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Introduction

Prions or “proteinaceous infectious particles” are
the cause of several neurodegenerative diseases, most
notably scrapie in sheep, bovine spongiform ence-
phalopathy (BSE) in cattle and Creutzfeldt-Jakobs
disease (CJD) in humans.'? The disease-causing
agent is believed to be the prion protein (PrP), a
protein that can undergo a transition from its normal,
innocuous form (PrP%) to a misfolded, harmful
conformation called PrP*. The conformation PrP*
appears to be the major constituent of the amyloid
plaques characteristic of prion diseases.”™®

The infectious properties of PrP*° even across
species barriers indicate that the presence of
misfolded PrP** favors the conversion of uninfected

Abbreviations used: CJD, Creutzfeldt-Jakobs disease;
PrP, prion protein; PrD, prion-determining domain; MD,
molecular dynamics; RC, random coil; SASA, solvent-
accessible surface area; MPI, message passing interface.

E-mail address of the corresponding author:
doniach@drizzle.stanford.edu

PrP¢ to PrP°‘; however, the exact pathway is
unknown.

Despite the differences in pathogenesis and
sequence of the proteins involved, it appears that
the amyloid fibrils observed in prion diseases share
structural similarities with those associated with
other, non-infectious, diseases, such as type II
diabetes mellitus and Alzheimer’s disease.

Recently, Eisenberg and collaborators”?® studied
short peptides from the prion-determining domain
(PrD; residues 1-123) of Sup35. Sup35 is a “prion-
like protein” from yeast and shares the ability to
transmit its aberrant fold and to aggregate into
amyloid assemblies.”'” Its normal cellular role is to
terminate translation."" Eisenberg et al. identified a
heptapeptide, GNNQONY, from Sup35 that dis-
plays amyloid formation similar to full-length
Sup35, characterized by cooperative kinetics of
self-association, fibril formation, binding of the
dye Congo red and a cross-p X-ray diffraction
pattern. Furthermore, they obtained microcrystals
of GNNQOQNY and collected powder X-ray diffrac-
tion data. In the crystals, the protein strands are in
B-sheet configuration with the cross-p spacing



between strands of =4.8 A, observed in most
amyloid fibrils, including fibrils from prion protein
fragments,'” and a spacing of =10 A between
adjacent layers.

It has been shown in mammalian PrP, that the
PrP¢ to PrP*° transition involves conversion of
a-helix to B-sheet of large parts of the protein.'>'*
The purpose of the present study is to investigate
the transition to the B-sheet amyloid state and to
study in atomic detail the early steps of amyloid
formation in the model system GNNQQNY in order
to obtain quantitative information about the
energetics and kinetics of amyloid formation. Self-
association into amyloid assemblies is a slow
process, occurring on time-scales of hours to days.
In contrast, the time-scales accessible to molecular
dynamics (MD) simulations are typically of the
order of nanoseconds. Recent simulations have
therefore employed either simplified models,"
including lattice models'®2° and the use of implicit
solvent” or were focused on the stability of the
amyloid state alone.”” Here, we employ a different
approach to overcome the time-scale problem:
instead of attempting to solve an initial value
problem as conventional MD does, we formulate
the problem as a boundary value problem with
known endpoints and study the most likely
trajectories connecting the endpoints using a
reaction path formalism based on the Onsager—
Machlup action,” similar to the work by Eastman
et al.** and Elber et al.>> We simulate the transitions
from random coil (RC) to B-sheet and from a-helix
to B-sheet both for a single protein strand (Figure 1)
in solution and for a protein strand in the
presence of two fixed B-sheets (Figure 2). Finally,
we investigate the a.— f transition fora GNNQQNY
strand in the presence of a fixed layer of B-sheets
(Figure 10). All simulations employ explicit water
as the solvent representation. We find that the
presence of pre-formed B-sheet template stabilizes
the cross-p structure. Our calculations also provide
estimates of the kinetic barriers of these transitions.

Results

Simulations

We use high-temperature molecular dynamics
simulations to generate an ensemble of unordered,
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Figure 2. Schematic endpoints of the self-association
simulation: two B-sheet strands as amyloid template with
one a-helix (left) and all-B configuration as found in
amyloid fibrils (right).” For the RC to B-sheet simulations,
the a-helix is to be replaced by a RC.

RC conformations of GNNQONY, of which we
select 20 distinct structures as starting points for the
RC to B-sheet simulations. For the simulations of the
a-helix to B-sheet conversions for three different
systems (single strand in solution, single strand in
the presence of two fixed B-sheets and single strand
in the presence of a layer of four B-sheets) a
canonical a-helix geometry was employed as the
starting point. The cross-B structures for the end-
points of each of these systems are obtained from
our fit to the X-ray powder pattern obtained by
Eisenberg and co-workers.” All simulations were
done using explicit TIP3P water molecules as solvent
and employed the CHARMM?22?® force field with no
bond or angle constraints. After equilibration of the
endpoints, initial trajectories were generated and
subsequently “annealed”, using a Langevin
dynamics protocol, which employs the gradient of
the action as an effective force, as described by
Eastman et al.>* For the case of the RC— B transition,
we obtain 20 independent trajectories in the presence
and a further 20 in the absence of two fixed B-sheets.
For each of the three a.— B systems, ten independent
trajectories were generated and annealed. For further
details on the model generation and simulation
protocol see Materials and Methods. We monitor the
secondary structure by computing the peptide back-
bone W and ® angles as well as the cosine of the angle
of C=0 groups of subsequent residues as defined by
Kabsch & Sander.”

Presence of B-like amyloid alters the energy
landscape

The frames or “snapshots” of our reaction path

Figure 1. Single strand of
GNNQQOQNY in a-helical (left) and
B-sheet (right) conformation.
Molecular graphics have been
prepared with VMD.*
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formalism define an effective reaction coordinate
(see Materials and Methods). We compute the
potential energy for each of these frames along the
trajectory both for the RC— p-sheet and a—f
transitions of a single strand in solution and of these
transitions in the presence of two fixed B-strands.
The potential energy as defined by the CHARMM?22
potential for each time-frame is averaged over a
bootstrapped ensemble of 1000 trajectories that
were generated from the 20 (in the case of RC— )
or ten (oa— B) simulated trajectories, separately for
the presence and absence of two fixed B-sheets
(Figure 3). The potential energies of the endpoints
are estimated from 100 ps conventional MD runs.
For a single GNNQQNY peptide strand in
solution, the a-helix conformation is thermo-
dynamically more stable than the B-sheet by about
5-8 kcal/mol, the thermodynamically most stable
state is that of an RC, in agreement with experi-
mental observations.” During the o.— B transition
(Figure 3(a), broken line), the system first relaxes
from the a-helical to a compact coil state, marked by
an initial decrease in energy. The transition to the
B-sheet final state features a large energy barrier of
about 25-35 kcal/mol. These findings are in agree-
ment with the simulations for a single strand that
start in an RC state (Figure 3(b), broken line). Here
the transition to B-sheet is practically completely
“uphill”, the overall reaction is energetically
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Figure 3. Relative molecular energy along the aa— B (a)
and RC — B-sheet (b) reaction coordinate averaged over
10 (a) and 20 (b) trajectories each using a bootstrap
algorithm. Single peptide strand (broken lines) and
reaction in the presence of two fixed B-sheets (continuous
lines). Units are kcal/mol, the error is approximately
10 kcal/mol as estimated from the standard deviation of
the bootstrap ensemble.

unfavorable by about 20 kcal/mol and features an
activation barrier. No initial relaxation is observed,
which is to be expected, as for a single strand an RC
conformation is energetically most stable. Keeping
in mind the shortcomings of MD force fields and the
necessarily imperfect sampling of trajectory space,
these energies are only estimates, for which the
errors were estimated from the bootstrap ensemble
to be about 10 kcal/mol. Furthermore, entropic
effects that are likely to play an important role in
the observed self-association phenomenon are not
well represented in an MD-like framework due to
restrictions on the sampling of conformational
substates. Despite these limitations, our results
clearly indicate that for a single GNNQQNY strand
in solution the thermodynamically most stable state
is an RC configuration and that the transition
toward an extended PB-sheet is precluded by a
large activation barrier.

The presence of two template B-sheets as an
amyloid “seed” alters this energy landscape dra-
matically: now the all-B configuration is energeti-
cally most stable, the overall transition becomes
exothermic, and the energy barrier is substantially
lowered, by about 10-15kcal/mol. This is the
case for both the transitions starting in an a-helix
(Figure 3(a), continuous line) and those starting
from a random coil (Figure 3(b), continuous line).
The difference between the two is again an initial
relaxation for the trajectories that start from
a-helical conformation into a compact RC, which is
absent for the simulations starting in an RC state. In
the following, we address the question of what are
the factors that contribute to the stabilizing effect of
a pre-formed B-sheet template for the conversion
into a cross-p amyloid state.

Peptide backbone dipoles stabilize the cross-§
configuration

It is well known that the peptide bond has a
permanent electrical dipole moment of about
3.5 D.”® There are fundamentally two energetically
favorable ways to position dipoles, depicted in
Figure 4.

Both the generic a-helix and PB-sheet configur-
ations have favorable peptide bond dipole inter-
actions, the former being “aligned/tip-to-toe” for
residues that are separated by more than four
positions along the sequence and the latter being
“anti-aligned”. It has been proposedt (Thomas
Garel, personal communication) that the overall
arrangement of peptide bond dipoles favors a p-like
amyloid state. Using the geometries from the
reaction path annealing MD simulation (Figure 5),
we compute the electrostatic energy of the pep-
tide backbone dipoles, employing the Poisson—
Boltzmann solver implementation DelPhi.*?
Volume occupied by protein atoms is assigned a
dielectric constant €,;,¢=2 and the aqueous solvent

+ http:arxiv.org/abs/cond-mat/0305053
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Figure 4. Energetically favorable and unfavorable
arrangement of dipoles.

is modeled with ey,0 =80, therefore allowing for
the calculation of the energetic contribution of
electrostatic interaction of peptide bond dipoles
alone, with appropriate boundary conditions.

The results (Figure 6) show that even for the
single peptide the backbone dipole arrangement is
slightly most favorable in the B conformation
(Figure 6, broken lines). This is plausible: in the
RC there is no particular dipole order and there are
only sporadic interactions. We expected the single
B-sheet to have the slightly more stable backbone
dipole conformation, even with respect to the
a-helix, as the seven residues of GNNQQNY
correspond to only about two helical turns. For
the amyloid-like stack, however, the all-B confor-
mation of the dipoles is strongly favored by more
than 30 kcal/mol. In the presence of pre-formed
B-sheets, each dipole interacts with its counterparts
in strands below and above in an aligned / tip-to-toe
fashion, in addition to the favorable anti-aligned
configuration of dipoles along the B-strands, it is
this influence that results in the additional favorable
interaction energy.

The role of water conformational entropy

The crystallographic data suggest that the
B-amyloid formed by GNNQOQNY is a compact,

Figure 5. Three GNNQOQNY strands in all-B-sheet
geometry with peptide backbone dipoles denoted by
red and blue spheres.
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Figure 6. Electrostatic energies due to peptide backbone
dipoles as a function of a.— B (a) and RC— B (b) reaction
coordinate in kcal/mol. Energies are averaged over (a) 10
or (b) 20 trajectories. Single peptide strand (broken lines)
and three stack (full lines).

anhydrous state.”® Release of water into the bulk
causes a gain in conformational entropy, which has
been suggested to contribute to the stability of
B-amyloid. To quantify the effect, we compute the
solvent-accessible surface area (SASA) and monitor
the number of protein—protein and protein-water
hydrogen bonds as a function of reaction coordinate
(Figures 7 and 8). For a single strand in solution the
transition to a B-helical state exposes surface area,
both for the a— B and for the RC— B transition.
Quantitatively, the effect can be understood by
noting that the conformations in the RC ensemble
are fairly compact; however, not as compact as an a-
helix. In contrast, the same transitions in the
presence of two “pre-formed” B-sheets have the
net effect of reducing the solvent-accessible protein
surface. The effect is bigger for the RC to B-sheet
transition, as the RC is the more extended starting
configuration. Translated into a free energy, the
reduction of SASA stabilizes the B-amyloid state
by about 7 kcal/mol.

Further evidence for the “drying up” of the
protein system during amyloid formation comes
from monitoring hydrogen bonds during the tran-
sition: towards the end of the transition, the number
of protein-water hydrogen bonds, decreases
sharply, marked by a simultaneous increase in
protein—protein hydrogen bonds, as shown in
Figure 8. This general behavior is observed irre-
spective of the starting point of the simulations, for
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Figure 7. Solvent-accessible surface area contribution to
the free energy as a function of (a) «—p and (b) RC— P
reaction coordinate in kcal/mol. Energies are averaged
over (a) 10 or (b) 20 trajectories. Single strand (broken
line) and three peptide stack (full line). For conversion
from surface area to free energy the factor 0.025 kcal/
(mol A% was employed.*

the trajectories starting in RCs the transition is
slightly more gradual.

Glutamine and asparagine act as a “polar
Zipper”

Glutamine and asparagine-rich regions feature in
several proteins involved in neurodegenerative
diseases and amyloid-like aggregation,® for
examEIe, Huntingtin in Huntington disease. Perutz
et al.**>* introduced the notion that poly (GIn) and
poly (Asn) stretches may act as “polar zippers”,
which stabilize B-sheet amyloid-like aggregates by
forming interstrand hydrogen bonds both along the
backbone and between polar side-chains of adjacent
strands. We find evidence for this hypothesis in our
simulations: The side-chains of asparagine and
glutamine indeed form interstrand hydrogen
bonds. In particular, the asparagine residues at
positions 2 and 3, and to a lesser extent the
asparagine at position 6, hydrogen bond increas-
ingly to their counterparts in the adjacent template
strand as the reaction proceeds. It is interesting to
observe that the two glutamine residues at positions
4 and 5 do not exhibit as strong a tendency for
interstrand hydrogen bonds as asparagine does: the
glutamine residues tend to form intrastrand hydro-
gen bonds, mostly between Asn3 and GIn5 and
between GIn4 and Asné on opposing sides of the

H bonds
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Figure 8. Number of protein-water (dash-dot line) and
protein—protein (continuous line) hydrogen bonds as a
function of (a) «— B and (b) RC— B reaction coordinate.
Curves have been shifted by a constant offset to overlay
them in one graph. Hydrogen bonds were identified
using the distance-angle criterion of McDonald &
Thornton.*’

same strand. This behavior occurs independent of
the starting point of the simulation. While intra-
strand hydrogen bonds do not contribute directly
and enthalpically to the stability of the amyloid
stacking, they still do so entropically by liberating
water into the bulk that would otherwise satisfy
these hydrogen bonds. Thus one might call the
observed arrangement of polar side-chains a “dry,
polar zipper”. In this picture, the asparagine
residues at positions 3 and 6 play a crucial role, as
they are involved in both intra- and interstrand
hydrogen bonds, namely to the glutamine residues
2 positions apart along the same strand and to their
asparagine counterparts in the adjacent strand. This
salient position might make them an interesting
target with which to study the effects of mutations
(Figure 9).

In order to further investigate the role of side-
chain interactions, we compute the pairwise inter-
action energy of in register pairs of side-chains,
i.e. the interaction energy between the Gly residue
of the moving top strand with the Gly residue of the
adjacent strand below, the interaction of the Asn2
residue of the top strand with the Asn2 of the
strand below, etc. The interaction energy for this
purpose is defined as the sum of non-bonded
energy terms (van der Waals and Coulomb) in the
CHARMM22 potential involving pairs of atoms in
the respective residues. The results averaged over



Figure 9. Inter- and intrastrand hydrogen bonds
formed by the asparagine residue at position 3. For
clarity, only two strands are displayed in ribbon format,
residues Asn3 on both strands and GIn5 on the top strand
are represented in licorice mode, hydrogen bonds in blue.

the 20 trajectories in the RC — B ensemble are shown
in Figure 10.

The results show that the polar zipper residues
interact favorably, increasingly so during the
second half of the trajectories. The effect is most
pronounced for the Asn residues in positions 2 and
3, which were already identified as particularly
important in the analysis of the interstrand hydro-
gen bonding. It needs to be emphasized that the
pair interaction energies contain, in part, energetic
contributions that were previously discussed, such
as backbone dipole interactions and hydrogen
bonding interactions. The pair interaction energies
are an alternative way of dissecting and analyzing
enthalpic contributions to amyloid stability. From
Figure 10 it can also be seen that the N and
C-terminal residues interact strongly unfavorably,
which could be expected, as they carry a positive
and negative charge from their terminal amine
and carboxyl groups, respectively. It has been
proposed that amyloid stability results, in part, from
m-stacking of aromatic residues.>> We can address
this question by computing the pair interaction

1 Gly 2Asn 3Asn 4GIn 5GIn 6Asn 7Tyr
20 0 0 0 0 0 20
10 \I\ 10
-5 -5 -5 -5 -5
0 ORa ]
-10[ 10 =10 =10 |-10] |
0O 50 050 050 050 050 050 0 50

Figure 10. Residue pair interaction energies as a
function of reaction coordinate, defined as the sum of
van der Waals and Coulomb terms for pairs of residues.
The graph labeled “1 Gly” describes the interaction of the
glycine residue of the moving top strand with the glycine
residue of the strand directly adjacent to it, similarly for
the other residues. The broken line in the graph for
tyrosine is the interaction energy excluding protein
backbone atoms. Energies are in kcal/mol, note the
different scale for residues Asn2 through Asn6 and for
the N and C termini.
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energy of the tyrosine residues in the moving top
strand with that of the adjacent strand in the pre-
formed B-amyloid. In these calculations, the back-
bone atoms of Tyr need to be excluded, as otherwise
the energy is dominated by the unfavorable
interaction of the charged C-terminal groups. The
results (broken line in the graph for Tyr7 in
Figure 10) indicate that the interaction of the
aromatic tyrosine side-chains is indeed attractive
throughout the entire trajectory. However, the
interaction energy is only 1-2 kcal/mol, much
weaker than some of the other enthalpic contri-
butions. Even bearing in mind that the energy
calculations based on the CHARMM22 potential
disregard entropic effects (like changes in water
exposed surface area) and are only an imperfect
approximation to the intrinsically quantum mech-
anical T-electron interactions, the above results
suggest that while aromatic stacking might contrib-
ute to the stability of the amyloid state, other factors
like polar side-chain interactions and backbone
dipole alignment play a more important role for
the peptide GNNQOQNY.

Amyloid lateral organization

A strong meridional peak in the diffraction
pattern at about 4.8 A spacing is the hallmark of
protein cross-B structure and has been observed in
many amyloid-forming systems. It corresponds to
the stacking of B-sheets along the fiber axis. Much
less is known about the molecular arrangement in
the plane perpendicular to the fiber axis. While a
B-helix organization has been proposed for the Gln
and Asn-rich N-terminal domain of Sup35,* the
peptide GNNQOQNY is very unlikely to adopt this
conformation: the seven residue peptide is too short
to complete a full turn in a B-helix, furthermore, the
presence of a peak in the fiber diffraction pattern at
about 10 A indicates that several strands are placed
next to each other, 10 A being the spacing resulting
from side-chains extended in the plane. A charac-
teristic peak at 10 A spacing is also present in the
diffraction pattern obtained from the crystals, and
fits to the experimental data indicate that in the
crystal, sheets of stacked B-sheets are packed such
that each sheet is adjacent to one with the B-strands
running in the same direction and one with the
B-sheets pointing in the opposite direction, the
spacing between the sheets being 10 A (see Sup-
plementary Data Figure 14).

We also investigated the effect of interactions in
the plane perpendicular to the fiber axis by
performing simulations of the aa—f transition of
one GNNQONY strand, but now in the presence of
a unit cell plane of fixed B-sheets (see Figure 11).
Due to the considerably larger size of the system,
energy fluctuations were more significant and a
potential energy profile similar to Figure 3 difficult
to obtain. However, the overall reaction proceeds
similarly to the case of the transition in the presence
of a two peptide stack of PB-sheets. Hydrogen
bonding in the amyloid conformation now also
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Figure 11. Endpoints of a— B simulation in the
presence of a unit cell plane of fixed B-sheets.

involves strands adjacent in the plane. The effect of
reducing the SASA is even more pronounced,
stabilizing the amyloid conformation by more
than 10 kcal/mol (see Supplementary Data Figure
12). Looking at the electrostatic energy of the
peptide backbone dipoles, two effects now compete:
the alignment along the strand and with the strand
below is energetically favorable as before, but the
interaction with the dipoles of the strands to the left
and right is unfavorable. As the characteristic
distance to the strands to the left and right in the
plane is larger than the one to the strands below (or
above), the overall effect is still favorable, by about
15 kcal/mol (see Supplementary Data Figure 13).

It must be emphasized, though, that both micro-
crystals and fibers of Sup35 and derived ge;)tides
show considerable structural diversity®®” and
further experimental and theoretical study is
necessary to elucidate the lateral organization at
atomic resolution.

Discussion

The reaction path annealing method described
here allows for an estimate of the energetic
stabilization of the cross-f amyloid structure, and
the various physical mechanisms contributing to its
stability. The overall potential energy viewed along
the RC—PB or a— P reaction coordinate clearly
supports an autocatalytic mechanism of amyloid
formation, whereby pre-formed B-sheets help the
prion-like conversion and addition of more peptide
into the amyloid structure. In order to estimate the
overall free energy of this amyloid aggregation
event, different energetic contributions need to be
combined. The free energy is given by AG=AH—
TAS, where AH and AS are the changes in enthalpy
and entropy and T is the physical temperature of
the system. The enthalpic contribution can be esti-
mated from the computed CHARMM?22 energies
(Figure 3) to be about 18 kcal/mol for the coil =3
transition. The entropic contribution is more diffi-
cult to evaluate, however, we can estimate it as
follows: contributions to the change in entropy are
the gain in entropy due to the liberation of bound
water molecules into the bulk and a loss of entropy
from fixing residues into the well defined B-amyloid
state from their high-entropy RC conformation. The
former can be estimated by computing the solvent
accessible surface area (Figure 7), the latter by

assigning the change RC — B-sheet a entropic cost of
4.2 cal/(K residue). The latter value is an average
estimate derived from protein folding experi-
ments.”® Adding these contributions, the overall
change in free energy is about 15 kcal/mol, which is
in agreement with the experimentally observed
exceptional stability of B-amyloid fibrils.

Our simulation results allow us to compare
pathways originating in RC to those starting in
a-helical conformations. Our findings strongly
suggest that a-helix rich conformations are off-
pathway for the amyloid aggregation of
GNNQONY. None of the trajectories starting in
RC states develops appreciable o-helix content,
whereas trajectories starting in an o-helical state
quickly relax into RC conformations before pro-
ceeding to the B-sheet final state. This is in marked
contrast to the findings of recent simulations of the
Alzheimer AB peptide fragment KLVFFAE (AB16-2)
by Klimov & Thirumalai,” who find that a-helical
intermediates are on-pathway to the B-amyloid
state. It needs to be borne in mind, though, that
despite their similar size and amyloidogenic
properties, KLVFFAE and GNNQQNY have quite
different characteristics, the former having a hydro-
phobic core and charged residues at the ends
that favor antiparallel arrangement, whereas
GNNQOQNY is marked by polar side-chains acting
as a polar zipper and favors parallel assembly.

Caflisch and co-workers recently studied the
amyloid formation of GNNQQNY using molecular
dynamics simulations with implicit solvent*’ and
replica exchange dynamics.*’ Our results agree
qualitatively with their findings. They, too, find
the all-B-amyloid state to be enthalpically most
favorable and see enthalpic barriers on the pathway
to this state. Their results, similar to ours, suggest a
crucial role for side-chain interactions in the
formation of the stable parallel B-strands. However,
in their chosen free energy reaction coordinates,
they find the parallel B-strand conformation to be
either marginally stable (as compared to the
thermal energy) or unstable.

As to the comparison of “direct” molecular
dynamics simulations to “reaction path” based
methods like our present approach, the following
can be said: both computational strategies suffer
from the problem that they can sample only a very
small subset of all physically realizable trajectories.
Even in order to do so, they rely on approximations
like implicit solvent or harmonic constrains in the
case of MD or the discretization of trajectories into
frames or “snapshots”, as employed in this study.
One of the disadvantages of reaction path methods
is the necessity to specify both endpoints of the
simulations, and therefore to study only “reactive”
trajectories. However, there are important advan-
tages as well: the reaction path formulation makes
the problem inherently parallel, well suited for the
use of massive parallel supercomputers, as opposed
to fundamentally sequential standard MD simu-
lations. Furthermore, the ability to focus on reactive
trajectories allows only, at least in principle, for the



study of much larger systems, that are far beyond
the reach of conventional molecular dynamics, in
the near future. For a small system like the peptide
GNNQOQONY, the different approaches are comple-
mentary, in that their different approximations and
strategies allows for a comparison and validation of
the results.

In conclusion, our simulations of the peptide
GNNQONY support the view of amyloid as an
anhydrous state, stabilized by the conformational
entropy of water released into the bulk. An
enthalpic contribution to the amyloid stability
stems from hydrogen bonds formed between the
polar side-chains of asparagine and glutamine
residues. Taken together we might call this a dry,
polar zipper. In our analysis we draw attention to
the role of electrostatically interacting peptide
backbone dipoles. Evidently, this is not the only
interaction at play; however, aligning backbone
dipoles provides a partial explanation of amyloid
stability without depending much on sequence
details, which is attractive in light of the observation
that amyloid formation has been reported in a
variety of pathological conditions involving pro-
teins that share no apparent sequence similarities.
Furthermore, it is in support of the notion intro-
duced by Dobson and others* ™ that amyloid
formation might be a generic and relatively uni-
versal phenomenon of protein and peptide chem-
istry under partly denaturing conditions, which
might be driven mainly by sequence unspecific
main-chain, backbone interactions.

Our method also allows for estimates of the
energetic barrier to amyloid formation. This gives
the potential to infer the effects of mutations, e.g.
GIln or Asn—Ala, on the kinetics of the a—f
conversion, which could be tested experimentally.

Materials and Methods

Model amyloid-like system

By fitting to the X-ray powder pattern of GNNQQNY
microcrystals obtained by Eisenberg et al., we have been
able to generate a number of candidate atomic models of
the amyloid-like unit cell. More details on the fitting
procedure are given in Supplementary Data. The in-
register, parallel B-sheet configuration is that of the model
unit cell proposed by Eisenberg et al.”® and in agreement
with a recent MD study by Gsponer et al.*!

This structure was equilibrated for 10 ps in the case of
the trajectories starting in an a-helical state and for 100 ps
in the case of trajectories starting in an RC state. The
length of the equilibration did not have any appreciable
influence on the energetics or structure. The final
structures of five independent equilibration runs of the
B-amyloid structure were taken as models of the diseased,
amyloid form of the peptide, the endpoint of our reaction
path simulations. We study five different systems: the
transition from o-helix to B-sheet of a single strand in
solution (Figure 1), of a single strand in the presence of
two fixed B-sheets (Figure 2) and of a strand in the
presence of a fixed plane of four B-sheets (Figure 10).
Similarly, we study the transition from RC to B-sheet
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in the presence and absence of two fixed B strands. For the
a-helical starting point, we generated a conformation of
the short peptide GNNQQNY, which has a canonical
a-helix geometry, equilibrated for 10 ps. The random coil
starting points were prepared by running ten copies of a
single GNNQQNY strand first for 100 ps at 300 K
followed by a denaturation phase of 500 ps at 400 K.
Finally the system was cooled back to 300 K over the
course of 500 ps. The RC conformation selected as starting
points for the reaction path trajectories had an RMSD
with respect to the starting structure of at least 6 A and no
appreciable secondary structure. GNNQQNY in solution
is unlikely to be strictly a-helical and its soluble form has
in fact been observed to be in a coiled conﬁguration,7 a
behavior that is confirmed by the results of the simu-
lations. However, running both simulations with an
a-helical structure and an RC as starting points allows
for comparison of both pathways. Starting with an a-helix
has the advantage of starting in a well defined initial state
and to allow for the study of the a to B transition, which
seems to be of crucial importance in full-length prion
proteins.m'14 For the simulations featuring the RC to B or
o to B transformation in the presence of a fixed stack or
plane of B-sheets, the corresponding structure is placed
on top of the pre-equilibrated assembly of B-strands and
the system is equilibrated for 1ps in the case of the
a-helical starting point and for 100 ps in the case of the RC
starting point. In all subsequent simulations, only the top
strand and the solvent molecules are allowed to move.

Simulation method

The Langevin equation:

2
M(il—tsz—yMi—f—I— v/ 2kgTMY( (1)
has been used extensively for MD simulations and can be
thought of as an extension of Newton’s equation for a
system immersed in a heat bath.*® X and F are the position
and force vector of all atomic coordinates, M the mass
matrix, v the damping constant, T and kg the physical
temperature of the system and the Boltzmann constant,
and ¢ Gaussian N(0,1) white noise. If one is interested in
the dynamics of a protein on time-scales of picoseconds,
the inertial term (the left-hand side) can be neglected,
which yields the overdamped Langevin equation. Taking
the overdamped Langevin equation as the underlying
equation of motion for our system, the reaction path
method by Onsager & Machlup® can be employed, in
which given two configurations of a protein, e.g. A and B,
the probability density that a certain trajectory connects
the two endpoints A and B is proportional to:

Ppp e ST @)

Here S is the Onsager—-Machlup action, which reads in
discretized form:*’

K 2
& A Xi—Xiq
Som = Z§=1 My (YM A F(X;-1) (3)

The sum over i is over K time “frames” along the
trajectory, At is the physical time between these snapshots
that describe the protein’s motion between the fixed
endpoints. This formulation of the action follows from the
discretization according to the It6 calculus, in which case
the Jacobian is a constant, independent of path coordi-
nates. If the Stratonovich calculus is chosen, the Jacobian
depends on the path coordinates and gives rise to an
additional term proportional to VF in the action. Both
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approaches constitute valid approximations, in the
following, however, we use the It60 formulation for
computational simplicity. The most probable trajectories
are those that minimize the action Son. The compu-
tational challenge is therefore to sample trajectory space
and drive the system toward a minimum of the action,
corresponding to more probable trajectories.

For the generation of initial trajectories and for the
sampling of trajectory space we use algorithms similar to
those proposed by Eastman et al.** The atomic positions
on each of the time frames are evolved according to a
“pseudo-dynamical” equation of motion:

d?x;; ds dux;;
e T V2miksTxC (4)

x;; denotes the ith coordinate of the jth time slice, the
“pseudo-force” —dS/dX;; is the negative gradient of the
action functional, which couples the time frames to their
neighbors along the trajectory. The “pseudo-time” © has
no connection to the physical time ¢, it is merely a
parameter that marks the evolution of the system during
the minimization of the action. T. denotes a “pseudo-
temperature” which sets the magnitude of the random
term, ¢ again is Gaussian white noise. Starting at a large
pseudo-temperature and reducing it in the course of the
simulation, we employ a simulated annealing protocol to
drive the system toward minimal action. All our
simulations employ an all-atom representation and the
CHARMM22%* force field with no bond or angle
constraints. We use the TIP3P water model as a solvent
representation. The solvent is kept locally equilibrated in
every frame by subjecting water molecules to conven-
tional MD instead of the “action-forces” (equation (5))
that couple different frames along the trajectory. Starting
from five distinct initial trajectories for each of the three
o.— B systems, we perform two simulation runs for each
trajectory, using two different values for the physical time
between the snapshots At=0.5 ps and 5 ps. These choices
give rise to similar energetics and dynamics, so that we
performed all calculations on the RC—f trajectories at
At=0.5 ps. The explicit form of the gradient of the action
or pseudo-force is (where i and k index the particle
coordinates and j is the frame index):

ds _ m;
dxi,j - 2At

1N
-5 Zk:(xi,j+1 — Xij)

The last term (corresponding to the F> term in the
action) scales as o« At, whereas the first term in equation
(5) (corresponding to the velocity squared term in the
action) scales as o (1/At). For numerical stability it is
desirable to choose At such that these terms are roughly
balanced. A very small At corresponds to the situation
where the system is forced to reach its final state
unphysically fast, causing a large action that is dominated
by the velocity term and numerical instabilities. However,
a very large At causes instabilities and a large action as
well, as in this regime the action is dominated entirely by
the force term and the different time frames along the
trajectory become decoupled. By performing simulations
with a range of values for At (data not shown) we found
our present choices At=0.5 and 5ps to be reasonable
compromises between these extremes. The simulations
employ a new implementation of our massively parallel
reaction path annealing protocol, where each time frame

1
2x;j = X1 — Xij41) + > (Fij = Fij-1)
N ©®)
éFk,j n At aFk,j
(")X,"]' A ka ki axk,]-

runs on a separate CPU: the processes exchange infor-
mation using the message passing interface (MPI)
standard, exploiting the fact that the pseudo-force (5)
couples only neighboring time frames along the trajec-
tory, which greatly reduces the associated message
passing. For the number of frames along the trajectory
K=64 was chosen, which represents a compromise
between computational expense and detail in the
sampling of the trajectories. We run the simulations for
25,000 steps (in the case of At=0.5 ps) and 50,000 (for At=
5 ps), respectively. During the course of the simulations,
the action decreases by about an order of magnitude from
its initial value and remains approximately constant for
the last 10,000 steps. All annealing runs were performed
on the National Energy Research Scientific Computing
Center IBM SP RS/6000 supercomputer.
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