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udies on the comparative refolding
of guanidinium hydrochloride denatured hen egg-
white lysozyme and Rhizopus niveus lipase assisted
by cationic single-chain/gemini surfactants via
artificial chaperone protocol

Nuzhat Gull,*a Mohd Ishtikhar,bd Md. Sayem Alam, c Syedah Noorul Sabah Andrabia

and Rizwan Hasan Khan *d

Referred to as second generation surfactants, the gemini surfactants have shown promise in various

potential areas of surfactant application. Here we report on the comparative refolding of hen egg white

lysozyme (HEWL)/Rhizopus niveus lipase (RNL) by cationic gemini (G5, G6)/single-chain surfactant

(CTAB) in the artificial chaperone assisted two step method. The studies were carried out in an aqueous

medium at a physiological pH of 7.4 using dynamic light scattering (DLS), circular dichroism (CD) and

fluorescence spectroscopy. The results indicate that very small concentrations of gemini surfactants, at

which the single-chain homologue was found to be ineffective, refolded the GdCl denatured enzymes. A

perusal of DLS data indicates that against the hydrodynamic radius (Rh) of 2.0 � 0.06 nm/3.5 � 0.12 nm

for the native lysozyme/RNL, the Rh of the enzymes when the refolding was attempted by simple

dilution was found to be 5.1 � 0.16/38.2 � 0.98 nm. Hydrodynamic radii very near to the native enzyme,

i.e., 2.4 � 0.08 nm/2.2 � 0.06 nm for lysozyme and 5.2 � 0.20 nm/4.5 � 0.22 nm for RNL, were

recorded by using 0.005 mM G5/0.005 mM G6 in combination with methyl-b-cyclodextrin. Like dilution

the CTAB assisted refolding was also found not to be very impressive and the Rh observed was far

beyond the native value. The CD and fluorescence studies faithfully corroborate with the DLS data. The

results obtained from the multi-technique approach are associated with the stronger forces in gemini

surfactants owing to the presence of two charged head groups and two hydrocarbon tails. Keeping in

view the results, it is strongly suggested that the gemini surfactants assisted artificial chaperone protocol

may be effectively used in the refolding of proteins produced in the genetically engineered cells and may

also be used in circumventing diseases resulting from protein aggregation/misfolding.
Introduction

Recombinant DNA technology has made available several
simple techniques that have made accessible unlimited and
inexpensive sources of otherwise rare proteins. Practical
interest in “protein refolding problem” stems from the fact that
proteins overproduced by genetically engineered cells are oen
obtained in non-native forms (e.g. inclusion bodies).1,2 Although
the inclusion bodies can be solubilised in concentrated
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chaotropes but it results in a protein devoid of its native
conformation. As the proteins must fold into its characteristic
and functional three dimensional structures in order to func-
tion,3,4 the denaturant concentration has to be lowered to allow
the formation of the native protein conformation. When proper
conditions for refolding are identied the correct refolding
process competes, oen in disadvantage, with misfolding and
aggregation.5,6 Protein misfolding and aggregation pose
a serious problem in the industrial process of producing the
recombinant proteins.7–9 In order to develop efficient folding
processes the competition between folding and aggregation in
‘in vitro’ proteins has to be understood. Aggregation may be due
to the association of hydrophobic surfaces that are exposed
during the refolding process.10 It is now known that within the
cell of a living organism there are a number of auxiliary factors
that assist in protein folding, including folding catalysts and
molecular chaperones.11 Chaperones appear to act sequentially
in protein folding by binding to folding intermediates that are
This journal is © The Royal Society of Chemistry 2017
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in various stages of folding and then passing them on to next
chaperone or chaperone complex in the cascade eventually
releasing a competent native protein.12–16 In addition, they may
maintain newly synthesised proteins in an unfolded confor-
mation suitable for translocation across membranes and bind
to non native proteins during cellular stress, among other
functions.17 Thus the chaperones catalyse correct protein
folding by interacting with the non native protein intermediates
and preventing non-specic aggregation.

An approach for controlling the competition between rena-
turation and aggregation has been described by Rozema and
Gellman.18,19 This method employs small molecules, a surfac-
tant and cyclodextrin, to guide the folding process. These low
molecular weight assistants were referred to as “articial
chaperones” because the development of this technique was
inspired by the mechanism of GroEL/GroES chaperone system.
In the rst step of this approach the detergent forms a complex
with the denatured protein preventing aggregation while in the
second step cyclodextrin selectively binds the detergent system
stripping it from the protein that is then able to refold. Though
the cationic single chain surfactants have been established as
refolding agents,18–20 the role of gemini surfactants is an area
that demands thorough investigation.21,22

Novel class of surfactants, called gemini surfactants, consist
of two identical moieties covalently linked by a spacer group at
or near the ionic head group, possess properties such as low
critical micellar concentration, strong hydrophobic micro-
domain, low kra temperature etc. that makes them superior
to conventional monomeric surfactants.23,24 Referred to as
second generation surfactants, the geminis have shown
promise in various potential areas of surfactant application
showing strong surface activity and better solubility, wetting
foaming and lime soap dispersion capability. They can be of
orders of magnitude more surface active then the conventional
single-chain counterparts.25 The comparative interaction of
single-chain and gemini surfactants have made it amply clear
that the gemini surfactants have higher affinity for proteins
then their conventional single-chain surfactant counter-
parts26–30 and can be efficiently utilised in the refolding process
via the articial chaperone protocol.31,32

Based on the above facts the present study is directed towards
the comparative refolding of hen egg white lysozyme (HEWL)/
Rhizopus niveus lipase (RNL) by CTAB (C16H33(CH3)2Br

�) and its
gemini counterparts (bis-cetyl-di-methylammonium) pentane
dibromide/(biscetyldimethylammonium) hexane dibromide
(C16H33(CH3)2N

+–(CH2)5–N
+(CH3)2C16H33)$2Br

�/(C16H33(CH3)2-
N+–(CH2)6–N

+(CH3)2C16H33)$2Br
�, designated as G5/G6, Fig. 1,

using dynamic light scattering (DLS), circular dichroism (CD)
and uorescence spectroscopy as the probing techniques.
HEWL (Fig. 2A) comprises of two structural domains; one a-
domain consisting of four a-helices and a C-terminal 310 helix,
and a b-domain consisting of a triple-stranded antiparallel b-
sheet, a 310 helix, and a long loop. A short double-stranded
antiparallel b-sheet links the two domains, as does one of the
four-disulphide bridges. The active site lies between the two
domains. The protein is known to be structurally robust in
solution.33 Lysozyme is a component of tears and mucous and
This journal is © The Royal Society of Chemistry 2017
prevents bacterial infection. It disrupts bacteria by hydrolyzing
the cell walls.

Lipases (Fig. 2B) occur in plants, mammals and microor-
ganisms, where their physiological role is believed to be diges-
tive. Besides hydrolysis they also catalyse the synthesis of long-
chain acrylic-glycerol. Lipase from Rhizopus niveus is superior in
its 1–3 position specicity and has been used to produce cacao
butter substitute. Lipase shows an a/b-hydrolase fold,
a common 3-D fold in several other hydrolases. An a/b-hydro-
lase fold consists of a core of eight parallel b-sheets surrounded
on both sides by a-helices. In recent times lipase so receive
much attention due to their extensive use in biotechnology.34
Materials and methods
Materials

HEWL (L6876), RNL (62310), guanidinium hydrochloride
(GdCl), methyl-b-cyclodextrin and CTAB (Sigma) were used as
received. Gemini surfactant with spacer chain –(CH2)5– and
–(CH2)6–, designated as G5 and G6, respectively were synthe-
sized and characterized as described elsewhere.35 All other
reagents and buffer components used were of analytical grade.
Double distilled water was used throughout the study. Stock
solutions of lysozyme, CTAB, G5 and G6 were prepared in
60 mM sodium phosphate buffer (pH 7.4) and utilized to
prepare the samples of desired concentrations. The critical
micellar concentration (cmc) of CTAB, G5 and G6 was deter-
mined to be 0.010 mM, 0.0066 mM, 0.0079 mM determined by
surface tension measurements, respectively as described else-
where.36 Denaturation of HEWL/RNL was carried out with
guanidine hydrochloride (GdCl). For CD and uorescence
studies the initial concentration of HEWL/RNL and GdCl were
40 mg ml�1 and 6 M, respectively in the denatured stock solu-
tion. The concentration of HEWL/RNL was conrmed by
determining its absorbance at 280 nm on a Perkin Elmer
(Lambda 25) double beam spectrophotometer using the
respective extinction coefficient of 38 940/34 755 cm�1 M�1 or
alternatively by the method of Gill and Vonhippel.37 Aer
leaving the stock solution overnight, two sets of solutions were
then prepared. In one set, the denatured stock solution was
diluted to 60 mM GdCl and 0.4 mg ml�1 HEWL/RNL. In
a parallel set, the dilution of denatured stock solution to the
same nal GdCl and HEWL/RNL concentration was carried out
in presence of G5/G6 and methyl-b-cyclodextrin to get the nal
cyclodextrin concentration of 500 mM at 5 mM/100 mMCTAB and
5 mM G5/G6. The gemini surfactant and methyl-b-cyclodextrin
were added sequentially in quick succession. For DLS 200 mg
ml�1 HEWL/RNL in 6 M GdCl stock solution is diluted to 2 mg
ml�1 HEWL/RNL in 60 mM GdCl. Solutions were thoroughly
mixed and le for 20 h and assayed for conformational changes
using DLS, CD and uorescence studies.
DLS measurement

DLS measurements were carried out at 830 nm by using
DynaPro-TC-04 dynamic light scattering equipment (Protein
Solutions, Wyatt Technology, Santa Barbara, CA) equipped with
RSC Adv., 2017, 7, 28452–28460 | 28453
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Fig. 1 The structure of gemini surfactant (bis-cetyl-di-methylammonium) pentane dibromide, where S ¼ 5 denoted by G5 chemically repre-
sented as (C16H33(CH3)2N

+–(CH2)5–N
+(CH3)2C16H33)$2Br

� Similarly if S ¼ 6 it is represented by (C16H33(CH3)2N
+–(CH2)6–N

+(CH3)2C16H33)$2Br
and is denoted by G6.
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a temperature-controlled microsampler. The samples were
spun at 10 000 rpm for 10 min and were ltered through 0.10
mmWhattman syringe directly into a 12 mL quartz cuvette. Mean
hydrodynamic radius (Rh) and polydispersity were analyzed
using Dynamics 6.10.0.10 soware at optimized resolution. The
Rh values were estimated on the basis of an autocorrelation
analysis of scattered light intensity data based on translation
diffusion coefficient by Stoke's–Einstein relationship.38

Rh ¼ kT/6phD (i)

where k is Boltzmann constant, T the temperature, h the
viscosity of water and D is the diffusion coefficient. DLS
measurements of the denatured sample at 6 M GdCl could not
be carried out due to the solvent irregularity. The refractive
index and viscosity values were taken for the phosphate buffer
solution as provided by the soware and any changes upon
addition of surfactant or stripping agent were ignored. Each
spectrum is the average of y scans.
Circular dichroism (CD) measurements

CD spectra were recorded on a Jasco J-815 model spec-
tropolarimeter, equipped with a microcomputer. The instru-
ment was calibrated with (+)-10-camphorsulfonic acid. All the
CD measurements were carried out at 25 �C with a thermostat-
ically controlled cell holder attached to a Neslab RTE-110 water
bath with an accuracy of �0.1 �C. Changes in the secondary
structure of the protein were monitored in the far-UV region
Fig. 2 (A) Structure of hen egg white lysozyme (adopted from RCSB PDB
(B) Structure of Rhizopus niveus lipase (adopted from Kohno et al. (1996

28454 | RSC Adv., 2017, 7, 28452–28460
(200–250 nm) using 0.1 cm path length of cell. The signal from
the reference sample containing buffer and the detergent was
subtracted from the CD signal for all measurements. The high-
tension voltage for the spectra obtained was found to be less
than 600 V. Spectra were collected with a scan speed of 20 nm
min�1 and response time of 1 s. Each spectrum was the average
of four scans. The results are expressed in terms of mean
residue ellipticity (MRE) expressed in units of deg cm2 dmol�1,
dened as

MRE ¼ qobs/10 � n � Cp � l (ii)

where qobs is the CD in millidegree, n is the number of amino-
acid residues, l is the cell-path length in cm and Cp the molarity.
Fluorescence measurements

The uorescence spectra were collected at 25 �C with a 1 cm
path length cell using a Shimadzu (5301PC) spectrophotometer
equipped with a constant temperature holder attached to
a Neslab RTE-110 water bath, with an accuracy of �0.1 �C. The
excitation and emission slits were set at 5 nm. The reference
sample consisting of the buffer and the detergent did not give
any uorescence signal. Intrinsic uorescence was measured by
exciting the protein solution at 280 nm and 295 nm, and
emission spectra were recorded in the range of 300–400 nm.
– 5AMY submitted by Zander, U. with the DOI: 10.2210/pdb5amy/pdb).
) J. Biochem. (Tokyo) 120, 505–510, PubMed: 8902613).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (AI) Hydrodynamic radius (Rh) of the denatured lysozyme
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
(AII) hydrodynamic radius (Rh) of the denatured lysozyme sample
diluted to 60 mM GdCl with 60 mM sodium phosphate buffer in the
presence of 500 mM methyl-b-cyclodextrin. (BI) Hydrodynamic radius
(Rh) of the denatured RNL sample diluted to 60 mM GdCl with 60 mM
sodium phosphate buffer (BII) hydrodynamic radius (Rh) of the dena-
tured RNL sample diluted to 60 mM GdCl with 60 mM sodium
phosphate buffer in the presence of 500 mM methyl-b-cyclodextrin.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 5
:0

6:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Dynamic light scattering (DLS) analysis

DLS has been used to monitor the changes in the dimensions of
the proteins during denaturation and renaturation.39 This has
been extended here to study the variations in the hydrodynamic
radius of serum albumins during its articial chaperone assis-
ted refolding.

The variations in the hydrodynamic radii (Rh) of the enzymes
are depicted in Fig. 3–8 and the data have been tabulated (Table
1). The values of hydrodynamic radii of native HEWL and RNL,
as indicated by the Fig. 3AI and BI were recorded at 2.1 �
0.06 nm and 3.5 � 0.07 nm respectively.40 Hydrodynamic radii
equal to (7.6 � 0.22) nm/85.0 � 2.08 nm are observed upon
denaturation of the native samples of HEWL/RNL by 6 M GdCl
as given in Fig. 3AII and BII. Dilution of GdCl denatured HEWL/
RNL to 60 mMGdCl and 2 mgml�1 enzyme concentration leads
to the hydrodynamic radii of 5.1 � 0.16 nm/38.2 � 1.10 nm as
evident from Fig. 4AI and BI and Table 1. Large Rh values of the
diluted enzymes compared to the native samples is attributed to
the formation of aggregates as dilution is an aggregation prone
pathway. Aggregation occurs due to the association of the
hydrophobic surfaces that are exposed during the refolding
process when attempted by simple dilution. No signicant
change in hydrodynamic radius is observed when refolding is
attempted by the addition of methyl-b-cyclodextrin as evident
from Fig. 4AII and BII and Table 1. Fig. 5AI and AII and 6AI and
AII, indicate that the addition of 5/100 mM CTAB and 5 mM G5/
G6 reduces the hydrodynamic radius of HEWL to 4.7� 0.12 nm/
4.4 � 0.12 nm and 4.2 � 0.10 nm/4.1 � 0.12 nm respectively,
compared to the hydrodynamic radius of 5.1 � 0.16 nm for the
diluted sample (Table 1). In case of RNL compared to the Rh of
38.2 � 1.10 nm for the diluted sample the Rh observed upon the
addition of 5/100 mM CTAB and 5 mM G5/G6 is 19.0 � 0.84 nm/
11.3� 0.32 nm and 9.5� 0.19 nm/8.1� 0.12 nm, respectively as
indicated by Fig. 5BI and BII and 6BI and BII. This reduction is
suggested to be due to the reason that the addition of the
Fig. 3 (AI) Hydrodynamic radius (Rh) of lysozyme in native state ob-
tained at pH 7.4 in 60 mM sodium phosphate buffer. (AII) Hydrody-
namic radius (Rh) of lysozyme denatured by 6 M GdCl. (BI)
Hydrodynamic radius (Rh) of RNL in native state obtained at pH 7.4 in
60 mM sodium phosphate buffer. (BII) Hydrodynamic radius (Rh) of
RNL denatured by 6 M GdCl.

This journal is © The Royal Society of Chemistry 2017
surfactants checks the aggregate formation as hydrophobic tail
of the surfactant interacts with the exposed hydrophobic
portions of enzyme and leads to the formation of enzyme–
surfactant complex. The results obtained with the single-chain
surfactant CTAB and methyl-b-cyclodextrin are not very signif-
icant and the hydrodynamic radii equal to 4.4 � 0.12 nm and
4.0 � 0.10 nm, respectively are recorded when 5/100 mM CTAB
and methyl-b-cyclodextrin are sequentially added to the dena-
tured sample as depicted by Fig. 7AI and AII. RNL follows the
similar trend and the respective hydrodynamic radii recorded
Fig. 5 (AI) Hydrodynamic radius (Rh) of the denatured lysozyme
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
in the presence of 5 mM CTAB. (AII) Hydrodynamic radius (Rh) of the
denatured lysozyme sample diluted to 60 mM GdCl with 60 mM
sodium phosphate buffer in the presence of 100 mM CTAB. (BI)
Hydrodynamic radius (Rh) of the denatured RNL sample diluted to
60 mM GdCl with 60 mM sodium phosphate buffer in the presence of
5 mM CTAB. (BII) Hydrodynamic radius (Rh) of the denatured RNL
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
in the presence of 100 mM CTAB.

RSC Adv., 2017, 7, 28452–28460 | 28455
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Fig. 6 (AI) Hydrodynamic radius (Rh) of the denatured lysozyme
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
in the presence of 0.005 mM G5 (AII) hydrodynamic radius (Rh) of the
denatured lysozyme sample diluted to 60 mM GdCl with 60 mM
sodium phosphate buffer in the presence of 0.005 mM G6. (BI)
Hydrodynamic radius (Rh) of the denatured RNL sample diluted to
60 mM GdCl with 60 mM sodium phosphate buffer in the presence of
0.005 mM G5 (BII) hydrodynamic radius (Rh) of the denatured RNL
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
in the presence of 0.005 mM G6.

Fig. 7 (A) Hydrodynamic radius (Rh) of the denatured lysozyme sample
diluted to 60 mM GdCl with 60 mM sodium phosphate buffer in the
presence of 5 mM CTAB + 500 mM methyl-b-cyclodextrin. (AII)
Hydrodynamic radius (Rh) of the denatured lysozyme sample diluted to
60 mM GdCl with 60 mM sodium phosphate buffer in the presence of
100 mM CTAB + 500 mM methyl-b-cyclodextrin. (BI) Hydrodynamic
radius (Rh) of the denatured RNL sample diluted to 60 mM GdCl with
60mM sodium phosphate buffer in the presence of 5 mMCTAB + 500
mM methyl-b-cyclodextrin. (BII) Hydrodynamic radius (Rh) of the
denatured RNL sample diluted to 60 mM GdCl with 60 mM sodium
phosphate buffer in the presence of 100 mM CTAB + 500 mM methyl-
b-cyclodextrin.

Fig. 8 (AI) Hydrodynamic radius (Rh) of the denatured lysozyme
sample diluted to 60 mM GdCl with 60 mM sodium phosphate buffer
in the presence of 0.005 mM G5 and 500 mM methyl-b-cyclodextrin.
(AII) Hydrodynamic radius (Rh) of the denatured lysozyme sample
diluted to 60 mM GdCl with 60 mM sodium phosphate buffer in the
presence of 0.005 mM G6 and 500 mM methyl-b-cyclodextrin. (BI)
Hydrodynamic radius (Rh) of the denatured RNL sample diluted to
60 mM GdCl with 60 mM sodium phosphate buffer in the presence of
0.005 mM G5 and 500 mMmethyl-b-cyclodextrin. (BII) Hydrodynamic
radius (Rh) of the denatured RNL sample diluted to 60 mM GdCl with
60 mM sodium phosphate buffer in the presence of 0.005 mMG6 and
500 mM methyl-b-cyclodextrin.
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upon addition of 5/100 mM CTAB andmethyl-b-cyclodextrin are
7.8 � 0.14 nm and 6.7 � 0.12 nm as determined from Fig. 7BI
and BII. As illustrated by Fig. 8AI and AII hydrodynamic radii
very near to the native HEWL, i.e., 2.4 � 0.08 nm/2.2 � 0.06 nm,
is observed when in addition to G5/G6, methyl-b-cyclodextrin is
added to the denatured protein and RNL in this case shows
a respective hydrodynamic radius of 5.8 � 0.10 nm/4.5 �
28456 | RSC Adv., 2017, 7, 28452–28460
0.08 nm as shown in Fig. 8BI and BII. This later decrease in the
hydrodynamic radii is attributed to the fact that methyl-b-
cyclodextrin strips off the surfactant, breaking the protein–
surfactant complex and thus completes refolding.

That the conformational changes are signicant and are
observed at considerably lower concentrations in gemini surfac-
tants compared to the single-chain surfactant are attributed to
the chemistry of gemini surfactants. It was established that the
micellization in the case of gemini surfactants occurs at much
lower concentration and the micelles formed have a stronger
hydrophobic core compared to CTAB.33 The hydrophobic inter-
actions as a result of the strong hydrophobicmicro-domain of the
gemini surfactants are enhanced to such an extent that they
compress or refold the protein at very low concentrations as
indicated by the decreased hydrodynamic radius.
Far-UV circular dichroism analysis

Circular dichroism (CD) spectroscopy is an important tech-
nique in the structural characterization of proteins, and espe-
cially for secondary structure determination. Secondary
structural elements, such as a-helices, b-turns, and random coil
structures, all make bands of individual shapes andmagnitudes
in the far-ultra-violet region.41 CD measurements were, there-
fore, performed to monitor the changes of secondary structure
generated by interactions of serum albumins with G5/G6.
Alterations of ellipticity at 222 nm (q222 nm/mdeg) are used to
probe varying a-helical contents.42

Comparative variations in the ellipticity at 222 nm (q222 nm/
mdeg)/a-helical content with varying single-chain/gemini
surfactants are depicted in Fig. 9A–D. Fig. 9A and C shows the
typical far-UV CD spectra of HEWL/RNL in the presence of 5/100
This journal is © The Royal Society of Chemistry 2017
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Table 1 Hydrodynamic radii and % alpha helical secondary structural change in hen egg white lysozyme and RNL at different conditions

Sample name

Dynamic light scattering results
Circular dichroism
results

HEWL RNL HEWL RNL

Rh (nm) Pd (%) Rh (nm) Pd (%)
a-Helix
(%)

a-Helix
(%)

Native protein/enzyme 2.0 � 0.06 17.7 3.5 � 0.07 11.8 45.58 22.50
GdCl denatured protein/enzyme 7.6 � 0.22 39.6 85.0 � 2.08 30.6 01.17 00.48
Diluted protein/enzyme 5.1 � 0.16 24.7 38.2 � 1.10 23.9 32.82 13.84
Diluted protein/enzyme-CD 4.8 � 0.14 22.1 30.1 � 1.44 17.8 33.06 15.27
Diluted protein/enzyme-CTAB 5 mM 4.7 � 0.12 21.3 19.0 � 0.84 17.6 33.90 16.19
Diluted protein/enzyme-CTAB 5 mM-CD 4.4 � 0.12 20.8 7.8 � 0.14 16.4 36.24 17.36
Diluted protein/enzyme-CTAB 100 mM 4.4 � 0.14 20.7 11.3 � 0.32 19.8 34.71 16.76
Diluted protein/enzyme-CTAB 100 mM-
CD

4.0 � 0.10 21.2 6.7 � 0.12 20.1 38.05 18.09

Diluted protein/enzyme-G5 4.2 � 0.10 19.5 9.5 � 0.19 15.1 34.10 15.84
Diluted protein/enzyme-G5-CD 2.4 � 0.08 18.0 5.8 � 0.10 16.4 41.18 18.88
Diluted protein/enzyme-G6 4.1 � 0.12 19.9 8.1 � 0.12 18.7 34.11 16.91
Diluted protein/enzyme-G6-CD 2.2 � 0.06 19.2 4.5 � 0.08 17.4 42.13 19.87
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mM CTAB and 5 mM G5 with and without 500 mM methyl-b-
cyclodextrin. The comparative variations with CTAB and G6 are
illustrated in Fig. 9B and D.
Fig. 9 Far-UV CD spectra of HEWL and RNL at pH 7.4 in the native state, d
to 60 mM GdCl with 60 mM phosphate buffer of pH 7.4 in the absence
CTAB, 5 mM CTAB + 500 mMmethyl-b-cyclodextrin, 100 mM CTAB, 100
gemini surfactants, 0.005 mM gemini surfactant + 500 mM methyl-b-cy
represents gemini surfactant G6 with HEWL, (C) gemini surfactant G5 w
length of 1 mm was used to obtain an average of four spectra. All the sp

This journal is © The Royal Society of Chemistry 2017
Surfactant does not contribute to the CD signal in the range
of 200–250 nm, thus the observed CD is solely due to the peptide
bonds of enzyme. HEWL/RNL (40 mg ml�1) denatured with 6 M
enatured state obtained by adding 6 MGdCl, denatured sample diluted
of the surfactant, and in the presence of methyl-b-cyclodextrin, 5 mM
mM CTAB + 500 mMmethyl-b-cyclodextrin and similarly with 0.005 M
clodextrin. Figures represents (A) gemini surfactant G5 with HEWL, (B)
ith RNL, (D) represents gemini surfactant G6 with RNL. A cell of path
ectra have been corrected for their respective blanks.
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GdCl loses the secondary structure almost completely as evident
from the Fig. 7. Although the refolding of the enzymes by
dilution of the denatured sample to 60 mM GdCl and 0.4 mg
ml�1 enzyme concentration increases the a-helical content, but
being an aggregation prone pathway it is far off from the native
protein. It is clear from the gures that methyl-b-cyclodextrin
added to the diluted enzyme, in the absence of the gemini
surfactant, does not improve the helical content much. The
maximum increase in the helical content is registered when the
denatured enzyme is treated with 5 mM G5/G6 + methyl-b-
cyclodextrin. Concentrations of the single-chain surfactant as
low as the gemini surfactant (5 mM) were found to be ineffective
while no signicant increase in the helical content, compared to
the dilution pathway is detected and even upon increasing the
[CTAB] concentration 1000 times (5 mM)/20 000 times (100 mM),
the results were still not very impressive.

CD data indicates that against the respective native a-helical
content of 45%/22.5% in HEWL/RNL the helical content in the
denatured enzymes is lost almost completely. The dilution
pathway increases this content to 32%/13% while by employing
the gemini surfactant assisted articial chaperone protocol i.e.
carrying the dilution in the presence of 5 mM G5/G6 + methyl-b-
cyclodextrin the helical content rises to 41%/42% in HEWL and
Fig. 10 Fluorescence emission spectra of lysozyme at pH 7.4 in the native
diluted to 60 mM GdCl with 60 mM phosphate buffer of pH 7.4 in the ab
5 mM CTAB, 5 mM CTAB + methyl-b-cyclodextrin, 100 mM CTAB, 100 m
surfactants, 0.005 mM gemini surfactants + 500 mM methyl-b-cyclod
represents gemini surfactant G6 with HEWL, (C) gemini surfactant G5 w
length of 1 cm was used to obtain an average of four spectra. All the sp

28458 | RSC Adv., 2017, 7, 28452–28460
19%/20% in case of RNL, respectively. In case of CTAB the a-
helical content rises to 36%/38% in presence of 5 mM/100 mM
CTAB + methyl-b-cyclodextrin, respectively. In case of RNL 17%/
18% a-helical content was observed by employing 5 mM/100 mM
CTAB + methyl-b-cyclodextrin. In the absence of methyl-b-
cyclodextrin the a-helical content observed in HEWL and RNL
with 5 mM/100 mM CTAB is 33.9%/34.7% and 16%/17%,
respectively.

The present investigation indicates that micromolar
concentration of the gemini surfactant, at which the single-
chain surfactant is ineffective, may be effectively used in
recovering the a-helical content from the GdCl denatured
proteins. The hydrophobic surfaces of the protein, upon dilu-
tion to non-denaturing concentrations of GdCl, are exposed
resulting in an increase in the intermolecular forces, thereby
leading to aggregation. The helicity of the protein, thus, does
not increase appreciably when refolding is attempted by simple
dilution. The surfactant upon interacting with the proteins
forms the protein–surfactant complex and diminishes the
intermolecular interactions that lead to aggregation, relative to
intra-molecular interactions that drive folding. Upon the addi-
tion of methyl-b-cyclodextrin the transient association of the
protein with the surfactant is broken and proper refolding is
state, denatured state obtained by adding 6MGdCl, denatured sample
sence of the surfactant, and in the presence of methyl-b-cyclodextrin,
M CTAB + methyl-b-cyclodextrin, and similarly with 0.005 mM gemini
extrin. Figures represents (A) gemini surfactant G5 with HEWL, (B)
ith RNL, (D) represents gemini surfactant G6 with RNL. A cell of path
ectra have been corrected for their respective blanks.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra21528a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 5
:0

6:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
initiated. The signicant increase in the a-helical content
observed at much smaller concentrations of the gemini
surfactants G5/G6 compared to the single-chain surfactant
CTAB is attributed to the stronger hydrophobic interactions
between the protein and the surfactant molecules owing to the
stronger hydrophobic core of G5/G6 compared to CTAB.43 This
results in a signicant rise in the helicity when gemini surfac-
tant + methyl-b-cyclodextrin is introduced in the solution used
to dilute GdCl denatured proteins. These results corroborate the
CD data and support our view point that the gemini surfactants
may be effectively used in protein refolding via the articial
chaperone protocol.
Intrinsic uorescence analysis

Fluorescence spectroscopy is widely employed to study proteins
and peptides. Aromatic amino acids tryptophan, tyrosine, and
phenylalanine offer intrinsic uorescence probes of protein
conformation, dynamics, and intermolecular interactions.44 Both
HEWL and RNL are multi-tryptophan enzymes. The molecule of
HEWL contains six tryptophan residues while three tryptophan
residues are present in RNL. Upon interaction with substrates or
inhibitors in solution, the tryptophan residues are perturbed as
reected by changes in UV, CD and uorescence.45,46

The emission spectra of HEWL/RNL in the absence and
presence of 5/100 mM CTAB, 5 mM G5 and 500 mM methyl-b-
cyclodextrin are presented in Fig. 10. As evident from gures,
uorescence gets signicantly quenched as the native enzyme is
denatured with 6 M GdCl. On diluting the denatured sample, the
enzyme exhibits an increase in the a-helical content, as evident
from CD spectra, resulting in increase in the uorescence
intensity (Fig. 10). This is due to the fact that, due to the increase
in secondary structure more number of hydrophobic sites are
made available on dilution compared to denatured sample where
the secondary structure is completely lost. As dilution is an
aggregation prone pathway the intensity ismuch less than that of
the native curve. There is no signicant rise in uorescence
intensity when the diluted sample is treated with methyl-b-
cyclodextrin implying that no further rise in secondary structure
is observed. Fluorescence intensity very near to the native curve is
observed when the denatured sample is treated with a combina-
tion of 5 mM G5/G6 and 500 mM methyl-b-cyclodextrin.

The results with 5 mM/100 mM CTAB are not as impressive as
that of the gemini surfactants despite the fact that concentra-
tion of the single-chain surfactant employed is 1000/20 000
times greater than that of gemini surfactant. Fluorescence data
thus faithfully corroborates with the data obtained from CD and
DLS studies and conrms the fact that maximum recovery of the
helical content is observed by employing the combination of
gemini surfactant and methyl-b-cyclodextrin via the articial
chaperone protocol.
Conclusions

The role of gemini surfactant in the refolding of denatured
samples of HEWL/RNL has been investigated using well
recognized spectroscopic techniques, i.e., CD, DLS and intrinsic
This journal is © The Royal Society of Chemistry 2017
uorescence, in the present study. The results presented clearly
indicate that very small concentrations of gemini surfactant
efficiently refold the enzymes. The results have been attributed
to the fact that gemini surfactants act as efficient capturing
agents owing to their architecture, and thus form enzyme–
surfactant complexes at very low concentrations thereby cir-
cumventing aggregation. This leads to a comparable hydrody-
namic radius to the native enzyme aer subjecting the GdCl
denatured enzyme to articial chaperone assisted refolding
using gemini surfactants as capturing agent and greater
recovery of the a-helical content compared to simple dilution/
use of single-chain surfactants. Thus, it is suggested that
gemini surfactants may effectively be used in the protein
refolding and may address one of the most pressing demand of
biotechnology industry for the development of efficient and
inexpensive folding aides and may also prove fruitful for drug
delivery.
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