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ABSTRACT: A critical step of f-amyloid fibril formation is fibril elongation in which (\ Fibril Growth

amyloid-ff monomers undergo structural transitions to fibrillar structures upon their = r—_— )

binding to fibril tips. The atomic detail of the structural transitions remains poorly ABIMR/

understood. Computational characterization of the structural transitions is limited so

far to short Af segments (5—10 aa) owing to the long time scale of Af fibril 3 \ NS \
elongation. To overcome the computational time scale limit, we combined a hybrid- %"}% X

resolution model with umbrella sampling and replica exchange molecular dynamics
and performed altogether ~1.3 ms of molecular dynamics simulations of fibril

C-terminus

dooq

elongation for Af;_4,. Kinetic network analysis of biased simulations resulted in a

kinetic model that encompasses all A segments essential for fibril formation. The

model not only reproduces key properties of fibril elongation measured in experiments, including Af binding affinity, activation
enthalpy of Af structural transitions and a large time scale gap (7j,q/Taock = 10°—10%) between A binding and its structural
transitions, but also reveals detailed pathways involving structural transitions not seen before, namely, fibril formation both in
hydrophobic regions L17-A21 and G37-A42 preceding fibril formation in hydrophilic region E22-A30. Moreover, the model
identifies as important kinetic intermediates strand—loop—strand (SLS) structures of Aff monomers, long suspected to be related
to fibril elongation. The kinetic model suggests further that fibril elongation arises faster at the fibril tip with exposed L17-A21,
rather than at the other tip, explaining thereby unidirectional fibril growth observed previously in experiments.

B INTRODUCTION

Amyloid-f (Af) peptides having a length of 40—42 amino acids
are naturally secreted as a cleavage product of the amyloid
precursor protein.l Formation of Af aggregates in patient’s
brain is a hallmark of Alzheimer’s disease.” Although the
pathogenic identities and roles of Af aggregates are still under
debate,” fibrillar aggregates formed by Af likely play a critical
role in Af’s cytotoxicity.*”® Inhibition of fibril formation may
provide a potential means for reducing Af toxicity.”"’

Kinetic experiments have established that formation of Af
fibrils include nucleation and elongation of fibrils.'" After
nucleation, A monomers in solution are added to fibril tips to
elongate fibrils. Kinetics of Af fibril elongation has been the
subject of numerous experimental studies.'*~" On the basis of
the interpretation of kinetic data, these studies proposed a two-
step “dock—lock” mechanism for fibril elongation: Ap
monomers in solution first dock quickly to fibril tips; then in
a locking step, they undergo structural reorganization to assume
fibril structures, probably with fibrils acting as templates.'>~'%'®
It has been suggested that the locking step involving structural
transitions of Af is likely the rate-limiting step.'>™'%'®
Therefore, it is important to characterize, in molecular detail,
not only various forms of Af, both in solution and in fibrils, but
also kinetics of the structural transitions during fibril elongation.
Such efforts could assist in the design of efficient inhibitors.

Significant progress has been achieved in the characterization
of atomic structures of Af fibrils through solid-state NMR
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experiments and modeling.”*>* It is now known that Af fibrils
mainly adopt cross-f structures which are rich in parallel, in-
register f-sheets formed between peptides and aligned along
the fibril axis. Though different in detail, the fibril models
determined by several laboratories share a similar feature: there
is a bending region located within residues 20—30 which brings
into close contacts the two f-sheets adjacent to the bending
region, providing additional stabilization to fibrils (Figure
1).2°7%* Furthermore, the models reveal an internal staggering
between the two f-sheets, leading to structural distinction
between the two fibril tips (Figure 1).*"** Similarly, structures
of Af peptides in solution were also intensively characterized
through a combination of solution NMR experiments and
computer simulations, exhibiting an ensemble of heteroge-
neous, compact structures.”> >® However, experimental in-
formation on structural transitions of Af during fibril
elongation is still scarce except for the case of local
conformational change of Af probed in a recent study
combining two-dimensional ultraviolet spectroscopy and
computer simulations.*

Complementary to experiment, molecular dynamics (MD)
simulation has been a valuable tool to characterize the
structural transitions involved in A fibril elongation at various
levels of detail®*™*' A major challenge in simulating fibril
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Figure 1. Cross-f structures formed by Af,_,. (a) Amino acid
sequence of Af; 4, and definition of four regions, namely, CHC,
NMID, CMID and CTHR, investigated in the present study. (b)
Experimental fibril structures of Af};,_4, (PDB ID: 2BEG). Shown in
orange, green, purple and red are the CHC, NMID, CMID and CTHR
regions, respectively. The side chains wrapped in the fibril are shown
in stick representation. Shown in gray and blue are the side chains in
regions 17—26 and 31—42, respectively. Transparent ellipsoids depict
the excluded volumes of the side chains. (c) Structural difference
between even and odd fibril tip. All the side chains are shown in ball
representation. In (b) and (c), the fibril axis points from the odd tip to
the even tip. (d) Close-up view of fibril tip regions surrounding F19 as
indicated by dashed boxes in (c).

elongation of Af arises from the slow elongation kinetics that
requires ms to s long simulations to be reproduced.'®'® To
overcome this challenge, several coarse-grained (CG) models,
which reduce the spatial resolution and thereby speed up
simulations, have been employed to simulate Af fibril
elongation starting with dissociated monomers, shedding light
on the dock—lock mechanism of fibril elongation.*>*' Despite
some insight gained from the CG simulations, it is critical to
model Ap fibril elongation in atomic detail. All-atom
simulations of Af fibril elongation are too daunting a task
computationally. Fortunately, several short segments of Af,
having length of 5—10 amino acids located within region K16-
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A42, are experimentally known to form fibril by themselves.**
For these segments, all-atom simulations of their fibril
elongation become computationally practical, allowing obser-
vation in atomic detail of structural transitions arising in both
the docking and locking steps.”* > An attempt has also been
made in simulating docking of Af with fibril tips, revealing
heterogeneous binding conformations.>>>

The observations of fibril elongation of short Af segments
are intriguing and perhaps relevant to Af fibril elongation.
However, considering that Af includes several aggregation-
competent short segments and exhibits a complex architecture,
the following questions regarding structural transitions during
Ap fibril elongation still need to be answered: (1) In which
regions of Af do initial fibril contacts form? Is there any region
of Af particularly favorable or unfavorable for initial fibril
contacts? (2) Once initial fibril contacts form, how do fibril
structures propagate through the remaining parts of AB? (3)
Ap, compared to the short segments, is supposed to exhibit
more complex monomeric structures. What is the impact of
these Aff monomer structures on fibril elongation? (4) The
intersheet staggering, which is seen in fibrils formed by Ap,
leads to the two tips of a fibril, the top and bottom tip,
assuming actually different local structures.”' Can the difference
in the top and bottom tip lead to different fibril elongation
kinetics and, thereby, account for unidirectional growth of Af
fibrils as seen in experiment?*>*

Addressing these questions requires simulations probing
dynamics on a long time scale. To achieve such computation,
we employ here a hybrid-resolution model, namely, PACE,**
which combines models at two resolutions, with proteins
represented in a united-atom model and with solvent described
in a coarse-grained solvent model, the MARITNI solvent.*®
PACE has been shown to accelerate simulations signiﬁcantly
while folding proteins into their native structures.””*** To
enhance sampling, we also adopt an approach combining
umbrella sampling and replica exchange molecular dynamics
(REMD) employed in previous studies of protein—protein
interactions*” and aggregation.”” Biased simulations are further
used to construct a kinetic network by following previous
studies on folding and conformational transitions of pro-
teins.”>*' The resulting kinetic network allows us to identify
transition gathways using the recently developed transition path
theory.*>*

By combining PACE, enhanced sampling and transition path
theory, we determine ensembles of pathways and, thus,
establish the kinetics of structural transitions of Af,_,, during
fibril elongation at both fibril tips. Rate analysis on the
pathways reveals that formation of fibril structures by Af; 4,
indeed arises through a dock—lock mechanism. The pathways
leading to formation of fibril structures reveal that hydrophobic
regions L17-A21 and, to a lesser extent, G37-A42 exhibit a
particular propensity for initial fibrillar contacts, consistent with
previous all-atom simulation studies showing that region 16—22
is key to fibril formation.** We find that hairpin-like structures
formed in monomers, similar to those observed in previous
simulations,”®**”>® are dominant on-pathway intermediates
arising upon the initial fibrillar contacts. We further find that
due to the local U-shape structures of fibrils and the need to
unfold the prior hairpin-like structures of monomers, fibril
structures propagate to the remaining parts of Af not in the
expected zipper fashion, namely, do not propagate immediately
to the parts adjacent in sequence to the initial contacts. Finally,
comparison of the results of fibril elongation at the two
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Figure 2. Thermodynamics and structures in the docking step of fibril elongation. (a) Potential of mean force (PMF) profiles of docking of Af to
even (blue) and odd (red) fibril tips. Error bars denote the difference between the PMFs calculated from two halves of simulations. (b,c) Residual
probability of edge residues at even (b) and odd (c) tips forming fibrillar S-sheets (black), antiparallel S-sheets (red), parallel, out-of-register S-sheets
(blue) and other structures involving hydrogen bond interactions (green). (d,e) Distributions of the numbers of edge residues at the even (d) and
the odd (e) fibril tip forming fibrillar S-sheets (black), antiparallel f-sheets (red) and parallel, out-of-register f-sheets (blue). Shown in insets are

close-up views of the distributions.

structurally different fibril tips suggests that the observed
unidirectional growth of Af fibrils is mainly due to distinct
growth rates at the two tips. The above findings not only
provide experimentally testable predictions regarding fibril
growth, but also reveal important details needed for modeling
fibril growth at the level of overall kinetics.>”®

B RESULTS

The present study focuses on fibril elongation of Af,_4,. To
investigate the roles of different parts of Af in fibril elongation,
the peptide is divided into four regions (Figure 1a), including
the central hydrophobic region (CHC, residues L17-A21), the
C-terminal hydrophobic region (CTHR, G37-A42) and the N-
and C-terminal parts of the middle region (NMID, E22-A30
and CMID, I131—V36). The fibril structures employed are the
ones determined by Liihrs et al. (Figure 1b) as a model for
fibrils.>! This model exhibits the U-shaped, cross-f structures
usually seen in Ap fibrils. Two f-sheets in the model, involving
regions 17—26 and 31—42, form intersheet packing through
side-chain contacts. Interestingly, due to the internal staggering
of the two f-sheets, region 17—26 of a monomer forms side-
chain contacts mostly with region 31—42 of the adjacent
monomer, rather than with the region of the same monomer
(Figure 1b). As a result, at the fibril tips one of the two regions,
namely, region 17—26 or region 31—42, is left unpaired, leading
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to two structurally different tips, namely, one (called even tip)
with its CHC region (part of 17—26) exposed and the other
(called odd tip) with its CHC region buried (see Figure 1c).
We note that the geometry involved makes it impossible for an
even tip to become an odd tip and vice versa; one end of a fibril
sports an even tip throughout elongation, the other always an
odd tip.*!

In the following sections, we present first simulation results
of the binding of A monomers to both fibril tips. We compare
then the kinetics, through kinetic network analysis, of the
binding and actual formation of Af fibril structures, the latter
process leading to fibril elongation. We further present the
identified pathways and associated kinetics of structural
transitions during fibril elongation at both tips and compare
then the elongation kinetics. Finally, we discuss the possible
factors that cause distinct kinetics at the two tips.

Ap Docks to Fibrils with High Affinity while Assuming
Heterogeneous Structures. To investigate the docking of
Ap monomers to fibril tips during fibril elongation, we first
characterize the thermodynamics of Af docking. By defi-
nition,"*'* the docking step involves binding of A3 monomers
to fibril tips irrespective of the detailed conformation that the
Af monomer assumes in the process. Thus, the center-of-mass
(COM) distance, 7oy, between A monomers and fibril tips
was chosen as the reaction coordinate for docking. On the basis
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of biased simulations (see Methods), we calculated the
potential of mean force (PMF) profiles with respect to rcoy
for binding of A monomers to both fibril tips, namely, the
even and odd tip, at 332 K by means of the temperature-
weighted histogram analysis method (T-WHAM).>® The
resulting PMFs, as shown in Figure 2a, are flat at large COM
distances (rcom > 20 A), gradually decrease when the
monomers are approaching the fibril tips and, eventually,
exhibit a wide well at short distances (3 A < rcoy < 8 A)
corresponding to the binding of monomers to the fibril tips and
revealing actually a strong thermodynamic driving force of
association. The binding affinities of A monomers, converted
to standard concentration conditions (see Supporting In-
formation (SI)), were calculated to be be —19.4 + 0.5 RT and
—18.3 & 0.6 RT for the even and the odd tip, respectively; the
affinities are stronger than, but still comparable to, the value
(—15.1 RT) derived on the basis of the critical concentration of
soluble Af in equilibrium with fibrils."® Interestingly, the PMFs
for the two tips are quite similar and the binding affinities differ
only by about 1 RT. Energetic analysis reveals further that the
binding between monomers and the even and the odd tip
exhibits binding energies that are not significantly different
(=113 £ 7 vs —112 + 7 kcal/mol) and involves the burial of
almost the same amount of hydrophobic surface area (1450 +
70 vs 1460 + 70 A%). Taken together, the simulations suggest
that the structural difference between the two tips does not
cause significantly different binding for Ap.

Despite the observed large aflinities of A monomers in the
docking step, the simulations show that fibril structures are
usually not formed in this step, as revealed by the analysis of S-
sheet structures formed between Aff monomers and fibril tips
(see SI). In general, there is a significant chance (40—70%) for
P-sheets to form between monomers and most of the residues
on the accessible edges of fibril tips, except for those located in
the NMID region (Figure 2b,c). Each of these residues can be
involved in various types of B-sheet, such as parallel, in-register
P-sheet seen in actual fibrils and out-of-register f-sheet
arranged either in antiparallel or parallel fashion; none of the
mentioned fS-sheet types appear to be dominant during in the
monomer bound states (Figure 2b,c). As individual residues
have a considerable probability, usually 10—25%, of being
involved in either type of B-sheet, one wonders whether it is
possible for uniform f-sheet structures to arise in monomer-
bound states. To address this possibility, all monomer-bound
states were binned according to the number of edge residues
involved in the same type of f-sheet. The results suggest that in
most cases at most six edge residues can be involved
simultaneously in the same type of f-sheet (Figure 2de).
Uniform f-sheet structures are rarely seen except for fibril S-
sheet arising at both fibril tips with a probability of 2—3%;
antiparallel S-sheet arises only at the even tip with a probability
of 2% (insets, Figure 2d,e).

Our results are consistent with experimental kinetic studies,
which suggest that Af monomers docking to fibril tips assume a
wide spectrum of structures, including both fibrillar and
disordered conformations.'® The fully formed fibril structures
observed here, though exhibiting only a small probability, could
still serve as templates to incorporate additional A monomers.
In the present study, we simulated only the binding of single
monomers to existing fibrils, the process of incorporating
additional monomers was not simulated. We suspect that in
reality the observed fully formed fibrillar structures, arising with

small probability, convert further other monomers into fibrillar
structures, leading eventually to irreversible fibril formation.

Structural Transitions Leading to Fibril Elongation at
the Even Tip. To characterize the structural transitions of Af
leading to fibril elongation, we constructed from about 2.1 X
10° conformations sampled in the biased simulations, as
described in Methods and SI, a kinetic network model
constituting about 10° microstates. Employing transition path
theory (TPT, see Methods)***® the network model was
decomposed into microscopic transition pathways that identify
routes from soluble states (rcop > 20 A) to fibrillar states, the
latter involving at least 12 edge residues in fibrillar f-sheets.
The decomposition analysis identified a large number of
pathways, each involving 20—39 intermediate states. The most
populated 26 pathways account for only ~50% of reactive
transitions. These pathways are heterogeneous, as revealed by
their projection on the first two most significant principle
components arising from the principal components analysis
described in SI (Figure 3).

20
PC1 (A)

Figure 3. Pathways of fibril elongation identified at the even tip. The
major pathways (white lines) accounting for 50% of transitions and
their starting points (white dots) were projected onto the potential of
mean force (PMF) profile (colored contour map) with respect to the
first two principal components (PC1 and PC2), namely, those with the
two largest eigenvalues, obtained through principal component
analysis (PCA) based on a covariance matrix of 625 C,—C, distances
between the incoming monomer and the fibril even tip and 231 C,—
C, distances within the monomer (see SI). PC1 and PC2 account for
54% of total variance in the distances used in the PCA. The PMF was
calculated at 332 K using the T-WHAM method.® The most
populated pathway is highlighted by a red line. Shown are also select
intermediates of this pathway; represented in orange, green, purple
and red are the A CHC, NMID, CMID and CTHR regions,
respectively. The locations of the intermediates in the pathway are
indicated by dashed arrows.

To gain insight into the elongation mechanism represented
by the pathways we simplified the pathways by grouping them
according to the order of formation of f-sheet structures in
different regions of AS (see SI). The simplified pathways, as
summarized in Figure 4, reveal that in the majority (~97%) of
transition pathways fibril structures start to arise in the CHC
region (Figures 1 and 3), while in some (38%) of these
pathways formation of antiparallel f-sheets in this region
precedes formation of fibril structures (Figure Sla (SI)). The
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antiparallel (“anti”) or fibrillar (“fib”) f-sheets form in one of the four regions. Black arrows denote fluxes of reactive transitions with the arrow
thickness proportional to the probabilities of the transitions. The percentage numbers in blue denote the probability of initial transitions. Following
any path connecting boxes “Unbound” and “NMID(fib)” yields a possible sequence of ff-sheet formation observed in the present study. The five
color maps shown nearby the network represent the probabilities (P) of inter-residual contact within the incoming monomer at different stages of
fibril formation, including unbound states (A), initial contact states (B and D) and states where fibril structures form both in the CHC and CTHR
regions (C and E). The probability of contact between residues i and j within the incoming monomer was calculated as the probability of C,, atoms
of the two residues being within a cutoff of 6.5 A, averaged over all states that belong to the same stage of fibril formation. The axes of map A are
shown as a chain of orange, green, purple and red arrows, which denote the positions of regions CHC, NMID, CMID and CTHR on the map,
respectively. All residual contact probabilities (P) are scaled as —In P. The color bar on the top of map A denotes the —In P scale in units RT. Maps
B—E have their corresponding axes and color bar removed. The red dashed boxes in the maps indicate the contact patterns of the incoming

monomer that exhibits the strand—loop—strand structures (SLS).

transitions from the antiparallel to fibrillar #-sheets in the CHC
region appear to be similar to the antiparallel < parallel
transitions observed in previous MD studies of Af 4 5,
dimers,60 arising through rotation of the CHC region of a
monomer about a hydrogen bond (HB) formed between the
amide hydrogen of F19 in the monomer and the carbonyl
group of V18 at the even tip (Figure S1b (SI)). In subsequent
steps, the fibril structures extend to the CTHR region, then to
the CMID region, and finally to the NMID region. Beside the
major transition pathways, there is a small chance that
extension of the fibril structures follows a slightly different
pathway in which structures are formed initially in the CTHR
region and then propagate to the CHC region (Figure 4). The
chance of these minor pathways is low (~3%) at 332 K, but
increases to ~14% at high temperature (370 K) (Figure Sa).
In all the pathways analyzed the fibril structures are initiated
either in the CHC region or, to a lesser extent, in the CTHR
region, but never in the middle regions (NMID and CMID) of
Ap (Figure 4). One wonders whether this result arises from a
bias introduced by the enhanced simulations used here for the
network analysis. To address this question, we performed, as
described in Methods, multiple 100 ns unbiased simulations of
the association of Af with the fibrils. Although it is unlikely to
observe the formation of fibril conformations on such a short
time scale, the formation of initial HB contacts between
monomers and the even fibril tip indeed occurred in a large
number (164) of simulations. If initial HB contacts form
randomly, the chance to observe the formation of HB between
a specific pair of residues of monomers and fibril tips is roughly
1/25% = 0.16% for Af3;_,,. On the basis of this probability, we
estimated for each region of Af the expected numbers of
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Figure S. Temperature dependence of kinetics of fibril formation at
both fibril tips. (a) Probabilities of pathways initiated with formation of
fibril structures in the CTHR region during fibril elongation at the
even and the odd tip. (b) Temperature dependence of fibril formation
at the even and the odd tip. Rates were fitted to the Arrhenius
relationship (eq 1) with fitting quality R* shown nearby.

trajectories in which at least one fibrillar HB could form in this
region (Figure 6a). Our simulations show that the NMID and
CMID regions are highly unfavorable for initial fibril contacts
while the CHC and CTHR regions are involved in initial fibril
contacts more frequently than expected on average. In
particular, the trajectories leading to fibril formation in the
CHC region are six times more frequent than the mere average.
Altogether, our simulations suggest that formation of initial
fibril contacts is sequence-specific and favorable in the

hydrophobic regions.
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Figure 6. Comparison between number of standard simulations in
which fibril contacts arise (red bars) and expected numbers of
simulations in which initial fibril contacts form randomly (black bars)
at the even (a) and the odd tip (b). The expected numbers for any
region were estimated as the number of simulations observed to form
a contact X the number of residues in this region X 1/25%

Strand—Loop—Strand Structures of Af Monomers
Essential for Fibril Formation. In the process of fibril
elongation, the incoming monomers need to bind to the tip,
but also need to undergo conformational transitions. To
characterize the conformational transitions, we monitored
structural features of a monomer at different stages of fibril
formation, carrying out cluster and contact analysis of
monomer trajectories. The cluster analysis of unbound
monomers (rcoy > 20 A) (Figure S2 (SI)) shows that these
monomers adopt heterogeneous structures, the most populated
five of which account for only ~20% of total populations. The
tertiary structures of the monomers were further examined by
monitoring contact maps of backbone C, atoms of a monomer,
using a 6.5 A distance cutoff for contacts. Two major types of
tertiary contacts emerge from the contact map (A in Figure 4),
one formed between the CHC and CMID regions and the
other formed between the CMID and CTHR regions, both
consistent with previous all-atom MD studies.**®!

When initial fibrillar contacts form in the CHC region, the
monomer tends to adopt hairpin-like structures involving
antiparallel contacts between the CHC and CMID regions and
a reversed loop spanning the NMID region, as revealed by the
corresponding contact maps (B and D in Figure 4) showing an
off-diagonal band of high contact probabilities spanning
residues 17—36. These structures, known as strand—loop—
strand (SLS) structures (Figure S3a (SI)), have been suggested
both in experimental and theoretical studies as important
monomer intermediates for fibril elongation.”®**7>%%* To
quantify the involvement of the strand—loop—strand (SLS)
structures in fibril elongation, we calculated, as described in SI,
the probability (ponpath) of the SLSs being present in the
transition pathways. The on-pathway probability of SLSs turns
out to be ~53%, much higher than the probability (~10—13%)
for either unbound or bound monomers to adopt the SLSs,
suggesting, therefore, that the SLSs are indeed important
intermediates for monomers during fibril elongation.

Eventually, the monomer loses most of its internal contacts
involved in the SLSs when fibril structures have been achieved
in the CHC and CTHR regions (B — C and D — E in Figure
4). The simulations suggest that the SLSs need to be disrupted
for fibril structures to extend, often prior to fibril contact
extension to the middle regions (NMID and CMID) of Af.

Rate of Fibril Formation at Even Tips. Of great practical
concern regarding fibril formation are the rates of elongation
kinetics. In order to determine the rates we performed the

network analysis as described in Methods on the constructed
kinetic network to estimate the macroscopic rate of transitions
from soluble A (rcom > 20 A) to either bound or fibrillar
forms of Ap, the former representing the docking transitions
and the latter representing the actual elongation of fibrils. The
rates of the two types of transitions (Table 1) were calculated

Table 1. Rates of the Docking Step (ko) and Formation of
Fibril Structures in the CHC Region (kcyc) and in the
Entire Af (kgp,) at the Even and Odd Fibril Tips®

kdock kCHC kﬁbril
even tip ~3 X 107° ~3 X 107% ~8 X 107°
odd tip ~2 X 107° ~6 X 1070 ~2 X 1071

“All rates were calculated at 332 K. The calculation procedure is
described in SI. The rate values reported in this table are given in
terms of a reduced unit of k,, the base rate constant used to estimate
transition rates in rate matrices. A rough estimate suggests k, ~ (20
ps)™" (see SI).

to be ~3 X 107k, and ~8 X 10k, respectively, where ky, as
described in SI, is a base rate constant for the network. The
time scales of the docking transitions and fibril elongation were
thus estimated to be ~0.5 us and ~2—3 ms, respectively,
revealing a large time scale gap (10°—10*) between the two
transitions.

Our kinetic network analysis revealed a complex energy
landscape governing multitime scale processes involving fibril
elongation. One may wonder whether fibril elongation
corresponds to the slowest kinetic process of the fibril-
monomer system. To address this question, the relaxation
rates k of the slowest kinetic processes were estimated by
calculating the smallest (in terms of magnitude) nonzero
eigenvalues A of the rate matrix associated with the kinetic
network and employing then the relationship k = —4.°> The
calculation revealed that the rates of the eight slowest relaxation
modes range from ~8 X 107"k, to ~8 X 107'%,, all smaller
than kg, (~8 X 107°k,). Apparently, fibril elongation is not
one of the slowest transition processes that the fibril-monomer
system undergoes.

A elongation kinetics is known to follow the Arrhenius law

k= At/ (1)

where A is a pre-exponential factor and AH* is the activation
enthalpy.'>'” It has been shown that Af elongation exhibits a
large positive activation enthalpy (AH¥), indicating a significant
structural reorganization arising during fibril growth.'>!”
Therefore, it is essential to examine the temperature depend-
ence of the kinetic model derived for formation of fibril
structures. For this purpose, the network models were
reconstructed at various temperatures based on the same
biased simulations using T-WHAM.>® The rates of fibril
formation (kg) at 332—370 K obtained thus agree well with
the Arrhenius law, exhibiting a fitting correlation coefficient R?
= 0.98 (Figure Sb). The activation enthalpy AH* extracted
from the fitting is ~22 kcal/mol, higher than, but still
comparable to, the value (~15.8 kcal/mol) reported for
AP, _4, obtained through quartz crystal microbalance measure-
ments."” The large activation enthalpy obtained is consistent
with the large structural reorganization of monomers observed
in our kinetic model (Figure 4).

Fibril Elongation at Odd Tip Is Kinetically Unfavor-
able. To identify the difference in kinetics between fibril
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Figure 7. Losses and gains of contacts for the incoming monomer during formation of fibril structures. (a) Plot of the number of internal residual
contacts of the monomers against the number of hydrogen bonds (Ny;) formed between monomer and fibril tips for all on-pathway intermediates.
(b) Plot of the number of side chain contacts formed between monomer and fibril tips against Nyp. (c) Plot of the number of internal contacts of the
monomer formed between L17-A21 and 131—V36 against Nyp. The shaded region highlights the states in which the monomer involves only about
five HBs with the fibril tip but loses most of its internal contacts. (d) Representative structures of major intermediates of fibril elongation at the even
(top) and the odd (bottom) tip as highlighted in the shaded region in panel (c). Shown in orange, green, purple and red are the CHC, NMID,
CMID and CTHR regions, respectively. The side chains of F19 and F20 are shown in stick representation. The side chains of I131—V36 in the
monomer are shown as white ellipsoids. (e) Plot of the number of side chain contacts formed between 131—V36 of the monomer and F19 of the
fibril against Nyp. In panels (a—c) and (e), the intermediates arising from fibril elongation at the even and the odd tip are plotted as blue and red
circles, respectively, with the radii of circles proportional to —In pp.s- The shaded regions in (a), (b) and (e) denote the stages where drastic change

of contacts arises.

elongation at the even and the odd fibril tip, the network
analysis applied for fibril elongation at the even tip was also
applied to investigate fibril elongation at the odd tip. The
pathway analysis revealed that the elongation at the even and
the odd tip proceed largely in a similar manner in regard to the
order in which monomer regions attach to fibrils (Figures S4
and SS (SI)). At 332 K, in most pathways (~98%), the fibril
structures are initiated in the CHC region and then extend to
the CTHR and CMID regions (Figure SS (SI)). In minor
pathways (~2%), the fibril structures start either in region
CTHR or CMID and extend then to the CHC region (Figure
SS (SI)). The probability of the minor pathways increases (8—
13%) at elevated temperature (345—370 K) (Figure Sa). In
addition, the strand—loop—strand structures for the incoming
monomer appear to a major degree (~89%) on-pathway
(Figure S3b (SI)). However, despite the similarity observed,
the formation of fibril structures was found to be about 40
times slower at the odd tip than at the even tip (Table 1).
Moreover, the corresponding activation enthalpy AHY,
estimated to be ~34 kcal/mol (Figure Sb), is much higher

12456

than that for fibril growth at the even tip (~22 kcal/mol).
Taken together, our results suggest that fibril elongation at the
odd tip is kinetically unfavorable.

Factors That Slow down Fibril Elongation at the Odd
Tip. To find out what causes slower fibril elongation at the odd
tip, kinetics of fibril formation in the CHC region was first
investigated as this region was found to be key for the initial
fibril elongation step at both tips. Since the CHC region of the
fibril edge is highly exposed at the even tip, but partially
shielded at the odd tip (Figure 1b), it is possible that initial
fibril formation in the CHC region is hindered at the odd tip.
To examine this possibility, we compared the rates (kcpyc) of
formation of fibril structures only in the CHC region at both
tips (Table 1). The comparison showed that the fibril structures
in the CHC region arise about five times more slowly at the
odd tip than they do at the even tip. Moreover, out of 173
unbiased simulations in which HBs formed between monomers
and the odd tip, only three showed the formation of fibrillar
HBs in the CHC region, which is less often than found (8 out
of 164) in the simulations of Af binding to the even tip (Figure
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6). Taken together, the less accessible CHC region at the odd
tip does account, though only partially, for the slower formation
of fibril structures at this tip.

Apart from initial fibril formation, the subsequent structural
transitions of monomers were also investigated. The detail of
the transitions of the monomer were examined by monitoring
the monomer’s internal contacts and its contacts with fibrils for
all intermediates in the pathways to fibril formation, employing
the number of hydrogen bonds formed between the monomer
and the fibrils as the reaction progress variable. At early stages
of the elongation at both tips (Nyg = ~ S) the monomer loses
most (~70%) of its internal contacts (Figure 7a), mainly due to
the loss of contacts in region L17-V36 where the strand—loop—
strand (SLS) structures form (Figure 7c). In the meanwhile,
considerable side chain contacts between the monomer and the
fibrils arise, presumably compensating the loss of contacts in
the monomer (Figure 7b). Moreover, there are more contacts
formed at these early stages (Nyg = ~ S) during the transitions
arising at the even tip than at the odd tip (Figure 7b).

To examine why more contacts are formed for the transitions
at the even tip, we inspected the intermediates arising at this
early stage highlighted by the shaded region in Figure 7c. The
structures of the intermediates reveal that the CMID region of
the monomer forms contacts with side chains of F19 located at
the even tip. The same contacts are absent in the intermediates
arising at the odd tip (Figure 7d). These contacts were further
monitored during the entire course of fibril formation (Figure
7e). The analysis shows that for fibril elongation at the even tip
the contacts gradually increase at the early stage (Nyg < S),
coincident with the loss of internal contacts of the monomer,
but vanish after considerable HB interactions (Nyz; > 10)
between the monomer and the fibril arise. The same contacts,
on the other hand, do not arise throughout fibril formation at
the odd tip. Therefore, our results suggest that the exposed side
chains of F19 at the even tip may transiently stabilize the
disrupted structures of the monomer and, thereby, facilitate
formation of fibril structures.

B DISCUSSION AND CONCLUSION

In the present study, we thought to describe Ap fibril
elongation®® in atomic detail. To this end we performed
molecular dynamics (MD) simulations of fibril elongation by
APi5_p. To overcome difficulties in simulating slow fibril
elongation, both a hybrid-resolution model**™* and an
enhanced sampling method combining umbrella samplin§ and
REMD were employed. Kinetic network analysis®>>">® was
then applied to furnish a kinetic model for fibril elongation,
allowing us to identify structural transitions of Af involved in
fibril elongation.

The “dock—lock” mechanism for fibril elongation proposed
earlier on the basis of experiments'>'®'® has received support
from numerous MD studies focusing on fibril elongation by
short Af se7gments, including Afs_20 APis g APss_s and
APs7_4p>* 7 The kinetic model derived in the present study
reveals that fibril elongation by Ap), ,,, which comprises
basically all residues essential for fibril formation,*" also follows
this mechanism. Moreover, our rate calculation (Table 1)
reveals a large time scale gap (7joq/7goq = 10°7*) between the
dock (docking of monomer to fibril tip) and the lock
(conformational transition of monomer to fibril structure)
steps. Our result agrees well with recent kinetic experiments by
Qiang et al, who showed that the measured rate of fibril
elongation for fulllength Af is ~10* times slower than

expected for fibril growth by diffusion-limited attachment of
monomers to fibril tips."® Notably, the time scale gap calculated
for AB\;_4, is much larger than that (7,q/7goa ~ 10) for a short
segment like Aps 5, as reported in previous simulations,>*
suggesting that the length of A segments has a profound effect
on separating the time scales of the docking and locking steps
during fibril elongation.

The fibril formation pathways identified in the present study
reveal that different regions of Af vary in their involvement in
initial fibril formation. In particular, the NMID region (E22-
A30) does not participate in initial fibrillar contacts (Figures 4,
6 and S5 (SI)). The following factors seem to contribute to the
lack of involvement of the NMD region. One factor is that the
NMID region includes largely polar and charged amino acids
which may incur desolvation penalty against association; in fact,
previous all-atom simulations of Af fibrils have shown that the
same region of fibril edges gradually leaves fibrils driven by
solvation.®*®> The second factor is that the NMID region
adopts tight loop structures and appears to be the most
structured part of the peptide according to both NMR
experiments®® and simulations of Af monomers by
others****%7 as well as those in the present study. Involvement
of the NMID region in fibril formation would be highly
unfavorable as it requires disruption of the loop structures
formed in this region. In contrast, initial fibril formation in the
CHC region is more favorable compared to the other regions,
highlighting the important role of the hydrophobicity of CHC
in driving initial fibril formation.

The analysis based on energy-landscape theory by Massi and
Straub proposed that certain conformations of monomers could
undergo little structural reorganization upon binding to fibrils,
thereby serving as important intermediates for fibril elonga-
tion.*" Several experimental®®***® and computational stud-
fes #5476 i seeking such intermediates, discovered mono-
meric structures in a hairpin-like motif of residues 16—3S,
called strand—loop—strand (SLS) motif. On the basis of their
structural resemblance with the U-shape topology of Af seen in
fibrils, the SLS structures have been proposed to be important
intermediates for fibril elongation.”***~*¢>® Qur simulations
show that the SLS structures arise in a majority (~50—90%) of
the identified pathways when the initial fibrillar contacts are
formed in the CHC region. On the one hand, this finding
provides direct support to the notion that the SLSs are on-
pathways intermediates in fibril elongation as suspected
previously; on the other hand, the hydrogen bonds formed
within the SLS structures need to also be broken to allow other
parts of peptides to participate further in hydrogen bonds with
fibrils. The breaking of the SLS structures could be energetically
unfavorable, as indicated by a large positive activation enthalpy
(~22 keal/mol) of fibril elongation estimated in the present
study, comparable to that (~15.8 kcal/mol) reported in kinetic
experiments.'” Interestingly, a similar conclusion regarding the
role of hairpin-like monomeric intermediates in fibril growth
has also been reached in a 6previous all-atom study for a shorter
segment, namely, Afys_55.>

The key role of SLSs in fibril elongation raises the possibility
that the SLS structures can serve as a target for fibril inhibition.
Destabilizing SLS formation in Af or preventing Af with the
SLS structures from binding to fibrils may slow down fibril
formation. Despite the significant involvement of the SLS
structures in fibril formation, our results do indicate a non-
negligible chance of fibril formation which does not rely on
SLSs and, thereby, may not be affected by inhibiting SLSs.
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Therefore, it remains an open question how effective the SLS
structures are as an inhibition target.

It has been assumed that after the initial contact, fibril
structures propagate irnmediatelg to the regions adjacent in
sequence to the initial contacts.>® Indeed, this assumption has
been supported by all-atom simulations of fibril elongation by
short A segments like Aot APss_so’ and Afy,_p.>¢ If
the same assumption is also true for Af,,_,,, one would expect
that fibril structures extend to the middle regions (NMID and
CMID) after the initial contact form in region CHC or CTHR.
Our simulations reveal instead that once fibril contacts are
initiated in either region CHC or region CTHR, the structures
continue to arise mainly in the other of the two regions
(Figures 3 and S5 (SI)). The fibril structures in the NMID
region are the last to arise. Regions CHC and CTHR, though
distant in sequence, are spatially close to each other in the U-
shaped fibril structures (Figure 1). Thus, fibril extension in the
way stated above may allow the monomer to maintain at least
partly its hairpin-like structures arising upon the initial contacts
(Figure 3). On the other hand, if fibril structures extend to the
NMID region as expected, the loop of the hairpin-like
structures would participate in fibril formation, leading
immediately to deformation of the entire hairpin-like structures.

Our results disagree with the Af locking mechanism
suggested on the basis of a coarse-grained MD study.*!
According to this mechanism, when a monomer makes initial
fibrillar contact with one of the two f-sheets in fibrils, the
remaining part of the monomer still moves freely and, thus,
fibrillar contacts can propagate along the remaining part of the
monomer.*! Instead, the route of fibril extension observed in
the present study agrees with a transition state ensemble model
for Ap fibril elongation as reported recently on the basis of all-
atom simulations.>> The reported model, derived indirectly
through unfolding simulations of Af fibril structures, develops
intact fibril contacts in the hydrophobic regions of both p-
sheets of fibrils, but exhibits disordered loops in the NMID
region. During fibril elongation, such transition states could be
reached by unbound Aff monomers only if their conformational
transitions to fibril structures follow a route similar to the one
observed in the present study.*®

Ap fibrils are known to grow unidirectionally.**** Structural
characterization of Af fibrils reveal distinct structures of two
fibril tips exposing either their N-terminal or C-terminal edges
(Figure 1), indicating different binding interfaces for incoming
monomers.”' Previous all-atom simulations aiming to link this
finding with unidirectional fibril growth suggested that Af
peptides bind to the two fibril tips with different affinities.*” In
contrast, a computational study employing coarse-grained
(CG) models showed that Af# monomers bind to either fibril
tip without apparent thermodynamic preference.*’ Moreover,
another CG simulation study proposed that the fibril tip with
its CHC region more accessible can allow faster formation of
initial fibril structures and, thereby, facilitates fibril growth at
this tip.** In the present study, we found that Af binds to the
two fibril tips with similar affinities, but that fibril structures
form much faster (about 40 times) at the tip exposing the CHC
region (even tip) than they do at the other tip (odd tip). Our
analysis revealed that the exposed CHC region at the even tip
indeed promotes initial fibril formation as suggested in previous
studies. However, this promotion contributes only partly (2—5
times) to the faster fibril formation at this tip. An additional
speed-up comes about since during subsequent structural
reorganization of the monomer, the exposed F19 at the even tip

can form transient interactions with parts of the monomer
when its compact structures are disrupted. Such interactions are
absent at the odd tip. Taken together, we suggest that the even
tip with the exposed CHC region, and thus exposed F19, serves
as a better template to catalyze fast fibril formation than does

the odd tip.

B METHODS

PACE Models for Simulation of Af. In the present study, we
employed a hybrid-resolution model, namely, PACE (available at
www.ks.uiuc.edu/~whan/PACE/PACEvdw/),"* to simulate Af fibril
elongation. PACE’s parametrization and application to protein folding
have been discussed in detail in previous studies.****® In the present
study, we demonstrate, as shown in SI and Figure S6 (SI), that
simulations of Af;_ 414, with PACE reproduce key experimental
observables of Af structures, including secondary structure content”’
and 3Jyyy, coupling constants measured in NMR experiments,26 with

an accuracy rivaling that of all-atom simulations.?® Thus, PACE can
also be extended to simulations of disordered peptides like Ap.

Beside Aff monomer conformational features, we examined also, as
described in Results, the ability of PACE to reproduce important
quantities relevant to fibril elongation such as Af binding affinity and
activation enthalpy of fibril formation. We notice that although the two
quantities are qualitatively reproduced, they are both overestimated in
the present study. As these quantities are determined mainly by HB
interactions, we suspect that the PACE force field applied here slightly
overestimates individual HB interactions and that the overestimate
accumulates for fibril formation in which multiple HB interactions are
involved.

Models and Simulation Setup. We built an initial fibril model
based on a part of the fibril structure reported by Liihrs et al. (PDB ID:
2BEG)*! containing four Af,_y, peptides. L17 of Af,;_,, was capped
with an acetyl group. The initial model had its fibril axis aligned to the
z-direction, and then was solvated in a box of MARTINI water and
neutralized with 0.15 M NaCl solution, leading to a system of ~3000
particles. The system was energy minimized for 5000 steps. The
resulting structure was used to prepare starting conformations of
incoming monomers and fibrils for production runs in two approaches.
In a first approach, the monomer on either accessible edge of fibrils
was pulled away from the remaining three, which are positionally fixed,
at a speed of 0.25 A /ns by applying a force in the z-direction to the
center-of-mass (COM); the force was generated by pulling the end of
an attached spring with spring constant k = 2.4 kcal/mol A%, a standard
procedure in steered molecular dynamics.”" In a second approach, we
replaced the edge monomer with one randomly selected from a
REMD simulation of Af};,_, (see SI). The selected conformation was
randomly placed and oriented.

In the production runs, we performed umbrella sampling
simulations with 17 windows whose z-COM distances ranged from
4.8 to 20.8 A at 1 A intervals. In each window, a harmonic potential
with a force constant of 2.4 kcal/mol A® was applied to maintain the
respective z-COM distance. Also, positional restraints were applied to
backbone atoms of the three peptides representing fibril tips and their
side-chain atoms sandwiched by the two f-sheets of fibrils. The force
constant for the positional constraints was 2.4 kcal/mol A2 For each
window a REMD simulation was performed with 64 NVT replicas at
temperatures chosen in the range of 320—650 K. The starting
structures for one-half of the replicas were selected from the first
approach as discussed above; those for the other half were selected
from the second approach. The time step of simulation was chosen to
be 4 fs, a value typical for PACE simulations.*® Exchanges between
replicas were attempted every 8 ps and the acceptance ratio was 40—
50%. Each replica ran for 0.6 us and only the last 0.4 ys of simulation
was used for analysis. The convergence of sampling is discussed in SI
(see Figure S7 (SI)). In addition to the biased simulations, we also
performed 480 100 ns unbiased simulations of the association of Af
with fibrils. The starting structures of these simulations were generated
in the second approach and placed halfway between the two fibril tips
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under periodic boundary conditions. All simulations discussed above
were performed using NAMD 2.9.7>

Previous REMD simulations with A monomers moving freely have
shown that A can not only bind to fibril tips, but can also bind,
though with a much smaller affinity, to fibril sides.>® However, due to
the restraints applied in our umbrella sampling simulations, we were
unable to observe the weaker binding of Af to fibril sides.
Consequently, the kinetic network model built upon the simulation
results (see below) does not consider the binding to fibril sides as a
part of fibril elongation.

Analysis of Transition Kinetics Based on Kinetic Network
Model. A class of methods have been developed recently for the study
of long-time conformational transitions of proteins through MD
simulations.””* These methods are based on kinetic network models
which assume that conformational space can be discretized into states
and that conformational transitions correspond to hopping of systems
between the states. To determine pathways of Af structural
transitions, we employed one variant of these methods which had
been applied successfully to produce plausible pathways for both
protein folding and large conformational change of proteins.***"7*7¢
In this method, kinetic network models are constructed on the basis of
states sampled in biased simulations which allow a better sampling of
conformations in transition regions that are usually his%h in energy and,
thereby, rarely accessible in unbiased simulations.””*"”>7¢ The detail
of the method is described in SI. Briefly, all sampled conformations are
first clustered into microstates, employing principal components to
measure structural similarity between conformations.*® The statistical
probability of the microstates are then recovered from biased
simulations through the T-WHAM method.*® Connectivity between
these microstates is further established assuming that transitions arise
between microstates with similar structures.®*"”>”® The kinetic rates
k; of transition from connected microstates j to i were assigned as®%!

ko iFp, () <p,0)

kij = Peq ()

ko ifp () i
£, P> By ) @)

where p,(j) is the equilibrium probability of microstate j and k, is a
base rate constant assumed to be the same for transitions involving any
pair of microstates.””*' Eq 2 ensures that the detailed balance
condition is satisfied in the network. Two important parameters are
needed for construction of kinetic network models as described above,
namely, a cutoff distance for clustering conformations and a cutoff
distance for establishing connectivity between states; in the present
study, the two cutoff distances are 2.5 and 3.0 A, respectively. We also
examined, as explained in SI and Figure S8 (SI), other choices for
these parameters and demonstrated that key observations of fibril
elongation in the present study are not sensitive to the cutoff
parameters selected.

According to transition path theory (TPT a kinetic network
{k;} can be used to investigate transitions between two groups of
microstates A and B by determining first the reactive flux J; from
microstates i to j, defined as the net contribution to A — B transitions
via the transitions between the two microstates. J; is calculated
according to the equation

) 52,53,77
)

Ji = ki D () = Prga D] Py () > g () (3)

where pgy4(i) is the committor probability of state i, defined as the
probability that the system, when being in state i, hits group B states
before reaching group A states.”® The calculation of pgy4(i) is described
in SL Using an iterative algorithm from TPT,*® the network Ui} of
reactive fluxes can be decomposed into individual pathways ranked by
their fluxes. Many important kinetic properties can be derived
according to the calculated network {J;} and the pathways identified,
including the macroscopic rate of the A — B transition, the probability
of a particular pathway to be taken (p,.,) and the probability of a
microstate participating in any of the reactive pathways (ponlmh).53 The
TPT analysis on kinetic network models is explained in detail in SL
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