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Sequence-dependent variations in the growth mechanism and sta-
bility of amyloid fibrils, which are implicated in a number of neuro-
degenerative diseases, are poorly understood. We have carried out
extensive all-atom molecular dynamics simulations to monitor the
structural changes that occur upon addition of random coil (RC)
monomer fragments from the yeast prion Sup35 and AB-peptide onto
a preformed fibril. Using the atomic resolution structures of the
microcrystals as the starting points, we show that the RC — B-strand
transition for the Sup35 fragment occurs abruptly over a very narrow
time interval, whereas the acquisition of strand content is less dra-
matic for the hydrophobic-rich Ap-peptide. Expulsion of water, re-
sulting in the formation of a dry interface between 2 adjacent sheets
of the Sup35 fibril, occurs in 2 stages. Ejection of a small number of
discrete water molecules in the second stage follows a rapid decrease
in the number of water molecules in the first stage. Stability of the
Sup35 fibril is increased by a network of hydrogen bonds involving
both backbone and side chains, whereas the marginal stability of the
Ap-fibrils is largely due to the formation of weak dispersion interac-
tion between the hydrophobic side chains. The importance of the
network of hydrogen bonds is further illustrated by mutational
studies, which show that substitution of the Asn and GIn residues to
Ala compromises the Sup35 fibril stability. Despite the similarity in the
architecture of the amyloid fibrils, the growth mechanism and sta-
bility of the fibrils depend dramatically on the sequence.

all-atom simulations | amyloid growth dynamics | growth mechanism
of fibrils | sequence-dependent addition process | Sup35 and AB-peptide

A number of neurodegenerative diseases, such as Alzheimer’s
and Parkinson’s diseases and transmissible prion disorders
are associated with the formation of amyloid protein fibrils with
a characteristic B-structure. In addition to proteins directly
implicated in diseases, others that are unrelated by sequence or
structure also form fibrils rich in B-sheet structure (1). These
observations make it urgent to understand the molecular basis
of amyloid fibril formation (1-3). The structures of the amyloid
fibrils share a characteristic cross-B motif (4—7) with the peptides
(or the proteins) forming extended B-strands that span the length
of the fibril. Depending on the sequence, the strands in a given
sheet are arranged in a parallel or antiparallel manner (8, 9) and
lie perpendicular to the fibril axis. The near-universal morphol-
ogy of the fibrils (without consideration of strains) suggests that
the global mechanism that drives their formation from mono-
mers may be similar (3). Indeed, several variations of the
nucleated polymerization mechanism (NPM) have been used to
account for amyloid fibril formation (10-12). According to the
NPM, fluctuations (induced by denaturation stress, for example)
lead to monomer conformations that can associate with other
monomers to form fluid-like oligomers. If the size of the
oligomer exceeds a critical value, a nucleus forms that subse-
quently grows into protofilaments and fibrils. Although much
less is known about the growth of mature fibrils, it is suspected
that they grow by incorporating 1 monomer at a time (13).
Schematically, we may depict the cascade of events leading to
fibrils from aggregation of n monomers as nM < M,, + mM —
M,. — PF — AF where M, PF, and AF are, respectively,
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monomer, protofilaments, and amyloid fibrils, and n.(= n + m)
is the nucleus size.

Although the overall growth mechanism described above ap-
proximately describes the kinetics of amyloid formation, the mo-
lecular details in each of the steps is still poorly understood.
Characterizing the structural changes in the various intermediates
in the route to fibril formation is difficult not only because they are
transiently populated (14-31) but also because there are large
conformational fluctuations in the oligomers and in the monomers
as they add onto a growing fiber (19, 32). The conformational
transitions that occur in an unstructured monomer as it adds onto
the fibril can be described by using all-atom molecular dynamics
(MD) simulations, provided the structures of the fibrils are known.
In this regard, great progress has been made (4, 5) in obtaining
structural models of amyloid fibrils by using solid-state NMR
methods (6, 7). More recently, the determination of atomic struc-
tures of a number of peptides that form cross-f microcystals has
been a boon to our understanding of the factors that determine
fibril formation. Taking advantage of these advances, we have
performed all-atom MD simulations to describe the molecular
events in the growth process of amyloid fibrils. Several experiments
have suggested that the kinetics of monomer incorporation is
complex but can be described by a dock-lock mechanism (19,
33-35). In this scenario, which can be rationalized by using an
energy landscape perspective (36, 37), the addition of the monomer
is envisioned to occur in 2 distinct global stages. In the first stage,
a soluble (most likely an unstructured or partially structured)
monomer docks to the fibril on a time scale 7. In the locking stage,
that occurs with a time constant 7, the monomer undergoes
conformational changes to adopt the structure in the fibril. The lock
stage is slow because the structure of the monomer has to be
commensurate with the underlying fibril morphology. Indeed,
estimates from experiments (33), theory (35), and computer sim-
ulations (19) show that 7,/7p >> 1. To study the conformational
changes of the amyloid growth process, we used MD simulations in
explicit water to investigate the process of monomer addition onto
a preformed fibril. By assuming that the growth of fibrils occurs by
addition of 1 monomer at a time (13), we focused on the molecular
conformational changes that occur after the monomer docks to one
end of the fibril. To elucidate the general scenarios for the addition
of monomers, we chose 2 fibril structures, 1 from the heptapeptide
GNNQOQNY in the yeast prion Sup35 and the other a hexapeptide
GGVVIA from AB monomer (4, 5). The nearly all-polar GN-
NQOQONY molecule, from the NQ-rich prion domain (residues 7-13)
of Sup35 that can aggregate to the self-propagating [PSI*] particle
and the predominantly hydrophobic GGV VIA peptide from (res-
idues 37-42) AB monomer both form fibrils in which the strands are
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Fig. 1. Monomer addition to fibrils. (A and B) Pair of B-sheets from the Sup35

microcrystal (A) and AB microcrystal (B). The arrow through the crystal points
toward the fibril axis (the crystal orientation labeled as (abc) is shown for clarity).
One sheet is in purple and the other is shown in silver. The sheet in silver in A and
B has only 2 monomers, creating a vacant position in the crystal. The missing
monomer creates a terrace-like structure in the crystal. The addition of an
unstructured solvated monomer leading to the fibril on the right is probed by
using all-atom MD simulations. Water molecules are in the vacant part of the
crystal because of the missing monomer. (C) Time-dependent changes in the
B-strand content of the monomer, (%), during the locking process of Sup35 prion
segment. (D) Same as C except that thisis for the increase in B(t) for the Ag protein
segment. The numbers in brackets in C and D label the trajectories.

organized as in-register parallel B-sheets. We show that the acqui-
sition of B-strand content in both the peptides occurs cooperatively
by establishing in-register interactions with the strands in the fibrils.
Expulsion of water from the solvent exposed B-strand in the Sup35
fibril occurs in 2 distinct stages leading to a dry polar zipper region
between the 2 sheets. Despite the qualitative similarities between
the dynamics of the locking process in the 2 cases, we show that a
network of hydrogen bonds between the sheets in the Sup35 fibril
gives it enhanced stability compared with the Ap fibril. We predict
that substitution of the NQ-rich sequence by Ala would compro-
mise the stability of the Sup35 fibrils.

Results and Discussion

Solvated Monomer Is a Random Coil. The isolated Sup35 prion
segment peptide is predominantly in a random coil (23, 38) [Fig. 1
and supporting information (SI) Fig. S1], whereas the AB segment
has nonnegligible B-strand content. Analysis of the structures
explored by using the dihedral angles ¢ and s, satisfying the
condition (14) for a B-strand (—150° = ¢ = —90° and 90° = ¢ =
150°) and for a a-helix (—80° = ¢ = —48° and —59° = y = —27°),
show fluctuations among a number of conformations with transient
secondary structure formation (Fig. S1). A conformation is in a
B-strand (a-helix) if (7) at least 2 consecutive residues adopt strand
(helix) configuration, and (i) no 2 consecutive residues are in helix
(B-strand) state. With this definition, the peptide GNNQQNY has
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negligible B-strand or o-helical content. In contrast, the AB-
peptide, GGVVIA, has an average B-strand content of ~(.15 with
negligible propensity to form a-helix. Both peptides in isolation are
predominantly random coils in water. Thus, only during the process
of interaction with the fibril, the major conformational transfor-
mation from random coil to B-strand must occur.

Locking of GNNQQNY onto the Fibril Is Dynamically Cooperative. The
locking process of an unstructured monomer onto a protofilament,
which serves as a template, was initiated by placing the Gly residue
in close proximity to the Gly on the protofilament (Fig. 14) and
Methods). The acquisition of structure in the growth process is
monitored by the increase in the B-strand content of the added
monomer. In the fibril structure, the residues, SNQQN® are in
B-strand conformation as judged by the program STRIDE (39) as
well as the definition based on dihedral angles, ¢ and ¥, for a
B-strand (14). The equilibrium strand content for the 4 internal
residues ("NQQN°) is defined as, B = i 18,5 = 1, where 8,5 =
1 if residue i adopts the approprlate geometry for a B-strand. To
probe the dynamics of changes in the monomer as it locks onto the
fibril, we calculated B(f) = ~ [1**Bi(s)ds, where Bi(s) = 37,8 at
time? =sand A = 1 ns. If the locking process is complete we expect
that at long times, the strand content of the monomer B(t) — Bg.
Remarkably, B(¢) changes dramatically and highly cooperatively
when GNNQQNY locks onto the fibril (Fig. 1C) in all 3 trajectories.
Analysis of the time dependence of B(f) shows that the strand
content of the locking monomer reaches 0.25 rapidly and remains
at this level for duration, ranging from 30 to 425 ns depending on
the trajectory (Fig. 1C). The additional increase in B(t) (by =~0.75)
and the m-stacking of the Tyr ring (residue 7) occurs within 10 ns
in all trajectories. The transition time, Az, in which B(¢) increases
from 0.25 to 1.0 (Fig. 1A4) is much shorter than the trajectory-
dependent first-passage time, 7, which is defined as the time where
B(7;) = 1 for the first time in the ith trajectory (Fig. 1C). The values
of At/r of the 3 trajectories shown are 0.16, 0.016, and 0.02,
respectively, which is a reflection of the dynamic cooperativity of
the locking process.

Fluctuations in B(t) of the AB Peptide Persist After Locking. The
increase in B(f) upon addition of GGVVIA onto the vacant location
of the underlying protofibril as a function of ¢ also increases sharply
in a small interval Az. However, unlike the Sup35 peptide, which
undergoes relatively small fluctuations in B(f) after it forms in
registry B-strand, the AB peptide undergoes substantial changes in
B(¢) (Fig. 1D) despite being simulated at a lower temperature (7 =
290 K) compared with the Sup35 peptide (7' = 330 K). In one of
the trajectories, the AP peptide repeatedly samples B(¢) ~ 0.6,
which shows that the landscape for the AB peptide aggregation is
rugged. We show below that the large conformational fluctuation
observed in the AB peptides is related to the substantial stability
differences between the 2 fibril structures.

Dynamics of Intramolecular Steric Zipper Formation in the Sup35 Fibril
Is Heterogeneous at the Molecular Level. The amyloid crystal struc-
tures (4) show that the interface between the 2 ad]acent B-sheets in
the Sup35 fibril that are within 5-8 A (Fig. 14) is dry except in the
vicinity of the carboxylate ions. However, there is no water present
between the parallel B-strands within a single sheet (ones shown in
purple in Fig. 14, for example). To probe the dynamics of addition
of in-register formation of the locking monomer, with concomitant
increase in the B-strand content, we have calculated the time-
dependent changes in the distance between the centers of mass of
the side chains of the solvated monomer and the underlying fibril
monomers, dj(t) (j refers to the side chain of the solvated monomer,
and/labels the identical residue in the underlying fibril). The results
in Fig. 2 show that, despite the overall cooperativity in the en-
hancement of B(¢) (Fig. 1C), the decrease in dj(t) (j and / range from
210 7), occurs over a broad spectrum of times. In the trajectory (Fig.
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Fig.2. Time evolution of the side-chain center of mass distance, dj, between the in-register residues of the locking Sup35 and AB monomers and its neighbor in the
same B-sheet. (A—C) The 3 trajectories for the Sup35 fibril growth. Residues 2-7 are plotted: Asn-2 (green), Asn-3 (light blue), GIn-4 (purple), GIn-5 (blue), Asn-6 (red),
Tyr-7 (black). Side chains of residues 2-4 in the Sup35 monomer lock in <10 ns. Residues 5-7 take a longer time and form in-register contacts simultaneously. (D) Same
as A-C except that the graph is for the Ag fibril growth in 1 trajectory. The colors correspond to Val-3 (green), Val-4 (light blue), lle-5 (red), Ala-6 (black). The crystal
monomer is shown in blue in A-D. Part of the monomer locked onto the crystal is shown in red, and part of the unlocked monomer is in green.

2A) with the shortest first-passage time, the 2 Asp and the Gln
residues from the C terminus interlock rapidly (=10 ns). The full
intrasheet steric zipper, in which all 7 residues are in perfect registry,
forms in ~50 ns. In contrast, the time for forming the steric zipper
can be long (=400 ns) as shown in Fig. 2C. There is also hetero-
geneity in the locking of the individual residues that result in tight
packing. For example, the order of decrease in dj(t) in Fig. 2.4 and
B are somewhat similar. On a short time scale, N2, N3, and Q4
residues of the solvated monomer interdigitate perfectly with their
counterparts in the fibril (Fig. 24 and B). The interdigitation is also
shown in terms of the structures in which residues in red (solvated)
monomer are superimposed on the underlying residues in blue from
the fibril. The residues in green are not in registry, and the values
of dj(t) are large for t < 7; the first-passage time for trajectoryi. The
remaining residues (Q5, N6, and Y7) achieve their fibrillar confor-
mation at ¢ ~ 7; nearly simultaneously (Fig. 2 A and B).

The dynamics of intramolecular zipper formation is dramatically
different in the third trajectory (Fig. 2C). In this case, just as in Fig.
2 A and B, the 3 N-terminal residues adopt the fibril-compatible
structure on a rapid time scale. Interestingly, the aromatic ring in
Y7 contacts its counterpart in the underlying lattice at ¢ ~ 100 ns
(Fig. 2C). However, the orientation of the ring is flipped (see the
circle portion of the snapshot in Fig. 2C). After repeated association
and dissociation, which results in an increase of d77(¢) (Fig. 2C), the
3 residues interdigitate at t =~ 7; to complete the formation of in
register parallel strand. The formation of near-native contact
between the 2 Tyr residues and the subsequent reversal before the
completion of locking is reminiscent of “backtracking” in the
folding of the large protein interleukin (40). The diversity in
the time scale, and presumably in the routes in the locking process,
although inferred from only a few trajectories, is plausibly a
characteristic of heterogeneous growth of amyloid fibrils.

In contrast to the growth of the Sup35 fibrils, the locking of the
AB monomer to the fibril lattice is very rapid (Fig. 2D). The
hydrophobic association between the 2 A strands occurs rapidly,
indicating that the expulsion of water is an early event. However, the
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stability of the locked A peptide is less than the Sup35 monomer,
which results in large conformational fluctuations of A monomer
(see below).

Peptide Assimilation Involves Excursion Through Metastable States.
Time-dependent changes in the nematic order parameter (P2, Eq.
1in SI Text) show that the soluble monomer hops through a number
of metastable states before adopting in-registry B-strand confor-
mation (Fig. 3). The formation of metastable structures can be
traced to intermolecular hydrogen bonding and steric interactions
between the locking monomer and the underlying fibril. The
backbone and side chains of the monomer residues SNQQN® form
interpeptide hydrogen bonds with the fibril at positions that are not
commensurate with the ordered structure. The formation of these
favorable, but nonnative, interactions have to be disrupted for the
monomer to escape from the metastable kinetic traps. The jump
times between the metastable structures as well as the transition to
the ordered state are much shorter than their lifetimes (Fig. 34).
Upon formation of the locked state, the monomer is stabilized by
backbone and side-chain intermolecular interactions.

The nature of metastable states and the associated lifetimes are
drastically different in the process of addition of AB peptide to a
growing fibril (Fig. 3B). The nonpolar side chains of the AB peptide,
which interact with the fibril largely through weak hydrophobic
interactions, cannot form hydrogen bonds. Because of weak dis-
persion interactions associated with the A peptides the metastable
interactions can be easily disrupted. Consequently, the lifetimes of
the metastable states are short, enabling rapid hopping between the
various states (Fig. 3B). This behavior of AB peptide stands in
contrast to that of the Sup35 monomer, which can be trapped in
metastable intermediates for long times. Although the initial lock-
ing and transition between the metastable structures are rapid in
the case of AB monomers, interpeptide steric interactions can
prevent in-register B-strand formation (Fig. S2). The nematic order
parameter for one of the trajectories shows that, even after 0.1 us,
the value of P, =~ 0.6. In this state (Fig. S2), 4 residues adopt correct
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Fig. 3. Time-dependent changes in the nematic order parameter (see S/ Text).

(A) Sup35 monomer. The locked Sup35 monomer is stabilized through backbone

and side-chain intermolecular hydrogen bonds in addition to the hydrophobic

interactions. (B) AB monomer. The locked AB monomer fluctuates as it is stabi-
lized only through weak dispersion interactions.

positions, whereas residues 5 and 6 form nonnative contacts (that
are absent in the amyloid fibril). The escape from this structure
requires partially unzipping of the correctly formed contacts, which
requires overcoming a large free-energy barrier.

Two-Stage Dehydration and the Locking Process Are Coincident for
the Sup35 Peptide. The number of water molecules, averaged over
time, NyAt) = ~[*"*Ny(s)ds (A = 1 ns), in the vicinity of both the
Sup35 and ABA monomers decreases as the interaction with the
underlying fibril lattice increases (Figs. 44 and 54). As the
locking reaction progresses, water molecules in the vicinity of the
monomer in the fibril that are closest to the solvated monomer
(the first B-strand shown in silver in Fig. 1) are expelled (Figs.
4B and 5B). Comparison of the dynamics associated with the AB
and Sup35 locking shows that the dehydration process is dynam-
ically more cooperative in the locking of the Sup35. For both
Sup35 and AB monomers, fluctuations in the number of water
molecules coincide with the locking events (see Figs. 3 and 4).
The largest fluctuations in the number of water molecules near
the locking monomer, N%/(t), and the solvent-exposed monomer
in the fibril, Nj;(¢), occurs exactly when the monomer completely
locks into the crystal cooperatively (Fig. 4 A and B). The
coincidence of the locking step and dehydration is also reflected
in the sharp, almost stepwise, decrease in the water content in
the zipper region of the Sup35 crystal (Fig. 4C). The number of
water molecules, N%(t), decreases abruptly from 8 to 2 as the
docking is initiated, and finally goes to zero as the locking
process is complete (Fig. 4C). These observations show that
dehydration, resulting in the formation of the dry zipper region
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Fig.4. Role of water moleculesin the addition reaction in the 3 MD trajectories.

(A) Dynamical changes in the number of water molecules near the Sup35 mono-
mer asitlocks onto the fibril. (B) Variations in the number of water molecules that
are in the neighborhood of the fibril monomer onto which the Sup35 monomer
docks and locks (in Fig. 1A), viewing from the top, the first monomer in the
B-strand shown in silver color). (C) Time-dependent changes in the number of
water molecules in the zipper region. Water in the zipper region is expelled in 2
distinct stages. In stage | as shown in the Inset, there are ~7-9 water molecules at
the start of the lock phase, and the number decreases to ~2 in 10 ns. In stage Il
water molecules are completely expelled as the monomer locks onto the fibril.
The number of water molecules is averaged over a time period of 1 nsin all of the
3 plots except that in the Inset it is averaged over 10 ps. In A-C, only water
molecules that are within 3.5 A of the peptide are considered.

(4) as the monomer locks into the fibril lattice, is a key event in
the growth of the amyloid fibrils. We surmise that interactions
involving water must play an important role in the rate of fibril
growth (41, 42).

Rapid Locking Requires Formation of Native-Like Contacts During the
Docking Stage. The results presented so far are based on simulations
that were initiated by forming a transient native contact between
the Gly of the unstructured monomer with the underlying fibril,
which was needed to observe the growth process in the time scale
of the simulations. To assess the role of the initial conformations on
the dynamics of the monomer assimilation step, we also performed
multiple simulations by harmonically constraining the center of
mass of the Sup35 monomer to the fibril surface to facilitate
docking of the peptide. The peptide docks onto the fibril lattice
within 50 ps (see the Inset to Fig. S3) after which the harmonic
constraint is removed. In 3 of the 4 long trajectories, the docked
monomer unbinds from the fibril within ~70 ns (see Fig. S3). In one
of the trajectories, an incorrect but stable native-like contact
between Q5 of the docked monomer and Q4 of the monomer in the
underlying fibril lattice forms relatively early. After nearly 300 ns,
fluctuations drive the monomer from the fibril surface (Fig. S3).
These simulations suggest that template-mediated assembly of the
docked monomer and the fibril might involve a number of undock-
ing/docking events before assimilation onto the growing fibril. The
time scale for growth of the fibril depends critically on the nature
of the ensemble of molecules that are generated at the end of the
docking process. It appears that only a small fraction of monomers,
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Fig. 5. Changes in the number of water molecules within 3.5 A of the A
peptides as a function of time. (A) NLW(t) is the number of waters around the
locking AB monomer. (B) NFW(t) shows water molecules that are near the closest
neighbor in the fibril to the locking monomer (in Fig. 1B, viewing from the top,
the first monomer in the B-strand shown in silver color). The number of water
molecules is averaged over a time period of 1 ns.

which establish at least 1 native-like interaction with the monomer
in the fibril, can rapidly lock and assimilate onto the fibril.

Favorable Electrostatic and Dispersion Interactions Stabilize Sup35
Fibrils to a Greater Extent than A Fibrils. The greater dynamic
cooperativity of the locking process of the addition of Sup35
monomer to the fibril compared with the growth of Ap fibril is also
reflected in the interactions that stabilize the 2 fibrils. We computed
the electrostatic (V) and van der Waals interaction (Vy4w) energies
between the neighboring monomers in the Sup35 and Ap fibrils
(Table S1) show that V.. associated with the monomers in the
Sup35 fibril is more favorable than in the A fibrils because the side
chains of the 5 polar residues (?NNQQN?®) in the Sup35 peptide can
form a tight network of inter peptide hydrogen bonds. In addition,
the van der Waals interaction between the monomers in the Sup35
crystal is also considerately more favorable than in the A fibrils
(Table S1). In the parallel arrangement of the B-strands, the
contacts between the nonpolar groups in N, Q, and Y lead to
favorable dispersion interactions. Six residues in the Sup35 peptide
have nonpolar groups, whereas in the A monomer, there are only
4 small nonpolar residues (*VVIAS). Moreover, the inability of the
side chains in the AB monomer to form interpeptide hydrogen
bonds, which orientationally pins the Sup35 peptide on the fibrils,
leads to a less-stable microcrystal. As a result, there are greater
conformational fluctuations in the A fibrils even after the locking
process is complete (Fig. 3B).

Sup35 Fibrils Can Be Destabilized by Ala Mutations. To further
illustrate the effect of the interpeptide side-chain hydrogen bonds
on the stability of the Sup35 fibrils, we probed the dynamic stability
of the ordered state by performing Ala scanning mutations (24)
(Fig. S4). Four mutants M1 (residue 4), M2 (residues 4 and 6), M3
(residues 2, 4, and 6), and M4 (residues 2-6), in which the residues
in parentheses were replaced by Ala, were studied. The time-
dependent root mean-square deviations, A(f), from the WT shows
that M1 (residue 4) and M2 (residues 4 and 6) are nearly as stable
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as the WT crystals. Although, the zipper contacts and the amide—
amide hydrogen bonds in the B-sheet, formed by residues Q and N
with the WT, are disrupted in the mutants, the docked mutant
monomer in the crystal is stabilized by backbone hydrogen bonds
and side-chain amide hydrogen bonds formed by N2, N3, and Q5.
In M3 (residues 2, 4, and 6). all of the zipper contacts and
amide—amide hydrogen bonds on the zipper side are disrupted,
which makes M3 (residues 2, 4, and 6) flexible in the crystal. As a
result, the value of A(f) increases. Finally, in M4 (residues 2-6),
there is a complete loss of amide—amide stacking hydrogen bonds
and zipper contacts. Increasing the hydrophobic interactions be-
tween the monomers without compensating for the loss of hydro-
gen bonds renders the Sup35 fibrils unstable. These calculations
also show that the greater stability of the peptides in the Sup35
fibril, relative to the A fibrils, is due to enhanced orientational
ordering resulting from hydrogen bond formation.

Concluding Remarks

Extensive all-atom MD simulations of the addition of the unstruc-
tured monomers (GNNQQNY from Sup35 and GGVVIA from
the AB peptide) to the end of the amyloid fibril show that the
process of locking is dynamically cooperative (Fig. 1). The assembly
process is heterogeneous at the molecular level, especially for the
addition of the AB peptide to the fibril. Conformational fluctua-
tions after the Sup35 monomer adopts the B-strand conformation
are much smaller than those observed for the AB monomer.
Interpeptide hydrogen bonds between adjacent B-strands in the A3
fibril fluctuate greatly on a time scale on the order of a few
nanoseconds. Time-dependent changes in the hydrogen bonds
between B-strands in the Sup35 fibril occur much more coopera-
tively in an all-or-none manner (Fig. S5). The differences, which are
reflected in the stability of amyloid fibrils, result in larger confor-
mational fluctuations in the A fibrils compared with the Sup35
structure.

Before the addition of the monomer to the underlying fibril, the
strands on the fibril form hydrogen bonds with the water molecules.
As the locking reaction progresses, water molecules are expelled,
and the interactions are replaced by the in-register interactions with
the B-strand of the fibril. Drying of the interface between 2 adjacent
B-strands in the fibril occurs in 2 distinct steps. In the initial rapid
stage, there is a sharp decrease in the number of interfacial water
molecules as the monomer docks on the fibril. Complete dehydra-
tion resulting in a dry environment between the pB-sheet and the
formation of a parallel strand arrangement occurs simultaneously,
especially in the addition of GNNQQNY on to the Sup35 fibril. The
remarkably cooperative expulsion of a number of water molecules
over a very short time, which occurs late in the assembly process,
shows that it is an essential step in stabilizing the amyloid fibril.

From a global perspective, the mechanisms of amyloid fibril
growth appear to be similar. However, comparison of the molecular
processes involved in the addition of the NQ-rich peptide and the
hydrophobic AB peptide to their respective fibrils reveals crucial
differences in the dynamics of addition and the nature of interaction
that stabilize the ordered state. In the case of GNNQQNY fibrils,
precise in-register interactions between the side chains of the
monomers renders the interface dry. More importantly, as noted
previously (4, 44), a network of hydrogen bonds involving the
backbone and side chains across the dry interface further stabilizes
the B-sheets. Our simulations show that the dynamics of the
network of hydrogen bonds, which is analogous to the Perutz polar
zipper model (43) for fibrils involving glutamine repeats, changes
coherently across the interface. Indeed, the ability to form the
network of hydrogen bonds (Fig. S6) makes the GNNQQNY fibrils
considerably more stable than the A fibrils. The fibrils from
Ap-peptides are largely held together by the much weaker and
nonspecific dispersion interactions between the hydrophobic side
chains. Consequently, the A fibrils are much less stable and
undergo substantial fluctuations even after the locking process is
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complete. Taken together, these results show that the fibril stability
can be enhanced by stitching together B-sheets with hydrogen bonds
involving both the backbone and side chains. If the Sup35 peptide
chains are mutated to Ala, the stability of the fibril is compromised.
This observation further emphasizes the importance of the network
of hydrogen bonds. Decomposition of the stabilization energy of
the Sup35 and A fibril suggests that the electrostatic (network of
hydrogen bonds) are crucial in enhancing the stability of the Sup35
fibrils. We speculate that sequences that can form a large network
of interpeptide hydrogen bonds lead to fibrils with enhanced
stability. Our work also suggests that the rate of growth of fibrils
could increase as the stability of the fibril decreases.

Methods

Models. The crystal structures of the fibrils of the heptapeptide 7GNNQQNY'3,
from the yeast prion protein Sup35, and the hexapeptide 3’GGVVIA*2, from the
AB protein, belong to 2 different classes (4, 5). In the ordered state, the surfaces
of the 2 different B-strands interlock to form a steric zipper structure in which the
side chains of each pB-sheet face at the interface, interdigitate into one another.
In the microcrystal of GNNQQNY (referred to as Sup35 fibril here), identical
surfaces of the B-strands interact to form the zipper region, whereas in the AB
fibril, different surfaces interact to form the zipper region. In the Sup35 fibril,
identical edges of the monomers in 2 different B-strands point in the same
direction (up—up) (5), whereas in the Ag fibril they point in different directions
(up—down). Our simulations (see S/ Text for details and analysis) use the amyloid
structures as the starting point for probing the dynamics of the growth process.
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Initial Conformations. We first created a protofilament with a vacancy (Fig. 1A)
thatresults in a terrace-like shape on the crystal. The vacancy is created by initially
restraining all but 1 of the strands (the gray strand in Fig. 1) to their fibril
structures. The system is heated to ~1,000 K, which results in dissociation of the
strand, leaving a step-like vacancy. From the high-temperature simulations,
conformations where the dissociated monomer is in proximity (where 1 of the
residues interacting with the fibril lattice) to the underlying fibril are chosen as
the starting structures. One of the B-sheets of the protofilament (purple in Fig.
1A) has 3 B-strands, whereas the other has 2 (silver in Fig. 1A). A solvated
monomer can dock and lock onto the crystal. Because the time scale for monomer
addition is long (milliseconds to seconds), we describe the structural transition in
the locking step of the monomer after contact with the protofibril is initiated. In
most cases, we began the simulations with the monomer having the Gly initially
in contact with the crystal. At subsequent times, there are no restraints between
the monomer and the fibril. Four independent simulation trajectories, for an
accumulated time of 0.8 us for the addition of the Sup35 peptide to the under-
lying crystal were generated. We use the same procedures to simulate the locking
of the AB monomer into the crystal (Fig. 1B). Three independent trajectories of
the AB monomer locking into the crystal were generated. The total simulation
time of the 3 trajectories is ~0.23 us (see Table S2 for details).
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