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Nonfibrillar soluble oligomers, which are intermediates in the
transition from monomers to amyloid fibrils, may be the toxic
species in Alzheimer’s disease. To monitor the early events that
direct assembly of amyloidogenic peptides we probe the dynamics
of formation of (A�16–22)n by adding a monomer to a preformed
(A�16–22)n�1 (n � 4–6) oligomer in which the peptides are arranged
in an antiparallel �-sheet conformation. All atom molecular dy-
namics simulations in water and multiple long trajectories, for a
cumulative time of 6.9 �s, show that the oligomer grows by a
two-stage dock–lock mechanism. The largest conformational
change in the added disordered monomer occurs during the rapid
(�50 ns) first dock stage in which the �-strand content of the
monomer increases substantially from a low initial value. In the
second slow-lock phase, the monomer rearranges to form in
register antiparallel structures. Surprisingly, the mobile structured
oligomers undergo large conformational changes in order to ac-
commodate the added monomer. The time needed to incorporate
the monomer into the fluid-like oligomer grows even when n � 6,
which suggests that the critical nucleus size must exceed six. Stable
antiparallel structure formation exceeds hundreds of nanoseconds
even though frequent interpeptide collisions occur at elevated
monomer concentrations used in the simulations. The dock–lock
mechanism should be a generic mechanism for growth of oli-
gomers of amyloidogenic peptides.

There is intense interest in determining the structures, kinetics,
and growth mechanisms of amyloid fibrils (1–8) because they

are associated with a number of diseases such as Alzheimer’s (9)
and Parkinson’s (6) disease as well as prion pathology (10). Re-
cently, significant progress has been made in determining the
structures of amyloid fibrils (1, 11–13). The structures of fibrils of
a number of peptides including A�1–40 and A�1–42 that have been
proposed using constraints obtained from solid state NMR (13) are
also consistent with molecular dynamics simulations (14). In addi-
tion, a high resolution crystal structure of peptides extracted from
N-terminal segments of Sup35 has been recently reported (15).
These studies have confirmed that many peptides, which are
unrelated by sequence, adopt the characteristic cross �-pattern in
the fibril state.

It is also important to understand the mechanisms of their
formation starting from monomers because it is becoming increas-
ingly clear that the nonfibrillar intermediates may be the toxic
species in at least the Alzheimer’s disease (9). Experimental
characterization of the mechanism of formation of oligomers and
their structures is difficult because of their diverse morphologies
and rapid conformational fluctuations (16–19). Molecular dynam-
ics (MD) simulations (14, 16, 20) can not only identify the inter-
actions that drive the oligomer formation, but also can provide a
molecular picture of the dynamics of the early events in the route
to amyloid fibrils (16).

In a previous study, we investigated the factors that govern the
assembly mechanism of trimers of A�16–22 peptides (16). Following
our initial work and a related study on trimers of a fragment from
Sup35 (19), a large number of computational papers have focused
on various aspects of oligomer formation and fibrils (17, 18, 21–24).

The computational studies on the soluble dynamically fluctuating
oligomers have elucidated the importance of side chains (and hence
the sequence) in directing the aggregation process (16, 19). Here,
we probe the mechanism of how structured oligomers grow upon
addition of an unstructured monomer. The kinetics of addition of
soluble A� monomers to preformed fibril structures has been
investigated experimentally (25, 26) and using theoretical argu-
ments (27). These important studies showed that the association of
monomers to the amyloid fibril occurs by multistep kinetics, based
on which it was proposed that fibril elongation occurs by a dock-lock
mechanism (25, 26). A similar mechanism may be operative in the
growth of the Sup35 amyloid, which occurs by addition of a single
monomer to a growing end of a fibril (3). In these templated-
assembly studies (3, 25, 26), it is unlikely that the fibrils themselves
undergo substantial conformational changes. In contrast, because
the oligomers are highly dynamic, it is unclear how a preperformed
oligomer interacts with a nascent monomer.

To probe the dynamics of oligomer growth, we investigated the
assembly mechanism of

�A�16 –22�n�1 � A�16 –22 º �A�16 –22�n , n � 4, 5, 6, [1]

using extensive molecular dynamics simulations in explicit water
(Methods). Monomer adds to the structured oligomer by a
two-phase dock–lock mechanism (25, 26). In the first rapid dock
phase, the unstructured A�16–22 docks onto a preformed oli-
gomer. In the second (lock) step, interaction of the monomer
with the ‘‘f luid-like template’’ results in substantial conforma-
tional changes. Surprisingly, in the lock phase, the preformed
oligomer itself dynamically f luctuates to accommodate the
monomer. The rate-determining step in the monomer addition
is the lock phase in which combined conformational changes that
both the preformed oligomer and the monomer undergo to form
a stable antiparallel higher order oligomer. The lock phase is
sufficiently slow that, even at the very high peptide concentra-
tions used in the simulations, we did not observe fully antiparallel
structures for n � 6, after hundreds-of-nanoseconds simulations.
Water molecules are expelled early in the assembly process, thus
making the interior of the ordered oligomers dry. Because the
biophysical basis of the oligomer assembly mechanism is general,
we suggest that growth of other amyloidogenic peptides might
also follow the dock–lock mechanism. The oligomers grow by
addition of one monomer at a time, and hence the dock–lock
mechanism is independent of the monomer concentration (3).
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Results and Discussion
Monomers Fluctuate Between a Number of Rapidly Interconverting
Minima. An important goal of this work is to determine the
conformational changes that the monomer undergoes upon inter-
acting with a preformed oligomer. As a first step, we have charac-
terized the relevant minima that are sampled by the monomer
during the 0.36-�s simulations. The monomer adopts predomi-
nantly flexible random coil conformations (�65%). The �-strand
content is �10%, whereas the �-helix is �25%. Comparison with
our earlier study (16) shows that, regardless of the force field,
A�16–22 monomer predominantly adopts a random coil conforma-
tion. From the the free-energy profile expressed in terms of the first
two principal components, we find that [see supporting information
(SI) Fig. 6] A�16–22 samples a number of minima that are separated
by small free-energy barriers (�1 kcal�mol).

The Antiparallel (A�16–22)3 Is Mobile. The simulations of the trimers
were initiated by placing the three peptides in random orientations.
Upon interpeptide interaction, the ordered (A�16–22)3 structures
form. The energy of (A�16–22)3 is lower than that of three isolated
monomers (Fig. 1a), which implies that the oligomer conformation
is more favorable than the three noninteracting peptides. At long
times, (A�16–22)3 forms antiparallel �-sheet structures in which the
backbone of each of the monomers is in a plane (Fig. 1b). However,
because of the finite size effects, the ordered oligomers are only
marginally stable. As a result of conformational fluctuations,
(A�16–22)3 samples, a number of alternative structures (Fig. 1b) that
are separated from the dominant minima by small free energy
barriers. The nematic liquid crystalline order parameter �P2�, which
gives the overall orientation of the peptides with respect to a
director, is �0.5 for the most populated minimum. There are other
basins (Fig. 1b) in which �P2� is relatively high, which suggests a high
degree of orientational order (due to antiparallel arrangement of
the peptides) in the higher free-energy minima. Fig. 1b shows that,
although antiparallel structures are the most stable, they intercon-
vert among other competing basins of attraction on the time scale
of simulations (between �100 and�or 680 ns). The large confor-
mational fluctuations are also reflected in the dynamics of P2 (Fig.
2a) and the shallow barrier separating ordered and disordered
arrangement of the A�16–22 peptides (see Fig. 2a Inset).

Peptide Association Occurs with High Probability from Unfolded
Monomer Conformations. If we set the first time P2 � 0.9
(corresponding to the location of the second minimum in the
free energy as a function of P2 Fig. 2a Inset) as the first passage
time for antiparallel assembly (�APA,i) in the ith trajectory, we
find that �APA,i ranges from �7 to 600 ns depending on i. The
long value of �APA,i for i � 5 (Fig. 2b) illustrates the role that the
initial conformations of the peptides play in the mechanism of
assembly. In the fifth trajectory, the initial conformation of the
one of the peptides is in a random coil state, whereas peptide 2
has a turn and peptide 3 is in a �-helical state. The starting
structures for the peptides in all other trajectories are random
coils. The value of �APA,5 (Fig. 2b) that exceeds 600 ns, compared
to the much smaller values for other trajectories (see Fig. 2a for
an example), shows that oligomers form rapidly if during the
initial collision the contact radius is as large as possible, which
is most probable if the peptides are in the random coil state.
From this result, we also conclude that, if any of the peptides is
in an ordered state, then it has to at least partially unfold to
facilitate oligomerization. The multiplicity of routes in the trimer
formation, which is reflected in the role the initial structure plays
in the oligomerization process, is consistent with pathway diver-
sity observed in the aggregation of proteins using lattice models
(28). It was also shown in ref. 28 that the most efficient kinetic
assembly occurs if the associating monomers are unfolded and
random coil-like because such conformations maximize the

interpeptide contact radius. Alternatively, it is likely that a
monomer in the helical conformation can easily add to the
oligomer as a random-coil conformation. However, the reorga-
nization of the helical structure is far less probable.

Estimation of Oligomerization Time Scale. The peptide concentra-
tion, which is on the order of 100 �M under in vitro fibril growth
conditions (13), is in the �40–70 mM range (Table 1) in our
simulations. As a result, the interpeptide collision probability is
greatly enhanced which naturally would lead to smaller times for
forming ordered structures. In principle, the formation time of
ordered trimer starting from monomers can be computed using
�APA,i for a number of trajectories. This is, at present, not possible
given that a large number of independent trajectories are required
to obtain reliable values for the mean passage time. From the five
trajectories, we estimate that the mean time ��APA� � 244 ns. In
order to supplement this estimate we have also calculated ��APA� by
assuming that association occurs by a diffusive motion in a free-
energy profile (29). Using P2 as an appropriate one-dimensional
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Fig. 1. Energy landscape of (A�16–22)3. (a) Distribution of energies (in kcal�
mol) for the (A�16–22)3 (black) and the monomer (red). The energy represents
the total energy of the system including water molecules. The low-energy
monomer peak corresponds to random coil conformations, whereas the
higher energy represents extended states. (b) Projection of the free energy
surface for (A�16–22)3 in terms of the lowest two eigen vectors of the dPCA (see
Methods). The scale for the free energy (in kcal�mol) is given on the right. The
structure in the most populated basin corresponds to the peptides that are
arranged in an antiparallel manner.
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