in a total volume of 0.2 mL  in 10 mM Tris–HCl buffer, pH 7.5 for
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Fig. 3. (A) Binding of solubilized inclusion bodies of CcdB-F17P with Eudragit L-100
at  different concentrations of Eudragit L-100 at 25 ◦C. The protein concentration
was  0.5 mg mL−1 in a total volume of 0.2 ml  in 50 mM Tris–HCl, pH 7.5. (B) Binding
of  solubilized inclusion bodies of CcdB-F17P with Eudragit L-100 at different protein

for thioredoxin activity [44]. The specific activity of 3.3 of the
refolded malETrx compared well with the known thioredoxin sam-
ple (Table 5). The refolded protein was homogenous on SDS-PAGE
analysis (Fig. 6B).

Table 5
Insulin aggregation assay for thioredoxin proteins.

Protein (mg) Activity
(Units)a

Specific-activity
(Units mg−1)

Initial protein taken for
refolding (solubilized
inclusion bodies)

0.50 mg – –

Affinity precipitation
refolded malETrx

0.32 mg 1.22 3.3

WT-Thioredoxin
(Sigma–Aldrich)

–  – 4.0
cdB F-17P and pH 7.0 for ScFv b12. The experiments were carried out in triplicates
nd the error bars represent the difference among the individual readings.

.3. Refolding of malETrx and human CD4D12 from inclusion
odies

The fusion protein of thioredoxin with signal peptide of MBP
malETrx) and human CD4D12, both could be similarly refolded
rom their inclusion bodies with Eudragit L-100. Thioredoxin is

 small (108 amino acids in E. coli) protein which is present in a
ide variety of organisms [56]. Thioredoxin has many functions
ainly maintaining the redox state of target proteins by its active

ite containing an exposed disulfide/dithiol. For studying the effect
f signal peptide on protein stability, a fusion protein of thioredoxin
malETrx) with the signal peptide of MBP  was created, which
ormed inclusion bodies upon expression in E. coli and could not be
efolded by conventional refolding techniques [13]. CD4D12 corre-
ponds to the first two N-terminal domains (amino acids 1–183) of
uman CD4. CD4D12 has been shown to bind gp120 of HIV-1 and

nhibit HIV-1 infection in vitro and is being used for research in ther-
peutics and vaccine development against HIV infection [32,57].
hen the CD4D12 construct is expressed in E. coli,  it forms inclu-

ion bodies [13]. In these cases as well, both the properties of the

roteins (Table 4) and Eudragit L-100 (Table 2) and the dissocia-
ion with 70% ethylene glycol reflected that the binding was again
argely due to hydrophobic interactions (Table 3).
concentrations at 25 ◦C. The Eudragit L-100 concentration was 0.2% (w/v) in a total
volume of 2 mL  in 50 mM Tris–HCl, pH 7.5. The experiments were carried out in
triplicates and the error bars represent the difference among the individual readings.

The intrinsic fluorescence emission spectra, ANS fluorescence
spectra and CD spectra of the refolded malETrx are given in Fig. 7.
The fluorescence spectra showed an emission �max at 342 nm, indi-
cating the correctly folded native like conformation. Incubation of
the refolded malETrx in 6 M GdmCl resulted in a red shift to 356 nm
with increase in the fluorescence intensity. The identical nature of
CD spectra of refolded malETrx with pure WT-thioredoxin further
confirmed the successful refolding. ANS binding was  not observed
in both the cases of WT-thioredoxin and refolded malETrx. The
refolded malETrx was assayed by the insulin aggregation assay
The experiments were carried out in triplicates and the difference in the individual
readings was less than 5%.

a One unit will cause a �A650 of 1.0 in 1 min at 25 ◦C.
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Fig. 4. (A) Fluorescence emission spectra (AU, arbitrary units) of CcdB proteins in
10  mM Tris–HCl, pH 7.5, with excitation at 280 nm using excitation and emission
slit  widths of 2 nm and 5 nm,  respectively. Protein samples at a concentration of
1  �M were incubated either in Tris–HCl buffer (—); or in 6 M GdmCl (– –), 3 h before
s
c
(

t
p
t
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pectral acquisition. (B) Far-UV CD spectra of CcdB proteins with 15 �M protein
oncentration in 10 mM Tris–HCl, pH 7.5: (1) WT-CcdB, (2) refolded CcdB-F17P and
3) refolded CcdB-M97K.

Similarly, intrinsic fluorescence, ANS fluorescence and CD spec-
ra of the refolded CD4D12 (Fig. 8) were similar to the CD4D12

urified by conventional methods [32]. Intrinsic fluorescence spec-
ra showed an emission maximum of 341 nm while on incubation
ith 6 M GdmCl, the emission maximum was red shifted to 357 nm

long with increase in the fluorescence intensity. ANS did not bind
r. A 1235 (2012) 10– 25 19

to the affinity precipitated and refolded CD4D12. The CD spectrum
was  characteristic of higher �-sheet content. Its Tm by CD was found
out to be 61 ◦C (Table 4) and is quite close to Tm of CD4D12 refolded
by dilution. Refolded CD4D12 was also simultaneously purified to
homogeneity as shown by SDS-PAGE analysis (Fig. 6B).

3.4. Refolding of two mutants of MBP  (224D and 264D) from
inclusion bodies

MBP  is a 370 amino acid periplasmic E. coli protein encoded by
the malE gene and is involved in maltose binding and transport.
MBP  is a protein of wide interest to researchers [58]. Aspartate
substitution at positions 224 and 264 in MBP  resulted in the for-
mation of inclusion bodies with inactive protein when expressed
in E. coli [31]. Both the MBP  mutants were refolded by precipitation
with cationic starch using the protocol earlier reported for purifi-
cation of soluble MBP  and MBP  fusion proteins [36]. Fig. 9A shows
the increase in size with time when the cationic starch and solu-
bilized inclusion bodies of MBP224D are incubated together. The
binding did not take place if NaCl was present in the medium. It
has been already pointed out in an earlier paper that MBP  and MBP
fusion proteins interact with cationic starch via electrostatic forces
[36]. The absence of the increase in size in the presence of salt
confirms that this size increase was  in fact due to binding of the
polymer with the protein. Maltose binding is known to cause a red
shift along with quenching in the fluorescence spectra of MBP  [45].
Fig. 10A shows that the refolded MBP  mutants displayed the red
shift and the quenching in the intrinsic fluorescence upon binding
with maltose. The ANS binding was not observed either for WT-
MBP  or for both the MBP  mutants refolded by affinity precipitation
with cationic starch (Fig. 10B). Tm of refolded MBP  mutants was
close to WT-MBP (Table 4). The SDS-PAGE analysis of refolded MBP
mutants which showed purified proteins is shown in Fig. 6C.

3.5. Refolding of two antibody fragments (ScFv b12 and ScFab
b12) from inclusion bodies

Single chain variable fragment (ScFv) b12 and single chain anti-
gen binding fragment (ScFab) b12 are both antibody fragments of
different sizes derived from the anti-HIV-1 antibody b12 which
broadly neutralizes HIV-1 [33]. These recombinant antibody frag-
ments are of much significance for HIV research and developing
anti-HIV therapeutics. When both of these antibody fragments are
expressed in E. coli, they result in the formation of inclusion bodies
and the resultant protein is inactive. Protanal LF (alginate with high
guluronic acid content) was  found to refold the two  antibody frag-
ments (ScFv b12 and ScFab b12) and the refolding yield was much
higher than conventional refolding by dilution. The incorporation
of NaCl in the buffer resulted in dissociation of the protein from the
polymer. This is similar to the result with a lipase using the same
alginate [29]. Protanal LF is an anionic polymer (Table 2) and both
the antibody fragments ScFv b12 and ScFab b12 have isoelectric
points of about 9.1 and 8.8, respectively, and are positively charged
at refolding pH of 7.0 (Table 4). In view of this, it can be presumed
that the binding with the protein is largely via electrostatic inter-
actions. Also, the absence of increase in size when the polymer and
the solubilized inclusion bodies of ScFv b12 were incubated in the
presence of salt (NaCl) confirms that the size increase was due to
actual binding between the polymer and the protein (Fig. 9B). ScFv
b12 and ScFab b12 are recombinant forms of wild type antibody
fragments which form inclusion bodies, so no comparison with
any originally folded structure was  possible. Fluorescence emis-

sion spectra showed a maximum at 340 nm for both the proteins,
characteristic of native structure (Fig. 11A). Also the CD spectra
showed secondary structure with high �-sheet content, character-
istic of these antibody fragments (Fig. 11B) [59]. The Tm was  also



20 S. Gautam et al. / J. Chromatogr. A 1235 (2012) 10– 25

Fig. 5. ANS fluorescence emission spectra (AU, arbitrary units) of CcdB proteins with e
respectively. The protein and ANS concentrations used were 1 and 100 �M,  respectively
sodium  phosphate buffer pH 7.0 and (B) 25 mM sodium acetate buffer pH 4.0. In both th
ANS  with refolded CcdB-F17P and ANS with refolded CcdB-M97K, respectively.

Table 6
Refolding yields (mg  L−1 of culture)a of proteins refolded by affinity precipitation
with smart polymers.

S. no. Protein Yield by affinity precipitation
(mg  L−1 of culture)

1. CcdB-F17P 32 ± 2
2. CcdB-M97K 30 ± 2
3. malETrx 58 ± 2
4. CD4D12 8 ± 1
5. MBP224D 40 ± 2
6. MBP264D 43 ± 2
7. ScFv b12 30 ± 2
8. ScFab b12 26 ± 2
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a Method for calculating yield (mg  L−1 of culture): ([total purified protein
mg}  × fraction of pure protein]/culture volume [mL]) × 1000.

easured by CD (Table 4). Both the refolded antibody fragments
ere also analyzed by SDS-PAGE (Fig. 6D).
.6. Refolding yields

The refolding yields (mg  L−1) of the various proteins are reported
n Table 6. As mentioned earlier [13], many of the proteins (i.e. CcdB

ig. 6. SDS-PAGE analysis of the proteins refolded and purified by smart polymers from
cdB  mutants with Eudragit L-100; (lane 1) molecular weight markers; (lane 2) unwash
ith  50 mM PBS/pH 7.4/0.5% Triton X-100; (lane 4) refolded and purified CcdB-F17P; (lan
cdB-M97K with 50 mM PBS/pH 7.4/0.5% Triton X-100; (lane 7) refolded and purified CcdB
alETrx  with Eudragit L-100; (lane 1) molecular weight markers; (lane 2) washed inclus

nd  purified CD4D12; (lane 4) washed inclusion bodies of malETrx with 50 mM PBS/pH 

DS-PAGE analysis showing purification of MBP  mutants with cationic starch; (lane 1) mo
BS/pH 7.4/0.5% Triton X-100; (lane 3) refolded and purified MBP224D; (lane 4) washed
efolded and purified MBP264D. (D) Fifteen percent SDS-PAGE analysis showing purificati
lane  2) washed inclusion bodies of ScFv b12 with 50 mM PBS/pH 7.4/0.5% Triton X-100;
12  with 50 mM PBS/pH 7.4/0.5% Triton X-100; (lane 5) refolded and purified ScFab b12.
xcitation at 390 nm using excitation and emission slit widths of 2 nm and 5 nm,
. The samples were incubated for 30 min  before spectral acquisition in: (A) 25 mM
e figures, curves 1, 2, 3 and 4 represent ANS without protein, ANS with WT-CcdB,

and CD4D12) have been difficult to refold by conventional methods
as these are prone to aggregation. It is seen that reasonable yields
of refolded proteins could be obtained in all the cases.

3.7. Understanding the role of smart polymers in refolding

The results given above indicated that the smart polymers actu-
ally bind to the proteins and this step is responsible in some way  for
correct refolding of the proteins. In order to directly confirm that
such binding indeed takes place, the polymers Eudragit L-100 and
Protanal LF were incubated with CcdB-F17P and ScFv b12, respec-
tively under the conditions of refolding. In both cases, the polymers
were precipitated at different time intervals by appropriate stimuli
(as described in Sections 2.9 and 2.11). Fig. 12A shows that proteins
were also precipitated along with the polymers. The amount of pro-
tein precipitated (in both cases) increased with time and reached
a plateau at around 50 min. In each case, the bound protein could
be dissociated by appropriate materials (70% ethylene glycol for

Eudragit L-100 and 1 M NaCl for Protanal LF) (Fig. 12B). This con-
firmed that the protein disappearing from the supernatant was in
fact due to precipitation along with the polymer at each point in
time. In case of CcdB-F17P, the proteins dissociated from Eudragit

 inclusion bodies. (A) Fifteen percent SDS-PAGE analysis showing purification of
ed inclusion bodies of CcdB-F17P; (lane 3) washed inclusion bodies of CcdB-F17P
e 5) unwashed inclusion bodies of CcdB-M97K; (lane 6) washed inclusion bodies of
-M97K. (B) Fifteen percent SDS-PAGE analysis showing purification of CD4D12 and

ion bodies of CD4D12 with 50 mM PBS/pH 7.4/0.5% Triton X-100; (lane 3) refolded
7.4/0.5% Triton X-100; (lane 5) refolded and purified malETrx. (C) Fifteen percent
lecular weight markers; (lane 2) washed inclusion bodies of MBP224D with 50 mM

 inclusion bodies of MBP264D with 50 mM PBS/pH 7.4/0.5% Triton X-100; (lane 5)
on of ScFv b12 and ScFab b12 with Protanal LF; (lane 1) molecular weight markers;

 (lane 3) refolded and purified ScFv b12; (lane 4) washed inclusion bodies of ScFab
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Fig. 7. (A) Fluorescence emission spectra (AU, arbitrary units) of thioredoxin pro-
teins with 1 �M protein concentration in 10 mM Tris–HCl, pH 7.5, with excitation
at  280 nm using excitation and emission slit widths of 2 nm and 5 nm,  respectively:
(—)  refolded malETrx and (– –) unfolded malETrx in 6 M GdmCl. (B) ANS fluores-
cence emission spectra (AU, arbitrary units) of thioredoxin proteins with excitation
at  390 nm using excitation and emission slit widths of 2 nm and 5 nm,  respec-
tively. The protein and ANS concentrations used were 1 and 100 �M,  respectively, in
10  mM Tris–HCl, pH 7.5: (—) ANS without protein, (– –) ANS with WT-thioredoxin
(Sigma–Aldrich) and (· · · ·) ANS with refolded malETrx. (C) Far-UV CD spectra of
thioredoxin proteins with 15 �M protein concentration in 10 mM Tris–HCl, pH 7.5:
(

L
T
t
l
t
d
o
t

Fig. 8. (A) Fluorescence emission spectra (AU, arbitrary units) of CD4D12 with 1 �M
protein concentration in 10 mM Tris–HCl, pH 7.5, with excitation at 280 nm using
excitation and emission slit widths of 2 nm and 5 nm, respectively: (—) refolded
CD4D12 and (– –) unfolded CD4D12 in 6 M GdmCl. (B) ANS fluorescence emission
spectra (AU, arbitrary units) of CD4D12 with excitation at 390 nm using excitation
and emission slit widths of 2 nm and 5 nm,  respectively. The protein and ANS con-
centrations used were 1 and 100 �M,  respectively, in 10 mM Tris–HCl, pH 7.5: (—)
—)  WT-thioredoxin (Sigma–Aldrich) and (- -) refolded malETrx.

-100 at each point in time were characterized by CD (Fig. 12C and
able 7). It is interesting to note that whatever protein was  bound
o the polymer (and dissociated thereafter) at any time was simi-
ar in secondary structure content as wild type native protein. On
he other hand, the protein remaining in the supernatant (which

id not bind to the polymer) was found to have significant amount
f random coil structure (Supplementary Table S1). This confirmed
hat the protein binding to the smart polymer was necessary for
ANS  without protein and (– –) ANS with refolded CD4D12. (C) Far-UV CD spectra of
CD4D12 with 15 �M protein concentration in 10 mM Tris–HCl, pH 7.5.

its refolding. This data along with data in Figs. 2, 9 and 12,  strongly
suggests that protein refolding was  not a rate limiting step and
was  very fast. This is in line with current understanding of pro-
tein folding/refolding process [5].  Hence the time period of about
50 min  required for refolding the proteins was due to the slow bind-
ing kinetics of the proteins with the smart polymers. The identical

kinetic data with various systems (involving different smart poly-
mers and different proteins) supports the possibility that there is a
common pathway in all the cases.
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Fig. 9. The size distribution analysis to show the binding of the protein molecules
with the smart polymers with time at 25 ◦C by dynamic light scattering experiment
for:  (A) MBP  224D with cationic starch in the presence of: (�) Buffer (50 mM Tris–HCl
pH 7.5), (�) 0.5 M NaCl in 50 mM Tris–HCl pH 7.5, (�) 0.5 M NaCl in 50 mM Tris–HCl
pH 7.5 and (©) 1 M NaCl in 50 mM Tris–HCl pH 7.5. (B) ScFv b12 with Protanal
LF  in the presence of: (�) Buffer (50 mM Tris–HCl pH 7.0), (�) 0.2 M NaCl in 50 mM
Tris–HCl pH 7.0, (�) 0.5 M NaCl in 50 mM Tris–HCl pH 7.0 and (©)  1 M NaCl in 50 mM
Tris–HCl pH 7.0. In the above experiments the cationic starch concentration was  0.3%
(w/v), Protanal LF concentration was 0.5% (w/v) and the protein concentration was
0.5  mg  mL−1 in a total volume of 2 mL.  The experiments were carried out in triplicates
and the error bars represent the difference among the individual readings.

Table 7
Secondary structure analysis of the CcdB-F17P recovered from the Eudragit L-100
after incubation with varying time intervals.

S. no. Incubation time with
Eudragit L-100 before
precipitation (min)

Secondary structure content of
the dissociated protein from
precipitated Eudragit L-100 (%)

1. 5 �-Helix: 25
�-Sheet: 26
Random coil: 49

2.  10 �-Helix: 26
�-Sheet: 25
Random coil: 49

3.  20 �-Helix: 27
�-Sheet: 25
Random coil: 48

4.  30 �-Helix: 26
�-Sheet: 27
Random coil: 47

5.  40 �-Helix: 26
�-Sheet: 28
Random coil: 46

6.  50 �-Helix: 26
�-Sheet: 29
Random coil: 45

7.  60 �-Helix: 26
�-Sheet: 29
Random coil: 45

The secondary structure content of WT-CcdB is: �-helix: 25, �-sheet: 30 random
coil: 45 and denatured CcdB-F17P is: �-helix: 10, �-sheet: 25, random coil: 65.

Fig. 10. (A) Fluorescence based assay of refolded MBP mutants. Fluorescence emis-
sion spectra (AU, arbitrary units) were acquired in 10 mM Tris–HCl, pH 7.5, with
excitation at 280 nm using excitation and emission slit widths of 2 nm and 5 nm,
respectively. Protein samples at a concentration of 3.5 �g mL−1 were incubated
either in Tris–HCl buffer (—); or in Tris–HCl buffer containing 0.1 mM maltose (– –),
15  min  before spectral acquisition. (B) ANS fluorescence emission spectra (AU, arbi-
trary units) of MBP proteins with excitation at 390 nm using excitation and emission
slit  widths of 2 nm and 5 nm,  respectively. The protein and ANS concentrations used
were 1 and 100 �M,  respectively, in 10 mM Tris–HCl, pH 7.5. In both the figures,
curves 1, 2, 3 and 4 represent ANS without protein, ANS with WT-MBP, ANS with
refolded MBP224D and ANS with refolded MBP264D, respectively.
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mers (both synthetic and natural ones) are known, the results of
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To sum up, it appears that the underlying mechanism of the
efolding with these smart polymers is similar to the one described
n the case of PEG facilitated refolding of guanidine hydrochloride
enatured carbonic anhydrase B [15]. Unlike PEG, smart polymers
eem to function very efficiently and facilitate simultaneous recov-
ry and purification of the refolded protein.

. Discussion

Based upon the above results, it appears that it is possible to
elect a suitable smart polymer which binds adequately to a given
rotein. The information about the nature of binding between the
pecific polymer and the protein being refolded can be inferred
rom the following kinds of data. For CcdB mutants, Eudragit L-100
as identified as the appropriate smart polymer (Table 1). Eudragit

-100 has more charges than Eudragit S-100 as the latter has a
arger percentage of carboxylate groups present in the esterified
orm (Table 2). According to the screen (Table 1), both polymers
efolded CcdB mutants. We  had reported earlier that Eudragit S-
00 does refold a CcdB mutant [19] but the protein could not be
issociated from the polymer. With Eudragit L-100, dissociation
ith ethylene glycol works. So, the binding seems to be predomi-
antly through hydrophobic forces. In view of larger content of the
ster groups in Eudragit S-100, this interaction is expected to be
tronger so it is understandable that the CcdB mutant could not be
issociated from Eudragit S-100. Furthermore, Fig. 2B based upon
he DLS data showed that the binding (as reflected by increasing

ize) did not take place between Eudragit L-100 and CcdB-F17P in
he presence of ethylene glycol. In cases of CD4D12 and malETrx
efolding the optimal smart polymer again is Eudragit L-100 and
he refolded protein is dissociated by ethylene glycol. So, a similar

ig. 11. (A) Fluorescence emission spectra (AU, arbitrary units) of refolded ScFv b12 and 

t  280 nm using excitation and emission slit widths of 2 nm and 5 nm,  respectively: (—) r
cFv  b12 and ScFab b12 with 15 �M protein concentration in 10 mM Tris–HCl, pH 7.0.
r. A 1235 (2012) 10– 25 23

hydrophobic nature of binding can be presumed in these cases as
well.

The two MBP  mutants have been refolded by cationic starch and
dissociated from the polymer by NaCl. Given the structure of the
polymer and dissociating buffer, it can be inferred that the nature of
binding is predominantly via ionic bonds. The MBP  mutants have an
isoelectric point of 5.1 (Table 4), hence the proteins are expected to
be negatively charged at the refolding pH of 7.5. Hence considerable
interaction with cationic starch (Table 2) would be expected.

The two antibody fragments ScFv b12 and ScFab b12 are refolded
by Protanal LF and dissociated by NaCl. Protanal LF is an alginate
(Table 2) with many free carboxylate groups and again it looks very
likely that the interaction between the polymer and the proteins is
largely ionic in nature.

The smart polymers work as pseudochaperonins and push the
protein down the correct refolding pathway as discussed earlier
[9,10,12]. It is likely that binding by the polymer prevents aggrega-
tion which is known to compete with refolding. The general picture
has been that such pseudochaperonins interact with hydrophobic
sites on the unfolded protein molecule and prevent aggregation.
In the present instances, some of the polymers (e.g. alginate) are
fairly polar. It is likely that even in such cases, irrespective of
the nature of the primary interaction; such polymers block inter-
protein interaction and consequently aggregation. This is not an
unrealistic picture if one remembers that hydrophobic sites are
interspersed in a protein chain and are surrounded by stretches
of polar residues. Considering that a large number of smart poly-
ScFab with 1 �M protein concentration in 10 mM Tris–HCl, pH 7.0, with excitation
efolded protein and (– –) unfolded protein in 6 M GdmCl. (B) Far-UV CD spectra of

this study promise that a suitable ‘pseudochaperonin’ for any pro-
tein perhaps can be identified. Hence, the method outlined here
may  be widely applicable.
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Fig. 12. (A) Unbound protein remaining in the supernatant after incubation of the
smart polymers for different time intervals with the solubilized inclusion bodies of:
(�)  CcdB-F17P with Eudragit L-100 and (©) ScFv b12 with Protanal LF. (B) Effect of
incubation time of the protein with the smart polymer on the recovery of proteins
(after dissociation of the proteins by 70% ethylene glycol in case of CcdB-F17P and
1  M NaCl in case of ScFv b12, from the precipitated polymer–protein complex at
varying time intervals): (�) CcdB-F17P from Eudragit L-100 and (©) ScFv b12 from
Protanal LF. In the above experiments the Eudragit L-100 concentration was 0.2%
(w/v), Protanal LF concentration was 0.5% (w/v) and the protein concentration was
0.5  mg  mL−1 in a total volume of 2 mL  in 50 mM Tris–HCl buffer, pH 7.5 for CcdB
F-17P and pH 7.0 for ScFv b12. The experiments were carried out in triplicates and
the  error bars represent the difference among the individual readings. (C) Far-UV
CD  spectra of recovered CcdB-F17P from Eudragit L-100 at different time intervals
in  10 mM Tris–HCl, pH 7.0. The Eudragit L-100 concentration was 0.2% (w/v) and
the  protein concentration was 0.5 mg  mL−1 in a total volume of 0.2 mL  for binding
w
e
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ith varying time intervals. The protein was dissociated from Eudragit L-100 by 70%
thylene glycol. Binding and dissociation was  carried out as described in Section 2.9.

cknowledgements

We  acknowledge financial support provided by the Department

f Science and Technology (DST) core group funding for “applied
iocatalysis” and Department of Biotechnology (DBT), both Govern-
ent of India organizations. Financial support provided by Council

f Scientific and Industrial Research to SG in the form of Junior

[
[
[

r. A 1235 (2012) 10– 25

Research Fellowship and a UGC-DSK-PDF to PS, is also gratefully
acknowledged.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chroma.2012.02.048.

References

[1] M.N. Gupta (Ed.), Thermostability of Enzymes, Springer-Verlag, Heidelberg,
1993.

[2] C.B. Anfinsen, Science 181 (1973) 223.
[3] F.U. Hartl, A. Bracher, M. Hayer-Hartl, Nature 475 (2011) 324.
[4] S.R. Kulothungan, M.  Das, M.  Johnson, C. Ganesh, R. Varadarajan, Langmuir 25

(2009) 6637.
[5] K.K. Sinha, J.B. Udgaonkar, Curr. Sci. 96 (2009) 1053.
[6] A.A. Nickson, J. Clarke, Methods 52 (2010) 38.
[7] E. García-Fruitós, N. González-Montalbán, N. Morell, A. Vera, R.M. Ferraz, A.

Arís, S. Ventura, A. Villaverde, Microb. Cell Fact. 4 (2005) 27.
[8]  C.A. Ross, M.A. Poirier, Nat. Med. 10 (2004) S10.
[9] A.P.J. Middelberg, Trends Biotechnol. 20 (2002) 437.
10] A. Jungbauer, W.  Kaar, R. Schlegl, Curr. Opin. Biotechnol. 15 (2004) 487.
11] E.J. Freydell, L. van der Wielen, M.  Eppinkb, M.  Ottens, J. Chromatogr. A 1217

(2010) 7265.
12] K. Tsumoto, D. Ejima, I. Kumagai, T. Arakawa, Protein Express. Purif. 28 (2003)

1.
13] S. Raghava, B. Barua, P.K. Singh, M.  Das, L. Madan, S. Bhattacharyya, K. Bajaj, B.

Gopal, R. Varadarajan, M.N. Gupta, Protein Sci. 17 (2008) 1987.
14] R.R. Burgess, in: R.R. Burgess, M.P. Deutscher (Eds.), Methods Enzymology, 463,

Academic Press, New York, 2009, p. 259.
15] J.L. Cleland, C. Hedgepeth, D.I.C. Wang, J. Biol. Chem. 267 (1992) 13327.
16] R. Kuboi, S. Morita, H. Ota, H. Umakoshi, J. Chromatogr. B 743 (2000) 215.
17] N. Yoshimoto, T. Hashimoto, M.M.  Felix, H. Umakoshi, R. Kuboi, Biomacro-

molecules 4 (2003) 1530.
18] R.C. Lee, F. Despa, L. Guo, P. Betala, A. Kuo, P. Thiyagarajan, Ann. Biomed. Eng.

34  (2006) 1190.
19] K. Mondal, S. Raghava, B. Barua, R. Varadarajan, M.N. Gupta, Langmuir 23 (2007)

70.
20] D. Guoqiang, R. Kaul, B. Mattiasson, J. Chromatogr. A 668 (1994) 145.
21] I. Roy, M.N. Gupta, Chem. Biol. 10 (2003) 1161.
22] E.S. Gil, S.M. Hudson, Prog. Polym. Sci. 29 (2004) 1173.
23] S. Teotia, R. Lata, M.N. Gupta, J. Chromatogr. A 1052 (2004) 85.
24] M.A.C. Stuart, W.T.S. Huck, J. Genzer, M.  Müller, C. Ober, M.  Stamm,  G.B. Sukho-

rukov, I. Szleifer, V.V. Tsukruk, M.  Urban, F. Winnik, S. Zauscher, I. Luzinov, S.
Minko, Nat. Mater. 9 (2010) 101.

25] A.S. Hoffman, Clin. Chem. 46 (2000) 1478.
26] T.M. Przybycien, N.S. Pujar, L.M. Steele, Curr. Opin. Biotechnol. 15 (2004) 469.
27] K. Mondal, M.N. Gupta, I. Roy, Anal. Chem. 78 (2006) 3499.
28] I. Roy, M.N. Gupta, Protein Eng. 16 (2003) 1153.
29] K. Mondal, H.B. Bohidar, R.P. Roy, M.N. Gupta, Biochim. Biophys. Acta 1764

(2006) 877.
30] G. Chakshusmathi, K. Mondal, G.S. Lakshmi, G. Singh, A. Roy, R.B. Ch, S. Mad-

husudhanan, R. Varadarajan, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 7925.
31] K. Bajaj, P. Chakrabarti, R. Varadarajan, Proc. Natl. Acad. Sci. U.S.A. 102 (2005)

16221.
32] D. Sharma, M.M.  Balamurali, K. Chakraborty, S. Kumaran, S. Jeganathan, U.

Rashid, P. Ingallinella, R. Varadarajan, Biochemistry 44 (2005) 16192.
33] L.M. Walker, D.R. Bowley, D.R. Burton, J. Mol. Biol. 389 (2009) 365.
34] B. Amsden, N. Turner, Biotechnol. Bioeng. 65 (1999) 605.
35]  L. Cong, R. Kaul, U. Dissing, B. Mattiasson, J. Biotechnol. 42 (1995) 75.
36] S. Raghava, S. Aquil, S. Bhattacharyya, R. Varadarajan, M.N. Gupta, J. Chromatogr.

A 1194 (2008) 90.
37] B.D. Hames, in: B.D. Hames, D. Rickwood (Eds.), Gel Electrophoresis of

Proteins—A Practical Approach, 2nd ed., IRL Press, Oxford, UK, 1986, p. 1.
38] L. Van Melderen, M.H. Thi, P. Lecchi, S. Gottesman, M.  Couturier, M.R. Maurizi,

J.  Biol. Chem. 271 (1996) 27730.
39] C.N. Pace, F. Vajdos, L. Fee, G. Grimsley, T. Gray, Protein Sci. 4 (1995) 2411.
40] C. Ganesh, A.N. Shah, C.P. Swaminathan, A. Surolia, R. Varadarajan, Biochemistry

36  (1997) 5020.
41] M.M.  Bradford, Anal. Biochem. 72 (1976) 248.
42] S.M. Kelly, T.J. Jess, N.C. Price, Biochim. Biophys. Acta 1751 (2005) 119.
43] M.A. Andrade, P. Chacón, J.J. Merelo, F. Morán, Protein Eng. 6 (1993) 383.
44] M.  Das, M.  Kobayashi, Y. Yamada, S. Sreeramulu, C. Ramakrishnan, S. Wakatsuki,

R.  Kato, R. Varadarajan, J. Mol. Biol. 372 (2007) 1278.
45] S. Szmelcman, M.  Schwartz, T.J. Silhavy, W.  Boos, Eur. J. Biochem. 65 (1976) 13.
46] M.N. Gupta, R. Kaul, D. Guoqiang, U. Dissing, B. Mattiasson, J. Mol. Recognit. 9
(1996) 356.
47] C. Stabler, K. Wilks, A. Sambanis, I. Constantinidis, Biomaterials 22 (2001) 1301.
48] I. Roy, M.N. Gupta, J. Chromatogr. A 998 (2003) 103.
49] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer, New York,

2006.

http://dx.doi.org/10.1016/j.chroma.2012.02.048


matog

[

[

[
[
[
[

[

[
[
[
[

379.
S. Gautam et al. / J. Chro

50]  J. Steyaert, L. Van Melderen, P. Bernard, M.H. Thi, R. Loris, L. Wyns, M. Couturier,
J.  Mol. Biol. 231 (1993) 513.

51] K. Bajaj, G. Chakshusmathi, K. Bachhawat-Sikder, A. Surolia, R. Varadarajan,
Biochem. J. 380 (2004) 409.

52] O.I. Povarova, I.M. Kuznetsova, K.K. Turoverov, PLOS One 5 (2010) e15035.

53] M.A. Vijayalakshmi, Trends Biotechnol. 7 (1989) 71.
54] M.N. Gupta, M.  Kapoor, A.B. Majumdar, V. Singh, Curr. Sci. 10 (2011) 1152.
55] M.L. Heinitz, L. Kennedy, W.  Kopaciewicz, F.E. Regnier, J. Chromatogr. A 443

(1988) 173.
56] A. Holmgren, Annu. Rev. Biochem. 54 (1985) 237.

[
[

r. A 1235 (2012) 10– 25 25

57] E.A. Berger, T.R. Fuerst, B. Moss, Proc. Natl. Acad. Sci. U.S.A. 85 (1988) 2357.
58] R.B. Kapust, D.S. Waugh, Protein Sci. 8 (1999) 1668.
59] D.R. Davies, H. Metzger, Annu. Rev. Immunol. 1 (1983) 87.
60] M.S. Akhlaq, H.P. Schuchmann, C.V. Sonntag, Environ. Sci. Technol. 24 (1990)
61] S.E. Harding, K. Day, R. Dham, P.M. Lowe, Carbohyd. Polym. 32 (1997) 81.
62] E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins, R.D. Appel, A.

Bairoch, in: J.M. Walker (Ed.), The Proteomics Protocols Handbook, Humana
Press, Totowa, NJ, 2005, p. 571.


	Smart polymer mediated purification and recovery of active proteins from inclusion bodies
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Strains and expression plasmids
	2.3 Overexpression in E. coli
	2.4 Isolation and solubilization of inclusion bodies
	2.5 Preparation of Eudragit solution
	2.6 Preparation of cationic starch solution
	2.7 Preparation of alginate solution
	2.8 High-throughput screening of the affinity ligand (smart polymer) in 96-well plate format
	2.9 Refolding of two mutants of CcdB (F17P and M97K), malETrx and CD4D12 from inclusion bodies with Eudragit L-100
	2.10 Refolding of two mutants of MBP (224D and 264D) from inclusion bodies with cationic starch
	2.11 Refolding of two antibody fragments (ScFv b12 and ScFab b12) from inclusion bodies with alginate
	2.12 Polyacrylamide gel electrophoresis
	2.13 Estimation of protein concentration
	2.14 Spectroscopic measurements
	2.14.1 Fluorescence measurements
	2.14.2 ANS binding measurements
	2.14.3 Circular dichroism (CD) measurements
	2.14.4 Dynamic light scattering (DLS) measurements

	2.15 Activity assays
	2.15.1 Assay for thioredoxin
	2.15.2 Binding assay for MBP


	3 Results
	3.1 High-throughput screening of the affinity ligand (smart polymer) in 96-well plate format for appropriate refolding of ...
	3.2 Refolding of two mutants of CcdB (CcdB-F17P and M97K) from inclusion bodies
	3.2.1 Characterization of refolded CcdB mutants

	3.3 Refolding of malETrx and human CD4D12 from inclusion bodies
	3.4 Refolding of two mutants of MBP (224D and 264D) from inclusion bodies
	3.5 Refolding of two antibody fragments (ScFv b12 and ScFab b12) from inclusion bodies
	3.6 Refolding yields
	3.7 Understanding the role of smart polymers in refolding

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


