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Temperature-Induced Dissociation of AB Monomers from Amyloid Fibril

Takako Takeda and Dmitri K. Klimov

Department of Bioinformatics and Computational Biology, George Mason University, Manassas, Virginia 20110

ABSTRACT Using all-atom molecular dynamics, we study the temperature-induced dissociation of AB monomers from the
fibril protofilament. To accelerate conformational sampling, simulations are performed at elevated temperatures and peptide
concentrations. By computing free energy disconnectivity graphs we mapped the free energy landscape of monomers on the
surface of A fibril. We found that AB monomers sample diverse sets of low free energy states with different degrees of
association with the fibril. Some of these states have residual amounts of fibril interactions, whereas others lack fibril-like
content. Generally, AB monomers with partially formed fibril-like interactions have the lowest free energies, but their backbone
conformations may differ considerably from those in the fibril interior. Overall, AB amyloid protofilaments seem to be highly
resistant to thermal dissociation. Monomer dissociation from the fibril edge proceeds via multiple stages and pathways. Our

simulation findings are discussed in the context of recent experimental results.

INTRODUCTION

Formation of amyloid fibrils under appropriate in vitro or in
vivo conditions seems to be a generic property of polypeptide
sequences (1,2). Although the three-dimensional organiza-
tion of fibrils depends on the sequence and external condi-
tions, all amyloids show extensive B-sheet structure formed
by polymerized peptides (3—9). The network of noncovalent
interactions (primarily backbone hydrogen bonds [HBs] and
hydrophobic contacts) renders remarkable stability to amy-
loid fibrils (10). Experimental studies suggest that amyloid
fibrils formed by Alzheimer-related AB peptides can be
dissociated only at temperatures exceeding 373 K (11).
Similar observations have been made for insulin fibrils (12).
It has been also shown that amyloids show high stability
against hydrostatic pressure (13), chemical denaturants (14),
and mechanical force (15,16).

There has been significant progress in understanding the
molecular organization of amyloid fibrils. Solid state NMR
experiments have shown a parallel in-registry arrangement of
AP peptides in amyloid fibrils (4,7,17,18). Recently, a
structure of the wild-type A fibril protofilament has been
proposed on the basis of experimentally derived constraints
(6). Fig. 1 shows that the structural unit of A8 protofilament,
which is replicated along the fibril axis, consists of two
juxtaposed AR peptides.

Despite the progress in determining amyloid fibril struc-
tures, the mechanism of their elongation remains poorly
understood (19,20). It has been shown experimentally that
preformed AP fibrils serve as templates for the deposition of
A monomers (19,21,22). AR fibril elongation was proposed
to proceed via two-stage ‘‘dock-lock’ mechanism (23).
During the first stage, a disordered A3 monomer ‘‘docks’’ to
the fibril without making fibril-like interactions. During the
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second stage, a monomer ‘‘locks’’ in the fibril state due to
activated structural reorganization. Recently, additional A3
locking and, possibly docking stages were experimentally
observed, each distinguished by unique deposition rate
constant (24,25). Multistage deposition kinetics has also been
reported for barstar amyloids (26).

Computer simulations of fibril elongation are in qualitative
agreement with experiments (27). Using a coarse-grained
peptide model, Nguyen and Hall (28) and Jang et al. (29)
reproduced the multistage process of fibril assembly starting
with dissociated state. Pellarin et al. (30) used a simplified
peptide model to investigate the growth of amyloid-like
aggregates and mapped the deposition pathway reminiscent
of dock-lock mechanism. All-atom molecular dynamics
(MD) simulations of short A fragment, A3 ¢ 22, also sup-
port the elongation mechanism, in which monomers are in-
corporated into fibril through multiple dock-lock stages
(16,31). The energetics of Af_4¢ fibril structures was in-
vestigated recently (32,33).

We study the temperature-induced dissociation of AS
monomers from fibril protofilaments. Our objective is two-
fold. First, using equilibrium MD, we compute the free
energy landscape for A3 monomers associated with the fibril.
Second, we investigate the temperature-induced unbinding of
AP peptides from the fibril under strong dissociation condi-
tions. For large molecular systems such as wild-type A3
fibrils, all-atom MD of fibril dissociation at room temperature
is not computationally feasible. Experiments show that the
timescales of A peptide unbinding are in the range from
1 sec to 10° min (23-25). Roughly similar timescales were
reported for the growth of amyloid fibrils formed by A and
other polypeptides (11,34). To overcome the gap between
observed timescales and accessible by simulations, we used
elevated temperatures and high monomer concentrations (see
Methods). This approach allowed us to accelerate structural
transitions and shift the point of equilibrium in fibril elon-
gation to higher temperatures.

doi: 10.1529/biophysj.108.131698
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FIGURE 1 (a) Cartoon backbone representation
of AB1o4o fibril hexamer derived from solid-state
NMR measurements (6). AB protofilament consists
of four laminated B-sheets, in which A3 monomers
are in parallel in-registry alignment (the registry
offset R = 0, see Methods). The fibril protofilament
has two distinct edges, concave and convex. To
mimic stable fibril bulk structure the peptides F1—
F4 (gray) are harmonically constrained to their fibril
positions throughout simulations. The peptides F5
and F6 (orange, yellow) are free of constraints.
Their temperature-induced dissociation is studied in
the simulations. (b) Parallel in-registry alignment of
the fibril peptide F3 (gray) and the edge peptide F5
(orange) from the APjg4 fibril in (@). Fibril
backbone HBs between F3 and F5 are shown by
black dashed lines. F5 residues with even sequence
numbers (marked in circles) are engaged in HBs

odd with F3, whereas NH and CO groups from the
residues with odd numbers are exposed to solvent.
(c) The view of the edge peptide F5 along the fibril
axis. The side chains of odd- and even-numbered

cvea residues in the N-terminal strand 81 are shown in
magenta and green, respectively. Odd side of B1 is
buried in the fibril interior, but more hydrophobic
even side is exposed. The figure is prepared using
Visual Molecular Dynamics (64). (d) The sequence
of ABio40 monomer and the allocation of the
strands 81 and 2.

p1 — (] —

Using implicit solvent all-atom model and Langevin dy-
namics we found that A peptides on the fibril surface sample
diverse conformational states. Their energetics and structures
are analyzed in detail. The free energy landscape for edge A3
monomers is represented in the form of free energy dis-
connectivity graphs (35). Our data suggest that under strong
dissociation conditions unbinding proceeds via multiple stages
on a nanosecond timescale. The study concludes with the
discussion of our results in the context of experimental data.

METHODS
Molecular dynamics simulations

Simulations of A fibrils were carried out using CHARMM molecular dynamics
(MD) program (36) and all-atom force field CHARMM19 coupled with EEF1
implicit solvent model (37,38). Comparisons of EEF1 predictions with experi-
mental native structures have shown that EEF1 fairly accurately reproduces the
energetics of polypeptides (39). A good agreement between the unfolding
pathways obtained from explicit solvent and EEF1 MD was also reported (40).

To enhance conformational sampling, the MD simulations were carried
out at elevated temperatures of 7= 500 and 550 K. Although EEF1 solvation
energies can be rescaled for the temperatures not equal to the reference
temperature of 300 K, it is assumed that the heat capacity C, remains constant
(37). Because our simulation temperatures differ significantly from the ref-

erence temperature, the scaled EEF1 solvation energies are unlikely to be
valid. Consequently, we opted not to scale solvation energies with temper-
ature. Hence, the simulations somewhat overestimate the contribution of
solvation. We note that solvation energies are temperature-independent in
other CHARMM implicit solvent models (41) and in the majority of coarse-
grained protein models (42). The NVT underdamped Langevin dynamics
with the damping coefficient y = 0.15 ps~' was used. The small value of y
compared to that of water accelerates sampling without affecting the ther-
modynamics of the system. The impact on kinetics is also expected to be
small as long as unbinding is governed by a dominant free energy barrier
(43). The simulation system was subject to spherical boundary condition
with the radius R, = 90 A and the force constant k, = 10 kcal/(molA?). The
concentration of Af peptides is therefore set to ~3 mM.

Using solid-state NMR, Petkova et al. (6) have derived the positions of
residues in AB;_4 fibril. However, ~10 N-terminal amino acids are disor-
dered and were not resolved. Consequently, in our study we use the hexamer
fragment of ABo_40 fibril (Fig. 1). To mimic the stability of the large fibril
sample, the backbone heavy atoms of the peptides F1-F4 (Fig. 1 a) were
constrained to their fibril positions using soft harmonic potentials with the
constant k. = 0.6 kcal/(mol Az) (16). The harmonic constraints permit
backbone fluctuations with the amplitude of ~1.3 A. Constraints were not
applied to F1-F4 side chains. They were also not applied to the peptides F5
and F6, which were free to dissociate and reassociate with the fibril. The use
of constraints is supported by the observations that the dynamics of folded
protein cores is solid-like and the extent of structural fluctuations increases
toward the protein surface (44). Therefore, the constraints capture the rigidity
of fibril interior and eliminate the necessity to simulate large fibril systems.

Biophysical Journal 95(4) 1758-1772
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All MD trajectories started with the intact fibril, in which F5 and F6 adopt
energy minimized fibril conformations. Due to the stagger of C-terminal
B-strand B2 with respect to the N-terminal 3-strand 81 (Fig. 1 a), there are
concave and convex fibril edges (6). We chose to release the peptides from
the concave edge, because previous studies suggested that this edge elon-
gates faster than the convex one (45). In this study, the term fibril refers to the
peptides F1-F4; F5 and F6 are termed edge peptides.

Computation of structural probes

To characterize the interactions between the peptide F5 (F6) with the fibril,
we computed the number of side chain contacts as described by Klimov and
Thirumalai (46). Backbone hydrogen bonds between NH and CO groups
were assigned according to Kabsch and Sander (47). In all, we consider
several classes of HBs. The first includes any backbone HB formed between
the edge monomer and the fibril. The second class is restricted to those HBs
that occur between the edge and fibril peptides and have a certain registry
offset R. Registry offset is defined as R =i — j, where i and j are the indeces of
the matching residues in the edge and fibril peptides, respectively. In-registry
parallel alignment of peptides in the A@ fibril displayed in Fig. 1 b corre-
sponds to R = 0. HBs shown in this figure are termed fibril ones. HBs oc-
curring in the conformations with the small registry offset (R = 0 or |R| = 2)
are termed fibril-like. For parallel registry of peptides odd values of R result
in ““flipping”’ of the edge peptide backbone with respect to the backbone
conformation seen in the fibril.

Following our previous studies (16), a peptide is considered locked, if it
forms fibril HBs (R = 0). We also use the term partially locked peptides to
distinguish those that form fibril-like HBs. A peptide is considered docked if
it is still associated with the fibril but forms no (or very few) fibril-like in-
teractions. Unlocking corresponds to initial loss of all fibril HBs between the
edge peptide and the fibril. Unbinding occurs when all interactions between
the edge peptide and the fibril are disrupted for the first time. These defini-
tions are used to obtain the distributions of unlocking and unbinding times,
tui and t,,; (i is the trajectory index). Given the distribution of f,,;, the
fraction of locked molecules Py(f) is computed, from which the unlocking
time T, = fow Py(t)dt. The fraction of bound molecules Py() and the un-
binding timescale 7, are computed in a similar way.

Solvent accessible surface areas for hydrophobic residues (hASA) are
computed using the program STRIDE (48). The peptide effective energy Ee¢r
is defined as the sum of potential energy and the EEF1 solvation energy.
Potential energy includes bonded and nonbonded interactions between
peptide atoms and with the fibril. Angular brackets ({ . )) indicate averaging
over particular conformational state or over the set of trajectories throughout
this article.

Free energy disconnectivity graphs

The method of free energy disconnectivity graphs (FEDG) reconstructs the
free energy landscape by analyzing the populations and transitions between
the free energy basins (35). FEDG represent the free energy surface without
using low dimensional reaction coordinates, which may not be descriptive
for complex systems (49,50). This is in contrast with other approaches in free
energy analysis, which typically rely on the preselected reaction coordinates
(42). The disadvantage of FEDG is that the estimate of the density of states
cannot be obtained.

To implement FEDG, we generated eight 160 ns MD trajectories at
500 K. The cumulative simulation time is ~1.3 ws. The structures of AS
hexamer were saved with the interval 6t = 100 ps. Because FEDG require
equilibrium distribution of states, the structures were recorded after unlock-
ing of the monomers F5 (or F6) from the fibril, i.e., at times ¢ > t,,;, when the
simulations are assumed to reach equilibrium. The peptide structures were
then clustered using pattern recognition algorithm (51). To avoid implicit
introduction of progress variable, conformations were clustered using the
positions of peptide C,, atoms. As long as peptides remain bound to the fibril,
this approach results in meaningful distribution of clusters with distinct
structural and energetic characteristics. The use of this clustering procedure is
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supported by the observation that the fraction of unbound peptides at T =
500 K is <0.05.

The peptide structural clusters were defined with the cut-off radii R. =
400 A (F5) and 350 A (F6). R, represents the maximum Euclidian distance
between the C, coordinates of a cluster and a structure. To select R, we scan
the values in the range from 150 to 500 A. Small R, lead to the appearance of
numerous structurally and energetically similar clusters, whereas large R,
result in merging structurally distinct clusters.

Following Krivov and Karplus, we computed the free energy minima and
barriers using the transition matrix {n}, the elements of which n;; are equal to
the number of direct transitions between the clusters i and j (35). Because the
system is assumed to be at equilibrium, #;; = n;;. Due to finite simulation
time, small differences between nj; and nj occur. Consequently, we use
arithmetic means 7i;; = (nij+n;)/2 for the elements of {n}. The partition
function of the cluster i is obtained as Z; = N; = Zjﬁij, where N; is the
number of structures assigned to the cluster i. The partition function of the
transition state between i and j is given by Zj = 7ijj(h/ksT)/8t, where 7t is
the number of direct and indirect transitions between i and j observed during
simulations and £ is a Planck constant. The value of 7 is computed using the
Ford-Fulkerson algorithm (52). To this end, the clusters and transitions are
represented by the undirected network of nodes with capacitated edges 7;;
(35). According to Ford and Fulkerson 7j; is equal to the *‘minimum cut’
separating i and j, which is the sum of minimum capacity edges from all
possible paths connecting i and j. In terms of statistical mechanics, the
‘‘minimum cut’’ represents Z;; of the transition state between i and ;. Then,
the free energies of clusters and transition states are F; = —RTInZ; and Fj =
—RTInZ;. (Note that F; and Fj; are accurate up to an undetermined constant,
which is set to zero.) The obtained free energies are visualized by free energy
disconnectivity graphs. An excellent introduction into FEDG methodology
can be found in (35,49).

Dissociation kinetics

The dissociation kinetics was studied using 47 20-ns unbinding trajectories
produced at T = 550 K. Before temperature jump the fibril hexamer was
equilibrated at 7 = 330 K for 0.2 ns. All trajectories resulted in unbinding of
the edge AB monomers F5 and F6 from the fibril. The clustering algorithm
described above was used to map dissociation intermediates. The structures
of dissociating peptides were collected with the interval 20 ps until un-
binding. Structurally distinct clusters were obtained with the cut-off radii
R. = 340 (F5) and 330 A (F6).

RESULTS

Temperature-induced conformational transitions
on the fibril edge

Using multiple 500 K MD trajectories, we investigated the
distribution of states sampled by A3 monomers on the edges
of the fibril protofilament (see Methods and Fig. 1). To
characterize structural transitions in the edge monomers F5
and F6, we monitored hydrophobic contacts and HBs formed
between F5 (F6) and the fibril, i.e., the peptides F1-F4. Fig.
2 a shows the number of hydrophobic contacts Cpy,(#) and two
HB-related quantities, Ng,,(f) and Ny,(f), which report the
number of fibril HBs (registry offset R = 0) and the number
of HBs with arbitrary R, respectively (see Methods). When
all fibril HBs are disrupted at #,; =~ 15 ns, F5 escapes the
locked state (see Methods). Apart from a short interval at f ~
50 ns, F5 does not reform fibril HBs. Despite the loss of fibril
HBs, the number of all HBs Ny, (f) and the number of hy-
drophobic interactions Cy;,(¢) remain significant throughout
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FIGURE 2 (a) Temperature-induced structural fluctua-
tions in the edge AB monomers F5 (lower panel) and F6
(upper panel) in a typical 500 K trajectory. F5 unlocks
when the number of fibril HBs Ng,,(¢) (black) drops to zero
at ty; ~ 15 ns. The number of hydrophobic contacts Cpy(#)
(light gray) and the number of all HBs Ny (¢) (dark gray,
any registry offset R) remain generally large throughout the
trajectory implying that the F5 bound state is mostly
preserved. Similar behavior is observed for F6 in the upper
panel. (b) Temperature-induced unzipping of the fibril HBs
between F5 and the fibril (the registry offset R = 0) in the
trajectory shown in (a). For each F5 residue there are two
horizontal bars, monitoring flickering of HBs formed by
NH or CO backbone groups. Light and dark gray code
““on”” and ‘‘off”’ states, respectively. Residues in the
B-strands B1 and B2 are boxed. The fibril HBs in 32 are
lost faster than in 31 in all 500 K trajectories. (c) Effective
energy (E.(?)) as a function of time is shown for the edge
peptide F5; (E.q(f)) is averaged over eight 500 K trajecto-
ries.
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the trajectory. At t ~ 94 ns, the peptide F5 transiently unbinds
from the fibril for a few nanoseconds. The upper panel of Fig.
2 a displays the number of hydrophobic contacts and HBs for
the edge monomer F6. It is clear that the time dependencies of
these quantities for F5 and F6 are similar. The trajectory
shown in Fig. 2 a is also representative of others obtained in
our simulations. A large number of peptide-fibril interactions
indicates that the bound state of the edge peptides is ther-
modynamically stable (see below). To gain further insight
into the unlocking mechanism, we plot the probabilities of
forming fibril HBs for each donor and acceptor in the F5
backbone (Fig. 2 b). This plot illustrates a highly cooperative
nature of unlocking at #,; ~ 15 ns, when all fibril HBs in the
strand B1 are broken. Short reappearance of the locked state
at 45 <t < 50 ns also occurs in a cooperative manner. Other
MD trajectories show similar scenario of all-or-none dis-
ruption (or formation) of fibril HBs in the edge peptides.

The approach to equilibrium is monitored by the effective
energy (E.s(1)) for the edge peptide F5 (see Methods and Fig.
2 ¢). Approximate leveling off in (E.x(¢)) at ¢t = 30ns sug-
gests the onset of equilibrium for F5. Interestingly, this
timescale coincides with the average time of unlocking
transitions in F5 7,; = (t,;) = 26 ns. (For comparison, for F6
Tu ~ 30 ns). This observation supports the selection of un-
locking events as the operational criterion for reaching
equilibrium (see Methods). A similar plot of {(E.(f)) was
obtained for the monomer F6.

To determine general conformational properties of the
edge peptides, we computed the time averages over the
equilibrated parts of trajectories, i.e., at times t > ¢, ;, where
is the trajectory index. The average numbers of hydrophobic
side chain contacts between the edge peptides and the fibril,
(Cpny, are 8.1 (F5) and 9.0 (F6). The average number of HBs,
(N, linking F5 (F6) to the fibril is 11.3 (11.7), whereas the
average number of fibril HBs (Np,,» is =1.0. For comparison,
in the intact fibril structure, the peptide F5 forms 26 HBs (Fig.
1 b) and 22 hydrophobic contacts with the fibril. Thus, ele-
vated temperatures lead to considerable disruption of pep-
tide-fibril interactions. Nevertheless, for F5 and F6 the
probabilities of dissociated states (i.e., when Cp, = 0 and Ny, =
0) were found to be P, ~ 0.02 and 0.05, respectively.
Therefore, despite the high simulation temperature the
equilibrium for the edge peptides is shifted toward the bound
states. These findings also indicate that the structural prop-
erties of F5 and F6 are similar.

Free energy disconnectivity graphs for the
edge peptides

The free energy landscape for the edge peptides F5 and F6
was mapped using free energy disconnectivity graphs
(FEDG) (35,49) shown in Fig. 3. The conformations passed
to FEDG analysis were obtained and processed as described
in Methods. In all, we used 10,564 and 10,197 structures of
the fibril hexamer for the FEDG analysis of the peptides F5

Biophysical Journal 95(4) 1758-1772

Takeda and Klimov

and F6, respectively. Distinct structural clusters for F5 and F6
are given in Table 1 and visualized in Fig. 3. Fig. 3 also shows
the cluster networks for the peptides F5 and F6 together with
the populations of clusters N; and the edge capacities 7;;.

We now describe the energetic and structural properties of
the clusters and the associated free energy landscape. In broad
terms, all clusters can be divided into three groups: partially
locked, docked, and unbound (see Methods for definitions).
Partially locked (PL) clusters CL1(F5), CL1(F6), and
CL2(F6) have low free energies F, low energies {E.g), and
small entropies TAS. PL conformations of the edge peptides
are linked to the fibril by a large number of hydrophobic
contacts and HBs. Most importantly, these PL states show a
presence of fibril-like interactions. For example, the fraction
of fibril-like HBs (see Methods) Py is in excess of 0.3. Due to
elevated fraction of Py CL2(F5) and CL4(F6) are also clas-
sified as PL, but they do not form as much HBs and hydro-
phobic contacts as other PL clusters. As aresult, CL2(F5) and
CL4(F6) are relatively unstable. Fig. 3 shows that the
free energy barriers AFy p for escaping PL states are
=10.5 kcal/mol. The largest AF;_p & 11 kcal/mol = AF
separates CL1(F6) and the unbound cluster CL5(F6) and
represents the dissociation barrier. Therefore, the key prop-
erties of PL states are high thermodynamic stability and the
presence of significant fraction of fibril-like interactions.

Compared to stable PL states, the docked (D) clusters in
Table 1 have slightly higher free energies F and effective
energies (E.g). The D states have also somewhat smaller
number of HBs between the edge peptides and the fibril. The
key characteristic of D is a low fraction of fibril-like HBs
P (<0.1). Consequently, the D entropies are larger than
those of stable PL states. The free energy barrier for escaping
CL3(F5) is AF4_p =~ 10.5 kcal/mol, whereas AF;_p, for other
D states are lower (9.3 and 9.7 kcal/mol). These findings
indicate that D states may be surrounded by high free energy
barriers comparable to those around PL states.

Among all clusters in Table 1, the unbound (U) cluster
CLA4(F5) has the highest free energy, which is due mainly to
the relatively high value of (E.¢). The gain in solvation en-
ergy and the increase in the entropy TAS do not compensate
for the lack of stabilizing peptide-fibril interactions. Accord-
ing to Fig. 3 b, the free energy barrier for binding is AF, ~ 8.9
kcal/mol, which is lower than the dissociation barrier AF 4 =
11 kcal/mol. This result is consistent with the low probability
of unbound conformations P, < 0.05.

Dissociation kinetics for the edge peptides

We studied the kinetics of dissociation of the edge peptides at
the temperature 7 = 550 K. This temperature accelerates
unbinding and results in the shift of thermodynamic
equilibrium toward unbound states. Fig. 4 a displays the time
dependence of several structural probes monitoring the in-
teractions between the peptide F5 and the fibril. The bi-
exponential fit to the number of fibril HBs (Np,,(¢)) shows
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TABLE 1 Energetic and structural characteristics of the edge AB peptides at 500 K
Cluster F* Et TAS* (Npp)® P (€ Location™** hASATY
Partially locked clusters
CLI1(F5) -84 —450 0 124 0.3 7.6 F3(CV) 1052
CL1(F6) -8.3 —457 -7 13.4 0.4 10.2 F4(CV) 880
CL2(F6) -8.0 —448 2 12.3 0.3 9.3 F2(CX) 1079
CL2(F5) -7.5 —423 26 8.4 0.3 9.7 F1(CX) 998
CLA(F6) —6.8 —406 42 6.2 0.2 7.5 F1(CX) 998
Docked clusters
CL3(F5) -8.1 —442 8 11.8 0.1 7.6 F3/F4(CV) 1052/880
CL3(F6) -7.5 —448 1 12.4 0.0 9.1 F3/F4(CV) 1052/880
CLA(F5) -6.9 —435 14 10.8 0.1 9.0 F4/F3(CV) 880/1052
Unbound clusters
CL5(F6) —6.2 —354 94 0.0 0.0 0.0 — —

*F is the free energy of clusters in kcal/mol. For the peptides F5 and F6 the terms /n(Z/N) (where Z is a partition function and N is a total number of states)

are approximately equal and set to zero (35).
H(E.q) is the effective energy in kcal/mol.
¥TAS is the entropic term computed relative to CL1(F5) in kcal/mol.

$(Nppy is the number of HBs (with any registry offset R) between the edge peptide and the fibril.

P, is the fraction of fibril-like HBs (R = 0 or R =2).

l(Cypy is the number of hydrophobic side chain contacts between the edge peptide and the fibril.
**Typical binding site for the edge peptide on the fibril surface (Figs. 1 @ and 3). CV and CX stand for concave and convex edges.
tThASA is the solvent accessible surface area of hydrophobic residues in the fibril peptide, to which the edge peptide is bound (in A?).

two characteristic times scales; ~50% of fibril HBs are lost
on the timescale T, ; &~ 0.1 ns, whereas the rest are disrupted
more slowly on the timescale 7g,, » = 1.1 ns. The breakage of
all HBs (any registry offset R) linking F5 with the fibril also
occurs in two steps with the fast and slow timescales, T, 1 ~
0.1 ns and T,» ~ 2.4 ns. Interestingly, the loss of hydro-
phobic interactions between F5 and the fibril (7, ; ~ 0.3 ns
and 7y, » =~ 2.2 ns) takes place concurrently with the decrease
in (Npp(¢)). The unbinding of F6 proceeds in a similar way
except for the difference in the slow timescales (T, > ~ 1.2 ns
and 7y » =~ 1.4 ns), which are ~2 times smaller than for FS5.
In Fig. 4 a the fit to (Ng,(¢)) shows zero baselines, whereas
nonzero baselines (1.2 and 1.8) are obtained from the fits to
(Npp(®)) and (Cpn(?)). This finding suggests that at 550 K the
dissociated monomer state is thermodynamically stable.

We also computed the distributions of unlocking and un-
binding times, #,; and #,,; (i is the trajectory index, see
Methods). For both peptides the fractions of locked and bound
peptides, Pi(t) and Py(f), show single exponential decays (Fig.
4 b). The unlocking times for F5 and F6 are 7, ~ 1.3 and 1.0
ns, respectively. Their unbinding times are found to be 7, =~
3.7 and 2.5 ns. Thus, the edge peptides dissociate from the
fibril via the pathway, in which the loss of fibril HBs precedes
the disruptions of hydrophobic contacts and all other HBs.

Additional insight into the process of temperature-induced
unbinding can be obtained by considering the breakage of
fibril HBs formed by individual residues. Fig. 4 ¢ displays the
probabilities of forming fibril HBs, Py ;(f), by the NH; and
CO; groups of F5 residues i. It is seen that the fibril HBs
formed by B2 are disrupted significantly faster than those
formed by B1. Therefore, compared to the N-terminal
B1 strand, the thermal stability of 32 is low.

The details of dissociation pathways are obtained by
mapping the transient intermediates sampled by the edge
peptides (see Methods). In Table 2 six (five) distinct struc-
tural clusters are identified for F5 (F6). The partially locked
clusters CL1 and CL2 for both peptides contain fibril-like
HBs and have large number of peptide-fibril interactions. (In
contrast to CL1, there are no fibril-like HBs formed by the
strand B2 in CL2.) All other clusters have almost no fibril-like
HBs and have generally smaller number of interactions with
the fibril. These docked clusters differ with respect to their
specific location on the fibril edge and the interactions be-
tween dissociating peptides (data not shown). The exception
is the docked cluster CL3(F5), which forms as many HBs and
side chain contacts with the fibril as partially locked clusters.

The probabilities of occurrence of the clusters during
dissociation Py () as a function of the progress variable é are
shown in Fig. 5 a. Partially locked CL1 are populated only at
the beginning of dissociation trajectories (6 < 0.1). At
6 = 0.2 the peptides transition to the partially locked CL2,
which remains populated until 6 < 0.7 (0.9 in F5). The
docked clusters CL3 are predominantly sampled at
0.7 = 6 = 0.9, whereas relatively unstructured clusters
CLA4-CL6 appear before unbinding at 6 > 0.9. In general, Fig.
5 a shows a sequence of clusters, in which the peptide-fibril
interactions are progressively lost. However, a difference in
the dissociation of F5 and F6 can be shown, if one computes
the distribution of clusters over trajectories. According to
Table 2, CL1 and CL2 appear in all (or almost all) dissoci-
ation trajectories. The docked cluster CL3(F6) is still oblig-
atory, appearing in ~80% of trajectories, but the cluster
CL3(F5) is sampled in ~50% of trajectories. Therefore, in
contrast to F6, the peptide F5 dissociates via multiple paths.

Biophysical Journal 95(4) 1758-1772
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FIGURE 3 Free energy disconnectivity graphs for the edge A3 monomers F5 (a) and F6 (b). Representative structures are shown for the free energy basins
(clusters) listed in Table 1. F5 in (a) and F6 in (b) are dark gray with the side chains shown. All other peptides are light gray and in backbone representation. The
direction of fibril view is the same as in Fig. 1 a. F5 from the cluster CL2 in (@) and F6 from CL2 and CL4 in (b) bind to the opposite (convex) fibril edge. The
panels also show the networks of clusters and their populations. Equilibrium flows 7;; are given for each edge connecting the clusters i and j. The numbers of
forward n;; and backward rj; transitions are in parenthesis. Their close agreement suggests the onset of equilibrium. Dashed lines separate major free energy basins.

Because the docked cluster CL3(F5) is stabilized by exten-
sive peptide-fibril interactions (Table 2), the unbinding of F5
is slower than that of F6 (see Discussion).

It is instructive to correlate explicitly the cluster timeline in
Fig. 5 a with the loss of peptide-fibril interactions. Fig. 5 b
displays the decrease in the number of HBs and hydrophobic
contacts between the peptide F5 and the fibril as a function of
the progress variable 6. The number of fibril HBs (Ng,,(8))
rapidly decreases, but the number of all HBs or hydrophobic
contacts, (Npp(8)) and {Cpp(8)), decline slower in 0.1 < & <
0.9. These 6 correspond to the appearance of the clusters CL2
and CL3. All interactions between the peptide and the fibril are
quickly lost at & > 0.9. Therefore, partially locked CL2 and
docked CL3 clusters seem to play a role of transient interme-
diates, which the peptide samples before crossing the unbind-
ing free energy barrier. Similar observations are made for F6.

DISCUSSION
Thermostability of Ag fibril

Using molecular dynamics, we probed the temperature-induced
dissociation of A peptides from the fibril. Experimental data
indicate that even the fastest dissociation timescale is on the
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order of a second (24). Currently, it is not computationally
feasible to carry out multiple all-atom simulations of fibril
dissociation at experimental conditions. To accelerate struc-
tural transitions an elevated temperature of 500 K was used
for free energy computations. The EEF1 implicit solvent
model predicts that at 500 K, and the concentration of A3
peptides of 3 mM, the fibril associated state of the edge
peptides is thermodynamically preferred. The thermal prob-
ability of unbinding is estimated to be from 0.02 to 0.05. This
result implies that the free energy gap between the unbound
and bound states AFy_g is between 2.9 (F6) and 3.9 kcal/mol
(F5). Due to elevated simulation temperature AFy_g is
smaller than the experimental value of 9 kcal/mol obtained at
310 K (25). An increase in the simulation temperature by 50
to 550 K results in the shift of thermodynamic equilibrium
toward unbound states. Although we cannot provide a precise
estimate of the dissociation temperature T4 for AB peptides, it
is likely to be from 500 to 550 K under the conditions of
simulations.

It is important to comment on the origin of high dissoci-
ation temperature for the edge A3 monomers. Using explicit
water MD Buchete and Hummer (33) have shown that at 398
K 12-mer ABg_49 fibril fragment disintegrates within 10 ns.
However, their simulations did not use backbone constraints
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a

FIGURE 4 Temperature-induced dissociation of the
edge AB monomers at 550 K. (¢) The number of fibril
HBs (Nq,(9)) (black) and the number of all HBs (Ny,(£))
(gray) describe the unbinding of the monomer F5. The
smooth curves represent bi-exponential fits for the data
averaged over 47 trajectories. The time dependence of the
number of hydrophobic contacts (Cy,(¢)) is similar to
(Nnp(#)) and is not shown. (b) Single exponential fits to
the fractions of bound Py(f) and locked P(f) AB monomers
are shown by solid and dashed smooth lines. The data for
F5 and F6 are in black and gray, respectively. (¢) Unzipping
of the fibril HBs (the registry offset R = 0) formed between
F5 and the fibril. For each F5 residue i there are two
horizontal bars, monitoring the probabilities Py, ;(f) of
forming HB by NH; or CO; backbone groups. Py, ;(f) are
obtained by averaging over 47 trajectories. Residues in the
B-strands B1 and B2 are boxed.
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TABLE 2 Structural clusters populated during dissociation at 550 K

Takeda and Klimov

Cluster (Cun)* o' Ny (Ny)® Pt

Peptide F5: partially locked

CL1 9.5 249 7.3 9.9 1.0

CL2 6.2 18.4 39 8.2 0.81
Peptide F5: docked

CL3 6.3 20.3 0.2 7.9 0.57

CL4 5.2 14.8 0.2 39 0.46

CL5 4.1 13.6 0.2 3.4 0.81

CL6 3.8 11.9 0.0 2.1 0.36
Peptide F6: partially locked

CL1 9.3 24.5 6.8 8.6 1.0

CL2 5.4 15.7 3.8 5.2 0.91
Peptide F6: docked

CL3 5.5 17.4 0.1 39 0.79

CL4 53 15.0 0.0 4.0 0.21

CL5 2.1 72 0.0 0.9 0.15

*(Chpy is the number of hydrophobic side chain contacts between the edge peptide and the fibril.

H(C) is the number of all side chain contacts between the edge peptide and the fibril.

(N is the number of fibril-like HBs between the edge peptide and the fibril (registry offset R = 0 or |R| = 2).
§(th) is the number of HBs (with any R) between the edge peptide and the fibril.

Ip, is the fraction of trajectories sampling a given cluster.

as in our study. Earlier MD simulations showed that small
unconstrained A fibril fragments are generally unstable
(53). Our tests also show that at 500 K the unconstrained
fibril hexamer shown in Fig. 1 @ becomes disordered within
~5 ns. As a result, the average number of HBs formed by the
edge peptides is reduced to <4 (compared to =11 for the
constrained fibril). Therefore, by applying constraints we
emulate large stable fibril constructs and indirectly increase
the stability of the edge peptides. Another factor contributing
to the high thermostability of the edge peptides is the elevated
(mM) AR concentration in the simulations. Taken together,
these factors increase Ty for the edge AS peptides.

In general, few experiments reported so far on fibril ther-
modynamics put the dissociation temperature of A3 amy-
loids in excess of 373 K at much smaller (wM) concentrations
of AB monomer (11). Similar observations have been made
for insulin fibrils (12), which cease growing only at =400 K
at micromolar concentration. A linear increase in the tem-
perature of fibril dissociation with the polypeptide concen-
tration has been observed for B2-microglobulin amyloid
fibrils (11). Thus, high thermostability of A3 monomers on
the fibril surface reported here is qualitatively consistent with
experimental observations.

Dissociation free energy landscape

The analysis of free energy landscape for AB peptides located
on the edge of fibril protofilament was carried out using
FEDG method (35). We found that the edge peptides sample
multiple bound states, which can be broadly classified into
two groups. Borrowing experimental terminology (23) these
states are termed partially locked (PL) and docked (D). PL
states have a residual amount of fibril interactions (HBs with a
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small registry offset, Table 1) and have the lowest free energy
together with the minimum entropy. The hallmark of docked
states is the lack of fibril-like interactions compensated by
extensive hydrophobic side chain contacts and off-registry
HBs between AR peptides and the fibril. These states are al-
most as thermodynamically stable as PL states. For instance,
the free energy gap between the most stable PL and D states
is only 0.3 kcal/mol. The free energy barriers for escaping
the most stable PL and D states are also about the same,
i.e., AFy_p = AF3_p = 10.5kcal/mol. These arguments
suggest that PL and D states may act as stable thermody-
namic intermediates adopted by A peptides on the fibril
surface.

The existence of surface states, which are neither com-
pletely locked in the fibril nor fully unbound, is supported by
the experiments. Studies of dissociation of A3 monomers
from the fibril show multiple dissociation rate constants im-
plying differing degrees of association between monomers
and the fibril template (23,24). The PL and D states mapped
in our simulations and separated by large free energy barriers
may provide a microscopic interpretation for the three stage
dissociation kinetics obtained experimentally (24,25). The
existence of PL and D states is also consistent with the ex-
perimental observations of A3 and SH3 monomers recycling
between the fibril and solution (54,55).

FEDG in Fig. 3 show that the dissociation free energy
barrier AFy4 is ~11 kcal/mol, whereas the barrier for binding
AF, =~ 8.9 kcal/mol is relatively small. Experiments carried
out on AB (22), Sup35 fragment (8), and barstar (26) estimate
AF, to be in excess of 20 kcal/mol. All these experiments used
micromolar protein concentrations. Because the simulations
use 1000-fold higher concentration, which drastically reduces
the diffusive search for a binding edge, our AF, is lower.
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It is important to discuss two additional observations. The
first is the binding locations of the PL and D states. CL1(F5),
CL1(F6), and CL3(F5) are partially locked or docked near
their original location in the fibril, which is either the peptide
F3 or F4 (Figs. 1 a and 3). Other clusters show that the edge
peptides may migrate on the fibril surface. For example, in
CL2(F6) the peptide F6 is partially locked to F2 located on
the opposite (convex) edge of the fibril (Figs. 1 a and 3 b).
The D cluster CL3(F6) consists of the structures, in which F6
is mostly docked to the peptide F3, even though in the intact
fibril state F6 is bound to F4 (Figs. 1 @ and 3 b). Similar
relocations of F5 are observed in the clusters CL2(F5) and
CLA(FS). Table 1 also shows that the most thermodynami-
cally stable PL clusters, CL1(F5) and CL1(F6), are bound to
the concave fibril edge (Fig. 3). In contrast, other PL states
CL2(F6), CL2(F5), and CL4(F6), in which the peptides are
bound to the convex edge, have the free energies higher by

AF. = 0.3 kcal/mol (Table 1). Therefore, it seems that the
binding affinity of the concave edge is stronger than that
of the opposite edge. The free energy difference AF, will
be larger at lower temperatures. This result suggests that
AP fibril may grow faster on its concave tip compared to
the convex one. Similar conclusion has been reached in
the study, which used coarse grained A peptide model
(45). Polarized growth has also been observed experi-
mentally for the amyloid fibrils formed by ABs_35 pep-
tides (56).

The probability of lateral binding of A peptides to the
fibril protofilament seems to be small (<0.03). This finding
can be related to difficulties in forming backbone peptide-
fibril HBs on the fibril sides. However, low lateral affinity of
AR fibril fragment in Fig. 1 a may also be due to its small
size. Simulations of larger protofilaments are needed to ex-
plore lateral binding.

Biophysical Journal 95(4) 1758-1772



1768

The second observation suggests a correlation between the
stability of the cluster and the hydrophobic accessible solvent
area hASA of the binding location in the fibril. In most low
free energy clusters (e.g., CL1(F5), CL2(F6), CL3(F5) in
Table 1) the edge peptide is bound to the fibril peptide with
the high value of hASA > 1000 A%, In relatively unstable
clusters (e.g., CL2(F5), CL4(F6), CL4(F5) in Table 1) the
edge peptide interacts with the fibril peptide, for which
hASA < 1000 A2, The exception is CL1(F6), which is bound
to F4 (hASA = 880 A?), but draws its stability in part by
forming largest fraction of fibril-like HBs (Table 1). More
generally, the variation in the free energy gap AFy_g between
bound and unbound states reflects the different initial posi-
tions of the edge peptides F5 and F6 in the fibril (the re-
spective hASA are 1052 and 880 A?). If the stability of
peptides depends on their binding locations, multiple disso-
ciation pathways may occur. Our dissociation simulations
support this point (see below).

State of equilibrium in simulations

To apply FEDG we must check that the simulation data are
equilibrated. There are several lines of evidence suggesting
that the simulations reach approximate equilibrium at 500 K.
First, the transition matrices {n} are approximately sym-
metric for both edge peptides (Fig. 3). Indeed, the largest
deviation between forward and backward flows, n;; and nj;, for
F5 is 14%, whereas the average difference between n;; and n;;
is 6%. Similar results are obtained for F6. Second, the ef-
fective energy (E.s) as a function of time reaches approxi-
mate plateau (Fig. 2 c¢). Third, we test the convergence of
FEDG data by generating eight additional 160 ns trajectories.
These simulations produced the distribution of clusters sim-
ilar to that in Table 1. The errors in free energies and barriers
were estimated not to exceed 20%. It must be noted that the
cluster distributions in Table 1 for the monomers F5 and F6
are not strictly identical as one may expect for the equili-
brated system of indistinguishable peptides. Therefore, cross-
equilibration between F5 and F6 is not yet fully established.

Conformations of A3 monomers on the
fibril surface

It is instructive to analyze the structures of edge A mono-
mers in the partially locked and docked clusters in Table 1.
We first consider the most stable PL cluster CL1(F5). In this
cluster the numbers of hydrophobic side chain contacts
formed by B1 and B2 strands are (C/4'Y = 4.7 and (C52) =
2.5, respectively. When all F5 clusters are considered, we
obtain very similar results ((C{5') = 4.7 and (C{5%) = 2.7).
The total number of HBs formed by F5 in CL1(F5) is (Ny,) =
12.4 (Table 1), of which 11.1 are formed between F5 and F3.
Fig. 6 a displays the number of HBs in CL1(F5) as a function
of residue position i. The residues involved most frequently
in peptide-fibril HBs are found in the 81 strand. Specifically,
the ratio of HBs formed by 1 and 2 is (NAYANE?) ~ 5.3.
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When averaged over all F5 clusters in Table 1, this ratio is
found to be 1.9. Hence, the N-terminal strand 81 appears to
form more extensive interactions with the fibril than B2.
Therefore, AB monomers are likely to dissociate from the
fibril starting with the C-terminal. This trend is indeed ob-
served in the dissociation at 550 K (Fig. 4 ¢). Interestingly, a
recent experimental study of NMR dynamics in AB;_49
monomer showed higher mobility of the C-terminal com-
pared to the N-terminal (57). One may speculate that im-
mobilization of the C-terminal in the fibril has higher entropic
cost than that associated with the N-terminal. It must be noted
in this context that explicit water MD simulations of Af9_4¢
fibrils showed that the C-terminal of interior peptides is more
rigid than the N-terminal (33). However, it is not clear if those
results are applicable to the edge AS peptides.

There are two other observations that seem important.
First, most HBs formed between F5 and the fibril in CL1(F5)
(Table 1) have a small registry offset R. In fact, 85% of all F5
HBs correspond to those formed between F5 and F3 with
|R| = 3. In other stable PL cluster, CL1(F6), the fraction of
such HBs is 65%. However, in the docked states (e.g.,
CL3(F5)) the fraction of HBs with the registry offset |R| = 3
is significantly lower (23%). Therefore, in PL states A3
monomer binds to the fibril with the residue registry close to
that seen in the fibril (R = 0). In contrast, docked A8 mono-
mers typically form off-registry HBs. The in- or out-of-reg-
istry antiparallel docking is rare. For example, the probability
of forming antiparallel HBs between the edge peptide and the
fibril is generally <0.1. Only in the docked cluster CL3(F5)
the fraction of out-of-registry antiparallel HBs is ~60%.

Second, we consider the backbone conformations in the
bound edge peptides. In the fibril state, only the residues with
even indeces form peptide-fibril HBs (Methods and Fig. 1 b).
However, Fig. 6 a shows that in the cluster CL1(F5) the odd-
numbered residues have larger probability to form HBs. Be-
cause 90% of all HBs formed by F5 in CL1(F5) occur with the
fibril peptide F3, it appears that the F5 backbone frequently
“flips”’. Indeed, 67% of CL1(F5) structures contain HBs with
the odd values of registry offset R, which correspond to the
flipped F5 backbone conformations (see Methods). Similar
preference for the flipped backbone state is observed in other
PL and D states (for example, it is 70% in CL2(F6)). The
exception is the cluster CL1(F6), in which the probability of
the flipped state is only 47%. Fig. 6 b shows the distributions
of lengths of flipped and fibril-like (not-flipped) segments in
CL1(F5). It follows that the lengths of flipped and not-flipped
segments are typically from nine to 13 residues. Therefore,
flipping of the backbone is a cooperative event involving
significant fraction of A chain, usually within the 81 strand.
Similar results were obtained for other PL clusters.

To rationalize backbone flipping we consider hydro-
phobicities of the odd and even residues in the 81 strand. In
the fibril structure, the side chains of odd-numbered resi-
dues are buried in the fibril interior, whereas those of even-
numbered residues are exposed (Fig. 1 ¢). According to
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FIGURE 6 (a) Number of HBs (Np(i)) formed by individual NH; (black)
and CO; (gray) groups in the residues i of the peptide F5. (Ny,(i)) includes
HBs between the monomers F5 and F3 with any registry offset R and is
averaged over all structures assigned to CL1(F5) (Table 1 and Fig. 3 a).
Residues in the B-strands 81 and 82 are boxed. (b) Probability distributions
P(l) for the lengths of flipped and fibril-like backbone segments in the
partially locked cluster CL1(F5) (Table 1). The backbone segment of the
length [ is considered flipped (not-flipped), if only odd-numbered (even-
numbered) residues within the segment form HBs with the fibril. According
to our definition, the values of / are always odd. The distributions P(/) are
computed for the N-terminal strand S1.

Kyte-Doolittle scale (58) the cumulative hydrophobic
scores for the even- and odd-numbered 81 residues are 2.5
and —2.1. (Similar results are obtained using ProtScale
server (http://expasy.org/tools/protscale.html).) Therefore,
the even-numbered side of the 81 strand is considerably more
hydrophobic. Early dissociation of 82 strand makes it easy
for B1 to flip its backbone to minimize solvent exposure of
the hydrophobic side chains. Therefore, the conformations of
partially locked peptides may differ substantially from the
conformations adopted by A3 monomers in the fibril interior.
Similar observations have been made in previous A simu-
lations (16,45).
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It is interesting to discuss our findings in the context of
atomic force microscopy experiments, which detected a
stepwise dynamics in A fibril growth (56). It is conceivable
that the partially locked states with improperly bound (‘‘flip-
ped’’) backbone may act as temporary caps, which prevent
further elongation of the fibril. Once the edge monomer es-
capes the flipped state via activated transition, the fibril growth
resumes. This speculation is indirectly supported by the ob-
served exponential distribution of pause intervals (56).

Dissociation pathway

Complete dissociation of A3 monomers from the fibril edge
was observed in multiple MD simulations at 550 K. The loss
of interactions between A3 monomers and the fibril occurs in
three kinetics stages (Fig. 4 a). The first (burst) stage corre-
sponds to the fast disruption of significant fraction of peptide-
fibril interactions. The second and third stages result in
complete breakage of first fibril HBs and then hydrophobic
contacts and all remaining HBs. According to Fig. 5 b the
third stage seems to be rate-limiting, before which the pep-
tides sample partially locked and docked states. In those
states, the disruption of peptide-fibril interactions is some-
what delayed (Fig. 5 b). Multistage dissociation kinetics was
also observed in experimental studies at physiological tem-
peratures (23-25). According to Fig. 4 ¢ and consistent
with the data at 500 K the dissociation of Af starts with
C-terminal. As in Fig. 2 b, individual trajectories at 550 K
show cooperative unzipping of fibril HBs within 8 strands.
Similar cooperative disruption of fibril HBs was observed for
short AB fragment AB4_5> (16).

The distributions of unbinding times for both edge AS
monomers show simple exponential kinetics. This observa-
tion suggests an existence of a dominant free energy barrier
for unbinding. (The indication that a single free energy barrier
might govern the unbinding supports the use of small
damping coefficient y (see Methods).) Analysis of dissocia-
tion using clustering algorithm implicates multiple paths
connecting fibril and unbound states. Indeed, the structured
docked state CL3 (Table 2) appears in ~50% of dissociation
trajectories for the edge monomer F5 (path P1). Other dis-
sociation trajectories bypass this cluster following the path
P2. Interestingly, the average unbinding time for the AS
peptides following P2 is 75 ~ 2.3 ns. In contrast, the un-
binding time along P1 is Toh A~ 4.6ns = 2707, The unbinding
time 752 is similar to that of the monomer F6 (2.5 ns), which
unbinds rapidly without sampling structured docked inter-
mediates (such as CL3 of F5). Therefore, the F5 docked state
CL3 serves as a transient nonobligatory kinetic trap. Simu-
lations at 500 K show that the free energy of the F6 bound
state is higher than that of F5 by 1 kcal/mol. As indicated
above, this is the likely consequence of relatively small h2ASA
provided by the peptide F4 to F6 in the fibril state (Table 1).
Therefore, dissociation kinetics may follow multiple routes
depending on the initial position of A3 monomers in the fibril.
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CONCLUSIONS

Using all-atom molecular dynamics (MD) we explored the
temperature-induced dissociation of A3 monomers from
the edge of fibril protofilament. Under typical experimental
conditions (300 K and uM AP concentration) the disso-
ciation timescales are in excess of a second (23-25). To
bridge the gap between experimental and computationally
accessible timescales we used elevated temperatures and
high peptide concentrations. Using equilibrium MD sim-
ulations at 500 K and free energy disconnectivity graphs
(35) we mapped the free energy landscape for AB mono-
mers on the surface of the fibril. In addition, we obtained
multiple 550 K dissociation trajectories, which resulted in
complete unbinding of peptides from the fibril. On the
basis of these simulations we obtained the following re-
sults:

1. At mM concentration and the temperature of 500 K, A3
fibril protofilament seems to be thermodynamically stable
as judged by the distribution of bound and unbound
states for the edge AB monomers.

2. The free energy landscape of A3 monomers bound to the
fibril contains multiple partially locked and docked
states. Partially locked states have residual amount of
fibril interactions, whereas docked states are almost fully
devoid of fibril-like content. Both states are stabilized by
extensive hydrogen bond and hydrophobic interactions
with the fibril and, consequently, represent deep free
energy minima. The free energy barrier for unbinding
from partially locked states is ~11 kcal/mol. The par-
tially locked and docked states seem to represent an
important class of conformations adopted by AB mono-
mers on the surface of amyloid fibrils and recycled
between the fibril and solution (54,55). We believe that
our findings provide microscopic underpinnings to the
experimental data suggesting that amyloid fibrils are
covered by polypeptides with different degrees of order-
ing (23-25,59). Our simulations also suggest that the
concave fibril edge has higher binding affinity for AS
monomers than the convex edge.

3. The most thermodynamically stable bound AB mono-
mers are partially locked, but their conformations may
differ considerably from those found in the fibril inte-
rior (16,45). In particular, the backbone of AB N-ter-
minal may flip and expose to solvent its less hydrophobic
side.

4. In accord with the experiments (23-25,59) A8 monomer
dissociation from the fibril involves at least three stages
and proceeds via multiple pathways. As a rule the
dissociation of AB monomers is initiated near their
C-terminals. Dissociation pathways may depend on the
initial position of outbound monomer on the fibril edge.
The rate-limiting step for dissociation is not the breakage
of fibril-like HBs, but the disruption of numerous off-
registry HBs and hydrophobic contacts.
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An implication of our work is that partially ordered A3
monomers on the fibril surface may represent a target for anti-
aggregation molecular agents, such as NSAID derivatives
(60). Therefore, molecular level information about the sur-
face of A fibril may be useful in improving their anti-
aggregation propensity. Our work focusing on the surface AS
monomers may also be relevant to a recent study of the
toxicity of AB fibrils (61). It has been reported that the
structure of AB peptides on the fibril surface determines, at
least in part, the interactions with the cell membranes.

The limitations of the current work are related to two ap-
proximations: 1), EEF1 implicit solvent model; and 2), high
simulation temperature. Previous computational studies
showed that EEF1 and explicit solvent models give consistent
results for large polypeptide systems (39,40). Also, for a
number of proteins the unfolding mechanism and transition
state mapped in high temperature simulations seem to agree
with experimental data (40,62,63). Furthermore, at least for
some proteins the in silico unfolding pathways remain quali-
tatively similar at 500 K and at room temperatures (62). Taking
into account qualitative agreement with the experimental
studies, we believe that our work captures some of the prop-
erties of the dissociation of A3 monomers from amyloid fibrils.

The content of this work is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institute on
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