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Surfactant-induced amyloid fibrillation has many implications in laboratory and industry. Previously,
cetyltrimethylammonium bromide (CTAB; C;9H4,BrN) induced amyloid formation in concanavalin A (ConA)
has been reported by authors (Khan, JM et al, 2016 A). In this work, cationic gemini surfactants
pentanediyl 1,5 bis (dimethylcetylammonium bromide); 16-5-16 (G5), and hexanediyl 1,6 bis (dimethyl cetyl
ammonium bromide); 16-6-16 (G6) were found to induce amyloid-like aggregation in ConA as studied with tur-
bidity at 350 nm, Rayleigh scattering and Thioflavin T (ThT) binding assay and Far UV CD. The sizes of the aggre-
Lectin gates were characterized with dynamic light scattering (DLS) and atomic force microscopy (AFM).
Concanavalin A Hydrodynamic radii (Rh) of the aggregates were found to be 74 nm and 122 nm with 50 uM of G5 and G6 respec-
CTAB tively. Even at 7.5 M, gemini surfactants seems disrupting hydrophobic pockets of ConA and result in aggrega-
Gemini surfactant tion. On the contrary, aggregation disappeared around 250 pM surfactant concentration with 3-sheet — a-helix
Amyloid fibril and 3 to « transition transition. The re-establishment of intra-molecular hydrogen bonding may have resulted in the formation of
non-native a-helical structures. Alcohols, predominantly 2,2,2 trifuloroethanol (TFE), have been reported to in-
duce a-helices in 3-sheet proteins by solvent engineering. There are very few reports of 3-sheet to a-helix tran-
sition induced by non-alcoholic substances. Our lab is pioneer in reporting surfactant (CTAB) induced 3-sheet to
a-helix transition in ConA (Khan, JM et al., 2016 A). This is the first report of G5 and G6 gemini surfactant induced
{3-sheet to a-helix transition, as per our knowledge. ConA being apoptotic to cancerous cells and having potential
therapeutic effect on hepatoma, the observations done in this work could be of immense interest in vesicular de-
livery of ConA.
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1. Introduction

Almost more than 50 types of diseases are now discovered which are
directly connected to protein or peptide misfolding [1,2]. To understand
the mechanism of protein or peptide misfolding is important for ad-
vancing protein science and prevention of such types of diseases.

Abbreviations: ThT, Thioflavin-T; ConA, concanavalin A; AFM, atomic force
microscopy; DLS, dynamic light scattering; CD, circular dichroism; CMC, critical micellar
concentration.
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Some of the well-known protein misfolding diseases are Alzheimer's,
Parkinson's, Huntington's, type Il diabetes etc. [3]. The misfolded protein
can form ordered structures; known as amyloid fibrils, and can be char-
acterized by cross B-sheet assemblies. Every strands of amyloid fibril
run perpendicular to the long axis of fibril [4]. Amyloid fibril forms
under non-native conditions and partially unfolded states of proteins
are more prone to aggregate and form amyloid fibril [5]. The partially
unfolded states can be generated under in vitro conditions also. The
temperature and pH are factors to induce partially unfolded states in
proteins [6]. Generally, amyloid fibril formation is a stepwise process
comprising oligomerization, nucleation and growth phase [7]. Some-
times, amyloid fibrils are formed without the formation of nucleus [8].
It is known that only external factors or ligand can reduced the length
of nucleation [9]. Several chemical entities, for example lipids and sur-
factants are also known to promote amyloid-like fibrils in proteins
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[10,11]. Among surfactants, only anionic and cationic surfactants are
found to induce amyloid fibrils [12,13]. Cetyltrimethyl ammonium bro-
mide (CTAB) is cationic surfactant having positively charged head and
hydrophobic tail. Cationic surfactant is promoting fibrillation in hen
egg white lysozyme at alkaline pH [12]. The CTAB interacted electrostat-
ically with aspartic and glutamic acids residues of protein at physiolog-
ical pH and assisting amyloid fibril formation [14]. The cationic
surfactant favor amyloid fibril formation below its critical micellar con-
centration (CMC) and no amyloid fibril was formed at above CMC in
stem bromelain protein [15]. Apart from conventional surfactant, a
gemini surfactant has also a great ability to induce amyloid-like fibril
in proteins [16]. Gemini surfactant is unique in nature compared to con-
ventional surfactant because gemini possess two positively charged hy-
drophilic head and two hydrophobic tail and both the chains are
covalently linked with few carbon spacer group shown in Fig. 1. The
gemini surfactant have very strong interacting property to the protein
[17,18]. Geminis surfactant are surface-active agents and have strong
propensity to form micelles at lower concentrations compared to con-
ventional one and micellar concentration lies between the micro to mil-
limolar which is depending on alkyl chains length [19-21]. Gemini
surfactant is superior to the other conventional single-chain surfactants
in terms of low Krafft temperature, CMC and high hydrophobic micro-
domain. Currently, geminis (m-E2-m) surfactants are getting more at-
tention than conventional m-s-m type surfactants because of their
easily cleavable, biodegradability and lower toxicity.

It is reported that low concentrations of gemini surfactant induces
amyloid-like aggregates in 3 (1-40) peptides [22]. It is important to elu-
cidate the effect of the gemini surfactant on the dynamics of protein
fibrillogenesis. For this, we have tried to explore the mechanism of am-
yloid fibrillation induces by gemini surfactants on a plant lectin ConA.

Lectins are carbohydrate binding protein and highly specific for
sugar moieties [23]. ConA is a legume lectin; extracted from jack-bean.
It strongly agglutinates erythrocytes irrespective of blood-group, and
various cancerous cells. It has an affinity for terminal o b mannosyl
and « D glucosyl residues. Ca>*™ and Mn?* ions are required for its activ-
ity. It is a homotetramer protein at physiological pH, made up of 237
amino acid residues, predominantly 3 sheet secondary structure and
isoelectric point (pl) ranges from 4.5 to 5.5 [24]. It dissociates into di-
mers at pH 5.6 or below. Between pH 5.8 and pH 7.0, ConA exists as a
tetramer; above pH 7.0 higher aggregates are formed. It exhibits mito-
genic activity which depends on its degree of aggregation. Its
succinylation results in an active dimeric form which remains a dimer
above pH 5.6. ConA does not have disulphide bond and its tertiary struc-
ture is flexible [25]. The monomer of ConA is almost 26.0 kDa, and its
tertiary structure has been called as a “jellyroll” motif. Each sub units
has a single sugar binding and two metal binding sites [26]. The struc-
ture of ConA is remarkably similar to human serum amyloid protein
(SAP) that has a high affinity to amyloid fibrils and ubiquitously found
in all kind of amyloid deposits [27]. ConA aggregates morphology de-
pendent on solution pH and temperature. It is evident from already
published report that form amyloid-like aggregates at pH 8.9 and

Hydrophilic Spacer
Spacer Head Hydrophilic
T Head
5 Carbon 6 Carbon
Hydrophobic Hydrophobic
Tail Tail

A. Gemini (G5) Surfactant B. Gemini (G6) Surfactant

Fig. 1. Molecular structures of gemini surfactants: (A) G5 and (B) G6.

amorphous aggregates at pH 5.1 at high temperature [28], and amyloid
fibril in a non-nucleated manner at basic pH at 37 °C [29].

In this work, we have used several biophysical techniques to evalu-
ate the role of gemini surfactant homologues (C;5CsC;¢Br, wheres =5
and 6) on fibrillation of ConA protein. The role of spacer length of gemini
was also tested in ConA amyloid fibrillation. Over all this study will help
us to understand the molecular mechanism of G5 and G6 gemini surfac-
tant induced amyloid fibrillation.

2. Experimental
2.1. Materials

Concanavalin A (ConA), Tris-HCl, and Thioflavin-T (ThT) were
procured from Sigma Chemicals Co. (St. Louis, MO, USA). Other chemicals
were used of analytical grade. The gemini surfactant bis
(cetyldimethylammonium)butane dibromide, C;gH33(CH3)2N"—(CH,)s—
N*(CHs),Cy6H33-2Br~, (where s = 5 and 6) were taken from Aijaz
Ahmad Dar lab and they have synthesized and characterized according
to already reported methods [30].

2.2. Protein concentration calculation

ConA was dissolved in 20 mM Tris buffer, pH 7.4. The concentrations
of ConA were calculated by taking optical density at 280 nm. The optical
density was taken on Perkin Elmer (Lambda25) spectrophotometer, by

1%
1/4 = 11.4 at 280 nm. ConA pu-

rity was checked by SDS-PAGE and data are provided as a Supplemen-
tary material (Fig. S1).

using molar extinction coefficients, E

2.3. Turbidity measurements

Turbidity measurements were performed on Perkin-Elmer double
beam UV-vis spectrophotometer. The ConA treated with and without
G5 and G6 gemini surfactant (0-1500 uM) was quantified by taking ab-
sorbance at 350 nm at pH 7.4. As a control, the absorbance was also
measured sample, which was containing similar concentration of G5
and G6 only. All the samples were incubated overnight before
measurements.

24. Light scattering

Light scattering was carried out on Hitachi F-7000 fluorescence spec-
trofluorometer. The light scattering was done to identify the ConA ag-
gregates in the solutions. The ConA alone and with various
concentrations of G5 and G6 (0-1500 pM) gemini surfactants was ex-
cited at 350 nm and emission was recorded at 350 nm wavelength at
pH 7.4. The light scattering at 350 nm was plotted against different con-
centrations of G5 and G6 surfactants. The excitation and emission slit
widths were kept constant 2.5 nm in all the measurements. The ConA
concentration was fixed 0.2 mg ml~" in all the samples. Prior RLS mea-
surements, all the samples treated with G5 and G6 were incubated
overnight at room temperature.

2.5. DLS measurements

DynaPro-TC-04 (Wyatt Corporation) instruments were used which
were equipped with temperature controller micro sampler. The ConA
stock and G5 and G6 surfactant stocks were centrifuge at 5000 rpm
for 10 min and then the supernatant was filtered through 0.22 um sy-
ringe filter. After filtration, ConA (1.0 mg ml~')was treated with and
without different concentrations of G5 and G6 surfactants at pH 7.4.
Every sample was scanned 60 times, and then average was taken.
The obtained data was analyzed by Dynamic 610.0.10 software.
The mean hydrodynamic radii (Rh) and polydispersity (Pd) were
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assessed from an autocorrelation analysis of scattered light intensity
based on the translational diffusion coefficient from the Stokes-
Einstein equation

Rh — kT

where Rh is the hydrodynamic radius, k is the Boltzmann's constant, T is
the absolute temperature, 1 is the viscosity of water and D is the trans-
lational diffusion coefficient.

2.6. ThT assay

ThT fluorescence assay was done to distinguish aggregates struc-
tures. The ThT was added to all the samples of ConA with or without
2.5,12.5,25.0,50.0 and 75.0 M of G5 and G6 surfactant. After addition
of ThT the samples were further incubated for 20 min. The ThT fluores-
cence emission spectra were recorded at room temperature. The sam-
ples were excited at 440 nm and emission spectra were collected in
the range of 470-600 nm wavelength. ThT concentrations were also cal-
culated by taking absorbance at 440 nm by using extinction coefficient
36,000 M 'cm™.

2.7. Circular dichroism spectroscopy

Far-UV CD spectropolarimeter is used to identify the secondary
structural changes in ConA protein in response to G5 and G6 gemini sur-
factant. The far-UV CD spectra of ConA with and without of G5 and G6
were scanned on Jasco ]-815 circular dichroism (CD) spectropolarime-
ter. The far-UV CD spectra were scanned in the range of 200-260 nm
with a difference of 1 nm. Quartz cuvette with 0.1-cm path length was
used. The ConA was treated with G5 and G6 gemini surfactant (12.5,
25.0, 37.5, 50.0, 75.0, 250.0 and 500.0 uM) at pH 7.4 buffer. The far-UV
CD spectra of all the samples were taken on the average of three
scans. The far-UV CD results were expressed as mean residual ellipticity
and defined as.

MRE = 6,5 (mdeg)/10 x n x Cp x 1

where 6, is the CD in millidegrees, n is the number of amino acid res-
idues of the protein, | is the path length of the cell in centimeters and Cp
is the molar fraction of proteins. The K2D2 on line server was used to
quantitate the percent secondary structural change in ConA with G5
and G6 gemini surfactant.
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2.8. Atomic force microscopy (AFM)

AFM was utilized to distinguish the morphology of gemini-induced
aggregates. The ConA (0.2 mg ml~") was treated with 50.0 uM of G5
and G6 gemini surfactant at pH 7.4 and incubate for overnight. The incu-
bated samples were further diluted two times and then few drops of di-
luted samples were placed on the freshly prepared mica surface. After
15 min, the mica was rigorously washed with Milli-Q water. After wash-
ing the mica was left for several h for drying. After dryness, AFM imaging
was carried out on Bioscope Catalyst AFM (Bruker, USA) in the tapping
mode. The AFM images were processed for publication with the use of
Nanoscope Analysis v.1.4 software.

3. Results
3.1. Turbidity measurements

The turbidity study at 350 nm is a measure of protein aggregation
[2,3,5-8]. Gemini Surfactant (G5 and G6) induced aggregation of ConA
was examined by taking turbidity at 350 nm. The change in turbidity
of ConA at pH 7.4 incubated with different concentration (0-1500
puM) of G5 and G6 gemini surfactants are shown in Fig. 2A. Baseline tur-
bidity was found when ConA was incubated without gemini surfactants.
The turbidity was start appearing with the presence of 7.5 pM gemini
surfactants and maximum turbidity was seen with 50 pM of the gemini
surfactants. Beyond 250 uM of surfactants turbidity suddenly disap-
pears. The intensity of turbidity was found to be more in case of G6 com-
pared to G5 gemini surfactant. The turbidity results are indicating that
the micromolar concentrations of the gemini surfactants are promoting
aggregation in ConA at pH 7.4.

3.2. Rayleigh scattering measurements

Rayleigh scattering is also used to characterize protein aggregation.
In Fig. 2B, showed the effect of G5 and G6 gemini surfactant on ConA
protein at physiological pH. No scattering at 350 nm was observed in
ConA without gemini surfactants at pH 7.4. However, in the presence
of the both the surfactants scattering was increased exponentially. The
scattering start from 7.5 uM and reached maximum at 50 pM of the
gemini surfactants. The decrease in scattering was also recorded with
further increase in gemini surfactant concentrations (250-1500 pM). In-
terestingly, scattering was disappeared above 250 uM surfactant con-
centration. The data further support our hypothesis that the ConA
form aggregates due to exposure of low concentrations of G5 and G6
gemini surfactant and aggregation disappeared in the presence higher
surfactant concentrations. The light scattering of samples containing
both the gemini surfactants alone at pH 7.4 was also measured as a
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Fig. 2. Turbidity (A) and Rayleigh Light Scattering (RLS) (B) measurement of samples by taking absorbance and fluorescence intensity at 350 nm: ConA incubated with different
concentrations (0 to 1500 uM) of gemini G5 (-M-) and G6 (- @ -) surfactant at pH 7.4. The ConA concentrations were taken 0.2 mg ml~! in all the measurements. The samples were

incubated overnight at room temperature before the measurements.
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Fig. 3. Hydrodynamic radii of ConA alone (A), in the presence of 50 iM of G5 (B), G6 (C), 500 uM G5 (D) and 500 M G6 (E) at pH 7.4. ConA concentration was 1.0 mg ml~ " in all conditions.

control, the light scattering was not seen in whole the gemini concen-
trations the data are not shown.

3.3. DLS analysis

DLS is exploited to investigate the hydrodynamic radii of protein and
protein aggregates in solution [31]. The modification in the hydrody-
namic radii (Rh) of ConA in their native states (pH 7.4) and in the pres-
ence of 50.0 uM G5 and G6 were measured by DLS (Fig. 3). The Rh of
ConA at pH 7.4 was found to be 4.3 nm. But, it drastically increased in
the presence of 50 UM surfactant (Table 1). Two types of species were
found with Rh 4.7 and 74.1 nm with 50 pM G5, and 4.9, 112.5 nm with
G6 respectively. The first Rh clearly represents the monomeric form,
but the later one reports polymerization. G6 seems induce larger size
aggregates in comparison to G5. But, at 250 uM surfactant concentra-
tion, only one species was observed with Rh comparable to the

Table 1

ConA monomer. Thus it further suggests disappearance of aggregates
at 250 pM surfactants.

3.4. ThT fluorescence assay

Various biophysical techniques are now available to distinguish the
morphology of aggregates [32]. Among the highly advance biophysical
tools ThT dye is highly used techniques to identified amyloid morphol-
ogy [33]. ThT form micelles above 4.0 uM and become self-fluorescent at
or above 5 M [34]. ThT micelles specifically bind to the 3-sheet and
cross-p sheet structure of aggregates and shows huge fluorescence sig-
nals compared to unbound ThT [35]. To confirm the morphology of
gemini-induced aggregates, ThT dye binding assay was performed.
ThT is a cationic benzothiazole dye, known to specifically bind to
cross-P structures that exclusively found in amyloid fibrils, and produce
increased fluorescence emission around 482 nm [36]. ThT fluorescence

Hydrodynamic radii of ConA in the absence and of presence both the gemini surfactant (G5 and G6) at different conditions.

S. No. Conditions Hydrodynamic radii (Rh (nm)) Polydispersity
1 ConA + pH7.4 43 132

2 ConA + 50.0 uM G5 4+ pH 7.4 47,741 20.43, 60.61

3 ConA + 50.0 uM G6 + pH 7.4 49,1125 28.12,35.43
4 ConA + 500 UM G5 + pH 74 48 9.28

5 ConA + 500 uM G6 + pH 7.4 49 8.94
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Fig. 4. Thioflavin T (ThT) fluorescence spectra of ConA (0.2 mg ml~") with respect to increasing concentration of gemini (A) G5 and (B) G6 surfactants at pH 7.4. ThT concentration was

taken 5.0 UM in all the samples.

assay of ConA was performed without and with increasing concentra-
tions of G5 (Fig. 4A) and G6 (Fig. 4B) gemini surfactants at pH 7.4. No
ThT fluorescence was found in the sample containing ConA without,
and with 2.5 and 500.0 pM gemini surfactants. However, ConA with
12.5,25.0 and 75.0 pM gemini showed huge increase in fluorescence in-
tensity at 482 nm. The results show, ConA formed amyloid-like aggre-
gates at low surfactant concentrations, but aggregates disappeared at
and beyond 250 uM concentration.

3.5. Secondary structure transformation determination

Far UV-CD spectroscopy was done to study the changes in secondary
structure of ConA with surfactants. The effect of G5 and G6 gemini sur-
factant on ConA were shown in Fig. 5A and B respectively. It is evident
from the figure that the native ConA showed single minima at 218 nm
which is characteristic features of 3-sheet structure [14]. The negative
minima at 218 nm of native ConA was shifted towards higher wave-
length in the presence of low concentrations (12.5, 25.0, 37.5, 50.0
and 75.0 pM) of G5 and G6 gemini surfactants and generate new single
negative minima around 222 nm. However, in the presence of higher
concentrations (250 and 500 uM) of G5 and G6 gemini surfactant, the
single negative minima at 218 nm was disappeared and generate two
new negative minima i.e., 208 and 222 nm; a characteristic feature of
a-helical proteins [37]. The changes in o-helix and -sheet structures
of ConA with surfactant concentration were expressed in Table 2. The

CD results clearly show that amyloid state ConA was predominantly
p-sheet structure, but at and above 250 uM surfactant concentrations
a non-native a-helical structure emerges with the disappearance of ag-
gregation. This may have happened due to local intra-molecular hydro-
gen bonding.

3.6. Atomic force microscopy measurements

The morphologies of gemini-induced aggregates of ConA protein
was studied by atomic force microscopy (AFM). AFM is highly
advance-imaging techniques and used to differentiate between amyloid
and non-amyloid structure of protein aggregates. AFM images of ConA
in the presence of G5 and G6 gemini concentrations (50 uM) at pH 7.4
are shown in Fig. 6A and B. ConA formed amyloid-like fibril with G5
and G6 gemini surfactants, with identical morphologies (long and
straight). The diameter of amyloid fibrils formed in the presence of G6
is more compared to the diameter formed in the presence of G5 gemini
surfactants. The AFM result further supports that the G5 and G6 treated
ConA samples have amyloid-like aggregates.

4. Discussion
Generally, surfactants are promoting amyloid fibrillation in both

neurodegenerative and non-neurodegenerative disease related pro-
teins [38-40]. The purpose of this work is to investigate the role of G5
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Fig. 5. The far-UV CD spectra of ConA with respect to increasing concentration of gemini (A) G5, (B) G6 surfactant at pH 7.4. The ConA concentrations were taken 0.2 mg ml~". The gemini

treated samples were incubated overnight at room temperature.
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Table 2

Percent secondary structure content in ConA protein in response to different concentrations of both the gemini (G5 and G6) surfactant at physiological pH.
S. No. Conditions G5 G6

% o-helix % p-sheet % o-helix % -sheet

1 ConAatpH 7.4 9.65 38.75 9.65 38.75
2 ConA at pH 7.4 + 12.5 pM gemini 6.56 42,53 6.56 42.53
3 ConA at pH 7.4 + 25.0 M gemini 4.49 43.69 5.65 4457
4 ConA at pH 7.4 + 37.5 uM gemini 53 43.19 5.61 4435
5 ConA at pH 7.4 + 50.0 M gemini 9.65 43.19 5.10 44,72
6 ConA at pH 7.4 + 75.0 uM gemini 8.11 44.00 4.82 45.45
7 ConA at pH 7.4 + 250.0 uM gemini 26.44 174 27.65 24.62
8 ConA at pH 7.4 + 500.0 M gemini 28.50 16.17 29.87 19.54

and G6 gemini surfactants in the amyloid fibrillation of a carbohydrate
binding protein; ConA. In a water/single-chain surfactant biphase, mi-
celles form to minimize its free energy by bringing together the hydro-
phobic chains by minimizing contact with polar water. The polar head
groups remain facing towards water and apart from each other by elec-
trostatic repulsion [41,42].

In gemini surfactants, two head groups chemically linked by a non-
polar bridge, and its length and flexibility will remain deciding factor
for the surfactant's cmc [43]. With increase in concentration, gemini
surfactants first become pre-micellar bodies from monomer, and then
become elliptical, cylindrical and lamellar or netlike structure [44].
Near and below the cmc, premicellar start to generate and grow into mi-
celles as the concentration increases [45]. Micelle formation is a multi-
step and gradual process [46]. Molecular thermodynamic description
of micellization in aqueous medium can be utilized to model self-
assembly [47].

The cmc of G5 [47] and G6 gemini surfactants are ~36 to 48 UM [48],
while that of CTAB is 920-1000 uM [14]. In the beginning of micelliza-
tion of surfactants, ConA probably get unfolded and polymerize as re-
ported by turbidity, thioflavin T and polydispersity studies. However,
around 250 pM of surfactants, higher degree of micellization may have
resulted in the regaining of secondary structures in ConA. Interestingly,
due to the solvent engineering of micelles, internalization of hydrogen
bonding takes place in ConA, and instead of native 3-sheet structures
non-native o-helix forms.

ConA (pl = 5.4) is a net negatively charged protein at pH 7.4 [49], so
get neutralized even in the presence of a small quantity of cationic surfac-
tants. Thus, in the absence of electrostatic repulsion hydrophobic tail-
groups of surfactants will start disrupting hydrophobic pockets of the

protein [49]. On further increase of surfactant concentrations tail-groups
should start assembling, leaving hydrophobic patches of the protein to
form inter-molecular interaction instead of retreating to hydrophobic
pocket formation. This state should remain till micellization do not
reach to such a higher degree that it starts interfering in the protein's
inter-molecular hydrophobic interactions. At higher concentrations, sur-
factants assemble as vesicle, lamellar or net-like entrapment, instead of
solid micelle. Such structures exclude water, which should disintegrate
ConA aggregates due to increased presence of electrostatic interaction.
Thus, inter-protein hydrophobic interactions get weak, and again mono-
mer start forming. With the increased absence of protein-solvent hydro-
gen bonding, intra-protein hydrogen bonding takes over, resulting in
the formation of non-native alpha helical structures.

From the turbidity and Rayleigh scattering, we have observed that
G5 and G6 gemini surfactants, especially in the concentrations range
(7.5 to 125 uM), induces aggregation in ConA protein and beyond 250
UM of gemini surfactant ConA aggregation disappear. This is in good
agreements with other published reports that low concentrations of
surfactant promoted aggregation in protein and higher concentrations
of the surfactant demoted the aggregation in proteins [50]. The interest-
ing observation is seen in both the turbidity and light scattering mea-
surements. The turbidity and light scattering found more in the
presence of G6 compared to G5 gemini surfactant due to high hydro-
phobicity. The possible cause of more turbidity and light scattering is
due to spacer length of gemini. Over all hydrophobicity of G6 gemini
is more compared to G5. More the spacer length having more binding
property and simultaneously inducing bigger size aggregates. The hy-
drodynamic radii (Rh) of proteins increase enormously during aggrega-
tion [51]. ConA also forms aggregates in the presence of gemini

Fig. 6. Atomic force microscopic images of (A) ConA at pH 7.4 + 75.0 uM G5, (B) ConA at pH 7.4 + 75.0 uM G6. ConA concentration was taken 0.2 mg ml ™.
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Fig. 7. Schematic representation of effects of G5 and G6 gemini surfactants on ConA protein at pH 7.4.

surfactant, with higher Rh. Interestingly, the Rh of G6 induced-aggregates
was found higher compared to G5 induced-aggregates. The role of spacer
length in gemini surfactants on the Rh of aggregates is a matter of inves-
tigation. Generally, it was seen that the binding efficiency of gemini sur-
factant reduce with increase in spacer length [52]. It is well-known that
aggregation of protein is mostly dependent on hydrophobic and electro-
static interaction [53,54]. The gemini surfactant-induced aggregate mor-
phology was further characterized. ThT has shown positive interaction
in the presence of ConA and the gemini surfactant. Gemini-induced ag-
gregates have very high ThT fluorescence confirming that gemini-
induced aggregates have amyloid-like structure. The ThT binding was
found almost 10 times more in gemini-induced aggregate samples. The
positive ThT binding was also found when human and hen egg white ly-
sozyme was incubated at pH 1.5 and higher temperature [35]. For more
detail characterization, AFM imaging was done to identify the morphol-
ogy of gemini-induced ConA aggregates. The AFM image showed that
the ConA form long and straight fibril and the diameter were found bigger
in the presence of G6 gemini surfactant.

Amyloid fibrils make cross-3 sheet structure that is difficult to dis-
tinguish from 3 sheet structures by far-UV CD measurements. Recently,
it was reported that hyperthermophile protein from amyloid-like ag-
gregates in the presence of low SDS concentrations and amyloid fibril
have a cross-p sheet structure [55]. The native ConA poses 38.75% [3-
sheet structure that is similar to already published reports [56]. The neg-
ative ellipticity was found to reduce in the presence of low concentra-
tions of G5 and G6 gemini surfactant along with increase in (-
structure. On the contrary, the percent a-helix increased in the pres-
ence of higher G5 and G6 gemini surfactant. Alcohols, predominantly
2,2,2 trifuloroethanol (TFE), have been reported to induce a-helices in
B-sheet proteins. There are very few reports of 3-sheet to ai-helix tran-
sition induced by non-alcoholic substances. Our lab is pioneer in
reporting surfactant (CTAB) induced 3-sheet to ai-helix transition in
ConA [14]. A 25 amino acid domain Bax-alphal found to show -sheet
to a-helix upon interaction with negatively charged phospholipid vesi-
cles [57]. Zhu and Fink have reported that the a-helical conformation
induced by the anionic lipid vesicles is not fibrillogenic [58]. First G5
and G6 gemini surfactant induced B-sheet to a-helix transition has
been observed. ConA being apoptotic to cancerous cells [59], and having
potential therapeutic effect on hepatoma [60], the observations done in
this work could be of immense interest in vesicular delivery of ConA.

Lectin (ConA, RGA and WGA)-Fe30, silver nanoparticle has been suc-
cessfully used for MR and CT imaging in-vitro and colorectal cancer in-
vivo [61]. ConA has been found to induce caspase dependent apoptosis
in human melanoma A375 cells. ConA inhibits hepatic metastasis of
colon-26 cells through NK-mediated mechanism, B-16 melanoma cells
and fibroblast 3T3 cells [62-64].

The detail mechanism of amyloid fibril formation in ConA is pre-
sented in schematic diagram shown in Fig. 7. The ConA exist in anionic
form at physiological pH, the low concentrations of gemini surfactant
induces amyloid-like fibrils at physiological. The positively charged
head group of G5 and G6 gemini surfactants are interacted electrostati-
cally to aspartic and glutamic acid of ConA protein and neutralize the
charges and similarly, hydrophobic tail is breaking down solvent ConA
interaction, which is leading to amyloid fibril formation. However,
higher concentrations of gemini surfactants are inducing alpha helical
structure in ConA protein.

5. Conclusion

In this study, we have concluded that G5 and G6 gemini surfactants
(7.5 to 125 pM) induces amyloid fibril in ConA lectin at physiological
pH 7.4. However, in the presence 250 uM and above concentrations of
these surfactants aggregates disappear, and [3-sheet to a-helix transi-
tion takes place. The spacer length is also playing important role in ag-
gregation of ConA. The turbidity, light scattering and Rh is registered
in the amyloid fibrils made with same concentration of G5 and G6 but
the turbidity, light scattering and Rh is found more in the presence of
G6 gemini surfactant. The observations are of immense importance as
this is one of the first reports of p-sheet to a-helix transition with deter-
gents, that to with an intermittent amyloid formation. Further studies
may clarify the mechanism of the 3-sheet to a-helix transition and its
exploitation in the vesicular or liposomal packing of ConA for targeted
delivery. Although, there is number of reports of 3-sheet to a-helix
transition at non-physiological temperature, but such circumstances
are difficult to induce in tumor cells. The effectiveness of gemini at
such a low concentration, could be potentially exploited in ConA medi-
ated therapies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2018.08.092.
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