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Amyloid-like fibrils from a number of small peptides that are un-
related by sequence adopt a cross-g-spine in which the two sheets
fully interdigitate to create a dry interface. Formation of such a
dry interface is usually associated with self-assembly of extended
hydrophobic surfaces. Here we investigate how a dry interface is
created in the process of protofilament formation in vastly differ-
ent sequences using two amyloidogenic peptides, one a polar
sequence from the N terminus of the yeast prion Sup35 and the
other a predominantly hydrophobic sequence from the C terminus
of Ap-peptide. Using molecular dynamics simulations with three
force fields we show that spontaneous formation of two ordered
one-dimensional water wires in the pore between the two sheets
of the Sup35 protofilaments results in long-lived structures, which
are stabilized by a network of hydrogen bonds between the water
molecules in the wires and the polar side chains in the p-sheet.
Upon decreasing the stability of the metastable structures, water
molecules are expelled resulting in a helically twisted protofila-
ment in which side chains from a pair of g-strands in each sheet
pack perfectly resulting in a dry interface. Although drying in
hydrophobically dominated interfaces is abrupt, resembling a
liquid to vapor transition, we find that discrete transitions between
the liquid to one-dimensional ordered water in the nanopore en-
closed by the two p-sheets to dry interface formation characterizes
protofilament assembly in the yeast prions. Indeed, as the two
sheets of the hydrophobic Ap-sequence approach each other, fibril
formation and expulsion of water molecules occur rapidly and
nearly simultaneously.

amyloid fibrils | dewetting transition | electrostatic interactions |
prion diseases

M any proteins and peptides that are unrelated by sequence or
structure undergo remarkable conformational changes
from their monomeric states to form a universal cross-f-structure,
which is a characteristic of amyloid fibrils (1-3). Unlike the folding
of monomeric peptides in which self-assembly is predominantly
driven by the need to sequester the hydrophobic residues from
water (4, 5), the interactions and the cascade of events that lead
to fibril formation are considerably more complex (6). Both
hydrophobic and electrostatic interactions, especially through
formation of a network of hydrogen bonds (7, 8), stabilize the
amyloid fibrils. The common global architecture of fibrils and
the demonstration that almost any protein can form fibrils under
suitable external conditions are sometimes taken as evidence that
backbone hydrogen bonding must drive both the thermodynamics
and kinetics of their formation. However, it is now realized that
a subtle interplay between nonspecific hydrophobic forces, the
stereospecific sequence-dependent hydrogen bond, and water-
mediated interactions are important in determining the mechan-
isms and kinetics of assembly into ordered aggregated structures
(8-10). Although there are significant sequence-dependent varia-
tions in the rates of fibril formation (2, 11), high-resolution struc-
tures of microcrystals grown from peptide fragments from a
variety of proteins show that they share a common structure of
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the cross-p-spine with a remarkably dry interface between the two
sheets (8). How does water mediate the formation of nearly iden-
tical cross-p-amyloid structures from vastly different sequences?
In order to answer this question, we study the association kinetics
of preformed f-sheets of two peptides, one of which is polar and
the other is predominantly hydrophobic.

Water plays a variety of roles in the folding of proteins (4) and
the assembly of multidomain proteins (12, 13). During protein
folding, a few water molecules are sometimes trapped in the in-
terior of proteins upon collapse of the polypeptide chains giving
rise to a “wet” globule. The squeezing out of the water molecules
then becomes rate-determining in the final stages of folding (14).
In the assembly of multidomain proteins, several possibilities
arise depending upon the nature of the interface and the surface
topography (13). The length scale variations in hydrophobic in-
teractions that mediate the formation of multidomain proteins
have been illustrated using the two domain enzyme BphC (15)
and the collapse of a melittin tetramer (16). During the inter-
domain formation process in BphC enzyme, with preformed
monomers, the number of trapped water molecules decreases
continuously as the domains approach each other (15). In con-
trast, there is an abrupt dewetting transition as the melittin
domains approach each other to form a compact tetramer, which
is in accord with theoretical predictions for association of large
(>1 nm) structureless hydrophobic objects in water (12, 17-19).

In interfaces between f-sheets in amyloid-like oligomers (for
example, the central hydrophobic cluster '*’KLVFFAE?? from
the Ap-peptide; refs. 20-22) and fibrils formed by predominantly
hydrophobic sequences (Af;;_4, for example, ref. 8), a drying-
like transition occurs. Although these findings support the notion
that extended hydrophobic surfaces are required for dewetting
transition (12), the discovery of a totally dry environment
between the f-sheets of amyloid fibrils formed by the polar
heptapeptide, GNNQQNY [residues (7-13) from the prion do-
main of Sup35), is a surprise (7, 8). In order to illustrate how
water mediates protofilament formation in amyloidogenic pep-
tides, we study the association kinetics of preformed p-sheets
of GNNQQNY and GGVVIA [residues (37-42) from the C ter-
minus of the AP peptide], which are structureless as monomers.
The structure of the GNNQQNY cross-p-spine (prion fibril or
PF) shows a remarkable interlocking of the two p-strands to form
a steric zipper in which the side chains from the two sheets fully
interdigitate with one another, thus giving rise to a dry interface
(7). Despite the drastically different chemical character of the
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two sequences, their architectures in the fibril state are virtually
identical. Assembly of preformed sheets of the polar sequence
occurs by multiple routes and involves formation of metastable
structures that are stabilized by favorable interactions between
two one-dimensional water wires and inward-pointing polar side
chains. In sharp contrast, protofilament formation and expulsion
of water molecules resulting in a dry interface in the predomi-
nantly hydrophobic Ap-sequence, which forms an Ap;; 4, fibril
(AF) occurs rapidly and nearly simultaneously.

Results and Discussion

Assembly Kinetics of Prion Fibril Is Heterogeneous. The sheets in the
protofilaments of the PE, which are initially arranged in a planar
conformation (7, 8) with 6D(0) = Dg(0) —Dz = 0.8 A (Dy =
10.0 A is the distance between the centers of mass in the crystal
structures of the two sheets, and Dg(0) is the corresponding
distance at the start (f = 0) of the simulation) acquired a spon-
taneous helical twist (23) at # ~ 1.5 ns as D(f) decreases to zero
(Figs. 1 and 2). The global conformation of the protofilament is
specified using (6D(t), @, ¥), where the helical angle @ is the
relative orientation of the helical axes of the two sheets, and
¥ is the intrinsic twist angle in a p-sheet (Figs. 1 and 2). The angle

@ = cos~ ! [FRC (1) - $2H (2], where 72 (1) and F2H) (2)

:
1
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Fig. 1. (A) Time evolution of the center of mass distance between the two
p-sheets for a few trajectories with varying 6D(0). The black curve is for
5D(0) = 0.8 A, the distance in the crystal structure. The values of sD(0) are
6.2 A for the trajectories in red and green and 8.0 A for the ones in blue
and gold. Ordered water wires form in the trajectories in green and blue.
Top views of the solvated and dry steric zipper are shown on the upper
and lower left, respectively, and a side view of the initial structure with
5D(0) = 8.0 A is in the center. The metastable structure on the top shows
trapped water wires, whereas the lower right shows water in a disordered
arrangement in the pore. The equilibrium structure of the protofilament
with a helical twist (5D(t — o) = 0) is in the lower center. (B) Time-dependent
changes in the helical angle, ®(t) as the two sheets associate. (C) Time evolu-
tion of the twist angle, ¥(t), during the protofilament formation. Colors for
the trajectories used are described in A.
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Fig. 2. Helical and twist angles for various force fields. (A) The two p-sheets
are shown in green and silver color. Peptides 3 and 6 in each sheet are in
licorice representation. The C, atom of residue Q4 in red is shown in van
der Waal representation. The two arrows represent the vector joining the
C, atoms of residue Q4 in peptides 3 and 6 in each sheet. The angle between
the two vectors represented by the arrows is ®, the helical angle. (B) The pep-
tides shown in red and blue are the two adjacent peptides in a p-sheet. In
each peptide, the C, atoms of residues N2 and Y7 are shown in van der Waal
representation. Each arrow represents the vector joining the C, atoms of re-
sidues N2 and Y7 in each peptide. ¥; is the angle between the two vectors. To
obtain the twist angle ¥, we average ¥; of all the adjacent strands in the both
the p-sheets. (C) Angle between the two p-sheets, ®, and (D) twist angle in a
sheet, ¥, as a function of time for different force fields for sD(0) = 0.8 A. The
protofilaments acquire a spontaneous twist (see Fig. 1A) in all force fields.
There are small variations in the equilibrium values of @, and ¥,.

are the unit vectors in f-sheets 1 and 2, respectively, join the C,,
atom of residue Q4 in peptides 3 and 6 in each sheet (Fig. 1). The
¥ =cos™ (X7, X2, W{L@Nzw () sl;:nNzﬁ(l)]/@
with ?%l()%aNan (j) being the unit vector joining the C, atoms of
the residues N2 and Y7 in peptide i in sheet j. When the two
sheets are fully associated SD(f — o) = 0 the equilibrium values
of @, and ¥, are 14.5° (black curve in Fig. 1B) and 10.53° (black
curve in Fig. 1C), although there are small (~1°) variations de-
pending on the force field (Fig. 2 and Table S1).

Association kinetics of the two sheets, described by the time-
dependent decrease of 6D(f) shows considerable heterogeneity
in the assembly pathways depending on 5D(0), which in the simu-
lations range from 3.8 to 8.0 A. The heterogeneity results in
distinct ways in which the two p-sheets pack. When 6D(0 )<5 A,
we observe that the association between the two sheets occurs in a
parallel manner, i.e., @ and ¥ fluctuate around 19.5° (Fig. 1B)
and 12.1° (Fig. 1C), respectively, at long times. In this pathway,
after a rapid initial decrease in the intersheet distance, 5D(f)
saturates to 2-3 A and the resulting metastable structure is
characterized by the formation of two water wires in the channel
between the p-sheets. For larger 6D (0), the probability of proto-
filament assembly with @ > 19.5° increases substantially, which in
turn leads to defects in the packing of the two sheets. In structures
with trapped water molecules containing packing defects, @ and
¥ fluctuate around 30.2° and 16.0°, respectively (Fig. 1 B and C),
which are substantially greater than the equilibrium @, and ¥,
values. The percentage of trajectories in which water wires are
formed depends on 6D(0). In all the trajectories ordered water
wires form when 6D(0) = 3.8 A, whereas when 5D(0) increases
to 62 A (8.0 A) in only 43% (9%) of the_structures have
long-lived water wires. Note that 6D(0) = 8.0 A corresponds to
initial sheet separation of 18.0 A. At these distances, the interac-
tion energy between the sheets is negligible. Thus, our simula-

twist angle
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tions probe unbiased formation of protofilaments dictated solely
by classical dynamics and a chosen force field.

Metastable Structures Are Stabilized by Water Wires. When the
sheets approach each other in a parallel manner, complete asso-
ciation with 6D(t - o) = 0 leading to a dry interface is not ob-
served even for ¢ =~ 100 ns in most of the trajectories. The failure
of 6D(t) to reach zero even after ¢ ~ 100 ns is surprising especially
given that complete dewetting in melittin tetramers (16) whose
initial separation SD(0) is in the range of 4-6 A, occurs in
~0.3-0.4 ns. Examination of the simulation snapshots (Fig. 34)
shows that the remarkably different behavior in the assembly of
the B-sheets, characterized by a dry polar interface in the equili-
brium structure of the PF, is due to trapping of water in the
nanopore between the two p-sheets of the protofilament. The
trapped water molecules form two well-ordered one-dimensional
wires (Fig. 34). The structural characteristics of the water wires,
which form in the groove made up of the backbone atoms of N2,
N3, and Q4, and the side chains of N2 and Q4 associated with
the B-sheets (Fig. 34), exhibit several features of one-dimensional
order. First, the water density in the trapped water wire along the
z axis, which is aligned along the protofilament axis, is stunningly
periodic with a spacing (~3 A) corresponding approximately to
the size of the water molecule (Fig. 3B). Assuming that the pore
is roughly cylindrical, with a constant radius R (Fig. 3C), we
calculated p(z) = N(z)/aR?Az, where Az is a length element
along the z axis and N(z) is the number of water molecules in

the volume zR?>Az. The density profile does not change as long
as a reasonable value of R is chosen. Second, a water molecule
in a given wire forms two hydrogen bonds with the neighboring
molecules. In addition, water molecules in the pore also form two
other hydrogen bonds, one with the carbonyl oxygen of the N3
backbone, which is part of the groove and the other with the
O and NH in the amide group of the Q4 of the adjacent p-strand
(Fig. 34). Third, the macrodipoles of the two wires are aligned in
the direction opposite to the protofilament axis. The distribution
P[cos(0)], with 6 being the angle between the macrodipoles of the
water wires, shows that they are predominantly parallel to each
other (Fig. 3D). Taken together, the picture that emerges is that
the saturation of 5D(t) at long times is associated with the spon-
taneous formation of stable ordered water wires in the channel of
the protofilament. Such a structure must be metastable because
the ground state corresponds to a twisted double B-sheet with a
dry interface, i.e., D(t > o) = 0 (structure in the lower center
in Fig. 14). The qualitative nature of the results do not depend
on the force field or the ensemble in which the simulations are
carried out (see Figs. S1 and S2).

The structural integrity of the water wires is also reflected in
the stabilities of the water molecules that are spontaneously
trapped in the nanochannel for long times. Comparison of the
distributions of the binding energy, Eg, which is the interaction
potential per water molecule in the bulk and the pore shows that
it is favorable to localize the water in the polar channel (Fig. 3E).
The average binding energy of the water in the wires is less than in
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Fig. 3. Water wire properties. (A) Hydrogen bond-
ing pattern in the water wire in two orientations.
Water molecules in the wire form hydrogen bonds
with the backbone carbonyl oxygen of N3, and with
the carbonyl oxygen and —NH hydrogen in the amide
group of the side chain of Q4 from the opposing

N2(CB

p-strand. The arrow shows the direction of the pro-
tofilament axis. (B) Density of water in one of the
water wires along the protofilament axis. The bulk
water number density, po, is 0.0334 A=3. (C) The pore
diameter used to calculate the normalization con-
stant is 5.5 A which is the difference in the distance
between the C; atom of residue N2 and C, atom of
residue Q4 (d¢p_c, = 7.672 A) and the van der Waal
radius of carbon atom (dc = 2.175 A). (D) Probability
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distribution of the cosine of the angle between the
two water wire macrodipoles in red shows that the
water wires are predominantly parallel. Lifetime dis-
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tribution (P(7)) of the water molecules in the wire is
shown in green (time axis is at the top and P(z) is on
the right side of the figure). (E) Distribution of the
binding energy of the water molecules, P(Ep), in-
volved in the formation of the water wire and the
bulk water. The average binding energy, (Eg), of
the water molecule in bulk and in the protofilament
is —19.53 and -20.56 kcal/mole, respectively. (F)
Change in the cosine of the angle between the
two water wire macrodipoles, cos(d), as a function
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of time is shown in red. Time evolution of the z com-
ponent of the dipole moment of the two water wires
in debye units is shown in blue and green.

PNAS | December 14,2010 | vol. 107 | no.50 | 21461

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

CHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008616107/-/DCSupplemental/pnas.1008616107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008616107/-/DCSupplemental/pnas.1008616107_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1008616107/-/DCSupplemental/pnas.1008616107_SI.pdf?targetid=SF2

Bane

/

I\

=y

the bulk by about 1 kcal/mole, thus making entry into the pore
favorable despite a loss in entropy due to localization in the pore.
The gain in average binding energy upon the water wire forma-
tion in the polar channel is in sharp contrast to the water chain
formation in an open carbon nanotube (CNT) (24) which shows a
loss in average binding energy. However, filing of water depends
on free energy of transfer from the bulk to the pore, which is de-
termined by the distribution of binding energies of water in the
channel (or CNT) and in the bulk phase. Spontaneous formation
of water wire in the polar channel studied here is energetically
favorable as it is for the water wire in a narrow open CNT (25).
Indeed, a sharp increase in the free-energy cost to remove a water
molecule from the wires readily explain the extraordinarily long
lifetimes of the metastable structures.

Spontaneous Coherent Flipping Dynamics of Water Wires. Water mo-
lecules in the wires continuously undergo exchange with the bulk
water by a relay mechanism, i.e., in which the water molecules at
the edge of the channel are replaced by bulk water. The lifetimes
(time a given water molecule is in the nanochannel 20 <z <
20 A) is broadly distributed with an average (z) ~ 7.0 ns (Fig. 3D).
The residence times of the water at the ends of the pore are short,
whereas those in the interior exceed 10 ns. The number of water
molecules in each wire is N, ~ 10. If the wire is perfectly one-
dimensional, we expect that the macrodipole ,, ~ 10y,, where
U, 1s the dipole moment of the isolated water, which in the TIP3P
is 2.35 D. Using simulations, we determined that (6, ), the aver-
age angle between successive water molecules in the wire, is ~68°
(Fig. S3). Thus, the dipole moment of a water molecule projected
along the protofilament axis is u* = p, cos(6;;,,/2) ~ 1.94 D,
which implies that the expected value of the macrodipole of
the wire, uZ, = 104" ~ 19.4 D. This value is in accord with the
simulations, which again confirms that the waters in the wire
are arranged in an one-dimensional array (Fig. 3F). Interestingly,
w5, for each wire, which is predominantly aligned in a direction
antiparallel to the fibril axis, flips spontaneously. In the process,
the magnitude of 4, is unchanged, which shows that the flipping
dynamics is coherent on the length scale of the pore. Fig. 3F
shows that cos 0(¢) fluctuates between +1 and —1 with the parallel
arrangement (cos(f) ~ +1) being the dominant conformation.
Even though flipping dynamics involves 10 water molecules,
the average duration of flip is only ~5-10 ns. Thus, the water
wires undergo large mesoscale rearrangements on very short time
scales without significantly affecting the one-dimensional order.

Electrostatic Interactions Stabilize the Metastable Prion Fibrils. In
order to illustrate how water molecules in the wires file out to
create the dry interface and in the process demonstrate that
the electrostatic interactions render the polar Sup35 protofila-
ments stable, we systematically varied the strength of the water
peptide electrostatic interactions (26) (see Methods for details),
measured as a fraction (4g) of the full (A = 1) value (Fig. 4).
When 0 < /g £0.25, the water molecules file out of the nano-
pore in a continuous manner in ¢ = 0.5-2 ns. If fluctuations in
the solvent-exposed edge p-strands block the nanopore, then ex-
pulsion of water occurs in discrete steps (see Movie S1 illustrating
the orderly exit of water molecules), a finding that dominates as
Ar increases (Fig. 4). There is considerable heterogeneity both in
the duration of the steps and in the number of water molecules
that file out in each step. For Az = 0.75, the time needed to empty
the nanopore lengthens. In some trajectories, a stable water wire
persists for ¢~ 20 ns. These results show that the water wires
(A = 1) are stabilized by favorable electrostatic interactions with
the residues in the p-sheets. Upon formation of the protofila-
ment, with a perfectly dry interface, the water peptide hydrogen
bonds are replaced by favorable interpeptide interactions.

The association between the two p-sheets in a large fraction of
the trajectories leads to defective packing [@(f) > 19.5° and
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Fig. 4. Number of water molecules in the wire as a function of time at dif-
ferent strengths (1¢) of the electrostatic interaction between the Sup35
monomers in the protofilament and water. A-D are for 0%, 25%, 50%,
and 75% of the full (A = 100% of the electrostatic interaction strength.

¥ > 12.1°]if 6D(0)R5 A (data in red and gold in Fig. 1 B and C).
Although 6D(¢) decreases rapidly in these trajectories (Fig. 14),
perfect water wires are not observed in the protofilament pores.
However, several water molecules are trapped between the sheets
in a disordered state (see Fig. 14). The most likely mechanism
for escape of the trapped water molecules is through the gap
between the misaligned p-sheets (see Fig. S4 and Movie S2 of
a sample trajectory). Taken together, the simulations show that
water plays distinct roles in the heterogeneous assembly of the
polar protofilament. When water is trapped in the ordered state,
it inhibits the formation of the dry interface where as it serves
as a lubricant facilitating the formation of a dry steric zipper if the
two sheets are initially misaligned to some extent.

Expulsion of Water Molecules and Fibril Formation in Ag-Peptide Co-
incide. In order to contrast the assembly mechanism of the polar
PF with the formation of AF, we simulated the kinetics of asso-
ciation of p-sheets from the sequence GGVVIA in the carboxy
terminus of Afs;4,. The steric zipper (referred to as “face to
back” packing in ref. 8) involves interdigitation of residues V4
from one strand (green in Fig. 5) with the hydrophobic residues
V3 and IS (gray in Fig. 5). In contrast to the assembly of PF, the
two sheets in the AF, with 6D(0) = 3.88 and 6.24 A, associate with
one another in less than 3 ns (Fig. 5). The fluctuations in G1 and
G2 lead to instability in the edges of the B-sheets, which results in
dispersion in D(t) even after association and drying transitions
are complete. Protofilament formation involving the two sheets is
driven by hydrophobic forces, which leads to packing of V4 from
one sheet against V3 and IS5 from the adjacent p-sheet. Fig. 5
shows that, for both the values of §D(0), the time at which the
number of water molecules around the bulky hydrophobic resi-
dues vanishes coincides with complete association of the two
sheets (6D(t) =~ 0). Thus, unlike in the PF formation, the assembly
of the two sheets and expulsion of water molecules occur nearly
simultaneously. The kinetics of association of B-sheets in AF is
reminiscent of oligomer formation in Af ¢, peptides (20) in
which the time scale for coil — strand formation and decrease
in the number of water molecules between two p-strands coin-
cide. In both oligomer and AF formation, water expulsion occurs
rapidly and is driven by the favorable interaction between the
bulky hydrophobic residues. The mechanism of rapid expulsion
of water molecules in the AF is due to the nonspecific hydropho-
bic interaction, whereas in PF metastable formation of water
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Fig. 5. Association kinetics of the amyloid fibril. (4) Time evolution of the
center of mass distance between the two p-sheets in the Aps3;4, protofila-
ment with Dy = 9.34 A. The trajectory with 5D(0) = 0 A as in the crystal struc-
ture is in black. Data in blue and green are for sD(0) = 5.24 A and the
trajectory in red corresponds to 5D(0) = 2.77 A. The solvated initial confor-
mations with the top and side views are on the upper left and in the center,
respectively. The top view of the protofilament at equilibrium is displayed on
the lower left. The equilibrium protofilament structure, with a small helical
twist, is on the bottom right, whereas the endpoint structure for the green
trajectory shows the presence of trapped water molecules. Residue V4 in one
of the p-strands shown in van der Waal representation is in the interior of the
protofilament to emphasize packing of hydrophobic residues. (B) Number of
water molecules within 3.5 A of residue V4 for sD(0) = 2.77 A. (C) Number of
water molecules within 3.5 A of residue V4 for 6D(0) = 5.24 A The interior of
the protofilament becomes dry as the two p-strands associate. The colors in B
and C correspond to the trajectories in A.

wires stabilized by a favorable stereospecific network of hydrogen
bonds involving water molecules and polar side chains results in
slow association.

Concluding Remarks

Our work has several implications. First, based on the dewetting
time scales found in this work, we surmise that AF can form
nearly a 1,000 times faster than the PFE. The spontaneously
formed metastable intermediate structures, with ordered trapped
water wires throughout the nanopore, create a barrier to rapid
assembly in the PF that is absent in the AF. Second, the hetero-
geneous assembly of the two f-sheets also suggests plausible
routes to polymorphism and prion strains. In the case of P
the alternate packing of the two sheets with large twist and helical
angles might represent an example of prion strains. It is likely that
a discrete number of trapped water molecules might also be a
part of the alternate polymorphic structures as has been observed
in a recent 2D infrared study of Ap|_4, structures (27). Third, the
heterogeneous assembly for protofilament formation discussed
here might reflect one of the routes by which PF and AF form.

1. Tycko R (2006) Molecular structure of amyloid fibrils: Insights from solid-state NMR.
Q Rev Biophys 39:1-55.

2. Chiti F, Dobson CM (2009) Amyloid formation by globular proteins under native
conditions. Nat Chem Biol 5:15-22.

3. Bennett MJ, Sawaya MR, Eisenberg D (2006) Deposition diseases and 3D domain
swapping. Structure 14:811-824.
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Indeed, such events have been observed in simulations of amyloid
fibril formation in coarse-grained models (28), which have pro-
vided considerable insight into protein aggregation (29). Finally,
it is interesting to note that there is a striking resemblance be-
tween the structure of the water wires in the PF and the single
water wire found in human aquaporin, hAQP4 (see Fig. S5).
The water wire in the center of one side of the channel in hAQP4
is stabilized by hydrogen bond network (30) that is similar to that
found in PE. However, the hydrophobic residues that line the
opposite side of the channel in hAQP4 render the wire unstable
compared to the ones found in PE. The decreased stability is
needed to achieve flow of water through the aquaporin channel.

Methods
Simulation Details. We performed all atom molecular dynamics (MD) simula-
tions of protofilament formation in Sup35 and Afs3;_s, monomers to reveal
the molecular events that occur as the two sheets approach each other. The
protofilaments are constructed from two p-sheets, with each containing
eight B-strands, using the microcrystal structures of PF and AF as starting
structures. The separation, Dg, between the centers of mass in the initial
structures of the two sheets is increased to Ds. The energy of the system
is minimized and water molecules are equilibrated for 1 ns with 6D(0) =
Ds(0) — D fixed. We emphasize (see S/ Text for details) that the restraints
are used only during the equilibrium phase. The restraints that keep 6D(0)
fixed during the equilibration process are released and the energy of the
whole system is minimized using the conjugate gradient method. Subse-
quently, the entire system of water and peptides are allowed to move as de-
manded by the classical equations of motion. Thus, the structures that are
sampled during the simulations are determined solely by the force field.
The time-dependent decrease in §D(t) is used to study the details of the
association kinetics. In silico alterations of interactions between the peptides
and water, which are impossible to achieve in experiments, are used to
provide insights into the nature of interactions that stabilize amyloid fibrils
and the intermediate structures with different sequences and identical final
structures. Results are presented using the CHARMM PARAM 22 force field
generated in the NVT ensemble. To establish that the conclusions are robust,
the simulations were also performed using three force fields in both NVT and
NPT ensembles (S/ Text contains the relevant results).

Role of Electrostatic Interaction. We performed simulations in which the elec-
trostatic interactions between the water and the peptides are varied using
the Free Energy Perturbation module in NAMD2.7b1. These simulations were
done only for the PF. The Hamiltonian for the protofilament in water (say
state T) is Hr = Hy, + Hp, + H‘,j;’,‘,” + Hﬁvp. Here H,, is the interaction between
the water molecules, H, is the interaction between the atoms in the proto-
filement, H‘;,}‘,;"’ is the van der Waals interaction between the atoms in water
molecules and in the protofilament, and H%,, is the electrostatic interaction
between the atoms in water molecules and in the protofilament.

We define /¢ through the relation H,, = Hr + (Ag — 1)H5,,. The absence of
HE,, implies Az = 0, whereas A = 11is equivalent to retaining the full strength
of the electrostatic interactions. Thus, by tuning A, the effect of electrostatic
interactions on the stability of the water wires can be examined. When
e =0, 0.25, 0.5, and 0.75, the strength of the electrostatic interaction be-
tween the water and protofilament is 0%, 25%, 50%, and 75% of the actual
electrostatic interaction strength. Simulations at the desired electrostatic
interaction strength between the protofilament and water are performed
by integrating the equations of motion using H,,.
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