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ine as an inhibitor in the
aggregation of amyloid forming peptides: a unified
molecular dynamics simulation and experimental
study

Bhanita Sharma, Sourav Kalita, Ashim Paul, Bhubaneswar Mandal and Sandip Paul*

Alzheimer’s disease is a devastating neurodegenerative disease triggered by the aggregation of amyloid-

b peptide (Ab) into amyloid fibrils. From the results of several studies it is believed that caffeine can

prevent the development of Alzheimer’s disease. However, the molecular mechanism of the therapeutic

potential of caffeine is largely unknown. In our study, we have investigated the effect of caffeine on the

aggregation of amyloid-b derived switch-peptide by varying the stoichiometric ratio of caffeine to

peptide. Our molecular dynamics study of peptides in pure water show the formation of a b-sheet

conformation, which is prevented to a large extent in the presence of a 10 : 1 or greater ratio of caffeine

to peptide. The experimental results demonstrate that caffeine can inhibit the formation of b-sheets by

interacting with the peptide aromatic moiety. A detailed molecular dynamics analysis of the inhibition of

peptide aggregation by caffeine further revealed that caffeine molecules form hydrogen bonds with

peptides thereby weakening the interstrand hydrogen bonds between the peptides. The self-aggregated

caffeine clusters form a hydrophobic environment around the hydrophobic residues of the peptides, and

physically block them from interacting with each other.
1 Introduction

Neurodegenerative disorders typically result in a range of
debilitating cognitive impairments including confusion,
disorientation, loss of motor skills, and memory loss. The
molecular origin of several neurodegenerative diseases
including Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease and prion protein diseases has been associated
with the aggregation of proteins into amyloid brils.1–5 In
particular, Alzheimer’s disease (AD) is the most common form
of dementia that is affecting more than 44 million people
worldwide. The pathology of AD is characterized by the
appearance of two types of aggregates in the brain: (1) extra-
cellular amyloid plaques (Ab peptides), and (2) intracellular
neurobrillary tangles (tau proteins). Compelling evidence has
indicated that Ab aggregation is critical for neurodegeneration.
This suggests that inhibition of Ab aggregation would be suit-
able as an effective therapeutic strategy for the treatment of AD.
A number of aggregation inhibitors which have been shown to
potentially cope with the disease have unfortunately been found
to confer many side effects in clinical trials. A variety of
peptides, biopolymers, and many non-peptidic small molecules
such as metal complexes, surfactants, nanoparticles, and
of Technology, Guwahati, India. E-mail:
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sulfonated dyes such as Congo red and its derivatives, have
been reported to inhibit Ab brilligenesis.6–13 However, inor-
ganic nanoparticles and sulfonated dyes have oen been found
to be toxic and some of them are carcinogenic, which make
them less feasible to develop into drugs.14 Another big problem
is the transportation of the inhibitors through the blood–brain
barrier (BBB). The BBB is the homeostatic defense mechanism
against pathogens and toxins. It determines whether or not
a given drug (unless lipid soluble, small (<600 Da), electrically
neutral and weakly basic), can reach the central nervous system
(CNS), limiting the brain penetration by polymers.

Therefore, many recent studies have focussed mainly on the
development of a drug which is safe, readily available, passes
through the BBB and can protect or delay the progress of AD.
Several preclinical studies on humans have suggested that daily
caffeine intake, equivalent to 3 or more cups of coffee, protects
against age-related memory impairment and AD. Several
research studies on AD transgenic mice have shown that
caffeine signicantly decreases the level of Ab amyloid and
slows down or prevents the development of b amyloid plaques
both in ther brain and in the blood of mice that were exhibiting
symptoms of the disease.15–18 Another study revealed that
caffeine intake is benecial in mice that already developed tau
deposits similar to those seen in humans.19 On the other hand,
caffeine (see Fig. 1) is a widely consumed psychoactive
substance and acts as a central nervous system stimulant. It is
This journal is © The Royal Society of Chemistry 2016
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also extensively used as a drug for different pharmacological
diseases. Caffeine is inherently safe, naturally produced by
several plants, inexpensive and normally found in the diet. Due
to caffeine’s unhindered traversal of the BBB, oral intake of
caffeine rapidly acts on the central nervous system and brain
tissues. All these ndings suggest a possible role for caffeine in
therapeutic utility against AD.

Physicochemical properties such as conformational
constrains, hydrophobicity, net charge and aromatic stacking
interactions of aromatic residues play a key role in aggregation
of normally soluble proteins into insoluble amyloid aggregates.
Different experimental studies have revealed that a notable
frequent occurrence of aromatic residues in different amyloid-
related peptides raises the possibility that these aromatic resi-
dues play a signicant role in the amyloid formation process.
Amyloid bril formation is basically a process of intermolecular
recognition. p-stacking interaction can provide specic direc-
tionality and orientation by the specic pattern of stacking
leading to an ordered amyloid structure. In our earlier study in
which we investigated the early stages of aggregation of
Ab-derived switch-peptides, we observed that aromatic stacking
of phenylalanine (Phe) residues occurs prior to aggregate
formation, and ultimately leads to the formation of amyloid
brils.20 This hypothesis (regarding the key role of p-stacking
interaction) postulates that drugs that can block p-stacking
interaction may inhibit the formation of amyloid. Different
theoretical and experimental studies have shown that caffeine
molecules form complexes with different biomolecules, DNA,
and drug molecules with p-stacking interaction.21,22 The
caffeine molecule also self-aggregates in aqueous solution and
its aromatic ring plays a central role in the formation of high-
order caffeine clusters.23–27 Therefore, the caffeine molecule
seems to be a potential candidate as an inhibitor of amyloid,
and can act as a potent drug controlling amyloid disease. Thus,
in this work, we attempted to explore the effect of caffeine on
protein aggregation and to understand the underlying mecha-
nism of caffeine action. Since, the Ab peptide exhibits a high
propensity for spontaneous aggregation, the initial stages of
oligomer formation are difficult to characterize. Mutter’s group
have introduced conformational switch-peptides by incorpora-
tion of an intramolecular O to an N-acyl migration-based
molecular switch that allows the controlled initiation of
Fig. 1 The structure and atomic numbering of caffeine.

This journal is © The Royal Society of Chemistry 2016
a folding process even in highly amyloidogenic polypeptides.28

Therefore, to understand the effect of caffeine on amyloid
aggregation and the mechanism andmode of caffeine action we
have used a switch peptide (SwP) which contains two Phe rings
in its side chain.20 The amino acid sequence of the SwP is as
follows:

AcSLSLHQKLVFFSEDVSLGNH2 (Son or switch-on state).
AcSLSLHQKLVFF(H+)SEDVSLGNH2 (Soff or switch-off state).
In SwP the hydrophobic core of Ab, which comprises of

residues 14–24 (HQKLVFFSEDV), is anked by two (Leu–Ser)n
oligomers. From our previous investigation of the early stages of
aggregation of Ab-derived SwP, the kinetics of the conversion of
peptide has been accomplished.20 In this report we have
described a mechanistic investigation on aggregation of SwP in
the absence and presence of variable stoichiometric ratios of
caffeine and peptide by a combination of molecular dynamics
simulation and experimental study. This article is organized as
follows: details of the computational study, including the
Models and Simulation Method, and Results and Discussions
are presented in Section 2. Section 3 deals with the experimental
study consisting of Experimental design, and Results and
analyses. Our Conclusions are outlined in Section 4.

2 Computational study
2.1 Models and simulation method

The caffeine solute was modeled by using an AMBER generated
all atom force eld as used in our previous study.23 For the SwP
(Son or switch-on state) the ff99SB force eld parameters were
used,29 and the popular extended simple point-charge (SPC/E)
model was employed for water molecules.30

The initial congurations of the systems were prepared
using the Packmol program.31 At rst, ve fully stretched SwP
were randomly placed and immersed in a cubic box of water
with sufficient separation between them. It has already been
reported in earlier studies that the inhibition action of inhibi-
tors on protein aggregation is sensitive to the stoichiometric
ratio of the peptide and inhibitors. Moreover, for small mole-
cule inhibitors, such stoichiometries range up to thousands of
inhibitor molecules to one protein.32,33 Therefore, to understand
the effect of caffeine on the aggregation of SwP on a molecular
basis, we have prepared systems with a regime of caffei-
ne : peptide stoichiometric ratio. Since small molecule inhibi-
tors inhibit protein aggregation by forming aggregates with like
molecules,34,35 we have, therefore, kept the concentration of
caffeine just above the solubility limit (0.1 M), where it can form
self-aggregated caffeine clusters.23,24 To the initial structures of
ve SwP in water we varied the number of caffeine molecules,
and an overview of different systems considered in this study is
presented in Table 1. The molecular dynamics (MD) simula-
tions were conducted using the AMBER 12 package36 in the
isothermal isobaric (NPT) ensemble. All simulations were sub-
jected to energy minimization for 5000 steps, with the rst 2500
steps in the steepest descent method followed by an equal
number of steps in the conjugate gradient method. The systems
were then heated gradually by increasing the temperature from
0 to 300 K over 180 ps in a canonical ensemble (NVT). The
RSC Adv., 2016, 6, 78548–78558 | 78549
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Table 1 Ncaff, NSwP, and Nwat represent the number of caffeine, the number of SwP and the number of water molecules respectively. Ccaff and r

refer to the caffeine concentration and the density of the system respectively

System Ncaff NSwP Nwat Ccaff (M) caffeine : SwP
Box length
(Å)

r

(g cm�3)

S0 0 5 4200 0 — 50.52 0.98
S1 15 5 4200 0.19 3 : 1 50.91 0.99
S2 50 5 15 000 0.17 10 : 1 77.46 1.00
S3 80 5 25 000 0.17 16 : 1 92.22 0.99
S4 100 5 25 000 0.20 20 : 1 92.61 0.99
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Langevin dynamics method was used to maintain the desired
temperature.37 All the simulations were then equilibrated for
5 ns in an isothermal–isobaric ensemble (NPT) at 1 atm pres-
sure, followed by a 95 ns production run in the NPT ensemble. A
Berendsen’s barostat38 with a pressure coupling constant of 2 ps
was used to maintain the physical pressure. The short-ranged
van der Waals (vdw) interactions were calculated using the
switching function, with a cutoff radius of 10 Å. The long-
ranged electrostatic interactions were calculated using the
particle mesh Ewald method.39 Bonds involving hydrogens were
constrained by use of the SHAKE algorithm.40
2.2 Results and discussions

Different proteins have been reported to form amyloid brils. A
combination of different steps ultimately leads to the formation
of the brils. In the initial stage, protein monomers self-
assemble and oligomers are formed. These oligomers nally
evolve into mature amyloid brils by b-sheet formation. Due to
the long chain length of the SwP with 18 amino acids present,
and as we started by placing them randomly in the simulation
box without any constrains, the formation of the ordered
b-sheet structure was the least expected in MD simulations.
However, we observed the formation of anti-parallel b-sheets in
the nal state of the oligomer formation of peptides for system
S0 (see Fig. 2). This indicates the highly amyloidogenic nature of
SwP in pure water. To probe the time evolution of peptide
aggregation, we have shown the distribution of cluster sizes of
peptide with simulation time for all of the systems (see Fig. 3).
The two peptides were considered to form clusters when
Fig. 2 Snap-shot of peptide SwP aggregation in system S0 at the final
state.

78550 | RSC Adv., 2016, 6, 78548–78558
residues of one peptide were within 7 Å of the residues of
another peptide. We observed that in a pure water system all ve
peptides aggregate and form stable clusters of size 5 aer a 30
ns simulation run. In the presence of caffeine in system S1, we
still observed cluster formation and breaking throughout the
simulation. However, with an increase in the caffeine number
in the system, the aggregate formation tendency of caffeine
decreased, and in systems S3 and S4, the peptide existed as
monomers at 100 ns. To probe the initial stages of SwP aggre-
gation, we have shown snap-shots of all the systems at a xed
time interval (see Fig. 4). The hypothesis of aromatic stacking of
Phe residues of SwP prior to aggregate formation was well
established in our previous study.20 In system S0, we also
noticed aromatic interactions between the Phe residues of the
peptides, which ultimately led to aggregation. This observation
is in accordance with our earlier study.20 However, in system S1,
the interactions between the Phe residues were hindered to
some extent, although the peptide molecules aggregated
towards the end of the simulation.

On increasing the caffeine : peptide ratio to 10 : 1 in system
S2, we observed a further restriction in the interaction between
the Phe residues as was observed by the aggregation tendency of
the peptides. However, some intermolecular peptide–peptide
interactions still persisted through other side-chain hydro-
phobic residues (discussed below). In system S3, all the Phe
residues were well separated from each other even up to 100 ns
and self-association was restricted. A further increase in the
caffeine number prevented the peptide aggregation from the
very early stage of simulation. Therefore, we observed that with
Fig. 3 Time evolution of peptide aggregation, shown as the distri-
bution of clusters of different sizes of peptide with simulation time for
all of the systems.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Snapshots of SwP association in all the systems at different time
intervals. The contour density of Phe residue is shown in purple color
and grey color represents water molecules. Caffeine molecules are
left-off to enhance the visual clarity.
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a 20 : 1 stoichiometric ratio of caffeine, the self-association
tendency of SwP decreased signicantly. In order to charac-
terize the effect of caffeine on Phe–Phe interaction, we have
Fig. 5 Radial distribution functions of (a) Phe around Phe, and (b)
caffeine around Phe for different systems.

This journal is © The Royal Society of Chemistry 2016
calculated the radial distribution functions (rdfs) between the
intermolecular Phe residues of SwP for all the systems and they
are shown in Fig. 5(a). For system S0, the rst peak appeared at 5
Å along with a well developed second peak at 10.5 Å. With an
increase in the caffeine number in the system, the peak height
decreased drastically, and the peak positions shied to higher
distances. This implies that the separation between the Phe
residues increases, suggesting blocking of aromatic Phe–Phe
interaction in the presence of caffeine. To analyze the confor-
mational changes of the peptides in pure water and in different
caffeine solutions, we have shown the dynamics of the
secondary structure of peptide and these are shown in
Fig. 6(a–e). For system S0, we observed the formation of highly
ordered b-sheet conformation (yellow color) from the very early
stage of the simulation, which remained intact up to 100 ns. The
percentage of the b-sheet structure slightly decreased in the
presence of caffeine in system S1, but the system still contained
a high amount of b-sheets. With a further increase of the
caffeine ratio in systems S3 and S4, the b-sheet formation was
negligible. This indicates that a 3 : 1 stoichiometric ratio of
caffeine to peptide is not sufficient to prevent b-sheet forma-
tion, however, a higher stoichiometric ratio of caffeine to SwP
can denitely prevent ordered b-sheet formation as well as the
aggregation of SwP.

The residue–residue contact maps of peptides for each pair
of residues at the nal step of simulation are shown in
Fig. 7(a–e). The highest inter-peptide contact was observed for
system S0. With an increase in the caffeine number, the pair-
wise inter-peptide residue–residue contact decreased, and in
system S4, the inter-peptide contact was negligible.

To examine the energetic aspects of peptide association and
the effect of caffeine on it, we have broke down the total inter-
peptide and peptide-caffeine interactions in to van der Waals
(vdw) and electrostatic components, and these are presented in
Table 2. It is apparent that the inter-peptide vdw interaction
energy of system S0 is favorable (more negative) in the absence
of caffeine. With an increase in the caffeine number, this vdw
energy increased (less negative), which indicates a less favorable
interaction between the peptides. In contrast, the average
intermolecular electrostatic energy did not change much in all
the systems. Furthermore, with an increase of the caffei-
ne : peptide stoichiometric ratio, both vdw and electrostatic
components of caffeine–peptide interaction energy became
more and more favorable.

In previous studies of the self-association of proteins it has
already been reported that inter-protein hydrogen bonding
interactions contribute signicantly to the formation and
stabilization of b-rich protein structures.41–44 Therefore, to
further characterize the protein–protein interaction, we have
estimated the average number of intermolecular peptide–
peptide H-bonds for all the systems (see Table 3). A hydrogen
bond was assigned if the distance between the donor (D) and
acceptor (A) atom was less than 3.5 Å, and simultaneously,
a maximum 45� angle of H–D–A was considered. The results
clearly depict that the average number of intermolecular H-
bonds between the peptides decreases rapidly with an
increase of the caffeine : peptide ratio.
RSC Adv., 2016, 6, 78548–78558 | 78551
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Fig. 6 Secondary structure analyses. (a) System S0, (b) system S1, (c) system S2, (d) system S3, and (e) system S4.
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A comparison of the time evolution of the inter-peptide
hydrogen bond pattern for systems S0 and S4 is shown in
Fig. 8. We noticed a sharp increase in the total number of H-
bonds between the peptides in system S0 as the simulation
Fig. 7 Residue–residue contact maps of peptides. The graph square is co
10.0 Å and white when it is greater than 10.0 Å. (a) System S0, (b) system

78552 | RSC Adv., 2016, 6, 78548–78558
progressed, whereas the total inter-peptide H-bonds remained
almost constant in system S4 over the entire simulation time.
This gives a clear picture of the effect of caffeine in solution.
Again, to understand the solvation of peptides in different
lored black at 0.0 Å distance. It is linear gray between distance 0.0 and
S1, (c) system S2, (d) system S3, and (e) system S4.

This journal is © The Royal Society of Chemistry 2016
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Table 2 van der Waals and electrostatic interaction energy (in kcal mol�1) of SwP by itself and with caffeine

Systems vdwSwP–SwP ElectrostaticSwP–SwP vdwSwP–caff ElectrostaticSwP–caff

S0 �158.48 �2101.26 — —
S1 �119.22 �2098.58 �96.31 �44.26
S2 �74.76 �2003.43 �228.36 �121.44
S3 �58.56 �1988.35 �299.31 �171.23
S4 �41.95 �1986.44 �323.12 �190.14
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systems, we have calculated the average solvent accessible
surface area (SASA) of the peptide in all the systems and they are
shown in Table 3. We observed a large increase in the SASA
value for the peptides as we moved from system S0 to S4, which
indicates that a greater amount of the surface area of SwP was
available for solvation. The results of our earlier study on the
amyloid formation of SwP demonstrated that the use of a small
amyloid b-breaker penta-peptide, which blocks the major
recognition region of peptide containing two Phe residues
ultimately diminishes the ability to form stable amyloid struc-
tures.20 Here we note that in the presence of caffeine, the inter-
peptide Phe–Phe interactions are largely affected (see Fig. 5(a)
and the discussions above). Caffeine molecules are known to
form complexes with different biomolecules, DNA, drugs and
Fig. 8 Time evolution of the inter-peptide hydrogen bonds for
systems S0 and S4. Indigo represents system S0, and green represents
system S4.

Table 3 Average intermolecular SwP–SwP and SwP–caff hydrogen
bonds; and average solvent accessible surface area (SASA) per SwP for
different systems. Parentheses show the standard errors of SASA
values that are estimated by considering five independent blocks of 10
ns each, for the last 50 ns

System HBSwP–SwP HBSwP–caff SASA (Å2)

S0 22.48 — 1533.48 (�28.31)
S1 18.57 2.62 1765.59 (�32.05)
S2 8.77 6.76 2068.52 (�19.10)
S3 6.02 10.24 2155.03 (�19.46)
S4 4.21 12.64 2173.81 (�13.02)

This journal is © The Royal Society of Chemistry 2016
other biologically active molecules by forming aromatic p-
stacking interaction. Therefore, in order to understand the
underlying mechanism by which the caffeine molecules prevent
the peptide oligomer formation, it is important to examine the
interaction of caffeine with the peptide. In order to understand
the interaction of caffeine with aromatic Phe residues of the
peptide, we have calculated the rdfs of caffeine around the Phe
residue of SwP for different systems (see Fig. 5(b)). The rst peak
height of the rdf appeared around 6.5 Å and this peak height
increased with an increase in the stoichiometric ratio of caf-
feine : peptide reecting the enhancement of the interaction of
caffeine and Phe residues moving from system S1 to S4. The
contour density plots of caffeine around SwP within 7.5 Å of the
peptide (averaged over the last 10 ns of simulation) for different
systems show that the caffeine density (yellow) increased from
system S1 to S4 (see Fig. 9). It is also interesting to note that
although the contour density of caffeine is higher around Phe
residues, we also observed a non-negligible caffeine density
around the other residues of the peptides. This indicates that
along with the Phe residues, caffeine also interacts with other
non-aromatic residues of peptide. It is worth mentioning here
that peptides without any aromatic residues have also been
reported to form amyloid brils, though such structures are
formed by larger peptides or over a longer timescale.45 The
presence of aromatic residues signicantly accelerates the
Fig. 9 Contour density plot for caffeine (yellow) around SwPwithin 7.5
Å of the peptide. Top left to bottom right represent systems S1 to S4.
Purple represents the contour density of the Phe residues of the
peptide.

RSC Adv., 2016, 6, 78548–78558 | 78553
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Fig. 11 Snapshots of the last step of simulation for different systems.
Top left to bottom right represent systems S0 to S4. Yellow represents
the caffeine molecule, and the other colors represent the peptide. Phe
residues are represented in green, and other peptide residues are
represented in purple.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

 I
N

ST
IT

U
T

E
 O

F 
T

E
C

H
N

O
L

O
G

Y
 G

U
W

A
H

A
T

I 
on

 1
7/

04
/2

01
7 

13
:2

1:
02

. 
View Article Online
process of brillization. Thus, the blocking of these aromatic
groups surely delays the amyloid formation. Therefore, along
with the blocking of aromatic residues, it is also important for
the inhibitors to possess the capability to block the other H-
bonding and hydrophobic sites of the peptide so that the
inter-peptide interactions can be prevented signicantly. It has
been reported in the literature that the ability to form promis-
cuous aggregates is a general property of many small organic
molecule inhibitors.34,35,46 Our earlier studies showed that
caffeine molecules self-associate in water and form clusters by
vertical stacking of one caffeine molecule above another.23,24

The probability of distribution of caffeine clusters of different
sizes (mn) with respect to the monomer (m1) is shown in Fig. 10.
For this we have considered the geometric criterion as adopted
in our previous studies.23,24 It can be noticed that with an
increase in the caffeine number, the probability of formation of
medium sized clusters of the order of 3 to 10 increased. The
probabilities of the formation of cluster sizes greater than 15
was negligible, and therefore they were omitted. In Fig. 11 we
have shown snapshots of the last step of the simulation for all of
the systems. We observed caffeine clusters around the Phe
residues and other hydrophobic residues of the peptide. Here
we note that in system S1, although caffeine molecules inter-
acted with Phe residues of the peptide, they were not capable of
blocking the peptides from interacting with each other fully,
leading to the formation of peptide aggregates. When the
caffeine number increased further, medium sized caffeine
clusters were formed in large numbers. These caffeine clusters
interacted with the Phe residues and the other hydrophobic
residues and created a hydrophobic environment around them.
Due to the extensive caffeine–peptide interaction, the aromatic
Phe residues and all the other hydrophobic residues were
blocked from interacting with each other. This led to a signi-
cant reduction in the self-assembly formation of the peptides.

In our earlier studies, we have reported that each caffeine
molecule has three hydrogen bonding sites that act as hydrogen
acceptors.23,24 In order to investigate the formation of H-bonds
between caffeine and peptides, we carried out H-bond anal-
yses. The average number of H-bonds between peptides and
caffeine increases with an increase in the caffeine stoichiometry
Fig. 10 Probability distribution of caffeine clusters of different sizes
with respect to the monomer.

78554 | RSC Adv., 2016, 6, 78548–78558
(see Table 3). Therefore, the loss of inter-peptide H-bonds (as
discussed above) can be attributed to the fact that caffeine
binds to the peptide backbone and the side-chain residues
through its hydrogen acceptors, thereby weakening the back-
bone–backbone and side-chain H-bonds between the peptides.
This leads to a decrement in the peptide–peptide hydrogen
bonding interaction for systems with a higher number of
caffeine molecules.

For a quantitative estimation of the number of caffeine
moleules in the rst solvation shell of the peptide we calculated
the number of caffeine molecules around all the residues from
the respective pair correlation functions by using the equation:

nab ¼ 4prb

ðrc
0

r2gabðrÞdr (1)

where nab represents the number of atoms of type
b surrounding atom type a in a shell extending from 0 to rc (the
distance of the rst minimum in the distribution function,
gab(r)), and rb is the number density of b in the system. The
number of rst shell caffeine molecules around each of the
residues is shown in Fig. 12. For system S1, the average number
of caffeine molecules in the rst coordination shell of each of
Fig. 12 First shell coordination number of caffeine around all the
residues of the peptide.

This journal is © The Royal Society of Chemistry 2016
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the residues of the peptide is below one and a maximum
coordination number is seen for the two Phe residues (residues
8 and 9). These coordination number values increase for each
residue with an increase in the caffeine stoichiometry, and for
system S4 they reach close to two for the Phe residues. This
signies that there are approximately two caffeine molecules in
the immediate vicinity of the Phe residues for system S4.
Therefore, from our computational study, we gained insight
into the mechanism of the inhibiting effect of caffeine on
peptide aggregation. In the Experimental section, we will
further verify our results for peptide aggregation and the effect
of caffeine on it.
Fig. 13 Normalized sigmoid fit of the change in absorbance at 257 nm
of SwP in the absence (black) and presence of a 3 fold (red), 10 fold
(blue), 16 fold (magenta) and 20 fold (olive) molar excess of caffeine.
3 Experimental study
3.1 Experimental design

1 mg of SwP was weighed and dissolved in 0.9 mL of water
containing 0.1% TFA. Then into 5 different sets, 60 mL of the
SwP solution was transferred into 5 different vials to prepare 20
mM of SwP. To investigate the inhibitory effect of caffeine on
SwP, we performed various qualitative and quantitative analyses
in the presence of varied amounts (0, 3, 10, 16, and 20-fold
molar excess) of SwP and added the required amount of PBS (50
mM) pH 7.4 at room temperature.
Fig. 14 (a) Change in CD spectra due to conformational change of
SwP at 0 min and 180 min (C ¼ 20 mM) (b) CD spectra of SwP in the
absence (black) and presence of a 3 fold (red), 10 fold (blue), 16 fold
(magenta) and 20 fold (olive) molar excess of caffeine. Spectra were
recorded 180 min after the experiment started, in PBS at pH 7.4 and at
room temperature.

Fig. 15 Time dependent ThT assay for SwP in the absence (black) and
presence of a 3 fold (red), 10 fold (blue), 16 fold (magenta) and 20 fold
(olive) molar excess of caffeine.

Spectra were recorded at different time intervals after the addition of
caffeine and PBS up to 180 min.
3.2 Results and analyses

We have designed SwP, widely known as the functional mimic
of Ab,20,28 in a way that it converts its conformation from
a random coil (rc) to a b-sheet conformation, and further
aggregates to form amyloid. The formation of amyloid was
conrmed by the thioavin T uorescence assay and the Congo
red stained birefringence study under cross polarized light.20

The SwP converted its conformation from a rc to a b-sheet upon
a change in pH i.e. O to N-acyl migration using PBS 7.4 at room
temperature, and nally formed a b-sheet. The conversion from
the rc to the b-sheet conformation of SwP was monitored by UV
and circular dichroism (CD) analyses, and is extensively
described in our previous report.20 During the conformational
analysis, we observed that the side chain aromatic stacking
interaction was faster than the conformational transition, i.e.
the aromatic stacking occurred prior to the b-sheet formation.
The kinetics of the conformational changes (rc to b-sheet) of the
SwP in the absence and presence of caffeine were monitored
experimentally using parallel UV and CD studies.

The SwP used here contained Phe, which showed an
absorption maximum at 257 nm in UV. As the rc to b-sheet
transition is associated with the inuence of its near-UV and CD
spectra due to the p / p* electronic transition of the aromatic
side chains, it was also expected to inuence the near-UV
absorption spectra.47,48 The absorbance due to the amide chro-
mophore was negligible in comparison to the p / p* transi-
tion of the aromatic moiety in the near UV region. Hence, a time
course measurement of UV absorption at 257 nm of the peptide
was compared with the evolution of the CD signal at 220 nm (n
/ p*) to determine the change in conformation.
This journal is © The Royal Society of Chemistry 2016
The effect of mixing caffeine in different equivalents with
respect to SwP on the onset of b-sheet formation of the peptide
(20 mM) is shown in Fig. 13. It shows the change in absorbance
at 257 nm along with time in action to the addition of PBS
buffer. For 20 mM SwP the absorbance increased with time,
which is expected due to the aromatic p–p stacking of the
phenyl moiety present in the peptide. But in the presence of the
caffeine molecule, the absorbance increased as the concentra-
tion of caffeine was increased in comparison to the absorbance
RSC Adv., 2016, 6, 78548–78558 | 78555
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Fig. 16 Congo red birefringence images of SwP in the absence (a) and presence of a 3 fold (b), 10 fold (c), 16 fold (d) and 20 fold (e) molar excess
of caffeine. Spectra were recorded after 3 days of incubation in PBS at pH 7.4 (50 mM) at 37 �C.
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of the SwP alone. From the experimental results, it was conve-
niently seen that the increment of absorbance increased
signicantly with high doses of caffeine. The increment of
absorbance was probably due to the aromatic interaction
between the caffeine and the SwP since there was neither
change in concentration nor any change in experimental
conditions. When, a 3 molar excess of caffeine was present with
SwP, the increment of absorbance was less, indicating that
interaction between the aromatic ring of caffeine and SwP was
also less. However, when the concentration of the caffeine was
increased to a 10 molar excess or even more, the absorbance
increased sharply, indicating a higher interaction between the
aromatic ring of caffeine and the SwP.

We also studied the CD spectra (190–260 nm) of both SwP
and mixtures containing different compositions of SwP–
caffeine. Absorption below 240 nm is principally due to the
peptide bond, there is a n / p* transition around 220 nm and
an p / p* transition around 190 nm, which is due to the b-
sheet formation of the peptide.49 It was clear from the CD
spectra that SwP (red curve, Fig. 14(a)) had a b-sheet rich
conformation aer 180 min, whereas at 0 min the CD spectra
(black curve, Fig. 14(a)) is characteristic of a rc conformation.
From the CD spectra it can be seen that in the presence of
caffeine SwP was found to be unstructured from its original b-
sheet structure, indicating the deformation of the b-sheet
structure formed by SwP. However, in the presence of a 3 molar
excess of caffeine (with respect to the SwP), the structure still
contained a good amount of the b-sheet, which was not
observed in the presence of the other molar excess values of
caffeine (i.e. 10 molar excess or even more) studied. From these
experimental results it can be concluded that a 3molar excess of
caffeine was not sufficient to disaggregate the b-sheet structure
of the SwP, while a 10 molar excess or more of caffeine signif-
icantly disaggregated the b-sheet structure of the SwP. We also
studied the aggregation inhibitory efficacy of caffeine in
aggregating SwP using the standard thioavin T (ThT) uores-
cence assay. The increase in uorescence intensity of a peptide
upon binding with ThT is the characteristic property of bril
formation and the increment in uorescence intensity is
directly proportional to the amount of bril present.50 The
uorescence intensity of SwP alone was found to increase with
time in the absence of the caffeine molecule (black curve,
Fig. 15) but was found to be suppressed in the presence of a 16
molar excess or more of the caffeine molecule indicating the
inhibitory nature of caffeine molecule, although in the presence
of a 3 molar excess and a 10 molar excess of the caffeine
78556 | RSC Adv., 2016, 6, 78548–78558
molecule a good amount of bril was noticed in the experi-
mental analysis. The appearance of green gold birefringence
under cross polarized light when stained with Congo red dye is
a characteristic property of amyloid formation by any amyloi-
dogenic peptide.51 We examined the amyloidogenic nature of
the SwP alone and in the presence of caffeine in different
concentrations by means of a Congo red stained birefringence
study under cross-polarized light aer 3 days of sample prepa-
ration. The experiment was designed in such a way that the SwP
and the SwP–caffeine mixture was incubated in PBS at pH 7.4 at
37 �C for 3 days. We observed a clear green gold birefringence
for SwP alone (see Fig. 16), but as a 10 molar excess or more of
caffeine was added, the green gold birefringence was absent,
indicating complete breaking of the amyloid formed due to the
switch conversion of the SwP. Whereas in the presence of a 3
molar excess of caffeine with respect to SwP some green bire-
fringence was observed, which clearly indicates that a 3 molar
excess is not sufficient to break the amyloid formed.
4 Conclusions

In this article, we have investigated the effect of caffeine on the
aggregation of amyloid-derived switch-peptide with a varied
stoichiometric ratio of caffeine to peptide by means of
a combination of molecular dynamics simulation and experi-
mental analyses. From the secondary structure analyses of the
peptide, we have observed the formation of a highly ordered b-
sheet in a pure water system. In the presence of a 3 : 1 caffeine
to peptide ratio, the percentage of the b-sheets structure
decreased to some extent, although the peptides were aggre-
gated heavily. However, in the presence of a ratio of 10 : 1 or
higher, the b-sheet formation diminished. Radial distribution
function, residue–residue contact map, interaction energy and
solvent accessible surface area calculations have also demon-
strated that with a caffeine to peptide ratio of 10 : 1 or higher,
the aggregation tendency of the peptide diminished signi-
cantly, and the self-assembly formation ceased. The above
observations were further conrmed by the results obtained
from the analyses of the experimental data. In brief, from our
experimental results we can infer that the SwP converted to a b-
sheet from a random coil conformation and that caffeine
molecules can inhibit the formation of b-sheets by interacting
with the peptide aromatic moiety. The experimental results also
support the fact that a 3-fold molar excess of caffeine is not
sufficient to inhibit the amyloid formation, whereas a 10-fold
molar excess or more can easily break the peptide aggregation.
This journal is © The Royal Society of Chemistry 2016
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The analysis of the interaction of caffeine with switch-peptide
showed that caffeine molecules initially interact with the
phenylalanine residues, thereby restricting the Phe–Phe inter-
action. A detailed analysis of MD simulations further showed
that caffeine molecules form hydrogen bonds with the peptide
molecules and this leads to weakening of the interstrand
hydrogen bonds between the peptides. On the other hand,
caffeine molecules form medium ordered clusters of similarly
sized molecules ranging from 3 to 8 by vertical stacking. These
clusters form a hydrophobic environment around the hydro-
phobic sites of peptides, and physically block them from
interacting with each other. All the above results suggested that
caffeine has the capacity to inhibit the aggregation of amyloid-
forming peptides by reducing hydrophobic interaction between
them. The blocking of aromatic Phe residues of the peptides by
caffeine clusters through peptide-caffeine p-stacking interac-
tion, and other residues by hydrophobic and hydrogen bonding
interaction leads to complete disaggregation of the peptide in
a caffeine solution with a 10 : 1 or higher caffeine to peptide
stoichiometric ratio.
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