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• Simultaneous reduction of hydrophobic
and aromatic character in central hy-
drophobic core of Aβ monomer investi-
gated.

• Propensities for intrinsic collapse and ad-
sorption on SWCNT surface is reduced.

• Favorability of the ‘anomalous’ surface
induced collapse verified with free en-
ergy calculations.

• Lateral movement on surface due to
weakened adsorption leads to interac-
tions with C-terminal domain.

• Collapse of the adsorbed peptide leads
to further loss of surface hydration.
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Spontaneous adsorption of the Aβ peptide on the surface of a single-walled carbonnanotube, resulting in the pre-
vention of its intrinsic propensity to form collapsed states, could be a plausible means to hinder the peptide's ini-
tial nucleation and self-assembly.We report here the effects of sharply reducing both aromatic and hydrophobic
character within the peptide's central hydrophobic core on its free and surface behavior. In such an altered pep-
tide, complete surface adsorption is found to induce, rather than prevent, the adsorbed peptide's collapse. The
weakened surface interactions of the central hydrophobic core allow its greater translational mobility on the sur-
face, thereby facilitating interactions that lead to compaction. Both the adsorption and the subsequent collapse
are accompanied by a loss of surface hydration in the modified peptide. We further find that such a two-step
dewetting leads to hydration levels comparable to that obtained after compaction of the free peptide. These in-
sights may be leveraged for designing molecular surfaces for disrupting intrinsic Aβ behavior.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The advent of novel nanomaterials has opened up a variety pros-
pects in biotechnology and medicine [1,2]. Particularly, the possibility
of harnessing the unique properties of carbon-based nanomaterials in
91 20 2590 2636.
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order to render themuseful in biomedical applications and therapeutics
is under intense investigation, while keeping in mind several issues
pertaining to cellular toxicity and potential side effects [3,4]. These
ideas have fueled studies aimed at understanding the influence exerted
by such nanomaterials on cellular machinery, and have necessitated
research at the ‘single-molecule’ level of their interactionswith biomol-
ecules such as carbohydrates, lipids, peptides and proteins, and nucleic
acids [5–10]. Detailed knowledge of the nature of these interactions,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2013.09.008&domain=pdf
http://dx.doi.org/10.1016/j.bpc.2013.09.008
mailto:n.sengupta@ncl.res.in
http://dx.doi.org/10.1016/j.bpc.2013.09.008
http://www.sciencedirect.com/science/journal/03014622


109A.K. Jana, N. Sengupta / Biophysical Chemistry 184 (2013) 108–115
their dependence on nanomaterial size, shape, curvature, effective
hydrophobicity, surface exposure and solubility, and their subsequent
optimization may plausibly pave the way for effective applications of
carbon based nanomaterials in biology.

Recently, there have been efforts to understand if carbon based
nanomaterials such as fullerene [11], graphene oxide [12] and carbon
nanotubes [13–15] can be used to alter the properties of Amyloid
beta (Aβ), an intrinsically unstructured peptide strongly implicated in
Alzheimer's disease (AD), a neurodegenerative proteopathy. According
to the amyloid hypothesis, the self-assembly of the Aβ sequence, itself
created fromenzymatic cleavage of themuch larger,membrane embed-
ded Amyloid precursor protein (APP) into insoluble fibrillar plaques,
and their deposition into neuronal synapses of the brain, triggers the
onset of AD [16]. Recent research, however, strongly implicates soluble
oligomers of Aβ as the most neurotoxic species [17], and recent efforts
have sought to characterize the structure and size distribution of such
entities and how they are associated with solvent and thermodynamic
conditions [18–21]. The discovery of means to hinder self-assembly
pathways of the Aβ monomer or to destabilize its fibrillar aggregates,
and detailed understanding of the underlying physico-chemical mecha-
nisms could pave the way for novel AD therapeutics.

A large subset of the Aβ peptide's biophysical properties appears to be
strongly correlated to the physico-chemical behavior of key domains, par-
ticularly the central hydrophobic core (L17VFFA21) [22,23], the turn region
[24–26], and parts of the C-terminal domains (G29AIIGLMVGGVVIA42)
[23,27]. These domains play important roles in the peptide's self-
assemblymechanisms, and some proposed AD therapeutic strategies tar-
get one or more of these regions [28,29]. Single-point mutations in these
domains have been noted to alter the peptide's structural and self-
assembly properties [30–32]. Aβ attains compact states in fully aqueous
environment, and the collapse is considered an early step in the peptide's
nucleation and consequent self-assembly [27,33,34]. Using atomistic
molecular dynamics (MD) simulations, we recently showed that the 42-
residue Aβ peptide adsorbs spontaneously on the surface of a single-
walled carbon nanotube (SWCNT) of small diameter [14]. Consequently,
key interactions between the central hydrophobic core (HP1) and the
C-terminal domains were severely hindered, which resulted in
preventing the peptide's collapse and populating the ‘open’ states. We
further highlighted the competition between the adsorption and collapse
processes, showing that a dewetting transition initiated by HP1, and
subsequent π−π stacking which consolidated its interactions with the
nanotube, are essential for the peptide's complete adsorption on the
nanotube surface [15].

In this paper, we report our observations of the behavior of the Aβ
peptide, both on the surface of a carbon nanotube, as well as an isolated
monomer, by a strong and simultaneous reduction in both the overall
hydrophobic and aromatic character of HP1. This has been achieved
by replacing Phe19 with Ala, whose hydrophobicity index of 0.31
based on water/octanol partitioning is significantly lower than that of
Phe (1.80) [35]. While the propensity for either the (free) peptide's
collapse or its SWCNT adsorption did not disappear, the weakening of
key interactions severely diminished the probability of either phenom-
enon. Interestingly, in sharp contrast with our previous observations,
the nanotube surface induced, rather than prevented, the compaction
of the peptide in the event of complete adsorption of the F19A altered
peptide. Adaptive biasing force (ABF) based free energy calculations
performed on the pre-adsorbed F19A peptide corroborate the thermo-
dynamic favorability of the peptide collapse. The weaker surface inter-
actions allow a greater degree of lateral movement of HP1 on the
nanotube surface, effectively facilitating interaction with the C-terminal
domain and inducing marked compaction. The dewetting resulting
from thepost-adsorption collapse of F19A is comparable to that resulting
from spontaneous collapse on the unmutated peptide. Our studies
directly demonstrate the critical dependence of observed surface and
biophysical characteristics of the Aβ sequence on the overall chemical
nature of its key domains. The insights gained may have important
ramifications in the design of molecular surfaces for disrupting intrinsic
Aβ behavior.

2. Computational methods

2.1. System setup and MD simulations

The initial peptide–SWCNT setup is depicted in Fig. 1. The coordi-
nates for Aβ1-42, obtained with solution NMR studies of full-length
Aβ in the ‘lipid-mimicking’ environment of a 3:7 mixture of water and
hexafluoro-2-propanol, were taken from the PDB database (PDB ID:
1Z0Q) [36], while those for the (6, 6) SWCNTof 8.2 Å diameterwere ob-
tained with the VMD package [37]. Wemention here that the evolution
in water of the peptide structure used here, and other related struc-
tures [38,39] is considered analogous to the pathway of the freshly
cleaved peptide released in aqueous cytoplasm [36,40,41]. Furthermore,
these structures are extensively used in computational studies to under-
stand Aβmonomeric behavior in water and at interfacial environments
[41–44]. The initial peptide-nanotube complex was set up in the ‘NT2A’
configuration,which is identical to the ‘NT2’ configuration reported pre-
viously, except for the substitution of Phe19 with Ala. We have earlier
shown that the adsorption mechanism is independent of the initial
peptide-nanotube orientation [14]. NT2 had the least initial peptide-
nanotube contact area of all the initial configurations studied earlier,
and hence the adsorption mechanism was most clearly discernible in
this system. In the NT2/NT2A configurations, the HP1 and N-terminal
domains were farthest from the nanotube surface, and the C-terminal
domain was initially set parallel to the nanotube axis, with its center
of mass 8.5 Å away from the surface, resulting in low initial peptide-
nanotube contact area. The SWCNT atoms were held fixed with har-
monic forces and the nanotube axis oriented parallel to the x-axis.
Periodic boundary conditions were used to create infinitely long
SWCNTs. NH3

+ and COO− groups were attached, respectively, to the
N- and C-terminii of Aβ. Three Na+ counterions were added for charge
neutrality, and the TIP3P [45] water model was used to solvate the
resulting complex with about 9500 water molecules. The free peptide
containing the Ala replacement was similarly setup, and about 9400
water molecules were used. The peptide with the Ala mutation has
been referred to as ‘F19A’. Six independent simulation runs, each of
100 ns duration were obtained for the NT2A systems, and three inde-
pendent runs were generated for the F19A systems. Adaptive biasing
force based free energy calculations were further performed to probe
the NT2A systems (see below). Corresponding data for the unmutated
systems have been reported earlier [14].

MD simulationswere performedwith the CHARMM22 all-atom force
field with the CMAP corrections [46,47] using the NAMD simulation
package [48]. Bonds with hydrogen atoms were constrained using the
SHAKE algorithm [49]. The conjugate gradient method was first used to
initially energy minimize on each system for 10000 steps, following
which simulations were carried out in the isothermal-isobaric ensemble
with a temperature of 310 K and a pressure of 1 atm, using a timestep of
2 fs. Langevin dynamicswith a collision frequency of 1 ps−1 was used to
maintain constant temperature, and constant pressure was maintained
via the Langevin piston Nosé–Hoover algorithm, using Langevin piston
period and decay of 200 fs [50,51]. Three-dimensional orthorhombic pe-
riodic boundary conditionswere used and electrostatic interactionswere
calculated with particle-mesh Ewald [52]. The non-bonded interaction
cutoff was 12 Å, with smoothing started at 10.5 Å.

2.2. Adaptive biasing force calculations

To characterize the energetic favorability of collapse of the F19A
peptide adsorbed on the SWCNT surface, the potential of mean force
(PMF) was calculated with the adaptive biasing force (ABF) method as
implemented in the NAMD package which was used [53,54]. As earlier,
the center ofmass distance between the segments L17VFFAEDVGS26 and



Fig. 1. Initial setup of the Aβ1-42-SWCNT complexwith F19Amutation. TheN-terminal region (D1AEFRHDSGYEVHHQK16) is depicted in cyan. The segment L17VAFAEDVGS26 is depicted in
red-orange color, with the central hydrophobic core (HP1) highlighted in orange, and the Ala sidechain at position 19 highlighted in CPK representation. The K28GAIIGLMVGGVVIA42

domain is depicted in yellow-tan color, with the HP2 domain (A30IIGLM35) shown in yellow.
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K28GAIIGLMVGGVVIA42 (or ‘dcollapse’) was chosen as the reaction coordi-
nate to describe peptide compactification [14]. Initial coordinates were
taken from a snapshot obtained just after the peptide had reached satu-
rated Acontact value. The ABF method is a thermodynamic integration
formalism wherein the average force acting along a particular reaction
coordinate (say ζ) is used to estimate the bias required for overcoming
local barriers in the free energy iso-surface. With a single dimensional
surface, the gradient of the free energy A is calculated from the average
force exerted on ζ, i.e.,

dA ζð Þ
dζ

¼ − Fζ
D E

ζ

Fζ accumulated in small bins over the range of interest is used to
estimate the biasing force required to overcome local free energy
barriers.

In this study, dcollapse ranged from 8 to 21 Å and was divided into 52
windows, each 0.25 Å wide. Unbiased sampling was obtained for 500
steps before estimation and application of the bias in order to avoid
non-equilibrium effects. The ABF simulations were carried out for more
than 200 ns, and the free energy profile reported converged over a peri-
od of 50 ns. Themaximum extent of error for the free energy calculation
was estimated using the methodology proposed by Rodriguez-Gomez
[55,56].

3. Results

3.1. Effect of F19A mutation on free peptide collapse

The Aβ monomer displays a strong propensity to form collapsed
states in water that can potentially nucleate and initiate heterogeneous
self-assembly pathways. As in our previous studies, we monitor the
compaction of the peptide via the value of ‘dcollapse’, the center of mass
distance between the N-terminal (L17VXFAEDVGS26) and C-terminal
(K28GAIIGLMVGGVVIA42) domains, with the ‘X’ at position 19 repres-
enting the modification. We have demonstrated earlier that dcollapse is
temporally well correlated with E1, the interaction strength between
HP1 and HP2, and that E1 provides the major component of E2, the inter-
action between HP1 and the full C-terminal domain. We mention here
that interaction strength between two groups includes the sum of the
non-bonded (electrostatic and van der Waals) interaction energies. Col-
lapse was taken to have occurred if dcollapse decreased by 30% or more
from the original value of 16.7 Å. To understand the effect of the F19mu-
tation on this essential self-assembly step, we first depict the normalized
probabilities of dcollapse values obtained during the last 10 ns of the simu-
lated F19A trajectories in Fig. 2A. The plot describes two distinct groups
of ‘collapsing’ and ‘non-collapsing’ structures. The mean dcollapse of 9.6
(±0.3) Å of the former group is comparable to that of the mean value
obtained for the pure, unmutated peptide, while the mean value of 17.0
(±1.2) Å for the latter group represents structures that remain signifi-
cantly more ‘open’ at the end of the simulations. In Fig. 2B, we have
depicted evolution of the peptide's radius of gyration (Rg) with that of
dcollapse, E1 and E2 for representative ‘collapsing’ and ‘non-collapsing’ tra-
jectories. Further, as in the unmutated systems, the strong correlation of
Rg and dcollapsewith one but not all the three principle moments of inertia
depicts that the peptide's compaction arises mainly due to the strand–
strand collapse (see Fig. S1 in Supplementary Material).

In Table 1, we have compared the mean values of Rg, dcollapse, E1 and
E2, as well as the probability of peptide collapse obtained from the F19A
simulations and the previously reported simulations of the unmutated
peptide. We had reported earlier that while the F19I appeared to have
no significant effect on the collapse probability of the peptide in
water, the F19Ymutation diminished this probability by 33%. In the cur-
rent study, only one out of the three simulated F19A trajectories is
found to achieve collapse. We note here that the interactions E1 and
E2 for the collapsing F19A trajectory are marginally weaker than the



Fig. 2.A)Normalized distributions of dcollapse (in Å) value obtained from the last 10 ns of the simulated free F19A peptide. B) Evolution of peptide radius of gyration, Rg (in Å), dcollapse (in Å),
and the interactions E1 and E2 (in kcal mol−1) over the simulation time, for a sample collapsing (in black) and non-collapsing (in cyan) free F19A peptide.
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corresponding values obtained in the unmutated peptide. This data
shows that the effective hydrophobicity of the HP1 domain is requisite
for the efficient collapse kinetics of the nascent Aβmonomer in aqueous
environment.

3.2. Propensity for SWCNT adsorption

Wenext investigate the combined effect of decreased aromatic char-
acter and reduced effective hydrophobicity in HP1 on the peptide's ad-
sorption propensity on the SWCNT. The peptide-nanotube contact area,
or Acontact, calculated as described in the previous studies was used to
monitor adsorption. As in our previous studies, the peptide is consid-
ered to have fully adsorbed on the SWCNT if a minimum Acontact of
800.0 Å2 is achieved. From our earlier extensive simulations, we found
that the unmutated peptide compulsorily adsorbs on the surface of
the SWCNTplaced in its vicinitywithin tens of nanoseconds irrespective
of the initial peptide-nanotube orientation. In comparison, replacement
of Phe19 with either Ile or Tyr caused a marked decrease in the overall
adsorption propensity. However, in each case, an adsorption event re-
sulted in prevention of the peptide's collapse. We further noted that
the adsorption of the N-terminal domain, which was essential for
attainment of the saturated Acontact value, was dependent on the prior
interaction of HP1 with the SWCNT. In Table 2, we report the mean
Acontact and dcollapse values obtained over the last 10 ns of the NT2A
simulations, along with the mean interaction strength of the nano-
tube with the full peptide, the HP1 domain, and the C-terminal
region. For comparison, we have also reported corresponding mean
values obtained from the previous simulations of unmutated
peptide–SWCNT complex. As indicated by the difference in Acontact

value, the F19A mutation results in a 26% decrease in the mean
adsorption propensity. Further, the mean dcollapse value is 27%
lower compared to the unmutated peptide–SWCNT complex within
the simulated timescales.

Out of our six simulations of the NT2A complex, the peptide was
found to adsorb on the SWCNT surface in only two, indicating a lower
Table 1
Comparison of mean values of Rg (in Å), dcollapse (in Å), E1 (in kcal mol−1) and E2
(in kcal mol−1) over the last 10 ns of free F19A and unmutated simulations. Standard
deviations are provided in braces.

System Rg dcollapse E1 E2

F19 12.1
(0.5)

8.3
(0.9)

−10.1
(−2.8)

−17.4
(−4.4)

F19A 15.0
(2.7)

14.5
(3.6)

−2.9
(2.7)

−6.1
(6.2)
probability of complete adsorption compared to the systems studied
earlier. In Fig. 3, we depict normalized distributions of the value of
Acontact obtained by combining data from the last 10 ns of all the simu-
lated trajectories; for comparison, the corresponding distribution from
NT2 has also been shown. The data indicates the presence of three
distinct groups, which we denote here as groups 1, 2 and 3, with
mean Acontact values of 500.5 (±28.8) Å2, 660.0 (±29.1) Å2 and 889
(±60.3) Å2. In the same figure, we also show temporal evolution of
the contact area of the key domains (N-terminal domain; HP1; HP2
and C-terminal domain) with the SWCNT over sample trajectories
corresponding to each of the three groups.

In Table S1 in Supplementary Material, we have reported the mean
Acontact and dcollapse of the different domains for the three groups obtain-
ed over the final 10 ns of the simulations along with the mean contact
area of the key domains. For comparison, earlier data corresponding to
the NT2 system has also been presented. As earlier, we find that
stable adsorption of the HP1 domain is a prior requisite for complete
N-terminal adsorption of the peptide; the latter provides a large frac-
tion of the Acontact corresponding to complete adsorption. However,
we note that in the case of group 2, the HP1-SWCNT interaction
yields only partial N-terminal adsorption on the nanotube. Interesting-
ly, unlike the previous systems studied, we find that the complete
adsorption of the F19A system on the SWCNT gives rise to a low value
of dcollapse. While this value ismarginally higher than that corresponding
to collapse of the free peptide (native ormutated), it is 41% less than the
mean dcollapse attained at the end of the NT2 simulation (we underscore
here that in the earlier systems studies, complete adsorption was
shown to erase the natural collapse propensity). This unexpected
behavior has been examined in greater details in subsequent sections.

3.3. Post-adsorption peptide collapse in NT2A

We introspect the phenomenon of post-adsorption collapse observed
in the NT2A systems. In Fig. 4, we present plots of Acontact and dcollapse as a
Table 2
Comparison of the mean Acontact (in Å2), dcollapse (in Å), full peptide-nanotube interaction
(E3a), HP1-nanotube interaction (E3b), C-terminal domain-nanotube interaction (E3c)
obtained over last 10 ns of all the simulated NT2A and NT2 trajectories. Energies are in
kcal mol−1. Standard deviations are provided in braces.

System Acontact dcollapse E3a E3b E3c

NT2 935.6
(52.7)

19.05
(5.0)

−130.0
(8.5)

−17.0
(2.6)

−37.8
(7.4)

NT2A 691.6
(176.3)

13.9
(2.6)

−96.0
(23.4)

−8.0
(5.6)

−39.5
(3.8)

image of Fig.�2


Fig. 3. A) Normalized distribution of Acontact values obtained from the last 10 ns of the simulated NT2A systems (in violet) compared to the NT2 systems (in maroon), and B) evolution of
nanotube contact area of keydomains for representative trajectories belonging to a) gr. 1, b) gr. 2, and c) gr. 3. See text for details. Contact areawithHP1 is inmagenta;with residues 1 to 16
in light brown; with residues 30 to 35 in orange; and with residues 36 to 41 in cyan.
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function of simulation time for the trajectories that are found to
completely adsorb within the simulated timescale. The saturation
in Acontact is followed by a lag period (of ~30–40 ns duration), after
which the peptide is found to dramatically compactify by attaining
a dcollapse of 11.2 Å. However, the lowered adsorption probability
yielded just two completely adsorbed trajectories, and therefore it
remained to be unequivocally determined whether the collapse ob-
served upon F19A adsorption is indeed surface induced. To this end,
we present the PMF profile calculated via ABF as described earlier in
Fig. 5, with the complex achieved just after attaining saturated Acontact
(dcollapse of 17.0 Å) as the starting conformation. The free energy data in-
dicates a downhill transition to the ‘closed’ states for the peptide. The
highest probability is found in the vicinity of a dcollapse value of 10.75 Å,
which is very close to the mean dcollapse value of the fully adsorbed pep-
tide obtained through unbiased sampling of theNT2A systems (see Sup-
plementary Material). In contrast, the ‘open’ states (corresponding to
dcollapse values greater than the original value of 16.7 Å) of the adsorbed
peptide correspond to high free energy values and thus the probability
of sampling those states is low. It is easily seen that for the complex stud-
ied, there is an energetically favorable downhill transition to the ‘closed’
states from the starting dcollapse value. This is in contrast to unmutated
NT2 system, in which the free energy profile over dcollapse describes a
downhill transition to the ‘open’ states [14]. We note, however, that
the surface induced collapse is marginally weaker compared to the
free peptide collapse (see Table S2 for a comparison of E2 values).
Fig. 4. Evolution of Acontact (in upper panel) and dcollapse (in lower panel) over simulation
time for a sample, fully adsorbing NT2A trajectory.
3.4. Enhanced movement on nanotube surface arising from weakened
tethering of HP1 in NT2A

For mechanistic insights into the role played by the SWCNT in facili-
tating collapse of the fully adsorbed peptide in NT2A, we begin by re-
examining the mean interaction strengths of different domains with
the nanotube surface. In the case of the fully adsorbed NT2A, we note
that a large part of the difference in overall peptide-nanotube interaction
(in comparison with NT2) is accounted for by the weakened interaction
of HP1 with the nanotube. In Fig. 6, we have compared distributions of
the HP1-nanotube contact area for 20 ns after adsorption, between the
NT2A (fully adsorbing) and the NT2 systems. The mean HP1-nanotube
contact area values for the two systems are 147.4 (±23.0) and 179.5
(±18.5) Å2, respectively. In the same figure, we also depict evolution
of the radial distance of the center of mass of HP1 from the nanotube
for these systems. The sharp drop in the in the radial distances is indica-
tive of HP1 localization on the nanotube surface following complete ad-
sorption. This data, along with the lower mean contact area and the
distinctly broader HP1-nanotube contact area distribution, indicate that
the peptide in NT2A is less stably adsorbed and weakly tethered to the
nanotube surface. We do not notice any meaningful differences in inter-
action of the nanotube with the C-terminal domain.
Fig. 5. The free energy profile along dcollapse for the peptide in a completely adsorbed NT2A
trajectory obtained with ABF calculations. Snapshots of the adsorbed peptide–SWCNT
complex corresponding dcollapse values of 11.0 Å, 17.0 Å and 20.0 Å along the profile are
shown.
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Fig. 6. A) Comparison of the HP1-nanotube contact area distribution, calculated for 20 ns
after adsorption, between the fully adsorbing NT2A (in violet) and the unmutated NT2 (in
maroon) systems, and B) comparison of the evolution of the radial distance of the HP1
domain's center of mass from the nanotube surface, for a sample fully adsorbing NT2A
(in violet) trajectory and NT2 trajectory (in maroon).
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To directly compare the extent of domain mobility on the nanotube
surface in the two cases, we depict in Fig. 7 the distances (Δd)moved by
the HP1 domain center of mass between consecutive frames (i.e. every
picosecond), as a function of simulation time for representative NT2A
and NT2 trajectories. Although the adsorption event in both cases is
marked by diminished movement of this domain, its weakened tether-
ing allows it to have greater translational mobility on the surface in the
NT2A complex compared to NT2. However, the C-terminal tethering
combined with the ‘hairpin’-like conformation of the peptide restricts
its mobility parallel to the nanotube axis (i.e. along the x-axis). Thus,
the Δd is well correlated with the transverse movement on the nano-
tube surface (i.e. with Δdyz), as shown in the same figure. Correspond-
ing data for the C-terminal domains show no clear differences in the
extent ofmovements in NT2 and NT2A (see Fig. S2). The ‘restricted ran-
domwalk’ of the HP1 domain in the adsorbed NT2A systemdramatical-
ly increases its likelihood of coming within approach distance of HP2
and the C-terminal domains. Thus, after a post-adsorption lag phase
Fig. 7. A) The distances (Δd) moved by the HP1 center of mass between consecutive steps
as function of simulation time, for representative fully adsorbing NT2A (in violet) andNT2
(in maroon) trajectories, and B) evolution of the component Δdyz over the simulation
time.
(corresponding to an ‘open’ state with higher dcollapse value), strong
interactions between HP1 and the C-terminal two domains result in
compaction of the peptide.
3.5. Dewetting effects in free and surface induced collapse

We have earlier shown that peptide adsorption on the surface is ac-
companied by a distinct dewetting transition at the HP1 domain in NT2,
NT2I and NT2Y systems [15]. Here, we examine the dewetting due to
complete peptide adsorption, and that induced by the subsequent col-
lapse in NT2A. In Fig. 8, we present comparisons of the radial distribu-
tion functions (RDFs) of water oxygen around the terminal carbon
atoms of HP1 domains F19A (collapsing) and NT2A (adsorbing) trajec-
tories, before and after collapse for the former, and before and after ad-
sorption and after collapse for the latter. Corresponding data for the F19
andNT2 systems is shown in Fig. S3.Wefirst note that in the unmutated
systems, the drop in the height of the first solvation peak located at
3.7 Å is nearly due to collapse (of the free system) and due to SWCNT
adsorption, and further, this is comparable due to the dewetting from
collapse of the free F19A peptide. With the Ala mutation, however, full
peptide adsorption does not result in complete dewetting as seen
from the larger first solvation peak of the terminal carbons of HP1
post-adsorption. Interestingly, the collapse transition following the ad-
sorption brings a distinct lowering in the first solvation peak and even-
tuallymakes it comparable to that obtained from the free collapse. Thus,
the event of complete peptide adsorption in NT2A, the reduced degree
of peptide solvation is achieved via a ‘two-step’ dewetting involving
the peptide's collapse. This is also evidenced by comparing the hydra-
tion number within 3.0 Å of the heavy atoms of HP1 before and after
adsorption and collapse in the free peptide and the peptide–SWCNT
complex, reported in Table 3. The hydration numbers in F19A are slight-
ly lower despite the lower hydrophobicity of Ala compared to Phe; this
is due to the lower van derWaals volume of Ala [57]. In Fig. S4, we have
compared evolutions of the number of surface waters around HP1 for a
sample NT2A (adsorbing) trajectory. We note here that recent studies
have demonstrated the importance of surface hydration in the self-
assembly thermodynamics of Aβ. The net entropic gain due to expulsion
of surface waters during peptide compaction and during monomeric
association and the consequential energetic favorability have been elab-
orated [58]. It is plausible therefore that the second dewetting transition
in NT2A contributes to the thermodynamic favorability of collapse in
the adsorbed peptide. We note here that compared to the unmutated
peptide, the peptide in (absorbing) NT2A complex is relatively more
stabilized due to the post-adsorption collapse (see Table S3). Further
detailed studies will be required to directly validate the role played sur-
face waters in the observed phenomena.
Fig. 8. Radial distribution functions (RDFs) of water oxygens around the terminal carbons
of the HP1 domain obtained from A) collapsing F19A free peptide simulation, B) fully
adsorbing NT2A simulation. The RDFs are over the initial 10 ns in both (solid thick line),
10 ns after adsorption in NT2A (solid thin line), and 10 ns after collapse (broken line).
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Table 3
The initial hydration (Wi) number of HP1 compared to that after collapse (Wc), and after
adsorption (Wa), for the peptide in the NT2A (fully adsorbing) and NT2 systems, and for
the free peptide in the F19A (collapsing) and F19 systems. Data is averaged over 10 ns.
Standard deviations are provided in braces.

System Wi Wa Wc

NT2 21.7
(4.1)

15.2
(3.8)

–

NT2A 19.1
(3.5)

16.0
(3.4)

12.1
(3.0)

F19A 18.5
(3.5)

– 12.6
(3.1)

F19 21.9
(3.8)

– 15.2
(3.3)
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4. Discussion and conclusion

In this paper, we have reported the behavior of the full-length Aβ,
modified at its central hydrophobic core (HP1) by the F19A replace-
ment, on the surface of a single-walled carbon nanotube of small diam-
eter. In the unmutated peptide, strong interactions of this domain with
the nanotube had earlier been reported to bring about rapid and spon-
taneous adsorption on the nanotube surface, with the HP1 playing a
key role in the formation of the stable peptide-nanotube complex. The
simultaneous reduction in both hydrophobic and aromatic character
within this domain dramatically reduces the propensity for complete
peptide adsorption and the propensity for free collapse. Compared to
the natural sequence where there is 100% adsorption, only two out of
six F19A altered peptide–SWCNT complexes are found to fully adsorb
within the simulated timescales. The incomplete interaction of the
HP1 domain is found to hinder the complete N-terminal interaction.
The mutual exclusivity of collapse and complete adsorption observed
earlier is found to be absent in the case of the F19A system. On the con-
trary, complete peptide adsorption is necessarily followed by peptide
compaction on the surface; this is corroborated with free energy calcu-
lations. Weakened tethering of HP1 results in its ‘restricted random
walk’ on the surface, thereby facilitating its interaction with the hydro-
phobic C-terminal domains.

Our study underscores the critical nature of the Aβ sequence in
bringing about its recognizable biophysical behavior. Even minor alter-
ations to the natural sequence could result in marked differences in
intrinsic thermodynamic and kinetic properties of the peptide. This is
particularly the case for theHP1 domain,whose physico-chemical prop-
erties arising out of its sequential integrity are key to several structural
transitions of the peptide after its cleavage from the precursor and re-
lease into the aqueous cytoplasm. Our results thus ratify the appropri-
ateness of recent therapeutic strategies that seek to alter intrinsic self-
assembly behavior and stability of Aβ by targeting the HP1 domain.

Before concluding, we note the recent body of research highlighting
interfacial behavior of proteins, including those of amyloidogenic pro-
teins such as Aβ [43,44,59,60]. It has been shown that protein adsorp-
tion on surfaces may lead to altered activity and stability, and may
induce self-assembly by reducing the dimensions available for transla-
tional mobility from three to two. In the light of these observations, it
is important to clearly correlate interfacial behavior with the nature of
the interface, the specificity of its interactions with particular protein
domains, and possible solvent effects. Our results describing how
small perturbations to the Aβ sequence are capable of dramatically
altering its interfacial behavior on a hydrophobic surface, should have
important bearings upon studies of nucleation and self-assembly at
interfaces.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bpc.2013.09.008. This material provides evolution of
principle moments of inertia of collapsing and non-collapsing F19A;
movement of C-terminal domain for fully adsorbing peptide in NT2A
and NT2 trajectories; water-terminal carbon radial distribution function
for HP1; solvation number around HP1; mean contact areas of key do-
mains for NT2A and NT2; HP1-C-terminal domain interactions for F19A
and NT2A systems; total internal energy of peptide in NT2A and NT2.
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