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Abstract Cystatins are thiol proteinase inhibitors ubiqui-
tously present in mammalian body and serve various impor-
tant physiological functions. In the present study, we
examined the effects of acid denaturation on newly identi-
fied thiol protease inhibitors from the lungs of Capra hircus
(Goat) with a focus on protein conformational changes and
amyloid fibril formation. Acid denaturation as studied by
CD (Circular Dichroism) and fluorescence spectroscopy
showed that purified inhibitor named GLC (Goat Lung
Cystatin) populates three partly unfolded species, a native
like state at pH3.0, a partly unfolded intermediate at pH2.0,
and unstructured unfolded state at pH1.0, from each of
which amyloid like fibrils grow as assessed by thioflavin
T (ThT) spectroscopy. The result showed, native like struc-
ture formed at pH3.0 is more responsive towards amyloid
formation when compare to other conformation of proteins.
Morphology of the protein species incubated for amyloid
process was observed using transmission electron micros-
copy (TEM). Moreover, anti-fibrillogenic effects of curcu-
min and quercetin were analysed using ThT binding assay.
Curcumin and quercetin produced a concentration depen-
dent decline inThT fluorescence suggesting deaggregation
of the fibrils. When added prior to amyloid fibril initiation
50 uM curcumin inhibited amyloid aggregation. However,
more quercetin is needed to prevent the same extent of
fibrillation. Implications for therapeutics in view of poly-
phenols as essential nutrients are suggested in lung diseases.
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Introduction

Protein misfolding and aggregation are associated with aging,
as well as a variety of human diseases, including Parkinson’s
disease, cystic fibrosis, amyotrophic lateral sclerosis (ALS),
short chain acyl-CoA dehydrogenase (SCAD) deficiency and
hypertrophic cardiomyopathy [1-5]. Further, pathogenic dep-
ositions of proteins in the form of amyloid like fibrils claim the
cause of a number of human diseases. These include Alz-
heimer’s disease, type II diabetes, and spongiform encephalo-
pathies such as Creutzfeldt-Jakob disease [6—8].In recent
years, several non-pathogenic proteins and peptides have been
shown to form amyloid fibrils in- vitro including acyclphos-
phatase, cold—shock protein, hen lysozyme, Bl domain of
protein G, SH3 domain, cytochrome C, myoglobin [9—15],
and pancreatic cystatin [16].

The amyloid fibril usually initiate from partially folded
intermediates or molten globules existing under abnormal
physiological conditions (like acidic pH, xenobiotic stress,
etc.) [17-19]. These intermediate states may escape to serve
as initiation points for assembly of aggresomes and or
amyloid fibrils [16]. The ability to fibrillate is independent
of the original native structure of the protein, whose amino
acid sequence primarily appears to play a key role in terms
of filament arrangement [20], fibrillation kinetics [9], over-
all yield and stability of the fibrils [8, 21, 22].

Cystatins or thiol proteinase inhibitors are a group of
evolutionary related proteins collectively placed in the cys-
tatin superfamily divided into three main groups the stefins,
the cystatins and the kininogens depending on the presence
of single or multiple ‘cystatin domains’, presence or absence
of a signal sequence, carbohydrate content and sulphydryl
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groups. Cystatins constitute a powerful regulatory system
for cathepsins, besides this a plethora of biological activities
are now ascribed to them [23]. Members of this family show
predisposition for fibrillation and have recently been proven
to be useful model system to study amyloidogenesis [16, 24,
25].

We have recently reported the purification of lung thiol
protease inhibitor (GLC-I), a 66.4 kDa monomeric protein
from goat lungs [26]. Based on molecular weight, thiol
proteinase inhibitory potential, interaction with thiol pro-
teases and kinetic behaviour, GLC-I was found to be a good
confederate of cystatin superfamily [26]. However, no re-
port is available on fibrillation of cystatins from mammalian
lung. GLC-I thus served as an attractive candidate for study-
ing its possibility of foraying into aggregate amyloid state
during acid denaturation.

There is a lack of any potential anti-amyloidogenic
agents till date. Polyphenols have been accredited with
myriad biological effects [27]. Their anti fibrillation roles
have emerged only lately [28]. An analysis of the effects of
natural agents like quercetin and curcumin on fibrillation
process can open new avenues for the treatment of protein
misfolding diseases. Thus, investigation of the effects of
these curcumin and quercetin on GLC-I amyloid formation
was also taken up.

The work adds to the spectrum of the proteins, than those
so far identified in specific diseases, undergoing amyloido-
genesis under defined conditions in vitro. It may provide an
opportunity to optimize the molecular mechanisms forcing
proteins to aggregate in vivo. The sequence of events delin-
eated in vitro can also help in identifying the spots where the
process can be blocked. The work also hints at lung disor-
ders being conformational or their probable aggravation by
thiol protease fibrillation/aggregation.

Materials and Method
Chemicals

All chemicals, 1-anilinonaphthalene-8-sulphonic acid
(ANS), ThT, curcumin and quercetin was obtained from
Sigma chemical Co. (St. Louis MO).

Purification of Thiol Protease Inhibitor

Goat lung cystatin (GLC-I) was purified as reported earlier
by Khan and Bano [26]. When proteins precipitated after
40-60 % ammonium sulphate saturation were dialyzed and
loaded on DEAE-cellulose ion exchange column, two sep-
arate protein peaks with papain inhibitory activity were
obtained. The major inhibitory peak named as GLC-I was
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used in the present study. The purity of GLC-I was checked
by native and SDS-PAGE as reported earlier [26].

Conformational Study of the Inhibitor

GLC-I was allowed to undergo acid denaturation by subject-
ing it to buffers of varying pH range from pH1.0 to pH7.0.
The buffers used were 20 mM solution of glycine/HCI (pH 1-
2.0), sodium acetate (pH3.0-5.0) and sodium phosphate (pH
6.0-7.0). pH measurements were carried on a Metzer Optical
Instruments (Pvt. Ltd., India), pH meter model 603 M with a
least count of 0.01 pH unit. GLC-I was incubated with the
buffer of desired pH at 25 °C and allowed to equilibrate for 4 h
before any spectroscopic measurements.

Amyloid Fibril Formation of the Inhibitor (GLC-I)

GLC-I (50 uM) was incubated in buffers of varying pH1.0,
2.0 & 3.0 containing 150 mM sodium chloride and 0.05 %
sodium azide. Before incubation each sample was passed
through a 0.2 um filter to remove traces of aggregated
material.

Effect of Polyphenols on the Kinetics of Amyloidogenesis

To study the effects of curcumin and quercetin on fibrilla-
tion of GLC-I, different concentration of curcumin and
quercetin (0-100 uM) were added to the mixture (50 uM
GLC-I incubated in buffer of pH3.0 containing 150 mM
sodium chloride and 0.05 % sodium azide).

Spectrophotometric Measurements

The protein concentration was determined by the method of
Lowry et al. [29]. A stock solution of ANS in distilled water
was prepared and concentration was determined using an
extinction coefficient of 5,000 M 'cm ! at350 nm [30]. The
molar ratio of protein to ANS was 1:50.

Fluorescence Spectroscopy

Fluorescence measurements were made using a Shimadzu
spectrofluorimeter modelRF-540 equipped with a data re-
corder DR-3 at 25+2 C in 1 cm path length quartz cell. The
protein concentration used in the measurements was 1 pM.
The fluorescence was recorded in the wavelength region
300400 nm after exciting the protein solution at 280 nm
for total protein fluorescence. The slits were set at 5 nm for
excitation and emission. To determine the hydrophobic sur-
face exposure during acid denaturation, samples were incu-
bated with a 50-fold molar excess of ANS for 5 min at 25°C
in dark, then fluorescence emission spectra were measured
from 400 to 600 nm with excitation at 380 nm.
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Circular Dichroism Measurements

Circular dichroism measurements were carried out at25+
2°C on a Jasco spectropolarimeter model J-720 using a
Sekonic X-Y plotter (model SPL-430A) with thermostati-
cally controlled cell holder attached to a NESLAB water
bath model RTE 110 with an accuracy of 0.10°C. The
instrument was calibrated with d-10-camphorsulfonic acid.
The spectra were recorded with a scan speed of 20 nmmin ™"
and with a response time of 4 s. The concentration of GLC-I
was 0.2 mg/ml and path length was 1 mm. The spectra
obtained were normalized by subtracting the baseline
recorded for each condition.

ThT Spectroscopy

Five microlitres of the protein solution in which fibrils were
growing were dissolved in 600 pl of the ThT buffer (pH7.5,
25 mM phosphate buffer, 20 uM ThT) just before the meas-
urements. Fluorescence measurements were carried out on a
shimadzu spectrofluorimeter model RF-540 equipped with a
data recorder DR-3 at 25 C. Excitation was at 440 nm and
spectra were recorded from 455 to 600 nm [31].

Transmission Electron Microscopy

A 3 ul sample of protein solution was placed and dried for
5 min on formvar coated carbon grids. After excess fluids
were micropipetted from the grid surface, the grid was
washed with water and stained with 0.3 % aqueous uranyl
acetate. Excess stain was removed and the samples were
dried at room temperature. The samples were analyzed at
10 kV in a JEM 1010 transmission electron microscope.
Images were captured with an AMT digital camera system
(AMT, Chazy, NY).

Results and Discussion

Cystatins comprise large family of thiol proteinase inhibi-
tors whose members have shown propensity to form fibrillar
aggregates [32]. Lately, various non-pathogenic proteins
have been shown to form amyloid fibrils in vitro, such as
acylphosphatase, cold shock protein, hen lysozyme, SH3
domain, cytochrome ¢ and myoglobin [14, 15], etc. One of
the aims of the present study was to find environment that is
sufficiently destabilizing for the native GLC-I to allow it to
explore alternative conformations and lock on to the stable
[3-sheet aggregated state.

Acid induced unfolding of GLC-I was studied by intrinsic
fluorescence properties. In its native state GLC-I is character-
ized by a peak at 325 nm at pH7.0 [26]. Till pHS5.0, no change
was observed in A, of emission (Fig. 1a). However, a 9 nm

blue shift was observed at pH3.0. Lowering the pH to 2.0
caused a red shift of 2 nm further followed by a red shift of
4 nm, at pH 1.0. Change in A,,,,x was accompanied by quench-
ing of fluorescence intensity (Fig. 1a). The decrease in fluo-
rescence intensity and a blue shift of 9 nm at pH3.0 is
indicative of burial of aromatic residues in the hydrophobic
core of the protein and formation of a more compact structure.
Red shift observed at pH2.0 and 1.0 can be due to slight
unfolding of the structure.

Further, effect of pH on ANS spectrum of purified inhib-
itor (GLC-I) (Fig. 1b) showed that till pH4.0, there was no
appreciable increase in ANS binding suggesting native like
structure at pH4.0. A sharp increase was noticeable at pH
3.0. Also, the A . of ANS-protein complex was blue
shifted of 13 nm with no further change on pH reduction.
Increase in ANS fluorescence at pH3.0 indicates more hy-
drophobic residues on protein surface and thus have high
propensity to associate through pi-pi interaction.

Perturbation of secondary structure of GLC-I by pH was
assessed using circular dichroism. The obtained spectra
(Fig. 2) shows decrease in ellipticity at 222 nm below pH
7.0, to a minimum value at around pH3.0. A further decrease
in pH below 3.0 resulted in a second transition and shows
increase in ellipticity (almost equal to native state) at pH2.0.
Thus, inhibitor (GLC-I) at pH3.0 exists a partially unfolded
intermediate as shown by transition in ellipticity at 222 nm.
GLC-I at pH2.0 exhibit features of an intermediate molten
globule like structure with almost native like content of -
helical secondary structure and an enhanced ability to bind
ANS dye. (Fig. 1a, b, and 2). While further loss in ellipticity of
GLC-I at pH 1.0 reflecting unfolding of the inhibitor.

GLC-I when subjected to acid denaturation yields a ‘par-
tially unfolded intermediate’, the pH3.0 state and a molten
globule like intermediate at pH2.0 (Figs. 1 and 2). From these
results it is clear that the structure remaining at these low pH
values may not be residual native like structure that the acid
unfolding has failed to disrupt, but rather newly formed
organizations, and consequently with little resemblance to
native structure [33]. GLC-I at pH3.0, 2.0 and 1.0 possesses
significant non-native secondary structure which is likely to
transform to amyloid aggregates. Distinct fibrillar states under
differing solution conditions have also been reported for stefin
B where different type of fibrils originate from pH4.8-native
like and pH3.3-molten globule like intermediate [34].

To prove amyloid formation by purified inhibitor (GLC-I),
ThT fluorescence spectroscopy was studied. The enhancement
in the fluorescence intensity of ThT upon binding to ordered
protein aggregates is a rapid and sensitive method to show
presence of fibrils. Free ThT has emission maximum at 450 nm
which changes to 485 nm upon binding to fibrils [35]. Changes
in fluorescence emission of ThT were monitored at regular
time intervals for the incubated samples. The pH3.0 sample,
showed a substantial enhancement in ThT fluorescence after
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Fig. 1 Intrinsic and Extrinsic
fluorescence study of GLC-I at
different pH. pH dependence of
intrinsic and ANS fluorescence
properties of GLC-I. aVariation
in intrinsic fluorescence inten-
sity at 325 nm and A, of
emission of GLC-I with pH.
GLC-I (1 uM) was incubated in
50 mM solutions of glycine/
HCI (pH2.0), sodium acetate
(pH3.0-5.0), sodium phosphate
(pH6.0-7.0) at room tempera-
ture for 4 h. The excitation
wavelength was 280 nm and
emission was recorded in range
0f 300400 nm with a slit width
of 5 nm. b Variation in ANS
fluorescence intensity at

505 nm and Amax of emission
of ANS-GLC-I complex with
pH. The samples were prepared
as described above. The ANS to
protein molar ratio was 1:50.
ANS fluorescence was mea-
sured at an excitation wave-
length of 380 nm in the
emission range of 400-600 nm
with a slit width of 5 nm
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5 days of incubation indicating that at pH3.0 the amyloid
growth is rapid (Fig. 3). At pH2.0 however, formation of
amyloid proceeds long time as indicated by increase in ThT
fluorescence of the same intensity even after 45 days,

Fig. 2 CD spectra of GLC-I at
different pH. For Far UV-CD,
0.2 mg/ml of GLC-I was incu-
bated with tris glycine buffer
(pH2.0, 50 mM), sodium ace-
tate buffer (pH3-6.0, 50 mM)
and sodium phosphate buffer
(pH7.0 and 8.0, 50 mM) for
30 min. at 25°C and CD spectra
were recorded between 190 and
250 nm wavelengths. Cells of
1 mm path length were used
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Fig. 3 ThT spectroscopy of GLC-I under acidic pH. Fluorescence
emission spectra of thioflavin T (ThT) dye in the presence of goat lung
cystatin (50 uM) incubated with buffers of different pH range varying
from (pH1-7) for different interval of time. Five microlitres of the
stock solution (protein solution in which fibrils were growing) were
dissolved in 600 pl of the ThT buffer (pH7.5, 25 mM phosphate buffer,
20 uM ThT) just before the measurements. Excitation was at 440 nm
and spectra were recorded between 450-550 nm. The slit width was
5 nm for both excitation and emission beams

disorganization or aggregation of protein molecule at pH 1.0.
These results thus reveal that amyloid aggregates from GLC
form under drastic conditions and more readily at pH3.0.
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Fig. 4 Electron Microscopy of amyloid making solution of GLC-I at
different pH. Electron micrograph of GLC-I incubated under different
conditions. a Image obtained for GLC-I incubated at pH7.0. b Image
obtained for GLC-I (at different magnifications as shown by the size of
bar lines) incubated at pH1.0 (50 mM glycine/HCI). ¢ Image obtained

To further strengthen the corroboration of amyloid
formed by GLC-I, transmission electron microscopy
(TEM) was performed. Owing to its small size native dehy-
drated GLC-I gave no distinct image at pH7.0 (Fig. 4).
Figure b, shows the TEM image of GLC-I at pH1.0
obtained after 45 days of incubation. Amorphous aggregate
like structure is observed. Figure c, shows the TEM image
obtained after 45 days of incubation of the sample under
similar conditions but at pH2.0. It shows sharp fibrils.
Figure d shows TEM images of GLC-I at pH3.0 obtained
after 5 days of incubation. Sharp network of fibril is ob-
served. Fibril growth has also been documented under
(mild) acidic conditions for insulin [36], endostatin [37],
acylphosphatase [9], stefin A [16] and stefin B [17]. Rapid
fibrillation of GLC-I was observed at pH3.0 than at pH2.0
and amorphous aggregate like structure is formed at pH1.0;
suggesting that unfolded and molten globule like states has a
higher propensity to form aggregates. This is supported by
reports on fibrillation of bovine serum albumin [38].

Effect of curcumin and quercetin on fibrillization of
GLC-I indicates, both curcumin and querectin reduces the
fibrillating potential of GLC-I induced by acidic pH. How-
ever, approximately 100 pM of quercetin is needed to

FEG148 10KV

10KV

100rm "
10 mm

for GLC-I (at different magnifications as shown by the size of bar
lines) incubated at pH2.0 (50 mM glycine-HCI buffer). d TEM Image
of GLC-I at pH3.0. TEM analysis of all the samples at different pH
was obtained after 45 days of incubation
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Fig. 5 Effect of curcumin and i
quercetin on the fibrillation of € 45 -
GLC-L. 50 uM GLC-I was in- 8 40
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prevent amyloid, while curcumin does it by only 50 uM
(Fig. 5). The finding is well supported by inhibitory effect of
curcumin against hen lysozyme fibrillation [39] and amy-
loid 3 oligomers [40]. There are already reports on the
quercetin having promising effects on the regression of
formation of A3 fibrils and disaggregated A3 fibrils [41].
The anti-amyloidogenic functionality of polyphenolics is
mainly due to its antioxidant, lipid peroxidation and ROS
scavenging activity [41].

The findings reported here, along with the previous ob-
servation of fibrils formed by SH3 domain [13], BSA [38],
stefin B [17], substantiate that amyloid fibril formation is
not unique to few proteins found in the amyloid plaques that
accumulate in vivo.

Conclusions

The present results suggest that, provided appropriate con-
ditions are maintained over prolonged periods of time, the
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Quercetin (uM)

formation of ordered amyloid protofilaments and fibrils
could be an intrinsic property of many polypeptide chains,
rather than being limited to very few aberrant sequences.
GLC-I has not yet been implicated as the cause of any
diseased state in the lung. However the conditions which
predispose it to aggregate may provide an opportunity to
understand protein folding better as well as to design ther-
apeutic approaches to combat such an aggregation as devi-
ation from physiological pH under stressful environment
may occur in cells. Also, the role of polyphenols in the
prevention of aggregation and amyloid would be better tools
to design drug/neutraceuticals against conformational pro-
tein disorder. Lastly, the experiments further add to the
notion that cystatin superfamily members are susceptible
to amyloid aggregation.
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