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Abstract. Alzheimer’s disease, one of most common neurodegenerative diseases, is believed to be caused
due to the self-assembly of amyloid beta (Ab) peptides into insoluble ﬁbrils in the brain. Atomistic molecular
dynamics simulations have been carried out to probe the effects of non-uniform structural distortions of
aggregated Ab1742 protoﬁlaments of different sizes, ranging from pentamer to tetradecamer, on the lowfrequency vibrational spectrum of water conﬁned within their amphiphilic nanocores. The calculations
revealed increased back scattering of water molecules present either at the exterior surfaces of the
protoﬁlaments or conﬁned within their cores, thereby leading to blue shifts of the band corresponding to
O    O    O bending or restricted transverse motions of water. Due to more restricted environment, the
effect is more for the core water molecules. It is observed that the extent of such shifts is sensitive to the
degree of conﬁnement within the protoﬁlament cores and the nature of hydrogen bonding. Importantly, the
structural crossover of the protoﬁlaments with increased core volume at decamer has been found to be
associated with characteristic effect on the low-frequency modes of the water molecules conﬁned within its
core.
Keywords. Alzheimer’s disease; molecular dynamics simulations; amyloid beta (Ab); vibrational spectrum
and core water.

1. Introduction
Protein folding abnormalities are associated with
several life-threatening diseases including Alzheimer’s
disease, Parkinson’s disease, type II diabetes, etc.1,2
The primary cause of such diseases is the formation of
soluble oligomers or insoluble ﬁbrils, termed as
‘‘amyloids’’,3 due to self-assembly of proteins. Alzheimer’s disease (AD) is by far one of the major
threats to the public health affecting million of people
worldwide. Accumulation of ﬁbrils primarily composed of amyloid beta (Ab) peptides in the brain is
linked with AD. Ab peptide is processed from enzymatic cleavage of amyloid precursor protein (APP) by
b- and c-secretases.4,5 It can be of various lengths
depending on the cleavage position of APP. However,
there are mainly two predominant components of
Ab peptide containing 40 (Ab40 ) and 42 residues
*For correspondence

(Ab42 ) length which are found in the AD affected
brains.5,6 Neurotoxicity induced by the soluble
Ab oligomers and insoluble ﬁbrils is believed to be
pathological cause for AD.7–9 Importantly, there are
several experimental reports which have corroborated
soluble oligomers to be more neurotoxic rather than
the insoluble ﬁbrils.8,10–12 Therefore, recent research
attention has been shifted toward untangling the
structural features of soluble Ab oligomers rather than
probing the insoluble ﬁbrils. One important issue that
needs to pay an attention is the role played by water in
the formation and stabilization of such Ab oligomers.
A number of studies pointed out the role of water in
guiding the conformational features of Ab peptides
and their ﬁbrillation.13–15 In an important work,
Krone et al.,13 demonstrated how water expulsion and
hydrophobic collapse drive the formation of
stable Ab1622 aggregates in pre-ﬁbrillar or protoﬁlamentous form. They observed that ﬁrst a dewetting or
drying transition takes place which drives the
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hydrophobic collapse resulting in the formation of
ﬁbrils in some of the trajectories. They also noticed
these two phenomena occurring on the same time
scale. Further, release of structured water from the
Ab peptide surface to bulk has also been shown to
drive such hydrophobic collapse from another
pioneering study by Thirumalai et al.14 Recently,
molecular dynamics (MD) simulation studies have
shown that water molecules around the hydrophobic
segments of Ab peptide monomers irrespective of
their conformations are loosely bound, and therefore,
are expected to be easily removed from the surface of
those segments to facilitate the hydrophobic collapse
during aggregation.16 Hydrated hydrophobic cavities
have been reported from MD simulation studies in the
case of ﬁbrils formed by the larger fragments of
Ab peptide, such as Ab940 and Ab1742 where the
peptide adopts a b-strand-loop-b-strand U-shape
structure.17,18 However, none of the experimentally
determined structures of Ab ﬁbrils contain water
within the cavities probably due to the limitations of
experimental techniques.19–23 Water molecules are
found to be present mostly in the hydrophobic cavity
formed by the loop region in both Ab940 and
Ab1742 protoﬁlaments. Presence of such water may
play an important role in enhancing the stability of the
pre-ﬁbrillar structures, as they are expected to neutralize the charges of the residues forming salt-bridge
(Asp-23 and Lys-28) inside the core region.24–26 Furthermore, the conﬁned water molecules present in the
hydrophobic cavities have been observed to be translationally and rotationally very stiff as compared to
bulk water from MD simulation studies.27,28 Recently,
we have also characterized the presence of water
within the nanocores of the Ab protoﬁlaments.29,30
Structural and dynamic quantities of these water
molecules have been computed and compared among
different Ab protoﬁlaments of varying sizes. It has
been demonstrated that properties of water conﬁned
within such nanocores are heterogeneous and depend
upon the core volume. Based on the ﬁndings, it has
been proposed that the protein–water hydrogen bonds
involving the core water molecules stabilize the
aggregates, while breaking of water–water hydrogen
bonds inside the cores initiates the required impetus in
steering the further growth of the aggregates. Such
breaking and formation of hydrogen bonds inside the
core region during the growth process are expected to
inﬂuence the intermolecular vibrational density of
states of the conﬁned water in terahertz (THz) and farinfrared (far-IR) regions.31–34 Thus, we believe that
probing the low-frequency intermolecular vibrational
spectra of the core water might be an effective
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alternative tool in monitoring the aggregation process
of Ab peptides.
Experimentally, one can study low-frequency
vibrational spectra using Raman, IR, THz spectroscopy, and inelastic incoherent neutron scattering
(IINS) techniques. THz spectroscopy has been extensively used in recent times to investigate water
dynamics around proteins.35–39 In an important study,
Havenith and coworkers35 have shown that THz
spectroscopy in combination with molecular dynamics
(MD) simulations can be an effective tool in probing
water dynamics spanned over several hydration layers
around proteins and other macromolecules.
In this work, we study the low-frequency vibrational
density of states (VDOS) of the water molecules
conﬁned within the amphiphilic nanocores of aggregated Ab1742 protoﬁlaments. In particular, our
objective in this study has been to compare the results
among ﬁve different Ab protoﬁlaments namely, pentamer (O5 ), octamer (O8 ), decamer (O10 ), dodecamer
(O12 ), and tetradecamer (O14 ) to ﬁnd out the size
dependence, if any. The outline of the rest of the
article is as follows. The details of system setup and
simulation protocols are described in brief in Section 2. The results obtained from our study have been
delineated in Section 3. Finally, the conclusions
reached from the study are presented in Section 4.

2. System setup and simulation methods
Two independent MD simulations in aqueous medium
with different velocity distributions at a temperature of
300 K for each of ﬁve Ab1742 protoﬁlaments
(henceforth represented as Ab), namely pentamer
(O5 ), octamer (O8 ), decamer (O10 ), dodecamer (O12 ),
and tetradecamer (O14 ) have been carried out using the
NAMD code.40 The initial coordinates were taken
from NMR spectroscopic data (model 10 of PDB entry
2BEG)23 for the Ab pentamer. The higher order
protoﬁlaments (O8 onward) were obtained from the
pentameric structure by adding required number of
monomer units with an intermonomeric distance of
4.8 Å, where the central chain in model 10 of 2BEG
was used as the base unit of the hairpin. Further details
of the method adopted are available in our earlier
work.41 Terminal residues, L(17) and A(42), of each
of the monomers present in the respective protoﬁlament are considered in standard zwitterionic forms.
The individual protoﬁlaments were immersed in
orthorhombic cells of appropriate dimensions containing equilibrated water molecules. Required number of counterions was then added by replacing water
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molecules to neutralize each of the system. The exact
system dimensions and the number of water molecules
and ions can be found elsewhere.41
After initial energy minimization, the temperature
of each of the systems was gradually increased to
300 K within a short MD run of 100 picoseconds (ps)
under isothermal-isobaric ensemble (NPT) conditions
at a constant pressure of 1 atm. All the systems were
then equilibrated under NPT ensemble conditions at a
constant pressure of 1 atm and temperature 300 K with
positional constraints on the aggregate for 5 nanoseconds (ns) duration followed by release of constraints
for another 5 ns. Unconstrained NPT simulation was
extended up to  50 ns for higher order protoﬁlaments
(O8 onward) so as to obtain more stable equilibrated
conﬁgurations. Afterward, the equilibration simulation
conditions were changed from constant pressure and
temperature (NPT) to that of constant volume and
temperature (NVT) for 5 ns followed by a long NVT
production run of 110 ns duration. The temperatures of
the systems were controlled by using the Langevin
dynamics method with friction constant 1 ps1 , while
the Nosé-Hoover Langevin piston method was utilized
for controlling the pressure.42
All the simulations were performed with an integration time step of 1 femtosecond (fs), and the trajectories were stored with a frequency of 400 fs.
Constraints were applied on the bonds involving the
hydrogen atoms by using the SHAKE algorithm.43 We
have employed the minimum image convention44 to
compute the short-range Lennard-Jones interactions
with a spherical cutoff distance of 12 Å and a switch
distance of 10 Å, while long-range electrostatic
interactions were calculated using the particle-mesh
Ewald method.45 In the calculations, we have used allatom CHARMM22 force ﬁeld with CMAP corrections
for the peptide,46,47 while mTIP3P48 model (modiﬁed
version of TIP3P49) which is consistent with the chosen peptide force ﬁeld was used for water. Note that,
portions of the trajectories were re-run and stored with
a higher resolution of 1 fs for computing low-frequency vibrational spectra.

3. Results and Discussion
In a recent work,30 we studied in detail the effect of
nonuniform structural distortions of Ab protoﬁlaments
with varying size (pentamer to tetradecamer) on the
diffusivity and hydrogen bonding environment of the
water molecules conﬁned within their amphiphilic
nanocores. It was demonstrated that the non-uniform
conﬁnement within the cores of the protoﬁlaments
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results in heterogeneously restricted water dynamics
within those. The degree of restriction was found to
depend on the available core volume. Importantly,
structural crossover of the aggregates for the decamer
as demonstrated in our earlier reports29,41 was found
to be associated with dynamical transition of water
conﬁned within its core. Besides, a direct one-to-one
correlation between the heterogeneously restricted
core water mobilities and the kinetics of breaking and
formation of hydrogen bonds was observed which
clearly corroborated that the modiﬁed hydrogen bond
arrangement within the cores of higher order
Ab protoﬁlaments is the origin behind the crossover in
core water mobility. Such heterogeneous water
dynamics associated with dynamical crossover for the
core water of the decamer is also expected to inﬂuence
low-frequency vibrational density of states (VDOS) of
the conﬁned water. In this work, we attempt to probe
the effect of size of the Ab aggregates on the lowfrequency vibrational spectrum of the core water
molecules. A simple geometric approach has been
used to identify the ‘‘core’’ water. According to this
approach, we ﬁrst consider two surfaces formed by the
two arms (ﬁrst arm: Phe-20 to Asn-27 and second
arm: Ala-30 to Met-35) of the peptide b-hairpin units
of the protoﬁlament. Then, all possible vectors
!
AB formed between the Ca atoms of these two surfaces that would eventually be used to deﬁne core
water are constructed. A tagged water molecule is said
to be a core water if it fulﬁlls the following two criteria. According to the ﬁrst criterion, the perpendicular
!
distance of the tagged water oxygen atom ( O ) to any
!
one of the AB vectors is within 0.5 Å, while the
second criterion is that both \OAB and \OBA for
!
that particular vector AB have to be within 90 . It
may be noted that we have restricted the area conﬁned
within Phe-20 to Met-35 in deﬁning core water.
Besides, the two terminal peptide monomers of the
protoﬁlaments are not considered in the calculation to
avoid possible artifacts in the results due to their
greater ﬂexibility as compared to the non-terminal
peptides. The results obtained are compared with that
for the surface water molecules. As mentioned
earlier,29,30 water molecules those are found within
5 Å from the aggregates (excluding the core region)
are deﬁned as the ‘‘surface’’ water. VDOS of the water
molecules is calculated by Fourier transformation of
the corresponding velocity autocorrelation function
(VACF). VACF is deﬁned as
CV ðtÞ ¼

~i ðtÞ:v
~i ð0Þi
hv
~i ð0Þ:v
~i ð0Þi
hv

ð1Þ
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where, ~
vi ðtÞ is the velocity vector of the atom of type
i (O or H for a water molecule) at time t. The angular
brackets denote that the results are averaged over all
the atoms of a particular type and over different reference initial times.
We have calculated the VACF for the oxygen
(CVO ðtÞ) and the hydrogen (CVH ðtÞ) atoms of the water
molecules conﬁned in and around the Ab aggregates
with different sizes. The results for the core water
molecules of the ﬁve Ab protoﬁlaments are shown in
Figure 1. The corresponding data for the surface water
as obtained by averaging over all the protoﬁlaments
are incorporated in the ﬁgure for comparative analysis.
It may be noted that consistent with earlier reports on
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Figure 1. (a) Velocity autocorrelation function, CVO ðtÞ, for
the oxygen atoms of the water molecules that are present
within the cores of different Ab protoﬁlaments. (b) The
corresponding function, CVH ðtÞ, for the hydrogen atoms of
those water molecules. The respective results for the surface
water molecules as obtained by averaging over the
protoﬁlaments and that for water in pure bulk state are
shown in each of the panels for comparison.
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water properties,29,30 the identical environment at the
exterior surfaces of the protoﬁlaments also results in
near-homogeneous VACF of surface water. Therefore,
as done before,29,30 we present the data for the surface
water molecules as obtained by taking an average over
all the protoﬁlaments. The corresponding functions for
pure bulk water calculated from an additional MD
simulation of mTIP3P water following similar conditions as that described in Section 2 are also included
in the ﬁgure as a reference. In general, the relaxation
of the function CVO ðtÞ is characterized by a negative
dip separated by a bump. This is known as the ‘caging’
effect, which arises due to back-scattering of the water
oxygen atoms on collisions with their neighbors.
Besides, it can be seen that the function CVO ðtÞ for the
water molecules conﬁned within the cores or at the
exterior surfaces of the protoﬁlaments exhibit deeper
minima as compared to that for pure bulk water. This
is consistent with the relatively rigid water layers in
and around the protoﬁlaments, as reported in our
recent work.30 It is apparent from the ﬁgure that the
extent of the caging effect is signiﬁcantly higher for
the core water due to constrained environment within
the protoﬁlament core. Importantly, the data reveal
that such caging effect for the core water is heterogeneous among the Ab aggregates due to non-uniform
conﬁnement. In accordance with earlier reports,29,30
maximum caging effect is noticed for the lower order
protoﬁlaments (O5 and O8 ) due to their relatively
compact structures. On the other hand, the extent of
caging effect decreases with the increase of the
aggregate size for the higher order protoﬁlaments
(O10 onward). Interestingly, the effect is found to be
minimum for the core water present in O10 . We
showed recently that beyond a critical size (O10 in this
case), the protoﬁlaments undergo structural distortions
due to twisting of the Ab monomers to search for
more stable structures.41 Such structural distortion of
the higher order protoﬁlaments leads to reduction in
conﬁnement due to increased available core dimension,29 maximum reduction being observed for the
crossover protoﬁlament, O10 . Thus, the anomalous
caging effect for O10 core water as observed in the
present study is an important ﬁnding which is consistent with earlier reports.29,30 The VACF for water
hydrogen atoms (CVH ðtÞ) reveals a general oscillatory
nature of the function with relatively more deeper
minima in each case as compared to CVO ðtÞ. Note that
CVH ðtÞ provides information about the librational
motions (hindered rotations) of water. The present
result indicates a stronger caging effect on water
librations. It can be further noticed that water
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inter-oxygen and non-bonded oxygen–hydrogen distances are found to be within 3.5 Å and 2.45 Å,
respectively, and the oxygen–oxygen–hydrogen angle
is less than 30 .30 The results for the water molecules
present within the amphiphilic nanocores of the ﬁve
different protoﬁlaments are shown in Figure 2. The
corresponding results for the surface water molecules
as obtained by averaging over all the protoﬁlaments
along with that for water in pure bulk state are marked
in the ﬁgure. A distinct difference between the
CVO ðtÞ functions for the water molecules that are bound
to the protoﬁlaments by PW hydrogen bonds and that
of all conﬁned water molecules as discussed before
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molecules present at the exterior surface of the
Ab protoﬁlaments exhibit relatively deeper minima as
compared to water in pure bulk state. Expectedly, such
minima are found to be even more deeper for the core
water. However, we do not ﬁnd any noticeable difference between water conﬁned within the core and
that present at the exterior surface of O10 . It suggests
that the core topology of O10 provides a critical
environment where the behavior of water is nearly
similar to that of its surface water, thereby allowing
easy exchange of water between the core and surface.
Such possibility of easy exchange of water has been
demonstrated in our earlier work,30 where it was
proposed that diffusion of a fraction of water molecules forming short-lived water–water hydrogen bonds
within the crossover protoﬁlament decamer initiates
the required impetus in steering further growth of the
Ab protoﬁlament.
Recently, we demonstrated that water molecules
irrespective of whether they are conﬁned within the
cores or present at the exterior surfaces of the
Ab protoﬁlaments exhibit strong propensity to form
protein–water (PW) hydrogen bonds with longer
relaxation times.30 Such propensity was found to be
markedly stronger for the core water. Furthermore, it
was also shown that the core water molecules form
stronger water–water (WW) hydrogen bonds in comparison to that in pure bulk state. Importantly, slow
long-time relaxations of PW and WW hydrogen bonds
formed by the core water molecules were found to be
the origin behind their hindered translational and
rotational motions. Therefore, it would be compelling
to explore the inﬂuence of formation of hydrogen
bonds on the VACFs of those bound water molecules,
if any. This is done by re-calculating the functions
CVO ðtÞ and CVH ðtÞ for only those water molecules that
are bound to the Ab peptides of the protoﬁlaments by
PW hydrogen bonds. We have employed geometric
conditions30,50,51 to deﬁne PW and WW hydrogen
bonds. According to the ﬁrst condition, to form a PW
hydrogen bond the distance between a tagged donor or
acceptor Ab peptide atom and the oxygen atom of a
water molecule should be within 3.3 Å. The second
condition for a peptide acceptor atom (X) to form a
PW hydrogen bond is that the angle between one of
the O–H bond vectors of the water and the vector
joining the water oxygen atom and X be within 35 .
Similarly, for a donor atom of the peptide (Y) to form
a PW hydrogen bond, the angle between the Y–H bond
vector and that connecting Y and the water oxygen
should be within 35 . On the other hand, two water
molecules are said to form a WW hydrogen bond if the
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Figure 2. (a) Velocity autocorrelation function, CVO ðtÞ, for
the oxygen atoms of the water molecules that are hydrogen
bonded with the peptide atoms and present within the cores
of different Ab protoﬁlaments. (b) The corresponding
function, CVH ðtÞ, for the hydrogen atoms of such bound
water molecules. The respective results for the surface
water molecules as obtained by averaging over the
protoﬁlaments and that for water in pure bulk state are
shown in each of the panels for comparison.
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(see Figure 1(a)) is visible. As before, all the decay
curves exhibit deeper minima compared to that of
bulk. However, the depth of the minima is signiﬁcantly higher as compared to that observed in
Figure 1(a), where all the water molecules were considered. These observations are true irrespective of
whether the water molecules are conﬁned within the
core regions or are at the exterior surfaces of the
protoﬁlaments. It is a signature of increased rigid
environment with enhanced caging effects for the
bound water molecules, and is a direct consequence of
stronger PW hydrogen bonds and their sluggish
dynamics as reported in our previous work.30 In fact, it
can be seen that the depth of the minima in the
CVO ðtÞ plots as observed here correlates well with the
time scale of hydrogen bond dynamics.30 Interestingly,
no noticeable difference in the function CVO ðtÞ for the
core water in O5 between Figures 1(a) and 2(a) is
observed. This is due to the fact that most of the water
molecules conﬁned within O5 core form PW hydrogen
bonds. On the other hand, due to the formation of
hydrogen bonds with the protoﬁlaments, water librational motions in and around the protoﬁlaments
become almost identical among themselves as evident
from the decay curves of CVH ðtÞ in Figure 2(b).
Homogeneous relaxation patterns of the decay curves
as observed for core and surface water molecules
illustrate that librational motions of the water present
within the cores are either unaffected or marginally
affected due to the formation of PW hydrogen bonds
with the protoﬁlaments.
It is experimentally known that the low-frequency
intermolecular vibrational spectrum of water is characterized by two broad bands around  50 cm1 and
 200 cm1 , respectively, under ambient conditions.31,32,34,52,53 In general, the band around
50 cm1 corresponds to the O    O    O bending
mode originating from triplets of hydrogen bonded
water molecules, whereas the 200 cm1 band is
attributed to O    O stretching mode arising from
longitudinal oscillations of hydrogen bonded pairs of
water molecule.31,32 Ambiguity often arises over the
interpretation of the origin of the 50 cm1 band, since
the vibrational spectra of several non-hydrogen-bonded liquids also contain this band.33,54 Therefore, it is
suggested that this band is not necessarily associated
with hydrogen bonds. Rather, it arises due to restricted
transverse oscillations along all directions within the
local caged environment of the tagged water molecules.54 Importantly, our calculation reveals existence
of water triplets forming O    O    O bending, both
within the core and at the exterior surface of the
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aggregated protoﬁlaments. A representative snapshot
of the pentamer (O5 ) highlighting its core and exterior
water molecules that are involved in O    O    O
bending is shown in Figure 3. It may be noted that
besides these two intermolecular bands in the lowfrequency VDOS of water, there exists a third band at
 500 cm1 , which corresponds to water librational
motions as demonstrated from infrared (IR) spectroscopy,34 and simulation studies.55
We have calculated the power spectra SO ðxÞ and
SH ðxÞ for the water molecules present in and around
the Ab protoﬁlaments. This is done by taking Fourier
cosine transform of the corresponding VACF
(CVO ðtÞ and CVH ðtÞ). The results for water molecules
conﬁned within the cores of the Ab protoﬁlaments are
presented in Figure 4. The corresponding average data
for the water present at the exterior surfaces of the
protoﬁlaments and that for water in pure bulk state are
also incorporated in the ﬁgure for comparative analysis. It can be seen from Figure 4(a) that the
 50 cm1 band corresponding to O    O    O
bending mode is shifted to higher frequencies (blue
shift) for the conﬁned water molecules irrespective of
whether they are present within the cores or at the
exterior surfaces of the Ab aggregates. A blue shift in
frequency by  15 cm1 is observed for the water
molecules present at the exterior surface of the
protoﬁlaments. It is found that the  50 cm1 band for
water molecules conﬁned inside the cores of lower
order aggregates (O5 and O8 ) is further blue shifted as
compared to the surface water. This indicates
increasingly restricted transverse oscillations of water
conﬁned within more rigid core environment of
smaller protoﬁlaments. In contrast, compared to the
surface water, we do not see any noticeable shift for

Figure 3. A representative snapshot of the core and
exterior water molecules in pentameric unit (O5 ) showing
O    O    O bending mode of the oxygen atoms.
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Figure 4. (a) Power spectra, SO ðxÞ, obtained by the
Fourier transformation of the velocity autocorrelation
function, CVO ðtÞ, for the oxygen atoms of the water
molecules that are present within the cores of different
Ab protoﬁlaments. (b) The corresponding power spectra,
SH ðxÞ, for the hydrogen atoms of those water molecules.
The respective results for the surface water molecules as
obtained by averaging over the protoﬁlaments and that for
water in pure bulk state are shown in each of the panels for
comparison.

the corresponding band for higher order Ab protoﬁlaments (O10 onward). However, the intensities of the
bands are signiﬁcantly enhanced for the core water.
Interestingly, formation of the protoﬁlament does not
seem to have much inﬂuence on the water intermolecular stretching at  200 cm1 . However, the
intensity of the band increases for water conﬁned in
and around the protoﬁlaments, the effect being more
for the core water. Such ampliﬁed intensity of the
200 cm1 band originates from increasingly restricted
longitudinal motions of the core water due to conﬁnement, the effect is particularly noticeable for the

10

lower order aggregates (O5 and O8 ). Note that the
intensity of SO ðxÞ at zero frequency (x ¼ 0) provides
a measure of diffusion coefﬁcient. Signiﬁcantly lower
intensities at zero frequency for water molecules present either at the exterior surfaces or conﬁned within
the cores of the Ab aggregates correlate well with the
restricted translational mobilities of those as reported
earlier.30 Further, it can be seen that such zero frequency intensity for the core water spectra increases
with increase in size of the aggregates, except for O10 .
This is an important observation which signiﬁes that
O10 being the crossover point exhibits anomalous
behavior. Here, it may be noted that the calculation of
diffusion coefﬁcients from the zero frequency intensity
of VDOS may often be ambiguous as long tail relaxations are not generally considered for the construction
of VDOS.44 However, the relative intensities at zero
frequency as obtained from our present results are
consistent with that found in our previous work, especially the anomalous nature of the core waters of O10 .30
The band corresponding to 500 cm1 in Figure 4(b)
provides interesting result. Water molecules present at
the exterior surfaces of the protoﬁlaments do not
exhibit any shift of the hydrogen bond power spectra
(SH ðxÞ) as compared to pure bulk water. However,
restricted librational motions are evident from
increased intensities of the band. On the other hand, in
addition to increased intensity, the band is also found
to be blue shifted by  50 cm1 for the core water.
Besides, intensities of the band are observed to be
sensitive to the available core volume. Interestingly,
no shift in the 500 cm1 band for the core water in
crossover protoﬁlament O10 is noticed. Moreover, the
spectra of the hydrogen atoms of the core water in
O10 are found to be quite similar to that of the surface
water except at the peak position where the O10 core
water exhibits relatively higher intensity. Such almost
identical spectral pattern between the core and the
surface water molecules around O10 indicates that the
exchange between the core and the surface water
molecules is easily feasible due to reduction in
restriction in the conﬁnement in its core region. Thus,
it once again re-iterates the fact that O10 serves as
crossover point where structural transformation begins
to take place in order to transform into more
stable structure, which is consistent with our earlier
works.29,30,41
Next, we explore the low-frequency vibrational
density of states (SO ðxÞ and SH ðxÞ) of the water
molecules that are bound to the Ab peptide residues
by PW hydrogen bonds. The results for water molecules conﬁned within the cores of ﬁve Ab protoﬁlaments are depicted in Figure 5. Again, the
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corresponding data for surface water averaged over all
the protoﬁlaments and that for water in pure bulk state
are included in the ﬁgure for comparison. The results
show that except for O5 core water, the peak positions
of the O    O    O bending mode are shifted further
toward higher frequency by  10 cm1 as compared
to that observed in Figure 4(a). This once again conﬁrms stronger caging effects of the bound water
molecules. Note that the results for O5 core water are
not affected, as most of those water molecules are
bound to the peptide residues by hydrogen bonds. It is
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further noticed that though the O    O stretching band
positions for the bound waters around 200cm1 are
not inﬂuenced as such, but, compared to Figure 4(a),
noticeable increase in the intensities of the band can be
seen. Once again, the relative intensities of the spectra
as obtained in the present study correlates well with
the time scale of hydrogen bond dynamics as reported
in our earlier work.30 This suggests increasingly
restricted longitudinal oscillations of the water molecules that are bound with the Ab aggregates by
hydrogen bonds. The inﬂuence on the librational
motions of the bound water molecules is found to be
interesting. We notice from Figure 5(b) that the band
corresponding to 500 cm1 shifts to higher frequency
by  40 cm1 for those water molecules that are
present at the exterior surface of the Ab protoﬁlaments
and bound by PW hydrogen bonds. Besides, the
enhancement of the intensity of the band indicates
restricted librational motions of the surface water on
formation of PW hydrogen bonds. Surprisingly, on the
other hand, no noticeable shift for the core waters
involved in PW hydrogen bonds as compared to
Figure 4(b) where all the waters were considered. This
shows that most of the water molecules conﬁned
within the cores are either hydrogen bonded to the
peptides or remain within the hydrogen bonding
distance.

4. Conclusions

-3
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(b)

(2020) 132:10
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1000

Figure 5. (a) Power spectra, SO ðxÞ, obtained by the
Fourier transformation of the velocity autocorrelation
function, CVO ðtÞ, for the oxygen atoms of the water
molecules that are hydrogen bonded with the peptide atoms
and present within the cores of different Ab protoﬁlaments.
(b) The corresponding power spectra, SH ðxÞ, for the
hydrogen atoms of such bound water molecules. The
respective results for the surface water molecules as
obtained by averaging over the protoﬁlaments and that for
water in pure bulk state are shown in each of the panels for
comparison.

In this work, we have carried out MD simulations of
aggregated Ab1742 protoﬁlaments of different sizes
ranging from pentamer (O5 ) to tetradecamer (O14 ) in
aqueous solutions to probe the effect of conﬁnement
within their hydrated nanocores as well as at the
exterior surfaces on the low-frequency vibrational
spectra of water molecules. In particular, attempts
have been made to quantify how the non-uniform
structural distortions of the Ab protoﬁlaments inﬂuence the low-frequency vibrational modes of the
conﬁned water molecules.
The calculations revealed enhanced back scattering
of water molecules irrespective of whether they are
present at the exterior surfaces or conﬁned within the
nanocores of the Ab protoﬁlaments. The extent of such
back scattering has been found to be signiﬁcantly
higher for the core water molecules. Besides, it is
demonstrated that the effect of conﬁnement on the
VDOS of the core water molecules is highly heterogeneous, as opposed to near-identical behavior of the
surface water molecules. The extent of water back
scattering is found to be maximum within the nanocores
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of the lower order protoﬁlaments (O5 and O8 ) due to
severely constrained topology inside their cores.
Importantly, water back scattering within O10 core is
minimum due to its large scale distortion with a consequent expanded core volume. Such minimum back
scattering effect leads to maximum diffusivity of
O10 core water among all the protoﬁlaments, which is
consistent with our earlier studies.29,30,41 It is further
demonstrated that the O    O    O bending mode of
water present in and around the protoﬁlaments is blue
shifted due to enhanced back scattering. Such blue
shifts are found to be higher for the core water molecules, the effect is greater for the more rigid lower order
Ab aggregates, O5 and O8 . It is observed that the extent
of blue shift increases further for the water molecules
that are bound to the peptides by PW hydrogen bonds.
Interestingly, in contrast to the O    O    O bending
mode, presence of Ab protoﬁlaments does not have any
detectable inﬂuence on the position of O    O
stretching mode of water. Our results further demonstrated hindered librational motions of the water
molecules present within the cores of the protoﬁlaments
due to the conﬁned environment and their propensity to
remain bound with the peptides by PW hydrogen bonds.
We believe that size-dependent shift in the band
positions of the low-frequency vibrational spectra of
core water molecules as observed in the present study
can be an effective indicator in determining the
protoﬁlament size and hence monitoring the aggregation process of Ab peptides. Therefore, THz spectroscopy measurements on such systems can be
performed to validate our results and to accurately
establish the aggregation mechanism.
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