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ABSTRACT: Detailed knowledge of the structure and growth mechanism of amyloid fibrils is important for
understanding the disease process. Recently, solid-state NMR and other spectroscopic data have revealed the
equilibrium organization of the tertiary structure of fibrils formed by various segments of f-amyloid peptides. A
three-step “dock-and-lock” mechanism for fibril growth has been proposed on the basis of the kinetic data. Here we
use all-atom replica-exchange molecular dynamics simulations in generalized-Born implicit solvent to probe the
mechanism of tertiary structure propagation in fibrils of Af314—», modeled as an oligomer consisting of two f3-sheets
each having four strands. The data show that following association with the oligomer, but before being fully locked
onto the existing 3-sheet, the added monomer predominantly samples states with the antiparallel strand orientation,
but both in- and one-residue shifted backbone hydrogen bond alignments. The in-register state, which is the
experimentally observed equilibrium alignment, is marginally more stable than the registry-shifted one. These
results suggest that, following the fast docking step, the added monomer dynamically slides in the backbone
registry, and stabilization of the preferential alignment must occur in the second locking step as the monomer
becomes fully integrated with the fibril. We also delineate the electrostatic and hydrophobic effects in directing the
registry alignment during monomer addition. Surprisingly, the in-register alignment provides both increased cross-
strand electrostatic attraction and hydrophobic surface burial. Finally, our data support the notion that side chain

hydrophobic burial is a major driving force for S-sheet assembly.

The extracellular deposits of amyloids in the brain, also known
as plaques, are a pathological hallmark of Alzheimer’s disease (/).
Amyloids linked to Alzheimer’s disease (AD)' consist of inso-
luble fibrils of f-amyloid peptides (Ap), 38—43-residue proteo-
Iytic cleavage products of a ubiquitous mammalian membrane
glycoprotein, amyloid precursor protein (APP) (2). According to
the current paradigm, the amyloid hypothesis, oligomerization
and fibril formation of the natively unfolded Af initiate a
complex cascade that involves multiple pathogenic events leading
to dementia (3, 4). Thus, detailed knowledge of the structure and
molecular mechanism for the formation of Af aggregates is
important for understanding the disease mechanism and devel-
opment of therapeutic intervention. Earlier studies using X-ray
powder diffraction established that the amyloid fibrils associated
with AD have a characteristic cross-f structure, common to all
amyloid fibrils, in which the -sheets extend over the fibril growth
axis while the constituent S-strands are perpendicular to the fibril
axis (3, 6). In more recent years, studies using solid-state NMR
offered detailed constraints regarding site-specific interatomic
distances and torsion angles, which together with distance
information from electron microscopy have allowed tertiary
and quarternary structural models of amyloid fibrils to be
constructed (7).
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Of particular interest in the characterization of tertiary structure
organization of amyloid fibrils are the strand orientation and registry
alignment of backbone hydrogen bonds (8). Solid-state NMR data
of the full-length AB, AB1—4> (9, 10), as well as the longer fragments,
APi—49 (11) and AP35 (12, 13), revealed parallel fS-sheets with
residues in exact registry. However, shorter fragments such as
ABss—1 (14), AP1-2 (13, 16), AB11-25 (17), and AB4-3(18) have
been found to form fibrils with an antiparallel orientation. These
shorter fragments also have different registry alignments involving
the central hydrophobic residues 17—21 (LVFFA) depending on the
pH condition. At neutral pH in fibrils of Af3;5—1, Phel9 and Phe20
form backbone hydrogen bonds with Phel9 and Vall8 of the
neighboring strand, respectively (/6). This is known as the in-register
alignment. At acidic pH, however, a one-residue registry shift was
observed for Afs-» such that Phe20 and Ala21 are cross-strand
aligned with Phel9 and Vall8, respectively (16, 19).

Another topic of interest is how tertiary structure is propagated
during fibril growth. On the basis of the kinetic measurements of
deposition of full-length monomeric A onto a template of AfS
fibrils, a two-stage “dock-and-lock™ mechanism was proposed (20).
Accordingly, a monomer first associates reversibly with the fibril
template and then slowly rearranges to fit irreversibly to the tem-
plate (20). A later study using surface plasmon resonance showed
that the kinetic data can be fit to a three-step model which includes
two time-dependent locking steps that involve conformational re-
arrangement of the bound monomer leading to the final integration
into the fibril structure (21, 22). In this study, kinetic rate constants
for the entire elongation process were obtained. While the half-lives
of the second and third “locking” steps were estimated to be on
the order of 10 and 100 s, respectively, the first “docking” step
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is ~10° times faster than the second step (2/). Obtaining detailed
structure information in a time-dependent manner is technically
challenging. Nevertheless, isotope-edited infrared experiments fol-
lowing the dynamics of soluble Afjs—2 revealed that the initially
formed f-sheets do not have the equilibrium alignment, and the
final registry is established only after prolonged incubation (23).
This observation is reminiscent of the time-resolved IR data of
prion peptide H1 (residues 109—122 of the prion protein), although
in this case realignment occurs via both repeated detachment and
reptation of the added monomer within the aggregate (24).

Microscopic determinants for registry alignment in amyloid fib-
rils have also been a topic of interest. It has been thought that cross-
strand electrostatic interaction directs the antiparallel, in-register
alignment in Af314_», fibrils under neutral conditions (8, 76). How-
ever, recent studies call attention to the role of cross-strand hydro-
phobic interactions (23, 16). In one study, it was shown that the
registry shift in Afj4—p fibrils occurs only in the presence of
p-branching at position 18, and it occurs in a manner indepen-
dent of pH if Vall8 is replaced with a side chain of higher steric
demand (76). There are two possible explanations. First, hydro-
phobic surface burial favors the registry-shifted alignment over the
in-registry one. A second possibility is that a bulkier substituent at
position 18 leads to a shift in the backbone alignment to avoid the
steric clash with Phe20 in the neighboring strand.

Ap6-2, offers an excellent model for computational investi-
gations of the mechanism of amyloid formation because it is short
and contains the central hydrophobic core necessary for fibrillation
of the full-length AS peptide (15). In the past, coarse-grained
modeling (26) and all-atom simulations in explicit solvent (27—31)
have been used to test the stability and aggregation mechanism of
small oligomers of Af1—2. Recently, using all-atom simulations
with the OPLS force field, the energetic and entropic factors
affecting the stability of oligomers of Af;;_»s with different back-
bone hydrogen bond registries formed at different pH values have
been investigated (32). In a study with the GROMACS force field,
addition of the monomer to a preformed f-sheet, (AS¢-22),,, Where
n=23—06, was followed by all-atom molecular dynamics trajectories
in explicit solvent (33). Rapid conformational change was observed
in the fast docking stage that lasted for a few nanoseconds of simu-
lation time, whereas in the slower locking stage, which lasted more
than 100 ns, the monomer formed a -strand that was antiparallel
and in-register with the existing oligomer (33). Thus, this study sup-
ports the aforementioned two-step (20) but not the three-step (217)
dock-and-lock mechanism. Further, rearrangement of registry
alignment during the locking stage as suggested on the basis of
the time-resolved IR data (23) was not observed in that study.

In this work, we apply replica-exchange molecular dynamics
simulations (34) with the CHARMM force field (35) and
generalized-Born (GB) implicit-solvent model (36, 37) to provide
mechanistic details about how the existing fibril template directs
the §-strand orientation and registry alignment of the addition
of the monomer during the locking stage. The use of the GB
implicit-solvent model and enhanced conformational sampling
algorithm makes it possible to sample large conformational space
available to the monomer being added, thereby allowing us to
gain new insights into the dock-and-lock pathway of amyloid
fibril elongation and microscopic determinants for the registry
alignment. We find that the added monomer is able to sample
states with both in- and out-of-registry alignment while it is not
fully incorporated into the existing oligomer. We also examine
the role of cross-strand electrostatic and hydrophobic interac-
tions in determining the registry alignment. We find that both
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electrostatic attraction and hydrophobic surface burial favor the
in-register state and the latter is a major driving force for 5-sheet
formation.

MATERIALS AND METHODS

Structure Preparation. To probe the fibril growth mechan-
ism, we needed to find an oligomer as a model fibril template that
is stable and yet computationally tractable. We tested several small
oligomers of Afs-1,, including the S-sheet dimer, tetramer, and
hexamer. However, none of them was stable for more than a few
nanoseconds in replica-exchange simulations (data not shown).
The oligomer with two layers of 5-sheets each having four strands
(see below) was the smallest oligomer that was stable under simu-
lation conditions. Hence, it was chosen as the model fibril in this
study. We note that the octamer can also be considered as a model
fibril nucleus, where a nucleus is defined as the least stable species
on the aggregation pathway which is in exchange with mono-
mers (22). An octomer with two parallel 5-sheets was also observed
to be stable in a previous study using the CHARMM?22 force field
in explicit solvent (27). We placed four Af3;s—»> monomers (ACE-
KLVFFAE-NH,) with dihedral angles taken to be idealized
p-sheets with the hydrogen bonding pattern matching the experi-
mentally determined model by Lynn and co-workers (19). Inter-
strand distances were initially placed to match those determined by
solid-state NMR (/5). The sheet was then duplicated and trans-
lated 9.9 A in agreement with experimental observations to form an
octamer with two S-sheets stacked (19). The preformed oligomer
was built with the in-register backbone hydrogen bonding pat-
tern (19). The preformed octamer was then energy minimized for
1000 steps using steepest descent and 500 steps using the adapted
basis Newton—Raphson method. Next, an additional monomer of
Af6-2» was translated 12 A from the first 5-strand of the oligomer
along the fibril growth axis (z-axis). The monomer was then
rotated to be perpendicular to the axis of the f-strands in the
oligomer. Finally, a random rotation was made about the z-axis.

Simulation Protocol. The CHARMM?22/CMAP all-atom
protein force field (38, 39) and a generalized-Born implicit-solvent
model with simple switching [GBSW (37)] were used for energy
minimization and molecular dynamics simulations in this work.
The GBSW model provides a fast and accurate analytic approx-
imation to the solution of the Poisson—Boltzmann (PB) equation.
The accuracy and performance of the GBSW model in reprodu-
cing electrostatic solvation energies from the numerical solution of
the PB equation have been previously established (40). Here we
employed the GBSW model with a set of optimized atomic input
radii to define the solvent—solute dielectric boundary in conjunc-
tion with a modified backbone torsion potential in the force
field (41). These corrections were introduced to overcome defi-
ciencies in the GB model which result in the overstabilization of
attractive electrostatic interactions (42) and bias toward helical
relative to extended states (4/). The optimized GBSW model was
validated through pK, calculations on the basis of constant-pH
molecular dynamics employing GBSW (43, 44) and ab initio
folding simulations of a-helix- and S-sheet-based peptides and
mini-proteins (41, 45, 46). Default GBSW parameters were used in
all simulations (41). The nonpolar solvation energy was estimated
from the solvent-exposed surface area using a phenomenological
surface tension coefficient of 0.005 kcal mol~! A~ consistent with
previous protein folding studies using the GBSW model (41, 45, 46).
The Debye—Huckel screening function was used to account
for the salt effect (37). A salt concentration of 150 mM was
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used. The replica-exchange (REX) protocol was utilized to
enhance conformational sampling (34) and was interfaced to
the CHARMM molecular dynamics program (35) through the
MMTSB-toolset package (47). The REX protocol included 16
replicas occupying temperature windows between 288 and 450 K
with an exponential spacing designed for a maximum exchange
frequency (47). Each replica trajectory was started with a
different random velocity seed. Exchanges were attempted every
2 ps between replicas of adjacent temperatures, resulting in an
average acceptance ratio of ~40%. Dynamics was propagated
with a time step of 2 fs using the Langevin algorithm with a
friction coefficient of 5 ps~' for all heavy atoms consistent with
previous GBSW folding simulations (41, 45, 46). The SHAKE
algorithm was applied to allow a 2 fs time step. Nonbonded
interactions were smoothly switched off over the range of 22—24 A
using a switching function. Each replica simulation lasted 30 ns.
Four sets of independent REX simulations were performed, each
starting from a randomly oriented monomer position.

Data Analysis. We used a global alignment order parameter
P; to discriminate between the fibrillar and amorphous states. P,
in this work was defined like the nematic order parameter used
for characterizing liquid crystals (48).

O T )
2 = N i

i=l1

where v i 1s the normalized molecular vector, which connects the
Cq atoms of Leul7 and Ala21, and d is the director, a normalized
average vector of the unsigned orientations of all individual v,. N is
the total number of molecular vectors (same as the number of
monomers). Thus, the P, value is completely bound between 0
and 1. A P, value of 0 indicates that the oligomer is completely dis-
ordered with molecular vectors oriented in a random or nonparallel
distribution. A P, value of 1 indicates an idealized fibrillar state in
which all molecular vectors are aligned in a parallel or antiparallel
fashion. We define an ordered state to have a P, value of >0.7 and
the amorphous state to have a P, value of <0.3.

To discriminate between parallel and antiparallel orientations
for the association of the monomer with the existing 5-sheets, we
defined an orientation parameter V.

- —

V1 = V monomer * V oligomer (2)

where ;mnomer is the molecular vector for the incoming mono-
mer and v gjigomer 1S the molecular vector for the monomer in the
existing oligomer that has the smallest distance from its center of
mass to the center of mass of the monomer being added. The
value of V7 is near —1 when the monomer being added is
antiparallel to the nearest peptide in the oligomer and 1 when
the monomer being added is parallel.

To discriminate between in-register and registry-shifted align-
ments, the orientation parameter V, was defined.

—

V3 = W monomer * W oligomer (3)

where w is a new molecular vector that describes the orientation
of the backbone carbonyl CO and amide NH bond orientations.
Specifically, w is defined as the normalized vector connecting two
points. The first point is defined as the average position of the
backbone nitrogen and carbonyl carbon in residues Phe5 and
Val3, respectively. The second point is the average position of the
amide hydrogen and carbonyl oxygen in residues Phe5 and Val3,
respectively. Again, W yjigomer 18 calculated for the monomer in the
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oligomer that is closest to the monomer being added. The
interpretation of /, now depends on the value of V. For negative
V| values, when 1/, is near —1 this represents an in-register
orientation and when V/; is near 1 this combination represents a
registry-shifted orientation. For positive V/; values, the interpre-
tation of ¥, is reversed. It should be noted that although the sign
of V, (dependent on the sign of V}) does contain information
about the peptide registry, it does not reveal the direction of the
shift. Also, depending on the sign of V7, V> would have the same
value for a registry of n, where 7 is a positive or negative integer,
and n £ 2. However, we note that the registry shift of greater than
1 was not observed in our simulations. In the assignment of
strand orientation and registry alignment, we used a cutoff of 0.5
for both orientational parameters.

To examine the electrostatic and hydrophobic effects on the
strand orientation and registry alignment during monomer
addition, we calculated the probability distributions of the
distance between terminal charged residues (Lys and Glu) of
the added monomer and of the nearest strand in the oligomer, as
well as the solvent accessible surface area (SA) of nonpolar side
chains of the added monomer. To facilitate comparison between
different distributions, we estimated the associated free energy
contributions. For the distribution of SASA, the contribution to
the free energy is estimated using the surface area model

AG =y PiS4; 4)

where P; is the probability of finding that value of SA and y is a
phenomenological surface tension coefficient set to 0.005 keal
mol ' A™? (see above). The surface area calculation used a probe
radius of 1.4 A. For the distribution of charge—charge distances,
the free energy contribution is estimated to be the effective
electrostatic energy

1 P;
AG =—) — 5
475821.: riqlqz ©)

where r; is the minimum distance between charge centers, ¢ is the
effective dielectric constant set to 40 (49), and ¢; and ¢, are the
charges. We note that both estimations of free energy contri-
butions are not meant to be accurate but rather help delineate the
trend.

In all analyses, the first 2 ns of simulation data was discarded.
The f-sheet content was determined using the STRIDE algo-
rithm (50). The temperature weighted-histogram analysis method
was used to obtain the potential of mean force as a function of
order parameters at room temperature by combining data from
replicas at all temperatures (57, 52). For all other analyses, data
were collected at 298 K.

RESULTS

Association of the Monomer with the Existing Oligomer.
The replica-exchange simulation was initiated from a configu-
ration in which a monomer was placed ~12 A from the oligomer
consisting of two f-sheets each having four strands (Figure 1).
Each replica was simulated for 30 ns. To avoid potential artifacts
due to incomplete sampling convergence, four sets of indepen-
dent REX simulations were conducted with the monomer
initially placed at different random positions. In all four sets of
simulations, the f-sheet content of the monomer being added
and the preformed oligomer remained stable for the last 20 ns
(Figure 2). Also, the added monomer preferentially sampled the
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FiGURE 1: Initial conformation of the preformed oligomer and
added monomer. There is a maximal number of backbone hydrogen
bonds between adjacent strands in the -sheet and complementary
electrostatic interactions between terminal Lys and Glu residues.

0.8

p-sheet content

Time (ns)

FIGURE 2: Time series of -sheet content averaged over four inde-
pendent trajectories for the added monomer (cyan) and preformed
oligomer (orange). One nanosecond running averages of f-sheet
content are also shown.

parallel/in-register conformation (see Discussion). To examine
the approach and incorporation of the solution monomer into
the preformed [3-sheet oligomers, we calculated the time series of
the f-sheet content and averaged it over the four sets of
independent simulations (Figure 2). The purpose of averaging
was to reduce the statistical noise. The monomer was quickly,
within the first 2 ns, associated with one of the preformed S-sheet
and formed S-bridges with one of the edge strands. After
extensive replica-exchange sampling (with an aggregated simu-
lation time of 480 ns for each set of simulations), the f-sheet
content of the added monomer remains stable but below that of
the preformed oligomer and shows large fluctuations, between 10
and 45% (Figure 2). We examined the residue-based -content.
In the existing oligomer, hydrophobic residues ''LVFFA*!
maintain f-bridges with the adjacent strand most of the time
(80%) while the terminal charged residues, Lys16 and Glu22, do
not (Figure 3). Interestingly, the edge strand that contacts the
monomer shows the same [-content per residue as the rest,
suggesting that it remains stable after association with the
monomer. From Figure 3, one can also see that the added
monomer forms a f-sheet of residues "LVFFA*'. While the
p-content of the first four residues is in the range of 30—40%,
residue Ala21 hasa much lower probability to be in a 5-sheet. The
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FIGURE 3: Time average of the -sheet content for the added mono-
mer (blue) and preformed oligomer (red). The asterisk indicates the -
sheet that contacts the added monomer.

lower f3-sheet content of the added monomer shows that it is not
fully integrated with the existing oligomer.

Strand Orientation and Registry Alignment during
Monomer Addition. To investigate the stability of ordered
fibrillar states after monomer addition, we calculated the global
alignment order parameter P, using simulation data collected at
various temperatures. P, differentiates between fibrillar (P, close
to 1) and amorphous states (P, close to 0) (see Materials and
Methods). As expected, the probability for the ordered state is
higher than that for the amorphous states. To quantify the
relative stability of the ordered versus amorphous states, we
calculated the free energy as a function of P, (also known as the
potential of mean force). The ordered state is ~2 kcal/mol more
stable than the amorphous state, and there is a distribution of
partially ordered states reflecting the dynamic nature of the
aggregate after the monomer is bound (data not shown). To
examine the strand orientation and registry alignment of the
added monomer as it is associated with the existing 5-sheet, we
calculated the free energy as a function of the orientation
parameters V7 and V, for the monomer being added.

Order parameter V; is used to discriminate between parallel
and antiparallel orientations, while V5 is used to distinguish in-
register from registry-shifted alignments. The equilibrium struc-
ture of Af¢-», fibrils was found to be antiparallel and in-regis-
ter (15, 16). Our simulation data show that the most populated
state for the added monomer has V| and ¥V, values both close
to —1, corresponding to the antiparallel/in-register alignment
(Figure 4, bottom left corner). The second most populated state
can be found with a 1/ value close to —1 and a 1, value close to 1,
corresponding to the antiparallel/registry-shifted alignment
(Figure 4, top left corner). The difference in the population
between these two states is ~30%, resulting in a free energy
difference of 0.2 kcal/mol. Small kinetic barriers separating these
two states indicate that these states can be readily interconverted
(Figure 4, left side). Interestingly, states with parallel orientations
are also seen, although the populations are much smaller, corre-
sponding to free energies that are higher than the antiparallel ones
by ~1 kcal/mol (Figure 4, bottom and top right corners).

To more closely examine the structural features of the elon-
gated oligomers, we performed conformational clustering on the
aforementioned states as defined by V7 and ¥, values. The most
representative conformations, e.g., cluster centroids, are shown
in Figure 4. Evidently, the added monomer in the least stable
parallel orientation is least 5-strand-like, while in the antiparallel
orientation, it is more incorporated into the preformed f-sheet. It
is interesting to notice that, in the out-of-registry alignment,
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FiGURE 4: Free energy for the added monomer as a function of
orientation parameters V; and V5. Disordered states with P, values
of <0.7 were filtered out.

Vall8 and Leul7 are aligned with Phel9 and Phe20 of the adja-
cent strand, respectively, reminiscent of the registry observed for
fibrils of Af;;-»5 under the same pH condition (/7). In the fibril
structure of Af6—2 at pH 2, however, Phe20 and Phel9 are
aligned with Phe19 and Phe20, respectively (/6).

Electrostatic and Hydrophobic Effects on the Strand
Orientation and Registry Alignment during Monomer Ad-
dition. Although the equilibrium structure of Af¢—»n was ob-
served to have an antiparallel orientation and in-register align-
ment (/6), the microscopic origin for the preference is not entirely
clear. A recent experimental study shows that only 5-branching at
position 18 can lead to registry shift and registry shift occurs in a
manner independent of pH if Vall8 is replaced with side chains of
higher steric demand (/6). These observations seem to suggest that
either hydrophobic or steric effects favor the registry shift by oppo-
sing the cross-strand electrostatic attraction in fibrils of Afjs—2.
We sought to test this hypothesis by delineating contributions from
electrostatic interactions between charged side chains and surface
burial of hydrophobic side chains during addition of the monomer
to the oligomer of Afs-2. To test the strength of electrostatic
interactions, we calculated the distances between charged centers in
the added monomer and the nearest strand in the fibril. To estimate
the hydrophobic contribution to the free energy, we calculated the
solvent-exposed surface area (SA) of the nonpolar side chains in the
monomer being added. The contribution of solvent exposure to free
energy has a positive sign. Therefore, a smaller SA of the monomer
corresponding to a larger solvent-buried surface due to interaction
with the existing -sheet makes a more favorable contribution to the
free energy and is hence stabilizing. We then examined the pro-
bability distributions of these quantities for four different states:
antiparallel/in-register, antiparallel/registry shift, parallel/in-register,
and parallel/registry shift. To facilitate quantitative comparison, we
estimated electrostatic and hydrophobic contributions to the free
energy (Materials and Methods).

The distributions of charge—charge distances show that, as
expected, the added monomer in the antiparallel orientation does
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FIGURE 5: Effects of strand orientation and registry alignment on the
solvent exposure of nonpolar side chains in the added monomer and
the electrostatic attraction with the nearest strand in the oligomer.
The minimum distance between oppositely charged centers in the
added monomer and in the nearest strand of the oligomer is used. A
charge center is defined as the amine nitrogen of Lys or carboxylate
oxygen of Glu. For defining the strand orientation and registry
alignment, regions that are within 0.5 unit of any corner in the
PMF plots were used (Figure 4). Distributions for antiparallel/in-
register, antiparallel/registry-shifted, parallel/in-register, and paral-
lel/registry-shifted alignments are colored blue, green, orange, and
red, respectively. Estimated free energy contributions are also dis-
played (see Materials and Methods).

not experience electrostatic attraction, while the antiparallel/in-
register state is associated with the strongest attraction between
the terminal charged side chains (Figure 5, top). The distributions
of SA appear to be more complex. The states with the parallel
strand orientation have unimodal distributions, while the antipar-
allel states have bimodal distributions (Figure 5, bottom). We com-
pare the distributions for the antiparallel/in-register and antipar-
allel/registry-shifted states. Both of them show two maxima, with
the major difference being the location and height of the first maxi-
mum located at the smaller end of the SA scale. Accordingly, the
in-register state contains a conformational cluster that has a
smaller population which shows less solvent exposure or greater
nonpolar surface burial as compared to the registry-shifted state.
The total estimated hydrophobic contributions for both states are,
however, approximately the same (Figure 5, bottom). It is also
interesting to note that the total estimated hydrophobic contribu-
tions for the parallel states are slightly greater than those for the
antiparallel states. These small preferences are, however, readily
overwritten by the strong stabilization of antiparallel orientations.
Thus, we decided to take a closer look at the electrostatic and hy-
drophobic contributions to the stability of the antiparallel states.

We calculated the distributions of charge—charge distances
and solvent exposure for the antiparallel states with in- and out-
of-registry alignments when the added monomer is more or less
incorporated into the existing 3-sheet. The latter was achieved by
selection of the monomer conformations with a 5-sheet content
greater than 0.55. Not surprisingly, the shape and peak location
of the distributions of charge—charge distances do not change
for antiparallel/in-register or antiparallel/registry-shifted states
(Figure 6). The in-register alignment is still favored by the
electrostatic attractions when the monomer is fully incorporated.
However, the shape of the SA distribution for both in- and out-
of-register states is different when the monomer is integrated with
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FIGURE 6: Effects of registry alignment on the solvent exposure of
nonpolar side chains in the incorporated monomer and the electro-
static attraction with the adjacent strand in the oligomer. Only states
of the added monomer with a ff-content greater than 0.55 were
included. Data for the antiparallel/in-register state are shown with
solid lines, while data for the antiparallel/registry-shifted state are
shown with dashed lines. Estimated free energy contributions are also
displayed (see Materials and Methods).

the existing 5-sheet. Although locations of the maxima do not
change, the height of the second maximum almost vanishes,
which can be easily understood as the decrease in solvent
exposure or increase in contact with the existing oligomer when
the added monomer becomes incorporated into the oligomer. As
a result, the nonpolar side chains in the in-register state are less
exposed to solvent than those in the registry-shifted state. Thus,
the data do not support the hypothesis that hydrophobic burial
favors the registry-shifted alignment. The positive correlation
between the hydrophobic surface burial and f-sheet content of
the monomer supports the notion that hydrophobic side chain
interactions are a major determinant for 5-sheet stability (25).

DISCUSSION

Understanding structural and mechanistic details of amyloid
fibril assembly is important for elucidating the disease mechan-
ism. In this work, we applied replica-exchange (REX) molecular
dynamics in GB implicit solvent with the CHARMM all-atom
force field to study the strand orientation and registry alignment
during deposition of solution Af onto fibrils of Afs—2, modeled
as an oligomer consisting of two f-sheets with four strands each.
The use of the implicit-solvent model and enhanced sampling
technique allowed us to extensively sample the conformational
space accessible to the monomer during its addition to the fibril
template. Our simulation shows that the preformed oligomer
undergoes large fluctuations, sampling both ordered and dis-
ordered states after attachment of the solution monomer, a
phenomenon also observed in a previous study by Nguyen et
al. using a different force field and explicit-solvent model (33) (see
additional discussion below). The fluidity of the oligomer reflects
the finite size effect and distinguishes it from the fibril template
used in the kinetic experiments (20, 21). In the course of our
simulation, which was 30 ns per replica for a total combined
simulation time of 1.92 us, the added monomer did not become
fully incorporated with the preformed oligomer and it sampled
both in-register and registry-shifted backbone hydrogen bond
alignments, with the former being more favorable. Thus, our data
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FIGURE 7: Proposed three-step dock-and-lock mechanism for fibril
elongation. In the docking step, the monomer (A) becomes attached
to the existing (-sheet (B). In the first locking step, the added
monomer forms a partial S-sheet, with the backbone registry sliding
between in- and one-residue shifted positions (A*B). In the second
locking step, the added monomer is fully incorporated into the
existing -sheet, with the backbone alignment locked in the in-register
position (BB). The kinetic scheme was taken from ref 21.

offer atomic-level characterization of the conformational re-
arrangement during the early steps in fibril growth. We note
that our simulation does not resolve all events in fibril growth,
nor does it provide the kinetic information. Such information
would require the observation of repeated events of the monomer
reaching the final equilibrium state where it is antiparallel/in-
register and fully incorporated into the 5-sheet, which may not be
possible given the time scale revealed by experiments [on the
order of minutes (see later discussion)]. Furthermore, even if the
event of f-sheet assembly was completed, it would not be
straightforward to extract valid kinetic data from the short
REX trajectories, although recent development has begun to
address this topic (53, 54).

On the basis of two experimental studies that aimed to examine
the kinetics of deposition of solution Af3 onto immobilized amy-
loid fibrils of full-length A peptides, two- and three-step dock-
and-lock models were suggested for fibril elongation (20, 21). In
the two-step model, following the fast docking step, slow con-
formational rearrangement leads to the final locked state in
which the monomer is fully integrated with the fibril (20). In the
three-step model that is based on a more recent study using
surface plasmon resonance, locking is achieved in two slow
steps (21). In the first locking step, the duration of which is on
the order of 10 s (10° times slower than the docking step), the
bound monomer rearranges to form an A*B complex (Figure 7).
In the second locking step, the duration of which is on the order
of 100 s, the A*B complex is converted to the final product BB
(Figure 7) (21). Nevertheless, the kinetic experiments do not
provide structural details of the intermediate states such as the
docked conformation or the product of the first locking step.
Recently, an isotope-edited infrared (IR) experiment following
the dynamics of §-strand alignment in soluble Afj4—», revealed
that after monomer association the initially formed fibrils contain
different registry alignments and the equilibrium configuration is
achieved only after a prolonged incubation time on the order of
minutes (23).

Although our simulation does not provide kinetic information,
it offers conformational details during addition of the monomer
to the oligomer. Thus, it can be used to delineate the proposed
mechanisms regarding fibril growth. Our data support the three-
step kinetic model, because it shows the formation of an inter-
mediate state, where the bound monomer is not fully locked and
able to adopt alternative strand alignments (A*B in Figure 7).
Specifically, our data reveal that, although the most preferred
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state is antiparallel/in-register, consistent with the equilibrium fibril
structure of Af4-2> (15, 16), the registry-shifted state is marginally
less stable and kinetically accessible. The latter observation is
consistent the time-resolved IR data showing the presence of both
alignments (23). The simulation data also suggest that the in-
register state may become significantly stabilized once formation of
the remaining 5-bridges with the existing -sheet is complete (BB in
Figure 7), which corresponds to the second locking step in the
three-step model (27). Furthermore, our simulation rules out the
possibility that the final alignment is achieved through repeated
detachment and reattachment, consistent with data from the IR
experiment (23). We note that the lack of observation of the final
equilibrium structure in our simulation may be the result of the
slow rate in the second locking step (on the order of minutes) as
shown in the kinetic experiment with full-length Af3 (20, 21) and the
time-resolved IR experiment with Af15-», (23). Finally, we com-
ment on a difference between oligomer growth and fibril elonga-
tion. In the former case, the preformed oligomer undergoes order
and disorder transitions, whereas in the latter, the fibril template
does not fluctuate in structure. Nguyen et al. argued that the
conformational rearrangement occurring in the oligomer may
accompany and assist the repeated association and dissociation
of the monomer before the monomer integrates with the oligo-
mer (33). This scenario was not observed in our simulation.

Analysis of the simulation data also reveals the microscopic
origin of the preference in f-strand orientation and backbone
registry alignment. Our simulation confirms that cross-strand
electrostatic attraction dictates the antiparallel orientation for the
monomer being added and stabilizes the in-register relative to the
out-of-register alignment. However, a surprising finding is that,
although the in-register alignment provides the same hydropho-
bic surface burial as the registry-shifted alignment when the
monomer forms a partial S-sheet with the existing oligomer, the
in-register alignment buries a much larger hydrophobic surface
once the monomer becomes fully integrated with the oligomer.
From these data, we can extrapolate that in the equilibrium fibril
structure of Af¢—2), the in-register conformation offers more
hydrophobic side chain interactions than the registry-shifted
alignment. A recent study shows that, upon protonation of
Glu22, the backbone hydrogen bonding alignment is shifted by
one residue such that Phe20 and Ala2l are aligned with Phel9
and Vall8 of the adjacent strand, respectively, and the same
registry shift occurs in a manner independent of pH if Vall8 is
replaced with a bulkier side chain (16, 19). Thus, our data do not
support the hypothesis that hydrophobic surface burial favors
the registry shift. Instead, our data support the steric argument,
which suggests that the observed registry shift is due to avoidance
of the unfavorable steric clash (also known as van der Waals
repulsion) between a bulky side chain at position 18 and Phe20 of
the adjacent strand occurring when the backbone alignment is in
register (1/6). The one-residue registry shift places a cross-strand
pairing between a bulky group at position 18 and the much
smaller Ala21 (/6). Finally, our data reveal that an increase in the
level of backbone hydrogen bonding between the added mono-
mer and preformed oligomer accompanies a substantial increase
in hydrophobic burial, thus offering support for the notion
that hydrophobic side chain burial is a major determinant
of the assembly of f-sheets, in accord with experimental evi-
dence (25) and findings from other simulation studies of Af
peptides (27, 33, 55).

A large number of computational studies of the aggregation
mechanism of various Af fragments have been published in the
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past. Among the studies of Afs—»,, simulation techniques with
different levels of detail have been applied, ranging from coarse-
grained modeling (26) to all-atom simulations in a generalized-
Born model (56) or explicit solvent (27—31, 33). Using a coarse-
grained force field that implicitly accounts for solvent effects,
Lu et al. observed the formation of two layers of four-strand
p-sheets of Afi¢—» where the in-register alignment was pre-
ferred (57). Li et al. reported a Monte Carlo simulation study
of AcPHF6 derived from the tau protein using an all-atom
protein model with an interaction potential which offers implicit
treatment of solvent effects (58). They found that, while the
formation of f-sheet rich aggregates is fast, conformational
reorganization needed for fibril growth is slow (58). Using a
coarse-grained model with the activation—relaxation technique,
Boucher et al. found that Af;;_», peptides aggregate into a
random globule followed by reorganization into antiparallel
p-sheets (59, 60). Most recently, several molecular dynamics
studies have been published using the CHARMM22 force
field. With an earlier GB model and replica-exchange sampling
technique, Takeda and Klimov examined the binding propensity
of different regions of Af9—49 during fibril growth (67). In an
explicit-solvent simulation study, Reddy et al. examined con-
formational changes after the monomer has docked to a fibril
crystal of Af37_4, and found that the docked monomer under-
goes several metastable states before adopting the final in-register
alignment (62). The data of O’Brien et al. based on the GBSW
implicit-solvent simulations showed that the f-sheet content
of the locked monomer of Af3s_40 never reaches that in the
preformed oligomer (63).

Now we compare our results with those from a closely related
simulation work by Nguyen et al. which explored the dock-
and-lock mechanism by modeling the growth of oligomers of
AP 16-2 (33). In that study, the united-atom (hydrogen atoms
modeled implicitly) force field GROMOS96 43al with the SPC
explicit water model was used. The data of Nguyen et al. showed
that, while the preformed oligomer undergoes large structure
fluctuation, the solution monomer rapidly docks and becomes
eventually fully incorporated in the antiparallel/in-register con-
formation. An antiparallel/registry-shifted state was not expli-
citly reported. The estimated incorporation time increases with
the size of the oligomer (1), 114 ns forn = 4 and 220 nsforn = 5.
Thus, their data support the two-step dock-and-lock mechanism
as proposed in the earlier kinetic experiment (20). In addition to
the difference in the force field and solvent model used, a major
difference between the study by Nguyen et al. and ours lies in the
oligomer model. In our simulation, two layers of four-strand
p-sheets were used, which, according to the observation by
Nguyen et al., should have significantly increased the incorpora-
tion time, which may explain why the final equilibrium structure
was not reached in our simulation. Most recent studies have shown
that secondary structure propensities are influenced by the choice
of force field. While the CHARMM?22/CMAP force field favors
helical states, the GROMOS96 force field prefers 5-sheets (64, 65).
More detailed study is thus needed to understand whether the
presence or lack of the intermediate state where the equilibrium
in-register state coexists with the registry-shifted alternative is an
effect due to the force field and/or solvent models.
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