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ABSTRACT: Glycosaminoglycans (GAGs) have been reported
to play a significant role in amyloid formation of a wide range of
proteins/peptides either associated with diseases or native
biological functions. The exact mechanism by which GAGs
influence amyloid formation is not clearly understood. Here, we
studied two closely related peptides, glucagon-like peptide 1
(GLP1) and glucagon-like peptide 2 (GLP2), for their amyloid
formation in the presence and absence of the representative
GAG heparin using various biophysical and computational
approaches. We show that the aggregation and amyloid
formation by these peptides follow distinct mechanisms: GLP1
follows nucleation-dependent aggregation, whereas GLP2 forms
amyloids without any significant lag time. Investigating the role
of heparin, we also found that heparin interacts with GLP1,
accelerates its aggregation, and gets incorporated within its amyloid fibrils. In contrast, heparin neither affects the aggregation
kinetics of GLP2 nor gets embedded within its fibrils. Furthermore, we found that heparin preferentially influences the stability of
the GLP1 fibrils over GLP2 fibrils. To understand the specific nature of the interaction of heparin with GLP1 and GLP2, we
performed all-atom MD simulations. Our in silico results show that the basic-nonbasic-basic (B-X-B) motif of GLP1 (K28-G29-
R30) facilitates the interaction between heparin and peptide monomers. However, the absence of such a motif in GLP2 could be
the reason for a significantly lower strength of interaction between GLP2 and heparin. Our study not only helps to understand
the role of heparin in inducing protein aggregation but also provides insight into the nature of heparin−protein interaction.

Amyloids are highly ordered cross-β-sheet-rich protein/
peptide aggregates that are historically associated with

neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s.1 Recent evidences have suggested that amyloids are not
only associated with diseases but also can perform native
functions in the host organism. Amyloids associated with
normal biological functions are called functional amyloids.
Examples of functional amyloids include Curli in Escherichia
coli, Chaplin in fungi, and yeast prions.2 Two mammalian
functional amyloids discovered recently were pMel17 amyloid
in melanosomes and protein/peptide hormone amyloids within
the secretory granules of the pituitary gland.3,4 It has been
suggested that the secretion of protein/peptide hormones in
regulated secretory pathways involves aggregation and con-
densation of the protein/peptide into membrane-enclosed
secretory granules.5−8 However, the nature of the aggregates
inside the secretory granules was not known. Recently, it was
suggested that peptides/proteins formed an amyloid-like
structure inside the secretory granules that can release
functional protein/peptide upon secretion into the extracellular
space.4

The secretory proteins of regulated pathway in cells have
been reported to aggregate at the trans-golgi network before

packaging into the secretory granules.5−7,9 Several factors,
including pH, ionic strength, and copackaging proteins, play an
important role in this event.10−13 More importantly, the
existence of certain inducer molecules like glycosaminoglycans
(GAGs) at this compartment of the cell plays a pivotal role in
the aggregation and subsequent granule packaging/condensa-
tion of the cargo.4,13−16 Glycosaminoglycans have also been
observed along with disease-related amyloid deposits in organs,
and many studies have shown that these promote fibrillation of
several amyloidosis-associated proteins.17−24 The specific
mechanism by which heparin induces amyloid formation is,
however, not clearly understood. Deciphering the nature of
heparin−peptide interactions would be crucial to understand
the manner in which GAGs facilitate peptide/protein hormone
aggregation during their packaging and storage. Several studies
have reported that the availability of basic amino acid residues
in the protein/peptide favors interaction with glycosaminogly-
cans. Moreover, XBBBXXBX or XBBXBX sequences were
suggested and experimentally proved to be the consensus
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heparin-binding domains, where B is a basic amino acid and X
is a nonbasic amino acid.25−28

In the present work, we selected two closely related peptides,
glucagon-like peptide 1 and 2 (GLP1 and GLP2), which have
previously been shown to form amyloid-like structures in vitro
in the presence or absence of the glycosaminoglycan heparin.4

Previously, glucagon, a closely related peptide hormone, has
also been reported to form amyloid-like structures and to
display polymorphism in its fibril morphology at different
concentrations29−31 and in the presence of additives like sulfate
ions.32 Additionally, it was suggested that these hormones could
be stored as amyloids within the secretory granules.4 GLP1 and
GLP2 are generated from a common precursor proglucagon
(180 amino acid residues) from the regions comprising amino
acid residues 72−108 and 126−158, respectively.33 Both of
these peptides have been shown to be stored inside the
secretory granules of the pancreatic α-cells and intestinal L-
cells.34 The amino acid sequences of these two peptides are
highly similar (80%) and also exhibit 37% identity (Figure
1A,B). Here, we focus on understanding the aggregation

behavior of GLP1 and GLP2 (in the presence or absence of
heparin), and we probe whether their sequence similarity
imparts a commonality to their self-assembly process.
Furthermore, this study was aimed to elucidate whether a
small level of sequence variation could significantly change the
nature of the interaction with the glycosaminoglycan heparin.
Studying the detailed mechanism of GLP1 and GLP2 amyloid
formation is thus important to understand the aggregation of
proteins/peptides targeted to secretory granules in mammalian
cells.
In the current study, we observed a large structural transition

in GLPs during the process of amyloid fibril formation using
biophysical techniques. We found that heparin preferentially
interacts and accelerates fibril formation in GLP1; however, it

does not play a significant role in GLP2 amyloid formation.
Heparin was incorporated into GLP1 fibrils and it stabilized
them against monomer release, whereas minimal involvement
of heparin was observed in the case of GLP2. All-atom
molecular dynamics simulations using NAMD35 were also
performed to study the probable role of heparin in the
aggregation of GLP1 and GLP2. Consistent with our in vitro
data, the MD simulations also revealed the preferential binding
of heparin to GLP1 over GLP2. We propose that the reason for
this favored heparin interaction is possibly due to the
availability of a higher number of basic amino acid residues
and the presence of a single basic-nonbasic-basic (B-X-B)
sequence in GLP1. Our findings will not only significantly
augment the existing knowledge on the role of GAGs in
peptide/protein hormone aggregation and storage as amyloids
inside secretory granules but also highlight the mechanism of
amyloid formation of proteins/peptides associated with
diseases.

■ MATERIALS AND METHODS
Chemicals and Reagents. The peptides GLP1 and GLP2

were purchased from BACHEM (Bubendorf, Switzerland).
Other chemicals and reagents used for the study were
purchased from Sigma-Aldrich (Steinheim, Germany) and
Calbiochem (San Diego, CA, USA). Double-distilled and
deionized water for the study was used from a TKA Lab Tower
AFT (Niederelbert, Germany).

In Vitro Aggregation of GLPs. Peptides were dissolved in
500 μL of 5% D-mannitol containing 0.01% sodium azide (v/v)
at a concentration of 1 mg/mL. GLP1 dissolved completely,
resulting in a clear solution, but GLP2 was not completely
soluble. To solubilize GLP2, 0.1 N NaOH was added dropwise
until the solution became clear; the pH of the resultant solution
was close to 9.0. The pH was then adjusted to 5.8 by the
dropwise addition of 0.1 N HCl. Both GLP1 and GLP2,
adjusted to pH 5.8 (secretory granule relevant pH), were
ultracentrifuged at 90 000 rpm for 45 min, and the supernatant
was used for aggregation studies. The concentrations of GLPs
were determined by absorbance at 280 nm using molar
absorptivities (ε) of 6990 M−1 cm−1 for GLP1 and 5500 M−1

cm−1 for GLP2. To check the ‘seed-free’ nature of the peptide
solutions (supernatant after ultracentrifugation), electron
microscopy (EM) was performed.
For aggregation experiments, 250 μL each of GLP1 and

GLP2 (∼150 μM) was aliquoted into four separate low-binding
microfuge tubes (Eppendorf AG, Hamburg, Germany), and an
equimolar concentration of heparin was added to one tube each
of GLP1 and GLP2. The samples (stocks) were incubated at 37
°C, and circular dichroism (CD) thioflavin T (ThT)
fluorescence studies were carried out at regular intervals to
determine the aggregation kinetics. All experiments were
repeated three times.

Circular Dichroism Spectroscopy (CD). Far-UV CD was
used to monitor the secondary structure of GLPs during the
aggregation studies. For CD, aliquots of each sample from stock
were diluted with 5% D-mannitol containing sodium azide
(0.01%) such that the final peptide concentration was ∼20 μM.
Diluted samples were transferred into a 0.1 cm path length
quartz cell (Hellma, Forest Hills, NY), and spectra were
acquired using a JASCO 810 CD instrument. All measurements
were performed at 25 °C from 198 to 260 nm. Raw data were
processed by smoothing (Savitzky−Golay procedure) and
buffer spectra subtraction.

Figure 1. Sequence homology in GLP1 and GLP2 (A) showing
residues that are conserved between GLP1 and GLP2 and (B)
indicating the location of the conserved residues in the 3D structure of
the two peptides, GLP1 (PDB ID 1D0R, left) and GLP2 (PDB ID
2L63, right).
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Thioflavin T Fluorescence. The kinetics of fibril formation
was monitored by the increase in fluorescence of amyloid-
specific dye thioflavin T (ThT). An aliquot of peptide sample
was diluted to 500 μL in 5% D-mannitol containing 0.01% (w/
v) sodium azide such that the final peptide concentration was
∼10 μM. Two microliters of 1 mM ThT was added into 200 μL
of diluted sample, which was then mixed immediately in a 1 cm
path length quartz microcuvette (Hellma, Forest Hills, NY),
and the ThT fluorescence was measured using a spectro-
fluorimeter (Hitachi F-2500) by exciting the samples at 450 nm
and recording the emission spectra in the range of 460−500
nm. The excitation and emission slit widths were kept at 5 nm.
The emission values at 482 nm were plotted against incubation
time.
Using the fluorescence data as the basis, the lag times (tlag)

for GLP amyloid formation were calculated using eqs 1 and 2,
where y is the intensity of ThT fluorescence.36
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ANS (8-Anilinonaphthalene-1-sulfonate) Fluores-
cence. For the ANS fluorescence study, aliquots of the
incubated peptide solutions were diluted to 200 μL such that
the final peptide concentration was ∼10 μM. The solution was
taken into a 1 cm path length quartz cuvette, and 2 μL of 5 mM
ANS was added to this followed by a 5 min incubation in dark.
The ANS fluorescence spectra were recorded using a
spectrofluorimeter (Hitachi F-2500), with an excitation wave-
length of 370 nm and emission wavelength ranging from 400 to
600 nm. The excitation and emission slit widths were kept at 5
nm. The ANS fluorescence at 490 nm was plotted against
incubation time.
Tryptophan (Trp) Fluorescence and Acrylamide

Quenching. An aliquot of peptide samples was diluted to
500 μL in 5% D-mannitol containing 0.01% (w/v) sodium azide
such that the final peptide concentration was ∼10 μM. The Trp
fluorescence was measured in a rectangular 10 mm quartz
microcuvette using a spectrofluorimeter (Hitachi F-2500), with
excitation at 280 nm and emission ranging from 290 to 500 nm.
The excitation and emission slit widths were kept at 2.5 nm.
For the acrylamide quenching experiment, 200 μL of the
diluted stock was taken in a 1 cm path length quartz cuvette,
acrylamide was added to a final concentration of 0, 50, 100,
150, 200, 250, 300, 350, and 400 mM, and Trp fluorescence
was recorded as mentioned above. The fluorescence intensity at
each concentration of acrylamide was corrected by the dilution
factor of the added volume of acrylamide. The maximum
fluorescence intensity in the absence of acrylamide was
considered as F0, and the maximum fluorescence intensity in
the presence of different concentrations of acrylamide, as F.
The ratio F0/F was calculated and plotted against concen-
trations of acrylamide [Q]. As the plots deviated from linearity
(because of both static and dynamic quenching), we used a
modified Stern−Volmer equation to calculate the quenching
constant

= +F F K Q/ (1 [ ]) expV Q
0

( )

where K is the dynamic quenching constant and V is the static
quenching constant.

Dot-Blot Analysis. GLP1 and GLP2 fibrils formed in the
presence of heparin were used for dot-blot analysis. Equal
amounts of samples (5 μL each) from the aggregation stock
were spotted on a nitrocellulose membrane (Immobilon-NC,
Millipore) and allowed to air-dry for 8 min. Two washes (2 × 8
min) were performed with PBST (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4, and 0.1% Tween), and the
membrane was blocked with 5% nonfat milk powder (Himedia,
Mumbai, India) in PBST for 1 h at room temperature. The blot
was incubated with anti-heparin antibody (1:200 dilution,
MAB2040, Chemicon) overnight at 4 °C followed by PBST
washes, and the blot was then incubated with horseradish
peroxidase-conjugated secondary antibody (1:1000 dilution,
cat. no. 401253, Calbiochem). After this step, three washes
were performed with TBST (50 mM Tris, 150 mM NaCl, and
0.1% Tween), and the blot was developed after it was exposed
to chemiluminescent substrate (SuperSignal West Pico, Pierce).

Monomer Release Assay. Amyloid fibrils of GLP1 and
GLP2 (100 μL of 100 μM each) were subjected to dialysis
through a 10 kDa cutoff membrane against 500 μL of 5% D-
mannitol containing sodium azide (0.01%). The Slide-A-Lyzer
mini dialysis unit system (Pierce, Rockford, IL, USA) was used
for this study. The mini dialysis units containing samples were
capped and placed into a 1 mL Nunc cryo tube (Nunc,
Denmark) having 500 μL of 5% D-mannitol with sodium azide
(0.01%). Small magnetic bars were placed into individual tubes,
and the assembled units were placed on a magnetic stirrer
(Spinot, Jaibro Scientific Works, New Delhi, India). After
suitable time intervals, the solution from outside the dialysis
membrane was taken for analysis. To monitor the monomer
release, an aliquot of 150 μL of the solutions from the cryo tube
(outside the membrane) was taken, and tryptophan fluo-
rescence was measured. The fluorescence readings were taken
at time points 0, 6, 12, and 24 h. Following the recording of
each spectra, the outside solution was returned, and the dialysis
system was reassembled as described above. Experiments were
repeated twice.

Transmission Electron Microscopy. Ten microliters of
∼40 μM incubated samples (30 days old) of GLP1 and GLP2
were spotted on a carbon-coated Formvar grid (Electron
Microscopy Sciences, Fort Washington, PA, USA) and
incubated for 5 min at room temperature. The samples were
washed twice with autoclaved distilled water, and the remaining
water was wiped gently with filter paper. The samples were
then stained with 10 μL of 1% (w/v) aqueous uranyl formate
solution for 5 min followed by air-drying. The images were
taken at magnifications 26 000× and 43 000× at 120 kV using a
transmission electron microscope (TECNAI12 D312 FEI, The
Netherlands). Experiments were repeated twice with two
independent samples.

MD Simulation. The intermolecular interactions (interpep-
tide and peptide-heparin) driving peptide aggregation were
studied at atomistic details using molecular dynamics (MD)
simulations. The starting structures for the GLP1 and GLP2
simulations were obtained from PDB IDs 1D0R and 2L63,
respectively. The two peptides were first energy-minimized in
vacuum using 2000 steps of the conjugate-gradient (CG)
algorithm. The energy-minimized structures were then solvated
in TIP3P water, and the solvated system was further energy-
minimized for another 15 000 steps of the CG algorithm. The
solvated system was then charge-neutralized using Na+ and Cl−

ions and further energy-minimized for 1500 steps. The
completely solvated and charge-neutralized system was then
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subjected to linearly scaled heating (0.001 K/step) for 310 000
steps; gradually heating the system from 0 to 310 K. The
thermalized system was then equilibrated for another 1 ns
under NPT (constant temperature and pressure) conditions
and finally used for the production run of 100 ns each. All
simulations were performed under NPT conditions with an
electrostatic cutoff distance of 12 Å units and a van der Waals
cutoff of 10 Å units. The MD package NAMD 2.9 was used for
simulating the systems. The two systems used for simulation
consisted of eight peptides in presence of one heparin molecule
in explicit TIP3P water such that no biased interactions exist
initially. The heparin (pentasaccharide) structure was obtained
from the anti-thrombin pentasaccharide complex in the PDB
(PDB ID 1AZX). The snapshots from the simulation were
rendered using PyMol37 and Chimera,38 and the interaction
map was plotted using LigPlot.39

■ RESULTS

Amyloid Fibril Formation by GLP1 and GLP2. To study
the fibril formation by GLP1 and GLP2, peptides were
dissolved in 5% D-mannitol and 0.01% sodium azide, and
seed-free solutions were prepared using ultracentrifugation.
Peptides were incubated at 37 °C, and amyloid formation was
monitored at regular time intervals by ThT binding, CD
spectropolarimetry, and EM studies. The amyloid-specific dye
ThT binds to the cross-β-sheet structure of amyloids40 and
therefore it is used to monitor the kinetics of amyloid formation
by peptide/proteins.41 Amyloid formation requires the protein/
peptide to pass through a nucleation event to form higher-order
structures. This transition of peptides/proteins from a
monomeric state to an amyloid state is considered to be an

energy-barrier-dependent process in which the free-energy
maxima corresponds to the formation of fibril nucleus.42

Sigmoidal growth kinetics (curve) for amyloid formation can be
obtained by recording ThT fluorescence at different time points
during aggregation.43 The initial lag time in the curve
corresponds to low ThT binding with insignificant ThT-
positive fibrils in the solution.44 After the initial lag time, the log
phase (amyloid growth phase) begins, indicated by a rapid
increase in ThT binding, which becomes stationary once the
amyloid fibril formation is completed.43,45

In the present study, GLP1, both in the presence and
absence of heparin, showed an increase in ThT fluorescence
with time; however, this increase was more significant in the
case of GLP1-Hep than GLP1 alone (Figure 2C). GLP2 also
showed an increase in ThT fluorescence with time, but there
was no significant difference in the presence or absence of
heparin (Figure 2F). A deviation in the ThT fluorescence
profile for GLP2 and GLP2-Hep observed beyond 10 days
(Figure 2F) could be the result of partial precipitation and/or
higher-order association of GLP2 filaments in the presence of
heparin. We observed nucleation-dependent amyloid formation
by GLP1 in the presence and absence of heparin. The sigmoid
curves of the time-dependent change in ThT fluorescence show
a shorter lag time (∼5 days) in the case of GLP1 in the
presence of heparin as compared to GLP1 alone (∼13 days),
indicating the role of heparin in accelerating fibrillation. This
was followed by an exponential growth phase and a stationary
phase (Figure 2C). In presence of heparin, GLP2 did not show
any marked difference in kinetics compared to that in the
absence of heparin, suggesting that heparin might not be
actively involved in fibril formation by GLP2. In the presence

Figure 2. Secondary-structure changes and kinetics of GLP amyloid formation. CD spectra of (A) GLP1 without heparin (GLP1) show a slower rate
of secondary-structural transformation when compared to (B) GLP1 with heparin (GLP1-Hep). (D) GLP2 without (GLP2) and (E) with heparin
(GLP2-Hep) show similar secondary-structure transitions with time. ThT fluorescence as a function of incubation time indicates that GLP1 follows
sigmoidal kinetics during fibril formation, displaying an initial lag time and then elongation followed by a stationary phase (C), whereas GLP2 does
not show any significant lag time. We observed similar kinetics for GLP2 in the presence and absence of heparin (F). The spectra were recorded at
the times indicated in the figure, where d indicates day.

Biochemistry Article

dx.doi.org/10.1021/bi401398k | Biochemistry 2013, 52, 8800−88108803



and absence of heparin, GLP2 showed both log and stationary
phases with a very short lag time (GLP2, 3 days; GLP2-Hep,
∼2.5 days) (Figure 2F), which indicates that relatively rapid
fibrillation/aggregation has possibly taken place in both of these
cases. It is possible that higher-order oligomers have formed
immediately after dissolution of this peptide both in the
presence and in absence of heparin.
To test whether the differences in GLP1 and GLP2

aggregation kinetics were due to the presence of any preformed
seeds, we performed electron microscopy of the peptide
solutions (supernatant after ultracentrifugation) immediately
after sample preparation on day 0. Our data suggested that both
GLP1 and GLP2 showed mostly amorphous structure similar
to monomeric and/or low molecular amyloid-β peptides.46

Careful inspection of the electron micrographs showed that
GLP2 forms relatively higher-order species compared to GLP1
(Figure S2). It is interesting to note that upon addition of
heparin GLP1 showed a marked increase in higher-order
species, whereas there was very little difference observed in the
case of GLP2 with or without heparin (Figure S2).
Heparin Induces Secondary-Structure Changes in

GLP1 and Accelerates Fibrillation. Far-UV circular
dichroism (CD) spectropolarimetry is routinely used to
monitor the secondary-structure transition and peptide/protein
aggregation.47,48 Characterization of β-sheet-rich amyloid fibrils
by proteins is often indicated by a negative minimum at ∼218
nm in CD spectra. Time-dependent changes in the secondary
structure of the incubated GLP samples were monitored by
CD. Immediately after dissolution, GLP1 was mostly
unstructured in solution (Figure 2A), whereas in presence of
heparin, CD spectra of GLP1 show two minima, one at 208 nm
and the other at 222 nm, indicating a mostly helical
conformation on day 0 (Figure 2B). The data suggests
significant conformational changes of GLP1 in the presence
of heparin. When GLP1 samples in the presence or absence of
heparin were incubated at 37 °C, the secondary structure of
GLP1 under both conditions gradually transformed to a largely
β-sheet-rich structure. Interestingly, the rate of conformational
transition of GLP1 in the presence of heparin was faster than
that of GLP1 in the absence of heparin (Figure 2A,B). It is
interesting to note that the CD negative minima intensity (at
218 nm) for GLP1 on day 30 in the presence of heparin was
almost double the magnitude compared to that in the absence
of heparin. This indicates an increase in β-sheet content of the
resultant fibril in the presence of heparin, as was also suggested
in previous studies for apomyoglobin fibrillation.26 An
alternative explanation could be that the presence of heparin
changes the molecular packing structure of fibrils formed by
GLP1, which is supported by differences in fibril morphology in
EM (Figure 4). Previous studies also showed that sulfate ions
modulate the morphology and secondary structure of glucagon
fibrils.32

GLP2, however, showed mostly helical conformation on day
0 both in the presence and absence of heparin, which eventually
became converted to a β-sheet-rich structure representing
amyloid formation (Figure 2D,E). It is interesting to note that
unlike GLP1, GLP2 does not show any dependence on heparin
for its conformational transition kinetics.
ANS Binding Studies Show Relative Hydrophobic

Surface Exposure During GLP Aggregation. During the
course of amyloid formation, peptides/proteins might
frequently access oligomeric states,49 which could be either
an off-pathway or on-pathway intermediate. The native

monomers and fibrillar states have less hydrophobic surface
exposure, whereas oligomers have a higher hydrophobic
exposure, which could be due to an increased surface-to-
volume ratio of the latter.50 The fluorescent dye 8-anilino-1-
naphthalene sulfonate (ANS) has been used to probe the
solvent-exposed hydrophobic surface during the process of
aggregation.51 In this study, we utilized ANS fluorescence to
understand the extent of hydrophobic surface exposure during
oligomerization of the GLPs. ANS fluorescence for GLP1 in the
presence or absence of heparin increases and reaches its
maximum value on day 7 of the incubation (Figure 3A). The

ANS binding to GLP1 in the presence of heparin was slightly
higher compared to that of GLP1 alone, indicating high
hydrophobic surface exposure because of faster initial
oligomerization of GLP1 in the presence of heparin. After
day 7, a decline in ANS fluorescence was observed in both cases
(Figure 3A) during fibril formation. However, the extent of the
decline for GLP1-Hep was more prominent than for GLP1
without heparin, indicating faster fibrillation of GLP1 in the
presence of heparin. At the end of fibrillation, GLP1 showed
more ANS binding compared to GLP1-Hep fibrils, suggesting
that more compact and less hydrophobic surface-exposed fibrils
were formed by GLP1 in the presence of heparin. However,
GLP2 in the absence or presence of heparin showed a slight
increase in ANS fluorescence intensity up to day 7 followed by
a constant decrease in ANS fluorescence with successive
periods of incubation (Figure 3B), suggesting that heparin
probably does not play an important role in GLP2 fibrillation.
The magnitudes of ANS binding to GLP2 in the presence and
absence of heparin during the entire period of aggregation were
much lower (except for day 0 without heparin) compared to
GLP1. This indicates lesser hydrophobic surface exposure
throughout the duration of aggregation for GLP2.

Electron Microscopy Showed Amyloid-Like Aggre-
gates of Peptides. Transmission electron microscopy was
done to visualize the morphology of the 30 day-incubated GLP
samples. All four samples (GLP1, GLP1-Hep, GLP2, and
GLP2-Hep) showed fibrillar morphology by electron micros-
copy, indicating the formation of amyloid fibrils (Figure 4).
These fibrils were composed of ∼2−4 individual filaments.
GLP1 showed a mixture of wavy and straight fibrils, whereas
GLP1-Hep and GLP2 showed predominantly short and straight

Figure 3. ANS fluorescence during GLP1 and GLP2 amyloid
formation. (A) ANS fluorescence recorded for GLP1 both in the
absence (GLP1) and presence of heparin (GLP1-Hep) initially
showed an increase in intensity up to day 7 followed by a decline
with time. This decline is more significant for GLP1-Hep than for
GLP1 alone. (B) GLP2 both in the absence (GLP2) and presence of
heparin (GLP2-Hep) showed a slight increase in intensity up to day 7
followed by a decline with time. Fluorescence readings were taken at
the time points indicated in the figure.
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fibrils. GLP2-Hep, however, showed slightly longer fibrils, with
some displaying a curved nature. Because GLP2 with or
without heparin showed identical amyloid formation kinetics
and a similar fibril morphology, we analyzed GLP2 (with or
without heparin) at different time points starting from day 0
until the state of amyloid formation using TEM. The results
indicate that the fibril growth was alike for GLP2 under both
conditions (Figure S3).
Relative Solvent Exposure of Tryptophan Is Altered in

GLP1 during Aggregation. Tryptophan (Trp) is routinely
used for intrinsic fluorescence measurements in protein/
peptide folding and aggregation. During protein folding or
aggregation, tryptophan’s fluorescence maximum and intensity
depend on its local environment within the peptide.52 To
examine whether amyloid formation is accompanied by changes
in Trp microenvironments, we utilized the single Trp residue
present in the C-terminus of the GLPs to study their intrinsic
fluorescence. Trp fluorescence was performed at the beginning
(d0) and at the end of amyloid formation (d30) for both GLPs.
GLP1 showed fluorescence intensity maxima (∼3000 FU)

around 350 nm, suggesting that Trp is mostly solvent-exposed
on day 0. In the presence of heparin, GLP1 showed almost
double the fluorescence intensity (∼7000 FU) with fluo-
rescence intensity maxima at 350 nm, suggesting a different Trp
microenvironment (Figure 5A, d0). After fibril formation
(Figure 5A, d30), Trp in GLP1 showed an increase in
fluorescence intensity (∼5000 FU) with a blue-shifted
fluorescence maxima at ∼335 nm. This indicates that Trp is
less solvent-exposed and in a more hydrophobic environment
in the fibrillar state. Similarly, GLP1-Hep fibrils showed a
drastic increase in fluorescence intensity (∼10 000 FU) with a
blue-shifted fluorescence intensity maxima at ∼330 nm,
suggesting that GLP1-Hep fibrils are more compact and that
Trp is in a more hydrophobic core compared to GLP1 fibrils
alone. Trp fluorescence of GLP2 with or without heparin
showed a fluorescence intensity of ∼4500 FU at 350 nm,
suggesting that Trp is solvent-exposed in its nonaggregated
state (d0) (Figure 5B). After incubation, both in the presence
and absence of heparin, GLP2 fluorescence intensity was

slightly decreased (∼3500 FU). However, there was no change
in the λmax value of either the nonaggregated (d0) or amyloid
state (d30), implying that the Trp site of GLP2 did not
undergo major structural conversion during fibril formation.
We carried out acrylamide quenching to delineate further the
relative solvent exposure of tryptophan residue for both GLPs
on day 0 and after amyloid formation. The ratio (F0/F) of
fluorescence intensity in the absence (F0) and presence (F) of
quencher was plotted against quencher concentration [Q], and
the slope of the curve was analyzed using a modified Stern−
Volmer equation. Acrylamide quenching of GLP1 in the
absence or presence of heparin showed a decrease in slope on
day 30 (smaller Ksv value) in comparison to day 0 (Figure 5C
and Table S1). However, GLP2 in the presence and absence of
heparin also showed a decrease in Ksv because of fibril
formation, although the extent of the change was much less
compared to GLP1 (Figure 5D and Table S1). These results
indicate that during the course of aggregation the tryptophan
residue of GLP1 became buried, whereas in the case of GLP2,
there was very little change in the microenvironment of
tryptophan.

Heparin Preferentially Interacts with GLP1 and
Increases Its Fibril Intactness. Heparin has been reported
to play an important role in the aggregation of proteins
associated with various functions and diseases,19,53 wherein it
acts as a catalyst at the early stage of fibril formation, promoting
nucleation and increased fibrillation.53 Heparin is proposed to
serve as a scaffold that increases the local concentration of
monomers and allows faster fibril formation, wherein it gets
integrated into the fibril structure.54 We carried out dot-blot
analysis of GLP1-Hep and GLP2-Hep fibrils using an anti-
heparin antibody to determine if heparin is bound to these
amyloid fibrils. It was interesting to observe a relatively

Figure 4. Electron microscopic images of GLP amyloid fibrils formed
in the presence or absence of heparin. The scale bar is 500 nm.

Figure 5. Tryptophan fluorescence and acrylamide quenching assay.
Trp fluorescence before and after fibril formation of GLP1 (A) and
GLP2 (B) in the presence or absence of heparin. Stern−Volmer plot
of GLP1 (C) shows a change in slope in the presence or absence of
heparin because of Trp internalization (A, blue shift), whereas GLP2
(D, in the absence or presence of heparin) does not show any marked
change.
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increased binding (signal intensity) of the antibody to the
GLP1-Hep fibrils relative to the GLP2-Hep fibrils (Figure 6A),

suggesting that heparin becomes integrated to a greater extent
into the GLP1 fibrils as opposed to the GLP2 fibrils. We
propose that integration of heparin within the GLP1 fibrils
could possibly play a role in enhancing the fibril stability or
intactness. To affirm this, we examined monomer release
potency of the GLP amyloids formed in the presence or
absence of heparin. GLP amyloid fibrils release their monomer
counterparts with time when subjected to a release assay. The
extent of monomer release was assessed by Trp fluorescence in
the outer solution (solution outside the dialysis membrane).
Although the rate of monomer release differed significantly for
GLP1 in the presence or absence of heparin (Figure 6B), there
was no apparent variation in the case of GLP2 under similar
conditions (Figure 6C). In the case of the GLP1 fibrils that
formed in the absence of heparin, a drastic increase in Trp
fluorescence was observed, indicating that an increased amount
of monomers was released outside the membrane (Figure 6B).
The monomer release reached saturation after 6 h and
remained stationary thereafter until the end of the study (24
h). However, GLP1-Hep fibrils showed a gradual increase in
Trp fluorescence with time (Figure 6B), indicating the role of
heparin in increasing GLP1 fibril stability, allowing a slow
release of monomeric GLP1 from the fibrils. However, the
monomer release profile of GLP2 fibrils formed in the presence
or absence of heparin was similar (Figure 6C). Unlike GLP1

(without heparin), there was no spontaneous release observed
in GLP2 or GLP2-Hep, instead there was a gradual Trp
fluorescence increase with time in both of these cases. These
results indicate the potential role of heparin in preferentially
stabilizing GLP1 fibrils over GLP2 fibrils.

GLP1 and GLP2 Show Distinct Heparin-Binding
Potencies in Silico. All-atom molecular dynamics simulation
(MD) is a powerful tool for the estimation of bonding patterns
and stability of macromolecular interactions. MD simulations
have previously been used to study biological phenomenon like
protein folding and protein aggregation in silico.12,55−58

Owing to the differential interaction of heparin with GLP1
and GLP2 in vitro, we further probed the two peptides for their
interactions with heparin using all-atom molecular dynamics
simulations. The results of the MD simulations support the
experimental findings, which suggest that heparin promotes
GLP1 aggregation, whereas it does not seem to affect GLP2
aggregation. The 100 ns simulation of GLP1 reveals the dense
clustering of the peptides around the heparin backbone at the
end of the simulation time (Figure 7A, top, 100 ns). In contrast,
heparin does not seem to have an influence on GLP2
aggregation (Figure 7A, bottom, 100 ns). Figure S4 illustrates
the manner in which the GLP1 peptides cluster together and
aggregate around the glycosaminoglycan as time progresses,
eventually forming a denser network around it (Figure S4, top
panel). GLP2 peptides, however, self-associated into an
aggregated cluster away from the heparin backbone (Figure
S4, bottom panel).
The interpeptide hydrogen bonding of the two peptides

showed a similar trend during the simulation (Figure 7B, left).
Interestingly and consistent with our in vitro data, the peptide−
heparin interaction was markedly different in GLP1 as
compared to GLP2, with the former displaying increased H-
bonding with heparin during the simulation (Figure 7B, right).
GLP2, however, exhibits very little change in H-bonding with
heparin throughout the simulation (Figure 7B, right). To probe
the preferential interaction of heparin with GLP1 during
aggregation over GLP2, we further investigated the amino acids
that interacted with the heparin during the simulation.
Although the residues involved in the interaction of GLP1
and GLP2 with heparin were predominantly basic (positively
charged) in nature, the close proximity of the basic residues in
the primary structure of GLP1 seems to play a crucial role in its
binding to heparin. The extent of involvement of different
amino acid residues in the GLP1−heparin interaction is shown
in Figure 7C. We observed that three out of the four GLP1
peptides (P1, P2, P4, and P7) interacting with heparin
overwhelmingly displayed H-bonding between side chains of
alternating basic residues (K28 and R30) with heparin (Figure
7C, left). Despite the presence of charged interacting residues
(H1 and R20) in GLP2 (Figure 1), their separation in the
primary structure might be the causative factor for the lower
heparin interaction (Figure 7C, right). These findings are
further substantiated by the orientation of interacting residues
of GLP1 and GLP2 with the heparin backbone, as represented
in Figure 8. The close orientation of the charged residues
(LYS28 and ARG30) on heparin demonstrates their role in
stabilizing heparin−peptide interactions (Figure 8A). The
LIGPLOT 2D interaction map of GLP1 and GLP2 with
heparin shows that the GLP1−heparin interaction is much
denser as compared to the GLP2−heparin profile (Figure S5).
The map also establishes the possible reason for the strength of
the GLP1−heparin complex, which shows numerous hydro-

Figure 6. (A) Dot blot of GLP1 and GLP2 amyloid fibrils formed in
the presence of heparin. Equal concentrations of GLP1-Hep and
GLP2-Hep fibrils and heparin alone were spotted and probed with an
anti-heparin antibody. The intense signal for the GLP1-Hep sample
shows increased association of heparin with GLP1 fibrils. A possible
reason for the absence of any signal on heparin alone spotted region
(left most) could be due to weak binding/lack of binding of heparin to
the membrane, which was removed during the washing steps. (B, C)
Monomer release assay. At regular time intervals during the release
assay, the peptide monomers released outside the membrane were
monitored by Trp fluorescence. GLP1 fibrils formed in the absence of
heparin appear to release the monomers at a faster rate when
compared to GLP1 fibrils formed in the presence of heparin (B). Such
an effect of heparin is not apparent in the case of GLP2, where the
monomer release profiles are quite similar in the absence or presence
of heparin (C).
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phobic interactions in addition to hydrogen-bonded inter-
actions. GLP2, however, does not seem to exhibit any such
propensity (Figure S5, right).

■ DISCUSSION
Studying the effect of GAGs on protein aggregation and
amyloid formation is important because GAGs have been
shown to play a significant role not only in disease-related
amyloid formation17−24 but also in the formation of amyloid-
like structures in secretory granules.4 It has been previously
reported that heparin, a representative GAG, reduces the
toxicity of Aβ fibrils associated with Alzheimer’s disease.59 It
was suggested by different groups that the charged interactions
between protein and GAGs could play a crucial role in
modulating protein/peptide amyloid formation22,60,61 as well as
its stability.62,63 For example, positively charged residues in
protein and negatively charged sulfate ions in heparin have
been suggested to interact, which increases the local
concentration of protein/peptide and leads to their fibrilla-
tion.27,64 However, the detailed mechanism of protein−heparin

interaction and the requirement of any specific positioning of
positively charged residues in protein/peptides for heparin
interactions are not yet clear. In our study, we used two
peptides, GLP1 and GLP2, that have a number of similarities:
both possess a helix-rich conformation and a similar
distribution of hydrophobic and hydrophilic residue positioning
(Figure 1, sequence homology), and both are highly
amyloidogenic as predicted by the TANGO algorithm65 and
demonstrated by previous studies.4,66 However, our biophysical
data showed that the kinetics of amyloid formation by these
two peptides is strikingly different. Fibrillation of GLP1
followed a nucleation-dependent polymerization mechanism
with a distinct lag time, elongation, and stationary phase. This
fibril formation involved a large structural transition of α-helix
→ β-sheet, as was evident from the CD data. The lag time,
however, was significantly reduced when heparin was added to
the reaction mixture, suggesting that heparin−GLP1 interaction
increased the local concentration of GLP1, resulting in faster
fibrillation (Figure 2C). In contrast, although GLP2 is also
involved in an α-helix → β-sheet transition during fibril
formation, it exhibits a very short lag time during amyloid
formation. Thus, it is possible that GLP2 started with a
structural state that was favorable for aggregation (fibril-
competent) from the beginning of the reaction (Figure S2).
This allows the reaction to proceed more favorably to the
exponential phase, circumventing any significant lag time

Figure 7. Molecular dynamics Simulations of GLP1 and GLP2. (A)
Left panel shows the initial state of the system (t = 0 ns), whereas the
right panel indicates the final state (t = 100 ns). The GLP1 peptide
system on the top-right shows the nature of the heparin incorporated
aggregate, whereas the GLP2 aggregates shown in the bottom-right do
not involve heparin. (B) Interpeptide H-bonding (left panel) in GLP1
and GLP2 shows a tendency to increase with time. The peptide−
heparin interaction shows an increasing trend in the GLP1 system,
whereas the GLP2−heparin interaction shows very little change
throughout the simulation. (C) Positively charged residues (K28 and
R30) along with H1 of GLP1 show a high H-bonding frequency with
heparin side chains (left panel). The GLP1 peptides P1, P2, P4, and
P7 in the simulation system most frequently interacted with heparin.
The right panel shows the interacting residues from GLP2 peptides
(P3, P6, and P8) in the simulation system. The charged R20 residue is
seen to be involved in interaction with heparin in two out of the three
interacting peptides.

Figure 8. Three-dimensional interaction profile of GLP1 and GLP2
with Heparin. (A) Three-dimensional interaction profile of GLP1 and
heparin (black surface) with the highest-frequency interaction residues,
Lys28 and Arg30, shown in blue, and the other interacting residues,
His1 and Ser8, shown in red. (B) Three-dimensional interaction map
of GLP2 and heparin showing the highest-frequency residue Arg20
(blue surface) closely interacting with heparin. The images were
rendered using PyMol. (Note that Lys28 and Arg30 in GLP1 (7−37)
from PDB corresponds to Lys34 and Arg36, respectively, in GLP1 (1−
37).)
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(Figure 2F). Moreover, the addition of heparin did not
significantly alter the kinetics of GLP2 fibrillation, suggesting
that this peptide may not strongly interact with heparin. We
hypothesize that monomeric or oligomeric species of GLP2 (in
the absence or presence of heparin) with high exposed
hydrophobic surface (high ANS binding, Figure 3B) most
likely populate the fibril-competent state at the beginning of the
aggregation itself. Indeed, GLP1 shows relatively low ANS
binding at the beginning compared to GLP2 and increases later
to peak at an intermediate time point. Further, ANS binding
decreases as higher-order structures with shielded hydrophobic
surfaces begin to form. Our speculation that GLP2 aggregation
starts with a fibril-competent structure is further corroborated
by the fact that Trp25, located in the amyloidogenic region
(amino acids 22−27, Figure S1), did not show any major site-
specific structural changes (Figure 5, Trp fluorescence and
acrylamide quenching) before and after aggregation. A similar
observation was also obtained for GLP2 in the presence of
heparin. In contrast, Trp31, present in the amyloidogenic region
of GLP1 (amino acids 28−34, Figure S1), showed a drastic
change in its microenvironment when transitioning from a
soluble to a fibrillar form. The dot blot and monomer release of
GLP fibrils suggest that heparin not only modulates GLP1
fibrillation but also gets incorporated into GLP1 fibrils,
resulting in slow monomer release upon dialysis. In contrast,
heparin neither gets incorporated into GLP2 fibrils nor does it
significantly affect the monomer release profile.
The differential effect of heparin on GLP1 and GLP2

fibrillation could be due to two reasons: (1) primary sequences
with different positioning of basic amino acids in the peptides
or (2) accessibility of heparin to its binding sites on the
peptides. If heparin were to function as a scaffold where
monomers could bind/attach and further nucleate to form
higher-order structures, then an adequate accessibility of the
heparin interacting sites on the peptide/protein is necessary. In
the present study, this assertion is true for the GLP1 peptide. In
contrast, GLP2 assumes a structure to which heparin probably
is not able to bind or vice versa.
The roles of anions in promoting the aggregation of several

proteins67,68 have been reported previously. Furthermore,
sulfate ions have been suggested to influence fibrillation of
amyloidogenic proteins, including Aβ and transthyretin
(TTR).62,69 More importantly, amyloid formation of a closely
related peptide-hormone glucagon seems to be greatly
influenced by the presence of sulfate ions.32 The plausible
explanation for this is the interaction of the negatively charged
sulfate groups with the positively charged residues in the
primary sequence of the protein. In addition, recent reports
suggests that sulfated glycosaminoglycan heparin binds to
positively charged amino acid residues, especially when they are
present in an alternating fashion (basic-nonbasic-basic) in a
protein.25−28 There are four positively charged amino acid
residues in GLP1, two of which are present at the C-terminal
region in an alternating manner (residues 34−36; KGR).
Heparin might interact with these basic residues and act as a
template for nucleation and subsequent fibrillation of GLP1.
Furthermore, from our MD simulation results, the KGR

motif (residues 28−30 in GLP1 (7−37) structure from PDB ID
1D0R) was observed to be the common interacting region for
all of the heparin interacting peptides: P1, P2, P4, and P7
(Figure 7C, left). This data implies the importance of basic-
nonbasic-basic (B-X-B) motif in protein/peptides for heparin
binding. GLP2, however , has only two basic residues that are

far apart in the primary sequence (R20 and K30) (Figure 1A),
possibly reducing the likelihood of heparin interaction with it.
The MD simulation data show the strong involvement of basic
residues, R20 and H1 of GLP2, in heparin interaction, but these
interactions are seen in fewer peptides, further reiterating the
necessary role of basic residues in close proximity (e.g., B-X-B)
in stabilizing protein−heparin binding. Although basic residues
throughout the sequence might be involved in stabilizing the
binding of peptides to the heparin backbone, in the absence of
the B-X-B motif, the more distantly spaced basic residues might
not sufficiently stabilize the interaction, as seen from our
simulation results (Figure 7C, right).

■ CONCLUSIONS
In this work, we studied the detailed mechanism of aggregation
and amyloid formation by two closely related peptides, GLP1
and GLP2, in the presence and absence of heparin. Our
biophysical data along with all-atom MD simulations suggest
the differential effect of heparin on GLP1 and GLP2
aggregation and amyloid formation. This study not only
signifies the role of glycosaminoglycans in amyloid formation of
protein/peptides targeted to the regulatory secretory pathway
in mammalian cells but also reveals the precise nature of the
peptide−heparin interaction. Furthermore, atomistic MD
simulations indicate the stable nature of the charge interactions
between GLP1 and heparin that promote the increase in the
local concentration around the GAG backbone, thereby driving
aggregation. Thus, we emphasize that the presence of basic
residues in close proximity in the amino acid sequence of
peptides/proteins is a key feature of heparin-mediated
aggregation. Our study will significantly help to understand
the mechanism(s) of GLP1 and GLP2 aggregation and amyloid
formation relevant to their storage inside secretory granules.
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