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Lima Bean Trypsin Inhibitor (LBTI) is 83 residues monomeric protein of 9.0 KDa, consisting of six antipar-
allel B-strands and can undergo concentration dependant dimerization. We have tried to characterize
folding intermediates of LBTI under equilibrium denaturation conditions. We have used various spectro-
scopic and microscopic techniques to understand the folding and misfolding pathways. LBTI forms molten
globule structure at pH 2 and amyloidiogenic intermediate state (I*) at pH 4. pH induced Shifting of sur-
face exposed hydrophobic patches and that followed by withdrawal of the lone tyrosine residue (Y69)
towards nonpolar environment have been reported. Denaturation profile of native and molten globule
(MG) states of LBTI in presence of guanidine hydrochloride show sigmoidal curves with non-coincidental
and irreversible behaviour in both states. Concentration dependent amyloid fibril formation was con-
firmed by Thioflavin T and Congo Red binding and its morphology was studied by transmission electron
microscopy (TEM). This is the first report on biophysical characterization of folding intermediates of LBTI
and its aggregation behaviour to the best of our knowledge.
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1. Introduction

Natural inhibitors are generally divided into 18 families, ser-
ine protease Bowman-Birk-type protease inhibitors (BBIs) are one
among them. LBTI belongs to the bifunctional BBIs that con-
sist of symmetrically arranged trypsin- and chymotrypsin-binding
subdomains. Trypsin inhibitor from LBTI has been purified and
characterized [1]. Purification, crystallization, and preliminary x-
ray studies of LBTI have been done [2]. It is 9.0 kDa monomer having
83 residues among which 57 residues matches BBI sequences.
It has 20% [3 sheet structure with 6 (-strands and 7 disulfide

Abbreviations: LBTI, Lima Bean Trypsin Inhibitor; MG, molten globule; PPI, pro-
tein protease inhibitor; PI, protease inhibitor; I?, amyloidiogenic intermediate; Y69,
tyrosine 69; E70, glutamate 70; GdnHCl, guanidine hydrochloride; TEM, transmis-
sion electron microscopy; CD, circular dichroism.
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bonds, but devoid of free cysteine (-SH). The only tyrosine residue
(Tyr-69) resides between two disulfide bonds (cys68-cys22 and
cys72-cys18), resulting arigid constrained structure. BBIs are small
and cysteine-rich serine protease inhibitors with molecular mass
6-20KDa. They are widespread in monocotyledonous and dicotyle-
donous plants, particularly in leguminous seeds. Because of its high
thermostability and inhibitory activity, it is widely used in bio-
chemical procedures [3]. The active site in all BBIs has a common
fold consisting of two distinct sub-domains with a 3-hairpin and
an antiparallel 3 sheet structure, stabilized by disulfide bonds. The
loops are generally very rigid. The most unusual feature of BBI struc-
tures are the presence of exposed hydrophobic patches and lack
of any hydrophobic core, unlike globular proteins. The exposed
hydrophobic patches predominant in sub-domain 2 seem to be
responsible for self-association of the inhibitor. The LBTI molecule
adopts a ‘bow-tie’ fold canonical to the Bowman-Birk protease
inhibitor family. The dimeric state is stabilized by a set of hydrogen
bonds and a hydrophobic core [4].

Most of the BBIs tend to form homo or hetero- dimers, trimers
and more complex oligomers. Some studies indicate the pivotal role
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of charged interactions in the case of monmer/dimer equilibrium
[5]. The absence of hydrophobic core and high content of disulfide
bonds result in a constrained conformation that may responsible
for the remarkable stability exhibited by BBIs [6].

Protease inhibitors (PIs) like angiotensin-converting enzyme
inhibitors (ACEIs) form the first-line pharmacotherapy for heart
failure [7]. Metalloproteases and their endogenous inhibitors
TIMPs (tissue inhibitor of metalloproteinases), regulate down-
stream signaling of the tumor necrosis factor receptor and the
interleukin-6 receptor, epidermal growth factor receptor and
Notch, which are all pertinent for inflammatory responses [8].
The launch of first-generation PIs was a major step forward in
Hepatitis C Virus treatment, while the development of second-
generation Pls yields higher antiviral potency, more convenient
daily administration, fewer side effects and potential activity
against resistance-associated variants [9]. The human immunod-
eficiency virus type 1 protease enzyme (HIV-1 PR) is one of the
most important targets of antiretroviral therapy used in the treat-
ment of AIDS patients and it has been area of active research [10].
Protease inhibitors have been investigated for their potential in
cancer therapy[11].Plcan both be chemicals or proteins, with more
safety associated with the use of protein protease inhibitor as drug.
Proteases and their natural protein inhibitors are among the most
intensively studied protein-protein complexes [12]. A novel anti-
hyperglycemic agent (teneligliptin) that is peptidase inhibitor has
been developed for long-term efficacy and safety in patients with
type 2 diabetes [13]. Considering widespread applications of PPI,
active research to understand their structure, function and stabil-
ity are required. PPI have been purified and characterized from a
large number of sources, ex- Soybean, Peanut, Potato, wheat etc
[14].

For any protein to be functional, it has to be folded to its native
conformation. With the view to understand folding of proteins,
“Folding funnel” landscape model has been suggested according to
which proteins fold to the native state through any of a large num-
ber of pathways and intermediates [ 15]. Proteins normally fold via
a number of intermediates, in order to attain their unique native
conformation [16]. Characterization of folding intermediates may
unravel the mystery of the steps involved in the proper folding
of proteins. Describing the structures of intermediates along the
folding landscape is of key importance to comprehend the fold-
ing reaction or to design new proteins [17]. Also many diseases of
genetic nature are coupled with protein misfolding due to forma-
tion of stable, non-functional intermediate species of the protein
[18]. The Molten Globule (MG) is a highly dynamic intermediate
with native-like secondary structure but loose tertiary structure
[19]. A number of studies are done to characterize molten globule
states of different proteins in an attempt to understand unfolding
pathways of proteins.

Keeping in view importance of PI and absence of enough work
done on their folding pathways, in this paper we have tried to char-
acterize folding intermediates of LBTI under different denaturation
conditions. From the spectroscopic results, it was observed that
LBTI forms molten globule structure at pH 2 and post-molten glob-
ule state at pH 4 that is very prone to form aggregates; denoted as
12,

2. Materials and methods
2.1. Materials
LBTI, ThT, Congo Red, ANS and GdnHCI were purchased from

Sigma Chemical Co. (St. Louis, MO, USA). All other reagents and
buffer compounds used were of analytical grade.

LBTI stock solution (5 mg ml~1) was prepared in 20 mM sodium
phosphate buffer pH 7.4 and LBTI was 17 times diluted in different
pH buffers. Experiments were carried out in 20 mM of the follow-
ing buffers: pH 0.6-2.8 Glycine-HCl buffer, pH 3-5 Sodium acetate
buffer, pH 6-7.4 Sodium phosphate buffer. 6 M GdnHCI solutions
were prepared in 20mM sodium phosphate buffer, pH 7.4. pH
measurements were carried out on an Mettler Toledo pH meter.
Protein concentrations were determined with Lowry method. LBTI
was incubated for 12 h at desired pH before spectroscopic measure-
ments.

2.2. Circular dichroism (CD) measurements

CD measurements were carried out with a Jasco spectropo-
larimeter model ]-815, equipped with a microcomputer. The
instrument 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. For pH and GdnHCl denaturation,
the far-UV CD spectra were measured with a protein concentration
of 0.3mgml~! and 1 mm path length.

For aggregation study, the increasing concentrations of LBTI (0.3,
1.0 and 5.0mgml-1) were incubated overnight. Aggregated sam-
ples spectra were collect in the range of 200-250 nm.

2.3. Fluorescence measurements

Intrinsic fluorescence was executed on a Shimadzu spectroflu-
orometer, model RF-540. The fluorescence spectra were measured
at a protein concentration of 0.3 mgml~!. Intrinsic spectra were
recorded between 300 to 400 nm with excitation wavelength of
280 nm.

50 times more ANS was added compared LBTI in a working
solution. ANS spectra were scanned in the range of 400-600 nm
with excitation at 380nm. The LBTI concentrations were used
0.3mgml~! in both the measurements.

2.4. Turbidity measurements

Turbidity of LBTI at pH 4.0 was measured by Perkin Elmer dou-
ble beam UV-vis spectrophotometer, Lambda 25 in a cuvette of
1 cm path length. The different concentrations (0.3-10.0mgml—!)
of LBTI were incubated at pH 4.0 for overnight and turbidity was
measured at 350 nm.

2.5. Thioflavin T (ThT) assay

The ThT was dissolved in double distilled water and filtered
with a 0.2 wm Millipore syringe filter. The stock a concentration of
ThT was calculated by using extinction coeficent 36,000 M~! cm~!
at 412 nm [20]. LBTI was incubated in the different concentration
from 0.3 to 10.0mgml-! for overnight in 20 mM sodium acetate
buffer at pH 4.0. Overnight incubated samples were further mixed
with 15 M of ThT solution and again incubated for 30 min in the
dark. The fluorescence of ThT was excited at 440 nm and spectra
were recorded from 460 to 600 nm. The excitation and emission
slit widths were fixed at 10 nm. Samples spectra were further sub-
tracted from an appropriate blank.

2.6. Congo Red (CR) dye binding

The CR was prepared in double distilled water and filtered
through 0.2 uwm Millipore syringe filter for further use. The
CR concentration was estimated by using extinction coeficent
45,000M-1 cm~"! by taking absorbance at 498 nm [21]. The differ-
ent concentrations of LBTI were incubated in 20 mM sodium acetate
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Fig. 1. Graphical representation of LBTI sequence.

Graphical presentation following crystal structure of LBTI (PDB 1H34) from http://www.rcsb.org/pdb/explore.do?structureld=1h34. Tyrosine at 69th position is indicated
with a red upward arrow. SCOP: Domain annotation from the SCOP database. DSSP: Secondary structure assignment. PDB: Protein sequence from the PDB database.

buffer at pH 4.0 for overnight incubation. The incubated samples
were further incubated with CR (15.0 wM) and kept for 15 min at
room temperature in dark. The absorbance spectra of samples in
the wavelength range of 300-900 nm were recorded with a UV-vis
spectrophotometer (Perkin Elmer Lambda 25)ina 1 cm path length
cuvette. The absorbance spectra of blank (without CR) were also
taken in same wavelength range. The control spectra were fur-
ther subtracted from aggregated samples with CR and subtracted
spectra were plotted.

2.7. Transmission electron microscopy (TEM)

JEOL transmission electron microscopy was used to take amy-
loid image by applying voltage of 200KkV. Fibril formation was
evaluated by pouring 6 .l of protein sample (2.0 and 5.0 mg) on
200-mesh, copper grid covered by carbon-stabilized Formvar film.
Excess of liquid was eliminated after 5 min and then grids were neg-
atively stained with 2% (w/v) uranyl acetate. Images were taken at
10000x magnification.

3. Results
3.1. Acid-induced unfolding of LBTI

When the proteins are highly charged at extremes of pH, strong
electrostatic repulsions trigger partial denaturation of protein [22].
Far-UV CD spectra at different pH are shown in Fig. 2A and compar-
ative change in secondary structure versus pH is shown in Fig. 2B.
CD spectra of LBTIat pH 7 shows negative peak at 208 nm (Fig. 2A) as
consistent with (3-strands crystal structure [23]. Secondary struc-

ture of LBTI was retained over entire range of pH 3-7 (Fig. 2A &
B). Below pH 1, CD value has decreased slightly, but the protein
has lost its structure completely with 6 M GdnHCI. The far-UV CD
results are suggesting that LBTI secondary structure remain stable
in the pH range of 1-7.

3.2. Tertiary structural change

C18-C72 and C22-C68 cystines provide a rigid environment
around Y69, only steric changes are allowed around such con-
strained structure (Fig. 1) [24]. Y69 is the only residue in LBTI that
could be excited at 280 nm and emitted near 334 nm. This might
explain low fluorescence signal given by LBTI at pH 7 (Fig. 3A). A
dropinintrinsic fluorescence intensity (Fig. 3B) was observed when
pH was lowered, could be explained by change in conformation of
protein with the changing pH. The blue-shifted Amax (Fig. 3C) sug-
gests pH-induced change that resulted in decreased polarity around
Tyr residue. The shift in wavelength maximum was suggested that
the tertiary structure of LBTI was disrupted at lower pH.

The exposure of hydrophobic residues was further checked
by ANS fluorescence. ANS fluorescence enhances substantially
upon binding to exposed hydrophobic surfaces. Hence, ANS is a
hydrophobic fluorescent dye that reports folding status of a pro-
tein and peptides [25]. Fluorescence spectra of LBTI-ANS complex
at pH 7-2 shown in Fig. 4A. From the figure, it was found that
the ANS fluorescence spectra at pH 2.0 is blue shifted along with
increase in fluorescence intensity compared to pH 7. In Fig. 4B,
ANS fluorescence intensity at 485 nm has been plotted against pH.
The fluorescence intensity is increasing with respect to acidity of
medium. The wavelength maximum of ANS with native LBTI exhib-
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Spectra were obtained by exciting at 280 nm.

ited maximum emission around 505 nm which was decreased to trum in the pH 7-6 (Fig. 5A). In the range of pH 6-4, a sudden
480 nm at pH 2 (Fig. 4C) suggesting high binding of ANS at lower single step blue shift (505nm to 480nm) in ANS binding was
pH. observed (Fig. 4C), with a small 3 nm blue shift (334 nm to 332 nm)

If we observe further details, no significant change was observed in Y69 emission spectrum (Fig. 3C). Upon decrease in pH below
in Y69 emission spectrum or LBTI-ANS binding emission spec- 4, LBTI-ANS complex didn’t register any further drop in emission
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spectrum wavelength, but in case of Y69 a significant drop of emis-
sion wavelength (334nm-324nm) has been reported between
pH 4-pH 1 along with drop of fluorescence intensity (Fig. 3B).
LBTI lacks hydrophobic core and hydrophobic patches are solvent
exposed. The blue shift of LBTI-ANS emission spectrum indicates
increase in protein-ANS binding and/or withdrawal of hydrophobic
patches from solvent. Increase in protein-ANS fluorescence inten-
sity further supports increment in protein-ANS binding. Along with
hydrophobic patches, cationization of side-chains may have helped
inincreased binding with anionic ANS salt with decrease in pH [26].
Blue shift in the range of pH 4-1 with decrease in fluorescence
intensity, suggests shifting of Y69 from polar to non-polar and less
solvent accessible environment. As the blue shift registered in Y69
emission spectrum below pH 4, followed by abrupt blue shift in
ANS emission spectrum, it seems decrease in pH may have affected
the citrate shielding of E70 on Y69 in a way that it may have pushed
to a nonpolar pocket, without any reported change in 2° structure
(Fig. 2).

Asignificant alteration of tertiary structure at pH 2 with insignif-
icant change in secondary structure designated the formation
of molten globule-like structure. Another important state was
observed at pH 4, with no change of secondary structure (Fig. 2),
altered tertiary contacts (Fig. 3) and less exposed hydrophobic
patches than that of pH 2 (Fig. 4). We have termed this as I? state of
LBTI, a state which can be observed between MG state and native
state.

The unfolding mechanism of LBTI can be described using a Linear
Three-State Scheme:

NativeState — [*
atpH7 atpH4

— MGstate
atpH12

3.3. Chemical stability of LBTI in native and molten globule states

GdnH(], is a well known protein denaturing salt, becomes a
base with a stable +1 charge at physiological pH [27]. Most of the
proteins have reported GdnHCl dependent unfolding [28]. The sec-
ondary structure study has been done on the basis of CD ellipticity at
208 nm that shows the resultant structure of all 6 3-sheet strands
present in LBTI, thus gives a global view of the protein. In con-
trary, the tertiary structure study has been done on the basis of a
lone tyrosinyl residue Y69 that resides towards the C-terminus of
LBTI that can report only a local conformation of the protein. Even
though urea and GdnHCIl both are presumed to bind to peptide
bonds, the polypeptide unfolding capacity of GdnHCI is substan-
tially higher than urea [29]. Studies on coiled coils by Monera et al.
(1994) and Grigoryan and Keating (2008) suggested that electro-
static interactions have no effect on GdnHCl induced unfolding. In
solutions, GdnHCl ionizes to Gdn(+) and CI(—) ions that neutralizes
the positively and negatively charged amino acid side chains of the
proteins hence reducing or completely eliminating any stabilizing
or destabilizing electrostatic interactions [30].
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222 nm by far UV-CD (for secondary structure). LBTI concentration was 0.3 mgml-!
in all the samples.

GdnHCl induced denaturation showed sigmoidal, non-
coincidental and irreversible transitions in both states (Fig. 5B).
Non-coincidence is a characteristic for existence of possible
folding intermediate state. While studying GdnHCI denaturation
of human placental cystatin (HPC), a low molecular weight thiol
proteinase inhibitor (12.5 kDa) intermediates or non-native states
were observed at lower concentrations of denaturant [28]. The
global secondary structure seems more susceptible to GdnHCl
denaturation (Cmare 2.34 M and 1.72 M at pH 7 and 2 respectively)
than local tertiary structure (Cm are 4.08 M and 2.73 M at pH 7 and
2 respectively) around Y69, and both level of structures are more
susceptible at pH 2 in comparison to pH 7 (Table 1). No change in
secondary or tertiary structure has been observed in the presence

Table 1

Cm of secondary and tertiary structure of LBTI at pH 7.0 and pH 2.0.
Cm pH7.0 pH 2.0
2° structure (CD2og nm) 2.34M 1.72M
3¢ structure (Ems3snm) 4.08M 2.73M

3.5

N
N oW
L

-

Turbidity at 350 nm
—
)]

0.5 |

003051 2 3 4 5 10
[LBTI] mg

Fig. 6. Turbidity of the samples was measured to detect aggregation in solution.
Turbidity was measured at different concentration of LBTI by taking absorbance at
350 nm in 20.0 mM sodium acetate buffer pH 4.0 at 25 °C. Before measurements all
the samples were incubated overnight.

of 0-1M GdnHCL. The complete secondary structure loss took
place with 2M and 4M GndHCI at pH 2 and pH 7 respectively.
On the other hand, the tertiary structure change under GdnHCl
denaturation seems much rigid, due to the presence of C18-C72
and C22-C68 cystines around Y69.

3.4. Characterization of aggregated state of LBTI

An aggregating intermediate state is appearing at pH 4. LBTI is
a monomer at native state, but concentration and pH dependant
oligomerization takes place. With decrease in pH from pH 7 to pH
4, the internalization of hydrophobic patches and an optimum ion-
pairing may have provided a suitable environment for aggregation
of LBTI (Fig. 4). On further decrease in pH, around pH 2; the high
cationic repulsion seems play a role in absence of aggregation.

Many proteins form amyloid fibril with respect to change in
pH. The amyloid fibril formation of ABri peptides depend on pH
of the solutions [31]. In this study, we have tried to characterize
the amyloid fibril formation in the pH range from 0.6 to 7.4. LBTI
was not forming amyloid fibril in the whole pH range except at pH
4.0. The amyloid fibril formation of LBTI was confirmed by various
spectroscopic techniques.

3.5. Turbidity measurements

Turbidity of samples can be measured in the near UV range
mostly at 350 nm. The aggregated samples become more turbid
and optical density will increase. We have monitored the aggregate
formation in LBTI with respect to change in protein concentra-
tions from 0.3 to 10.0 mgml-! at pH 4.0 by taking optical density
at 350nm. As can be seen from Fig. 6, the optical density at
350 nm of LBTI was gradually increased in the concentrations of
LBTI 0.5-10.0 mg and maximum turbidity was recorded at 10.0 mg
of LBTI concentration while at 0.3 the turbidity is almost negligible.
From the turbidity results, it can be concluded that the aggregation
of LBTI was dependent on the concentrations of LBTI and pH, the
LBTI was not forming any aggregate at low as well high pH even
in the presence of low and high concentrations of proteins. Simi-
lar aggregates were also seen in pepsin which forms aggregate at
neutral pH and room temperature [32].

3.6. Thioflavin-T dye binding

From the turbidity observations, it was confirmed that LBTI
become aggregated at pH 4.0 in the concentrations range of



J.M. Khan et al. / International Journal of Biological Macromolecules 103 (2017) 111-119 117

600
—+—03mgLBTI
—e— 1.0 mg LBTI
500 —4—20mg LBTI
—v—30mgLBTI
| —e—40mgLBTI
400 —4—5.0mg LBTI

—»—10.0 mg LBTI

ThT Fluorescence
(%}
o
L=}

460 480 500 520 540 560 580 600
Wavelength (nm)

£ 450 -
c
w0 360 -
S
-5270 .
E180 .

540

W

90 -
0 -

2 3 4 5 10
[LBTI] mg

0305 1

Fig. 7. Amyloid fibril formation in LBTI was measured by ThT fluorescence. ThT fluorescence spectra at pH 4.0 in different concentration 0.3 (-¢-), 1.0 (-@-), 2.0 (- A -),
3.0(- ¥ -),4.0 (-#-), and 5.0 (- €-) 10.0 (-» -) mgml-! of LBTL (B) The effect of varying concentration of LBTI at pH 4.0 on amyloid fibrillogenesis was measured by ThT

fluorescence intensity at 485 nm after excitation at 440 nm.

0.5-10.0 mg. Now it was further confirmed whether these aggre-
gated samples were amorphous or have an amyloid-like structures.
For this, we have performed ThT dye binding assay. ThT, a benzoth-
iazole dye; usually binds and forms a highly fluorescent complex
with amyloid or amyloid-like fibrils [33]. ThT binds various fibrils
such as exposed [3-sheet edges, an extended [(3-sheet surface, as
well the laminated “steric zipper” interface between the (3-sheets
and cross-[3 sheet architecture [34]. The ThT fluorescence spectra
of aggregated and non aggregated samples are shown in Fig. 7A. A
huge increase in ThT fluorescence intensity was noticed in the con-
centration range of 1.0-10.0 mg where as at 0.3 mg concentration
insignificant ThT binding was found. At low concentrations of LBTI,
the fluorescence intensity is found low while at higher LBTI concen-
trations the quantum yield of fluorescence intensity is found very
high. We further plotted the ThT fluorescence intensity at 485 nm
at different concentrations of LBTI at pH 4.0 which are shown in
Fig. 7B. The LBTI protein was showing enhanced ThT fluorescence
intensity in the concentration range of (0.5-10.0 mg) at pH 4.0 and
maximum fluorescence intensity was recorded at 10.0 mg and no
ThT binding taking place at 0.3 mg LBTI concentrations. The ThT dye
binding results revealed that LBTI protein form amyloid fibril in the
concentration range of 0.5-10.0 mg at pH 4.0. However, at higher
and lower pH fibril formation was not taking place. ThT fluores-
cence results of LBTI suggest that pH dependent aggregates have
amyloid fibril like structures.

3.7. Congo Red (CR) dye binding assay

Sometimes ThT binds to the multimer of proteins at native con-
dition. To overrule this problem, we performed a CR binding assay
to confirm the amyloid fibril formation in LBTI at different concen-
trations at pH 4. CR is known to bind to the cross [3-sheet structure
of proteins [35]. The CR binding results are shown in Fig. 8. The dye
binding to protein in the absence of aggregates showed a maximum
absorbance at 495 nm. However, at higher concentrations when
aggregates are formed, the absorbance maxima were red shifted to
around 572 nm at pH 4.0. Due to CR binding now it is confirmed
that the LBTI was forming amyloid-like structure at higher concen-
trations at pH 4 only. pH induced unfolded states that are prone
to aggregation forming amyloid-like fibrils have been reported in
Pancreatic thiol proteinase inhibitor- a protease inhibitor isolated
from pancreas of Capra hircus [36].
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Fig. 8. Amyloid fibril formation in LBTI was measured by Congo red binding. The
absorbance spectra of LBTI obtained from Congo red binding assay at pH 4.0 with
different protein concentration 0.3 (-4-), 1.0 (-e-) and 5.0 (- d-) mg ml~! of LBTI.

3.8. Far-UV CD spectroscopy results

Far-UV CD spectroscopy study was performed to determine the
change in secondary structural contents of protein upon aggrega-
tion. From Fig. 9, far-UV CD spectra of LBTI (0.3 mgml~!) at pH 4.0
exhibited single minima at 208 nm which is suggesting that LBTI
has a B-strand as a secondary structure as discussed above. The
peak of LBTI at 208 nm, transformed into a single peak at higher
wavelength around 225-230 at higher concentration of LBTI (1.0
and 5.0mg ml—1). The peak centered at 225-230 nm could be amy-
loid specific CD signature. The higher intensity and the red shift of
the signal at higher concentrations may reflect decreased solvent
accessibility upon aggregation [37].

3.9. TEM results

Finally, to confirm morphology of LBTI peptides aggregates, TEM
was used to distinguish the morphology of aggregates. TEM has
been routinely employed to characterize the shape and size of pro-
tein aggregates [38,39]. The two different concentrations of LBTI
were showing amyloid-like aggregates at pH 4.0, as can be seen
in Fig. 10. LBTI formed small amyloid structure at 2.0 mg ml~! con-
centration while at 5.0 mg ml~! concentration bigger sized amyloid
formed. The bigger size amyloid fibril formation indicated the
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Fig. 9. Secondary structural changes monitored by Far-UV CD.
Far-UV CD spectra of LBTI at different concentrations 0.3 (-4-), 1.0 (-®-) and 5.0
(-<€-) mgml-! of LBTI at pH 4.0.

power of interactions that stabilized these structures [40]. It is
also believed that large amyloid formed through the lateral join-
ing of smaller amyloid [41]. From the ThT and CR binding as well
as TEM results it could be concluded that LBTI is forming amyloid
at pH 4.0. The amyloid fibril formation is also dependent on the
concentrations of LBTI.

4. Discussion

In this study, we have characterized two important partially
folded states of LBTI; an MG state at pH 2.0 with native like sec-
ondary structure and altered tertiary structure. As compared to
native state, reduced fluorescence intensity along with blue shift
in wavelength maxima are important characteristics of MG state.
Similar findings with reduced fluorescence signal in acid-induced
MG state have been attributed to presence of charged amino-acid
residues nearby Trp 104, in case of alpha-lactalbumin [42]. The
MG state may have exposed hydrophobic patches as observed by
binding of ANS, a hydrophobic cluster binding dye. The MG state
of LBTI lacks enzymatic activity (data not shown). MG state of
Cicer a-galactosidase with enhanced binding of ANS at pH 2.0, lack
of activity but retained significant secondary structure has been
reported [43]. Further, GAnHCI induced denaturation of native and
MG state study revealed that native state is evidently more sta-

ble than MG state. Chemical agents like GdnHCI are often used to
compare stability of proteins and their conformational states. Also,
the presence of sigmoidal, non-coincidental transition curves may
signify presence of additional intermediate states [44]. The evident
rigidity reflected by GdnHCI denaturation of a local tertiary struc-
ture in comparison to secondary structure indicates the presence
of a rigid cystine-rich motif around the lone fluorophores Y69 that
resides towards C-terminal end of LBTI monomer.

Induction of a low pH-induced MG state which may be triggered
by the disruption of key salt bridges in proteins has been reported
frequently [45,46]. The relevance of partially ordered states of pro-
teins (such as the MG state) in cellular processes is beginning to
be understood [47]. It is postulated that the structural folding of
protein annexin and a malarial protein at low pH, could explain
how a soluble protein may undergo transition into a molecule able
to penetrate the membrane hydrophobic region [48,49]. Human
breast cells in culture (MCF-7) transfected with p53-GFP revealed
localization of p53 in acidic vesicles, suggesting that the low pH
conformation is present in the cell and p53 may play physiological
or pathological roles in acidic microenvironments [50].

Biological significance of acid-induced states that are prone to
oligomerisation or aggregation has been recently realized. It is
argued that the specific conformation of the acid-induced state
of PrP¢ would provide crucial insights into the mechanisms of
oligomerization and further pathogenic conversion as well as facil-
itating the design of novel medical chaperones for treating prion
diseases [51]. One such acid-induced partially folded state that is
prone to aggregation has been reported in this study. LBTI is not
prone to aggregation in the entire pH range except at pH 4.0, close
to its theoretical pl (pH 5.0). Amyloidogenic intermediate (I1*™Y)
at pH 4.0 showed concentration-dependant increase in turbidity
measurement experiments. This result was further confirmed by
ThT and Congo-Red binding, dyes used as probe for fibril forma-
tion. TEM images also showed formation of fibrils in concentration
dependant manner. This may be the first report on characterization
of folding intermediates of LBTI as per our knowledge.
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Fig. 10. TEM images. Morphology of LBTI aggregates was visualized by TEM at two representative concentrations (A) 2.0 mg and (B) 5.0 mg at pH 4.0.
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