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Abstract
The role of water in promoting the formation of protofilaments (the basic building blocks of
amyloid fibrils) is investigated using fully atomic molecular dynamics simulations. Our model
protofilament consists of two parallel β-sheets of Alzheimer Amyloid-β 16–22 peptides (Ac-K16-
L17-V18-F19-F20-A21-E22-NH2). Each sheet presents a distinct hydrophobic and hydrophilic face
and together self-assemble to a stable protofilament with a core consisting of purely hydrophobic
residues (L17,F19,A21), with the two charged residues (K16, E22) pointing to the solvent. Our
simulations reveal a subtle interplay between a water mediated assembly and one driven by
favorable energetic interactions between specific residues forming the interior of the
protofilament. A dewetting transition, in which water expulsion precedes hydrophobic collapse, is
observed for some, but not all molecular dynamics trajectories. In the trajectories in which no
dewetting is observed, water expulsion and hydrophobic collapse occur simultaneously, with
protofilament assembly driven by direct interactions between the hydrophobic side chains of the
peptides (particularly between F–F residues). For those same trajectories, a small increase in the
temperature of the simulation (on the order of 20 K) or a modest reduction in the peptide–water
van der Waals attraction (on the order of 10%) is sufficient to induce a dewetting transition,
suggesting that the existence of a dewetting transition in simulation might be sensitive to the
details of the force field parametrization.

Introduction
Proteins play a critical role in most cellular processes, from signal transduction to enzyme
catalysis. Folding to the correct three-dimensional native state is crucial to their function.
Under pathological conditions, proteins can misfold, typically to structures in which the
hydrophobic residues, which form the hydrophobic core of the folded protein, are exposed to
the solvent. These misfolded proteins can self-assemble into a variety of aggregate
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structures, including large, insoluble fibrillar entities known as amyloids. A number of
diseases, including Alzheimer’s disease (AD) and type II diabetes, are associated with the
presence of amyloid. The proteins involved in amyloid diseases are dissimilar, in both
sequence and fold, yet the end products of aggregation bear striking structural similarities
including a fibrillar structure and cross-β X-ray diffraction pattern.1-3 Because many
proteins which are not associated with disease have been shown to form amyloid fibrils, it
has been suggested that under certain conditions, any protein is capable of forming an
amyloid.4

Amyloid fibrils are comprised of several protofilaments, which consist of two or more layers
of β-sheets. In the specific case of the Amyloid-beta (Aβ) peptide associated with AD, both
the small and large mature aggregates have shown cytotoxicity,5 indicating the importance
of studying various stages of the fibril growth process. The protofilaments grow in two
manners, longitudinally, by addition of monomer proteins at their extremities,6 and laterally,
by addition of β-sheet layers.7 This paper aims at a theoretical investigation of the role of
water (the “hydrophobic effect”) in mediating the lateral formation of protofilaments.
Although it is well accepted that the hydrophobic effect plays a significant role in protein
self-assembly in water, the precise mechanism by which it operates, as well as the exact role
of water in facilitating this assembly, remains controversial. When two strongly hydrophobic
surfaces, greater than 1 nm in length (such as would be the case for the extended β-sheets of
a protofilament), are brought together to a critical distance, it has been suggested that a
dewetting transition occurs between the two surfaces and the resulting vacuum drives the
subsequent self-assembly or hydrophobic collapse. This scenario has been anticipated
theoretically,8,9 and the critical role of dewetting in the hydrophobic effect has been studied
using analytical theories and simulations of simple solutes10–21 as well as simulations of
more evolved protein systems.22,23 In general, it is nontrivial for the protein complexes to
display a nanoscale dewetting transition, since it requires two or more extended hydrophobic
surfaces facing each other. Therefore, it is only anticipated in the final stage of protein
complex folding, once each unit has been formed and the final hydrophobic collapse is
occurring.22,23

Alternatively, it has been suggested that the role of water in assembly would be
“lubrication”: in this scenario, water would not drive assembly but rather facilitate proper
packing of the hydrophobic surfaces in the final stages of assembly. Such a lubrication
picture has been observed in coarse-grained and fully atomistic simulations of the formation
of the hydrophobic core src-SH3 protein.24–26 To the best of our knowledge, the role of
water in protofilament assembly, be it related to a dewetting transition, a lubrication effect,
or other, has not yet been studied using fully atomistic simulations.

Our simulations focus on a model system consisting of the Aβ16–22 peptide (Ac-K16-L17-
V18-F19-F20-A21-E22-NH2), the shortest fragment of the Aβ peptide capable of aggregating
into fibrils. The self-assembly of the Aβ peptide is implicated in Alzheimer’s disease, a
debilitating neurodegenerative disease, in which atrophy of the brain leads to functional and
behavioral disturbances.27 There is increasing experimental evidence that the production and
accumulation of the A β peptide is essential to the pathogenesis of AD.28

The Aβ16–22 peptide consists of a purely hydrophobic core (LVFFA) flanked by two
oppositely charged residues (K and E). Solid state NMR experiments by Tycko and co-
workers indicate that the peptides comprising the Aβ16–22 protofilament are oriented in an
antiparallel manner, with interpeptide separation within a β-sheet layer of 0.47 nm and an
interlayer separation between two β-sheet layers of 0.99 nm.29 Our earlier computational
work on the Aβ16–22 protofilament, using a fully atomic protein model in explicit solvent,
30 established that the most stable protofilament consists of parallel β-sheets composed of
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anti parallel Aβ16–22 β-strands, such that the charged side chains (K16 and E22) point
toward the solvent, while the L17, F19, and A21 residues form the hydrophobic interior of the
protofilament. In the present work, we consider a model protofilament consisting of two
relatively stable, parallel, flat β-sheets, each composed of nine anti parallel A β16–22 β-
strands (see Figure 1a,b). Each β-sheet is approximately 3 nm long and 2 nm wide. When
separated, each sheet has one strongly hydrophobic surface and one hydrophilic surface.
Because of the size of the hydrophobic surface in this system (greater than 1 nm), the clear
distinction between the hydrophobic and hydrophilic surfaces of each sheet, and the strongly
hydrophobic character of the interacting residues, the Aβ16–22 protofilament is an ideal
biological system in which to study hydrophobic collapse; it possesses the underlying
characteristics of hydrophobic plates as well as the complexities associated with proteins.

In this work we probe the possibility of a dewetting transition associated with hydrophobic
collapse of two β-sheets to form the Aβ16–22 protofilament. We use a fully atomic protein
representation in explicit water (see “Model and Methods” for full detail) in conjunction
with both constrained and unconstrained molecular dynamics (MD). Unconstrained
simulations were performed at initial intersheet separations close to or below the critical
distance of dewetting at various conditions, which allow us to observe the collapse of the
two sheets to form the protofilament. To investigate the possible driving forces of the
observed hydrophobic collapse, we perform MD simulations to examine the contributions of
the van der Waals and electrostatic components of the Hamiltonian as well as the
temperature. Our results show that both the protein–water van der Waals interaction and the
temperature strongly influence how water mediates the assembly of the Aβ16–22
protofilament.

Results
Hydrophobic Collapse of the Protofilament

At 300 K, “wetting” simulations (with the intersheet region initially dry) and “dewetting”
simulations (with the intersheet region initially wet) were performed at various peptide β-
sheet separations with the peptides positionally restrained and the water free to move about.
The purpose of these simulations is to determine the dewetting critical distance, Dc. When
the intersheet separation is less than Dc, water molecules will be expelled from the interior
of the two positionally restrained sheets in a dewetting simulation and the interior region
will remain dry in a wetting simulation. At separations greater than Dc, the interior will
remain hydrated in a dewetting simulation and become hydrated in a wetting simulation.21

At Dc, a dry interior should fluctuate between the wet and dry states with a large free energy
barrier separating these states. If the barrier is sufficiently large a dry interior should remain
dry and a solvated interior should remain wet during a finite time MD run. Finding an
approximate value of Dc is critical for subsequent unconstrained MD simulations which
should begin at an initial intersheet separation, D0, close to or below Dc, in order to observe
collapse on a relatively short time scale. For this system, Dc is found to be approximately
1.28 nm. In dewetting simulations (Figure 2a and Supporting Information), even at the
shortest intersheet distances tested, the number of water molecules in the intersheet region
decreases slowly with time but never approaches zero; a complete dewetting transition does
not occur. This apparent lack of a dewetting transition may be due to the fact that the protein
sheets are held in a fixed geometry which is slightly different from the optimal geometry
observed in a long unconstrained MD simulation.30 Trapped water could result from the
improper packing of the rough surface formed by the amino acid side chains at the interior
of the two protein sheets.

Next, we perform unconstrained MD simulations, in which the two sheets are initially
separated by a distance, D0, of 1.28 nm, which is close to Dc. Simulations are performed
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with multiple sets of initial coordinates, each with different initial velocities. These
simulations show that, after being separated, solvated in explicit water molecules, and
minimized, the two sheets of the Aβ16–22 protofilament will expel all water molecules
between themselves and reassociate on a time scale of ~200 ps (Figure 2b). A two-speed
collapse, as observed during the assembly of two hydrophobic nanoscale oblate plates,21 is
not seen in this system. Figure 1a,b show a typical starting structure after solvation and
minimization, and Figure 1c,d, after 1000 ps when most waters have been expelled (the
remaining water molecules are at the edge of the protofilament). During the course of our
1000 ps MD simulations we do not observe disassembly of the protofilament and no
significant distortion of the sheets is observed other than the twisting of the sheets which we
observed in our earlier simulations.30

To investigate whether dewetting induces hydrophobic collapse, the number of waters in the
intersheet region versus the intersheet distance was plotted for four representative
trajectories obtained at Dc (Figure 3a-d, with additional trajectories shown in the Supporting
Information). If the expulsion of water drives the collapse, we expect to see a dramatic
decrease in the number of water molecules followed by a decrease in the intersheet distance.
In some of the trajectories (Figure 3a,b) water expulsion does not appear to drive the
collapse, and the number of intersheet water molecules decreases simultaneously with the
intersheet distance. However, other trajectories (Figure 3c,d) do show a decrease in water
number followed by a decrease in intersheet distance. From these plots, we can conclude
that it is possible for drying to precede collapse in this system; in some instances, dewetting
plays a role in protofilament self-assembly.

Decreasing the peptide–water van der Waals interactions induces a dewetting transition
It has been observed previously that the existence of a dewetting transition is sensitive to the
strength of solute–solvent attractions; by turning off various components of protein–water
attraction, a dewetting transition becomes more pronounced or emerges in a system which,
unaltered, does not show such a transition.21,31,32

To determine the effect of peptide–water van der Waals interaction on the hydrophobic
collapse of the β-sheets, we turned off the van der Waals attraction between water and
solute. Wetting and dewetting simulations show that Dc is increased from ~1.28 nm to ~2.38
nm. Such an increase in Dc upon removing solute–solvent attractive forces has been noted
previously.32 In these simulations we observe complete dehydration of the intersheet region
during the positionally restrained wetting and dewetting simulations, indicative of a
dewetting transition (Supporting Information). Moreover, unconstrained MD simulations
show a much faster and more dramatic collapse of the two sheets when this interaction is
turned off (Supporting Information), as well as a distinct decrease in the interlayer water
number followed by a decrease in the interlayer distance (Figure 3e–h, with additional
trajectories shown in the Supporting Information). To determine how sensitive this strong
dewetting transition is to the strength of the van der Waals attraction, we scaled the protein–
water van der Waals attraction by a factor of λa, between 1.0 and 0.6, while keeping the
protein–water van der Waals r−12 interaction unchanged (see Model and Methods) and using
a constant value of D0 = 1.28 nm. Figure 4a,b show that for two separate starting structures
(which did not show dewetting when the full potential was used), when λa is decreased to
approximately 90% of its original value, a dewetting transition is observed, indicating that
the action of water is causing the peptide layers to come together. Scaling both the van der
Waals attraction and repulsion shows a similar effect and is discussed in detail in the
Supporting Information.
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Turning off peptide–water electrostatic interactions does not alter the assembly
mechanism

In a similar manner, the electrostatic interaction between the peptide and water was
completely turned off while maintaining the van der Waals interactions on. We found Dc to
be roughly 1.38 nm, slightly larger than that for the full potential. In contrast to the dramatic
effect of turning off only the van der Waals attractions, turning off the protein water
electrostatic interactions has a minor effect on the critical distance of the dewetting
transition, consistent with the previous findings.32 Figure 3i–l (with additional trajectories
shown in the Supporting Information) show the number of waters between the peptide layers
versus interlayer distance for four unconstrained MD simulations. We find almost the same
dewetting behavior in the system with protein–water electrostatic interactions turned off as
we do in the system with the full electrostatic interaction on; i.e., some trajectories (Figure
3i,j) show no evidence of a dewetting transition while others (Figure 3k,l) do. This is
probably due to the fact that the charged amino acids (K16 and E22) in each layer are facing
away from the other layer; thus the interlayer electrostatic interaction is due primarily to the
backbone atoms which are small compared to the side chain–side chain interactions (see
Figure 5b).

Increasing temperature leads to a dewetting transition
Up to this point, all simulations have been performed at 300 K. It has been suggested that
increasing temperature, or any other act which moves the bulk water toward liquid–gas
coexistence, strengthens hydrophobic forces among large solutes19,33 and decreases the
(de)solvation free energy.18,34 Although the temperature dependence of the dewetting-like
phase behavior of single globular proteins has been studied,35 this issue has not been fully
explored with respect to the hydrophobic collapse of multiple proteins or multidomain
proteins. To test the effect of increased temperature on the possible dewetting of our system,
we increased the temperature in 10 K increments from 300 to 370 K using the full potential
with the same set of initial configurations as shown in Figure 3a,b, with D0 = 1.28 nm.
Figure 4c,d show two trajectories that did not appear to exhibit a dewetting transition at 300
K but appear to show a dewetting transition at temperatures as low as 320 K. We see that
making a small increase in temperature appears to alter the mechanism for hydrophobic
collapse.

What drives protofilament assembly? An Energetic Analysis
In order to probe the driving force for the interlayer association in the case of the full
potential, we analyzed various components of the nonbonded contributions to the potential
energy function during an unconstrained MD trajectory after the system underwent a 100 ps
equilibration in which the protein is positionally restrained and water molecules are allowed
to relax. A representative plot comparing various potential energy components is shown in
Figure 5. First, we compared the water–water, water–peptide, and interlayer peptide–peptide
components of the potential energy (Figure 5a) and conclude that there is negligible change
in solvent–solvent and peptide–solvent energy brought on by the interlayer association.
Conversely, the peptide–peptide potential energy from the interaction between the two
peptide layers clearly decreases over the same time scale as association occurs. To further
probe the source of this energetic decrease, we partition the potential energy function into
terms associated with the backbone atoms (C, O, N, H), the internal-facing side chains (L17,
F19, A21), and external-facing side chains (K16, V18, F20, E22). It is clear (Figure 5b) that
interactions among the internal-facing side chains of the two layers contribute most to the
interlayer potential energy. Finally (Figure 5c) we plot the contributions of the specific
internal-facing side chains. Clearly, the F19–F19 and L17–F19 interactions are the strongest
and, therefore, contribute an alternative driving force to the self-assembly of the
protofilament sheets. The importance of F–F interactions in protein aggregation has been
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emphasized in the experimental work of Gazit and co-workers,36 and the F–F packing in our
system is shown explicitly in Figure 1d.

Discussion and Conclusion
The nature of the hydrophobic effect can differ depending on the size of the solute studied.
18,19,31,37–39 Water can accommodate small nonpolar solutes without significant
disruption to its hydrogen-bond network, whereas, for large solutes (>1 nm) such as our
Aβ16–22 model protofilament, persistence of such a hydrogen bond network is
geometrically impossible and hence some hydrogen bonds have to be lost. In 1995 it was
shown by simulation that when two strongly hydrophobic nanoscale plates are brought
together to a separation sterically allowing more than one layer of water between them, the
water is expelled.10 This dewetting transition gives rise to the very strong driving force for
hydrophobic collapse. These observations have been confirmed by subsequent
simulations13,15,17,21 and by theory.9,19 A dramatic water drying transition was also
observed inside the nanoscale channel formed by the melittin tetramer23 due to the protein
surface hydrophobicity and topology. Furthermore, several other proteins within the protein
data bank were found to display dewetting transitions at the end stage of folding.22 However
this dewetting effect goes away when the attractive forces between solute and water are
made sufficiently strong.31,32,40–42

In this paper, we investigate the role of a drying or dewetting transition in the formation of a
protofilament from aggregating Alzheimer Aβ16–22 peptides. Our protofilament consists of
two antiparallel β-sheets, each with one highly hydrophobic side (the “interior side”
composed of the L17, F19, and A21 residues). Because of their high stability and strongly
hydrophobic character, the β-sheets resemble two hydrophobic plates. However, in contrast
to the idealized hydrophobic species studied previously, the peptide backbone causes this
system to stray from being fully hydrophobic; even the most hydrophobic regions in proteins
have weak polarity and significant dispersion interactions.

The bilayer protofilaments formed by the Aβ16–22 peptide have dry interfaces once
assembled. This is a result of both the close packing of the interior side chains and the fact
that these side chains (L17, F19, A21) are neutral, hydrophobic molecules. In the case of
longer fragments of the Aβ peptide, such as the Aβ9–4043 and Aβ17–4244 fragments,
hydrated hydrophobic cavities have been reported in molecular dynamics simulations.43,44

These peptides adopt a β-strand-loop-β-strand U-shape in the fibril (in contrast to the simple
β-strand arrangement seen here). In both Aβ9–40 and Aβ17–42 protofilaments, water is
observed in the mostly hydrophobic cavity formed by the loop region. The water filling
these cavities may play a role in enhancing fibril stability, by neutralizing the charges inside
the core of the fibril (in the case of the Aβ9–40 peptide, the D23 and K28 charges).
Interestingly, short aggregating peptides that are rich in polar residues, such as the
GNNQQNY fragment of the yeast protein Sup35, can form both dry and wet interfaces.45

The dry interface results in this case primarily from the unique shape complementary of the
polar side chains.

Our results show that after being separated by a distance equal to approximately the
dewetting critical distance, Dc, the two sheets of the Aβ16–22 protofilament will self-
assemble on a time scale of ~200 ps (Figure 2b). The time scale for this hydrophobic
collapse is long compared to the ideally hydrophobic oblate plates which fully associate in
approximately 30 ps;21 however it is approximately equal to the time scale of hydrophobic
collapse for the melittin protein tetramer23 and faster than the BphC enzyme32 which
associates in ~1000 ps. This result implies the time scale of dewetting events for complex,
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evolved systems such as proteins which include solute–solvent attraction is much shorter
and less dramatic than that of simple hydrophobic plates.

We observe a dewetting or drying transition preceding, and in effect prompting, a
hydrophobic collapse in some but not all of our simulations. Turning off the protein–water
electrostatic interaction does not significantly affect this result since the intersheet surfaces
consist of mostly hydrophobic residues; however a slight decrease in the assembly time (by
a factor of ~2, from about 200 to 100 ps) is observed. Conversely, if we turn off the protein–
water van der Waals attraction, we see a dewetting transition in every simulation. This
observation is consistent with new results based on simulations of planar nanoscale
hydrophobic plates composed of hexagonally packed carbon atoms.31 These simulations
show that when attractive van der Waals forces exist between the solute and solvent, these
forces, though individually small, can be enough to compensate for the loss of hydrogen
bonds due to confinement of water between the two plates and thus prevent a dewetting
transition from occurring. By varying the strength of the protein–water van der Waals
attraction, we determine that decreasing these forces to approximately 90% of their original
strength is significant enough to allow dewetting to occur. In a similar vein, it has been
implied that increasing temperature, or any other act which moves the bulk water toward
liquid–gas coexistence, strengthens hydrophobic forces among large solutes19 and decreases
the (de)solvation free energy.18,34 Indeed, upon increasing the temperature of our
simulations even by just 20 K, we do observe a dewetting transition. These results show how
small parameter changes can lead to the emergence of a dewetting transition.

As mentioned, a dewetting transition is observed only in some of the trajectories (based on
the original potential energy function), yet the peptide layers always self-assemble; thus,
dewetting induced collapse is not the only force in protofilament association, at least for this
potential. In the trajectories that do not display a dewetting transition, water appears to play
a “lubricating” role rather than serve as a driving force for collapse. The imperfect packing
of the protofilament core leads to trapped water molecules that are expelled from the wet
core along with the collapse of the protofibril. An analysis of the contributions of various
components to the potential energy between the peptide layers (Figure 5) indicates that the
interactions between the hydrophobic side chains of the two layers (L17, F19, A21),
specifically the F–F and F–L interactions, contribute most to the decrease in potential energy
which is observed over the same time frame as the association. Hence direct favorable
energetic interactions between hydrophobic side chains are in some instances sufficient to
drive protofilament assembly and lead to the expulsion of the water molecules.

The simulations presented in this paper highlight the subtle interplay between water
mediated collapse of the protofilament and collapse driven by specific side chain
interactions. It is noteworthy that very minor changes in the simulation temperature (by only
20 K) and the force field parameters (reducing the van der Waals solvent–solute attraction
by only 10%) are sufficient to induce a dewetting transition in trajectories in which
assembly appeared to be driven primarily by direct protein–protein interactions. The
implication of this finding is that the presence or absence of a dewetting transition in
simulation is extremely sensitive to the precise details of force fields, highlighting the
critical role of the parametrization of protein–solvent interactions in modern force fields.

Model and Methods
Our previous studies of Aβ16–22 protofilaments30 reveal that the peptides adopt a primarily
antiparallel arrangement, consistent with other experimental29 and theoretical46–49

investigations. Our model protofilament consists of two parallel β-sheets, each composed of
nine antiparallel Aβ16–22 β-strands, as shown in Figure 1a,b. After running two different
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100 ns long simulations, we did not observe a significant number of water molecules at the
interior of the protofilament.30 The initial center of mass separation (calculated over
backbone atoms) between the two β-sheets was 0.78 nm and ranged from 0.89 to 0.95 nm
during the course of our two 100 ns simulations. The initial separation between individual
peptide chains in a sheet was 0.44 nm and had an average value of 0.47 nm. Both sheet and
strand separation distances are consistent with values reported from solid state NMR data
(0.99 and 0.47 nm, respectively).

Here, we use the same initial structure that we used for our 100 ns simulations. The peptides
are solvated in a periodic cubic box of simple point charge (spc)50 water molecules with a
minimum distance between the peptide and the edge of the box of at least 0.8 nm; the
structure does not interact with its periodic image. All water molecules that overlapped with
the peptide were deleted, and a steepest descent energy minimization was performed for 500
steps. The GROMOS96 force field51 was used to describe the solute. The temperature was
maintained close to 300 K (unless otherwise stated) by weak coupling to an external
temperature bath52 with a coupling constant of 0.1 ps. The LINCS algorithm53 was used to
constrain bond lengths within the solute, while the SETTLE algorithm54 was used to
constrain the bond lengths and angle in water. The integration time step was 2 fs, and
snapshots were saved every picosecond. A cutoff of 0.9 nm was used to evaluate the
nonbonded interactions. Fast Particle-Mesh Ewald (PME)55 electrostatics were used with
calculations in direct space similar to the Classical Ewald sum electrostatic, while the
reciprocal part was performed with FFTs with a maximum grid spacing of 0.12 nm and a
cubic interpolation. The relative strength of the Ewald shifted direct potential at the cutoff is
10−5. All simulations were performed using the GRO-MACS3.2 software package.56,57

Following solvation and minimization, “wetting” and “dewetting” simulations were
performed for 1 ns each at five peptide β-sheet separation distances with the peptide
positionally restrained and the waters free to move about. The intersheet distance is the
distance between the center of mass (calculate over backbone atoms) of the two sheets. The
purpose of these simulations is to find the dewetting critical distance, Dc.21 For the wetting
simulations, all water molecules were removed from the intersheet region following
equilibration. Water molecules were counted as being between the sheets if the combined
distance between the water (oxygen atom) and the closest α-carbon in each of the two β-
sheets (Cα1 and Cα2) is less than the distance between the two sheets (as determined by the
distance between Cα1 and Cα2) to within a tolerance of 0.2 nm. The number of intersheet
water molecules is calculated using the same criteria.

After determining Dc from the wetting and dewetting simulations, a single initial intersheet
separation, D0, was used for unconstrained MD simulations. Independent simulations (12)
were performed with different initial coordinates and/or velocities at 300 K. For eight of
these starting points, additional simulations were performed at temperatures in 10 K
intervals between 300 and 370 K for a total of 56 additional simulations. We did not observe
a change in Dc for these high temperature simulations.

We turned off the van der Waals protein–water attraction by setting the C6 coefficient (Vvdw
= C12(1/r)12 – C6(1/r)6 where C12 = 4∊σ12 and C6 = 4∊σ6) to zero for all interactions
between the water and protein. Again, 5 wetting and dewetting simulations were performed
at various intersheet separations, and 12 unconstrained MD simulations were performed at
the chosen value of D0. For eight of these starting points, the C6 coefficient was scaled by a
factor of λa (Vvdw = λrC12(1/r)12 – λaC6(1/r)6) equal to 0.05, 0.6, 0.7, 0.8, and 0.9 for an
additional 40 simulations. This procedure was repeated scaling both the C6 and C12
coefficients corresponding to protein–water van der Waals attraction and repulsion, by λa

and λr, respectively.
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Finally, we turned off the protein–water electrostatic interaction. This was done using a
simpler procedure than the PME method; the direct protein–water electrostatic interaction
was turned off, and the remaining electrostatic interaction was treated using a spherical
cutoff of 1.3 nm. The use of a spherical cutoff of 13 Å instead of PME was tested on the full
interaction potential, and it was found that both the PME and spherical cutoff approximation
predicted the same critical distance for dewetting.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Aβ16–22 model protofilament. (a and b) The initial structure used to start the MD trajectory
seen in Figure 2b-i, with D0 of 1.28 nm. Front (a) and side (b) views are shown. Side chains
are colored as follows: K = red, L = orange, V = yellow, F = green, A = blue, and E = violet.
For clarity, only water molecules in the interpeptide region have been shown. (c) The same
structure after 1000 ps of unconstrained MD simulation at 300 K, started from the structure
shown in (a and b). (d) A single Aβ16–22 peptide pair, one from each layer, is isolated from
the protofilament shown in (c).
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Figure 2.
Trajectory data using the full potential energy function. (a) Plots of the number density of
water between the two nine-stranded peptide sheets as a function of time for wetting (black)
and dewetting (red) simulations at 300 K. From these plots, Dc is determined to be ~1.28
nm. (b, Top) Plots of the number of water molecules between the two peptide sheets as a
function of time for unconstrained MD simulations. Each plot shows a different trajectory
with D0 = 1.28 nm. (b, Bottom) Plots of the distance between the two peptide sheets as a
function of time for nonconstrained MD simulations. Each simulation corresponds to the
same trajectory as the plot above it.
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Figure 3.
Number of interpeptide water molecules versus interpeptide distance. (a–d) Plots for each of
the four trajectories at 300 K shown in Figure 2b (i–iv, respectively), where D0 = 1.28 nm.
Trajectories a and b do not appear to show a dewetting transition, while trajectories c and d
do. (e–h) The peptide–water van der Waals interaction is turned off, and D0 = 2.38 nm. (i–l)
The peptide–water electrostatic interaction is turned off, and D0 = 1.28 nm.
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Figure 4.
Number of interpeptide water molecules is plotted against the interpeptide distance for the
two trajectories in which a drying transition was not observed using the original potential
function. In each simulation the initial conditions are the same as those in Figure 3a and b,
D0 is 1.28 nm, and the temperature is 300 K. (a and b) The van der Waals attraction between
the peptide and water has been scaled by a factor of λa (such that λa = 1 is the full potential
used in Figure 3a,b). In each case the repulsive term of the van der Waals interaction is
unchanged. (c and d) Each simulation is performed at a different temperature.
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Figure 5.
A representative plot of energy versus time for an unconstrained MD trajectory at 300 K
after an equilibration period of 100 ps. (a) The water–water, water–peptide, and interlayer
peptide–peptide nonbonded components of the potential energy are compared. (b) The
potential energy components associated with backbone atoms (C, O, N, H), the internal-
facing side chains (L17, F19, A21), and external-facing side chains (K16, V18, F20, E22) are
compared. (c) The contributions of interactions among the specific internal-facing side
chains are compared.
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