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We use a coarse-grained protein model to characterize the critical nucleus,
structural stability, and fibril elongation propensity of ABq_4 oligomers for
the Cp, and C,, quaternary forms proposed by solid-state NMR. By
estimating equilibrium populations of structurally stable and unstable
protofibrils, we determine the shift in the dominant population from free
monomer to ordered fibril at a critical nucleus of ten chains for the C,, and
C,, forms. We find that a minimum assembly of 16 monomer chains is
necessary to mimic a mature fibril, and show that its structural stability
correlates with a plateau in the hydrophobic residue density and a decrease
in the likelihood of losing hydrophobic interactions by rotating the fibril
subunits. While Ap_4 protofibrils show similar structural stability for both
Cay and C,; quaternary structures, we find that the fibril elongation
propensity is greater for the C,, form relative to the C,, form. We attribute
the increased propensity for elongation of the C,, form as being due to a
stagger in the interdigitation of the N-terminal and C-terminal R-strands,
resulting in structural asymmetry in the presented fibril ends that decreases
the amount of incorrect addition to the N terminus on one end. We show
that because different combinations of stagger and quaternary structure
affect the structural symmetry of the fibril end, we propose that differences
in quaternary structures will affect directional growth patterns and possibly
different morphologies in the mature fiber.
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aggregation process that ultimately leads to the
specific structure of the final amyloid fibril.

Introduction

The aggregation of peptides or proteins into
ordered amyloid fibril morphologies is associated
with over 20 human diseases, including Alzheimer’s
disease, dialysis-related am}llloidosis, and bovine
spongiform encephalopathy.'” The fibrils have a
characteristic “cross-p” structure, where intermole-
cular B-sheets run along the long axis of the fibril,
stabilizing the assemblies that can extend to micro-
meters in length.”> Although early attention focused
on the toxicity of the amyloid fibrils as the cause of
disease, it is now hypothesized that oligomers
formed during early aggregation are actually the
major toxic species.”* This shift underscores the
need to develop an understanding of the entire

Abbreviation used: APP, amyloid precursor protein.
E-mail address of the corresponding author:
tlhead-gordon@Ibl.gov

Alzheimer’s is a neurodegenerative disease linked
to the aggregation and amyloid fibril formation of
a set of short ~40 residue peptides, amyloid p
(AB1-39,1-40,1-42), created by proteolytic cleavage of
the amyloid precursor protein (APP).” These frag-
ments contain part of the C-terminal region of the
APP protein, and are known to be highly prone to
fibrilization in vitro and in vivo.””'° The structure of
the monomeric peptide has no well-defined folded
state, although tertiary structures that are dependent
on solution conditions have been proposed from
experimental and simulation work.!'-14 The back-
bone conformation can vary from a-helical structure
in non-polar solutions as determined by solution
NMR,"""? to disordered N-terminal and C-terminal
tails with a consistent turn region, as determined
from electrospray mass spectrometry and implicit
solvent molecular dynamics.'>'* The structure of the
AP21_30 sub-peptide, encompassing a proteolysis re-
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sistant region of the full- length sequence, has also
been determined by NMR."”

At the other extreme, the complete Apq_s0 amyloid
fibril state has been studied extensively by Tycko
and co-workers, who have published a series of
model structures based on constraints from solid-
state NMR.'®° The proposed structure is shown in
Figure 1 and is described as U-shaped monomers
with two in-register parallel intermolecular 3-sheet
regions (N- and C-terminal p-sheets); the cross-
section of the fibril is composed of two monomers
with hydrophobic C-terminal reg1ons m van der
Waals contact. The original NMR data'® supported
two possible intra-fibril contact types (unflipped and
flipped) for the C-terminal B-strand, and eventually
the unflipped form was eliminated on the basis of
tertiary side-chain-side-chain contacts."

Furthermore, two quaternary structures denoted
as Cy, and C,, were proposed,” based on approxi-
mate C2 symmetry around the x axis (approximately
orthogonal to the fibril axis and parallel with the {3-
strand directions) and C2 symmetry around the z
axis (parallel with the fibril axis), respectively, and
shown in Figure 1. Note that these are only pseudo-
symmetry designators since there is imperfect
matching of side-chain interdigitation in the C-term-
inal region on opposite subunits of the relevant
protofibril symmetry axis in both cases. More
complete NMR data revealed that only the C,.
quaternary structure was likely to be formed in vitro
on the basis of specific 2D NMR cross-peaks that
give tertiary contacts that are inconsistent with the
C,, quaternary form.'® Most recently, however, a
fibril made from shortened, mutated Ap monomers
covalently linked at the N termini created fibrils
with a likely C,, symmetry, indicating that the Co,
form may be found under certain conditions.

Finally, the NMR data also support interdigitation
of the N-terminal and C terminal B-strands to form
side-chain contacts with a particular “stagger” of
N-terminal and C-terminal hydrophobic contacts,’
shown schematically in Figure 2. On the basis of the
results of isotopic dilution studies, side-chain con-
tacts are proposed between the C termini of
monomer i with the N termini of monomers i+1
and i+2 (STAG (—2)) or between the N termini of
monomer i with the C termini of monomers i+1 and
i+2 (STAG (+2))."° In totality, the solid-state NMR
work is a truly seminal contribution to the amyloid
field, since these experimental models have pro-
vided well-defined structural constraints on the
“folded state” of the AP1_4 monomer in the context
of the formed fibril.

Given the possible toxicity of the earlier protofibril
states, the focus is now to understand how the Ap
monomers assemble into the highly ordered meso-
scopic fibril, as proposed by the NMR experimental
models. The mechanism of fibrillization of full-
length AR peptides (AR1-39,1-40,1-42) has been
shown to follow an apparent nucleation-dependent
polymerization,®1917.22 whereby a small number of
monomers associate through a free energy barrier
corresponding to a critical nucleus size, beyond

which initiates a gradient of favorable free energy or
“down—hﬂl” polymerlzatlon into a macroscopic fibril
(Figure 3).% However, the structural characteristics
and oligomer size of this ensemble of fibril nuclea-
ting species have yet to be determined, and the me-
chanism of monomer addition is unclear. This is
due, in part, to the limited access of experimental
characterization to this earliest aggregation stage,
thus providing an opportunity for theoretical
studies to bridge the experimental gap between the
monomer and fibril endpoints and to develop
testable hypotheses.

Many computational studies using coarse-grained
as well as all-atom models have focused on the
formation of the antiparallel R-sheet structure by
sub-peptides of AR, particularly ARq62o. 24726 The
antiparallel structure of these peptides, however,
suggests that studies of the steps in fibril formation of
this system will not lead to information regarding the
nucleation and fibril forming properties of the in-
register parallel structures formed by the full-length
APR1_40 and AR1_4o peptides. More recent simulation
work has therefore focused on the full-length Ap
peptides. Coarse-grained simulations of the ABq_49
and APj4 monomers and dimers reported by
Stanley and co-workers have reproduced some of
the grogerties of the disordered peptides in solu-
tion, but underscore the computational and
modeling difficulty of forming structures resembling
fibrils. All-atom simulations conducted by Shea and
co-workers give detailed insight into the monomer
structure in dilute solution and in vacuo.'>'* In a set
of all-atom molecular dynamics 51mulat10ns with
explicit water representation, Hummer and co-
workers demonstrate that with incomplete NMR
data from Tycko and co-workers, a set of four related
but distinct minimum fibril models consistent with
the NMR restraints are all structurally stable for at
least a few nanoseconds.”’ All-atom simulation of
the full-length AR peptide aggregation is likely
difficult due to the extremely long experimental
timescales (hours to days, depending on conditions)
and large system sizes (about ten peptides of 40
amino acid residues) necessary for fibril formation.

We have recently developed a new coarse-
grained protein model that is a greatly enhanced
version of coarse-grained models we have used in
studying protein folding and non-disease protein
aggregation.”” > The new model, described in
Methods, has been validated on folding thermo-
dynamics and kinetics for proteins L and G, and
provides higher structural resolutions (~3.0 A C*
RMSD) of the folded state relative to our old
model, especially for descriptions of p-sheets (E.-H.
Y., N.L.F. and T.H.-G., unpublished results). We use
this new model for the first time to simulate ARq_49
oligomerization in order to address three primary
questions regarding the association of APj_40
peptides into fibrils.

First, what is the number of peptides involved in
the critical nucleus for subsequent fibril elongation
and does it differ among quaternary forms? Starting
from a mature fibril structure composed of 40 chains,
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Figure 1. Examples of starting structures for C,, and C,, symmetry forms. Protofibril seeds composed of four, six,

eight, ten, and 12 (14-20 not hwn)mnmesw multdf r protofibril stability.
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we systematically shorten the protofibril and mea-
sure structural stability over an equilibrium ensem-
ble for each n-chain oligomer for each quaternary
form. By calculating the equilibrium populations of
structurally stable and unstable protofibrils, we
determine the shift in population dominated by
free monomer to the ordered protofibril to quantify
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Figure 3. Free energy profile for the nucleation-
polymerization reactions. Typical free energy (AG) profile
and slope of AG (AAG) versus the number of chains in the
protofibril for fibril formation by a nucleation-dependent
polymerization mechanism. At high numbers of chains,
the protofibril is stable and free energetically favorable,
and the free energy benefit to adding chains is constant, as
seen in a constant slope of AG. Since the slope of AG is
constant in this regime, the free energy benefit to adding a
chain or free energy cost for removing a chain is the same
as in an infinite fibril. As the number of chains decreases,
the free energy change for removing chains decreases,
indicating that the fibril is approaching the number of
chains in the critical nucleus. At the critical nucleus, the
least free energetically favorable species, the sloge of AGis
zero. (Typical AG data adapted from Ferrone™).

free energy profiles for our model (Figure 3). On the
basis of this thermodynamic analysis, we determine
that the barrier in free energy occurs at a critical
nucleus value of ten chains for both quaternary C,,
and C,, forms.

Second, given the hypothesis of a nucleation-
dependent polymerization mechanism, and NMR
guidance as to the structure of the monomer in the
mature fibril,'*'”'* what is the minimum number
of chains in an ordered oligomer necessary for
assembly of a structurally stable protofibril? The
commonly assumed nucleation-dependent poly-
merization (Figure 3) suggests that beyond the
critical nucleus size there is a minimum stable
protofibril that reaches a constant AAG for sub-
sequent monomer addition, and thus initiates the
behavior of a long fibril. We find that this constant
addition free energy regime is evident from the

Figure 2. Interdigitation of the N and C-terminal p-
strands to form side-chain contacts between different
monomer chains introduces a stagger in the strand
alignments. Side-chain contacts (from top to bottom)
between the N termini of monomer i with the C termini
of monomers i+1 and i+2 (STAG (+2)), between the N
termini of i with the C termini of i and i+1 (STAG (+1)),
between the C termini of monomer i with the N termini of
monomer i and i+ 1 (STAG (—1)), or between the C termini
of i with the N termini of i+1 and i+2 (STAG (-2)).'® Our
model relaxes naturally to the STAG (—1) definition.
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thermodynamic analysis of our model, and deter-
mine that mature fibril behavior is reached at ~16
chains. We show that the constant free energy for
monomer addition correlates with a plateau in the
hydrophobic residue density that, in turn, correlates
with structural C,, order and stability by decreasing
the likelihood of losing hydrophobic interactions
due to fibril subunit rotation.

Finally, what is the fibril elongation mechanism of
AR1_49 and the two quaternary structures? We find
that the C,, form shows a greater ratio of correct
parallel N termini addition to incorrect antiparallel
addition relative to the C,, quaternary structure. We
attribute this difference in elongation between the
two quaternary forms as arising from differences in
structure at the fibril ends due to the consequences
of stagger in the interdigitation of the N-terminal
and C-terminal B—strands. We find that the C,, form
exhibits a structural asymmetry in the fibril seed
ends, with one side exposing the N-terminal region
while the other side exposes the C-terminal region,
while the fibril ends for the C,, quaternary structure
are not structurally distinguishable. This interdigita-
tion and interplay with quaternary structure suggest
unidirectional growth of the protofibril for the C,,
quaternary form, while we expect bidirectional
growth for C,, on the basis of our model. We show
that mixed stagger forms (+N on one half of the fibril
and —N on the other half) reverse the end symme-
tries of the C,, and C,, quaternary forms, leading to
potentially different mature fibril morphologies.

Results

Symmetry of fibril ends for different quaternary
forms

To examine the effect of stagger on the fibril qua-

ternary structures, we built model structures for both
Cay and C,, symmetries for internal stagger values of

C2x

STAG (-1) BB R RE
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STAG (+1/1) . Sl [y

X

—2,—-1, +1 and +2 (Figure 2). When the C,, models
are constructed with any pure stagger and examined
as a two-monomer cross-section (down the fibril
axis), one monomer has a protruding C-terminal
strand, while the paired monomer has a protruding
N-terminal strand (Figure 4). Although the resulting
Cy, protofibril has only approximate C, symmetry
around the fibril axis, due to imperfect interdigita-
tion of the residues involved in the C-terminal
hydrophobic interface,'® the resulting C,, fibril
ends are nearly indistinguishable (Figure 4). When
fibrils with C,, symmetry are constructed with any
pure stagger, there is more perfect C, symmetry
around the fibril axis relative to C,,; however, when
examined in cross-section, the ends are distinguish-
able. For the case of C,, fibrils, one end has both
monomers presenting a protruding N-terminal
strand, while the alternate end has both monomers
exhibiting a protruding C-terminal strand (Figure 4).
If instead we construct a C,, fibril with a mixed
stagger: i.e. a +1 stagger for one of the fibril halves
and a —1 stagger for the other, the resulting C,, fibril
structure shows symmetric ends, while the Cy, fibril
shows asymmetric ends. We note that the known
solid-state NMR constraints do not preclude the
possibility of a mixed stagger. In what follows, we
label the two ends as A or B to examine the
consequences of symmetry or asymmetry of ends
on structural stability, and mechanism and rates of
fibril growth in our models.

Structural stability and identification of critical
nucleus

We next investigate the structural stability of fibril
seed models for different seed sizes for both the C,,
and C,, forms by simulating their dynamics at a
constant temperature of T#=0.45 (T'=337 K), and
monitoring the amount of fibril order as a function
of time. As a measure of fibril order, we define a
structural similarity parameter, % which measures

27 Figure 4. Effect of internal stag-
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ger on terminating ends of fibril. A
schematic of 16 chain C,, and C,.
fibrils are shown for internal stag-
gers STAG (-1), STAG (+1) and
mixed STAG (+1/-1) with the N-
terminal region colored teal and the
C-terminal region colored orange.
STAG (—1) Cy has superimposable,
symmetric ends. End A can be
approximately superimposed on
end B by a simple rotation of 180°
about the x-axis (hence C,,). STAG
(=1) Cy; has distinct, asymmetric

ends. End A exposes the C-terminal 3-strands, and end B exposes the N-terminal 3-strands. Ends A and B of the C,, fibril
cannot be superimposed on end A by any rotation. Cp, STAG (+1), like C,, STAG (—1), has superimposable, symmetric
ends. C,, STAG (+1), like C,, STAG (—1) above it, has distinct, asymmetric ends. C,, STAG (—1/+1) has the top peptide
STAG (+1) and bottom peptide STAG (—1). Mixing staggers in C,, de-symmetrizes the C,, ends. Mixing staggers in C,,
symmetrizes the C,, ends, so that each end has one subunit with an exposed N-terminal B-strand, and the other with an
exposed C-terminal p-strand, unlike the two asymmetric ends in “pure” C,, STAG (—1) or C,, STAG (+1) models.
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the fraction of residue pair-distances retained in the
B-sheet regions, and restricted to the two exterior
chains on each end of the protofibril structure and
their two neighboring chains (see Methods for the
definition of xg). The x; metrics allow a direct
comparison between structures of different numbers
of chains, since only the exposed and subsequent
layer are included, so that changes in the metric
versus number of chains is not simply due to the
slower dynamics of a larger fibril seed. Since this
metric includes contacts at the C-terminal interface
between the subunits, it is sensitive to translation
and rotation of one subunit with respect to the other
(perpendicular to the fibril axis), and thus measures
disorder of the quaternary structure. Due to
asymmetries in structure of the exposed ends depen-
ding on quaternary symmetry, we measure the
structural integrity of the A and B exposed ends of
the fibril separately (Figure 4).

We simulate protofibrils with cross-sections com-
posed of two U-shaped monomers, ranging in
number between four and 20 chains, as shown in
Figure 1, and observe changes to the structural
integrity of the fibril seeds by monitoring . In
Figure 5, we show the time-course of X for different
structured oligomer sizes, and Figure 6 plots the
average of this metric for the last 500 T of simulation
time, <x¢>, versus number of chains, for the two
quaternary forms. The x; and <y trends with
increasing oligomer size show increasing quatern-
ary order due to a decrease in motion of one side of
the fibril relative to the other, and thus providing
greater stabilization of fibril ends. We note that at

0.3 1 | 1 | 1 | 1 | 1

0 1000 2000 3000 4000 5000
time (1)
— ZB20 =—— ZB18 — ZBI16
— ZB 14 ZB12 - ZB 10
ZB 8§ =— ZB 6 ZB 4

Figure 5. Time-course for protofibril stability mea-
sured by xs The metric x; measures the pair distances
between the residues on both sides of the fibril, and is
more sensitive to rotation of one subunit with respect to
the other, and thus measures fibril disorder of the
quaternary structure. The time-course data averaged
over all trajectories of C,, fibrils for lengths four to 20
chains for fibril end B.
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Figure 6. Protofibril stability measured by <x ¢> versus
number of chains; <x¢> is an average measure of the fibril
order of the edge chains for stable quaternary structure
for (a) C form and (b) C,, for the two ends of the
protofibril: end A (black) and end B (red). Note the
difference between the two distinguishable ends of the
C,, oligomers due to stagger effects. The error bars
represent standard deviation.

~16 chains for both the C,, and the C,, form, x¢and
<x¢> saturates.

Based on the ensemble composed of the final
structures of each of the trajectories for a given
oligomer size, n, we calculate equilibrium popula-
tions of structurally stable and unstable protofibrils
based on a x; cutoff value of 0.7. The fraction of
trajectories that correspond to x¢>0.7 measures a
population, C,, of n-ordered monomers in a proto-
fibril or seed with intact end monomers. This
population is in equilibrium with the remaining
fraction of trajectories corresponding to a protofibril
with loss of structural order of one monomer end,
and thus measures the population C,,_;. On the basis
of thermodynamic arguments advanced by Ferrone
for nucleation-polymerization reactions relevant for
aggregation kinetics,” at equilibrium we can esti-
mate the change in free energy, AG, per unit

monomer as:
dAG [Cyr]
an "““( o] ) @
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where n is half the number of monomers and
integration over all oligomer sizes allows us to
generate a free energy curve like that in Figure 3
based on C,, and C,_; populations measured in our
model.

Table 1 gives the populations of C,, and C,_; and
Figure 7 plots calculated free energies as a function
of oligomer size, and as a function of quaternary
symmetry. It is evident that the critical nucleus size
is ten chains for both the C,, and C,, quaternary
structures. Below that number of chains there is a
free energy barrier to association into ordered
oligomer chains, and thus the equilibrium shifts in
favor of the free monomer. At ~16 chains and
above, consistent with the averaged time-course
data in Figure 6, the oligomer does not lose overall
fibril structure, and now reaches a constant free
energy gain for addition of new monomers to the
ordered protofibril (Figure 7).

The underlying molecular explanation for the
increasing stability of a quaternary assembly up to
~16 monomer chains, and the constant free energy
gain for subsequently larger protofibrils, is evident
by evaluating the hydrophobic residue density of
the starting structures at each seed size and each
symmetry. Because hydrophobic interactions are
thought to stabilize amyloid fibril structures, once a
fibril reaches a certain length, the average hydro-
phobic residue density should be a constant. To test
this hypothesis, the hydrophobic residue density of
the core of the equilibrated starting structures was
measured by calculating the number of large
hydrophobic residues (see Methods) within 2.0
units (7.6 A) of the tagged residue (excluding first
and second neighbors on the same peptide) divided
by the volume, averaged over residues 29-40 and
over all the peptides in the structure.

Figure 8 plots the average hydrophobic residue
density versus the number of chains in the oligomer
for both symmetries. The average hydrophobic
density correlates with the stability of the oligomers
in Figures 5 and 6, and the linear regime of free
energy once past the critical nucleus in Figure 7; as
the oligomers get larger, the stability and hydro-
phobic density increase up until ~16 chains, where
both the structural stability and hydrophobic
density level off. It is of note that Cp, and Cs,
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Figure 7. Free energy profile for free monomer and
protofibril equilibrium. The free energy versus number of
ordered chains in an oligomer is plotted for C,, (X, black)
and C,, forms. The free energy shows a clear maximum at
ten chains, indicating the region of the critical nucleus. A
constant, negative slope at ~16 chains and above is
indicative of reaching a stable fibril regime.

forms do not show strikingly different stabilities in
this analysis, meaning that they are both reasonable
fibril quaternary structures, similar to what was
found by short all-atom simulation of eight chain
structures.”’

Fibril elongation studies

Since the lag time for forming amyloid fibril for
AR1_49 takes as much as a few days in the laboratory,
even coarse-grained simulations of fibril formation
from entirely disordered peptides may be intractable.
Seeding a solution of APq_4 with fragments of pre-
formed ARq_yo fibrils, however, skips the lag phase,
and experiment shows that fibril formation proceeds
rapidly relative to the unseeded experiments.'
Although orders of magnitude faster than the lag
time in fibril formation, fibril elongation is still a slow
process relative to simulation time-scales. Goto and
co-workers recently measured a sustained rate of
amyloid fibril elongation to be 200 nm/min, which
corresponds approx1mately to 70 ms per monomer
incorporated into the fibril.*

Table 1. Equilibrium populations of ordered fibrils, C,, and populations with free monomer, C,,_, and calculated changes

in free energy, AG, per unit monomer based on equation (1)

Coy symmetry

Cy, symmetry

Number of chains, n C, Cq dAG/dn C, Chq dAG/dn
4 0.0000 1.0000 - 0.0000 1.0000 -

6 0.0312 0.9688 2.060 0.0208 0.9792 2.310
8 0.2604 0.7396 0.626 0.0729 0.9271 1.526
10 0.2708 0.7292 0.594 0.3028 0.6972 0.500
12 0.5625 0.4375 -0.151 0.5729 0.4271 -0.176
14 0.7569 0.2431 —0.682 0.7083 0.2917 -0.532
16 0.8333 0.1667 -0.966 0.8333 0.1667 —0.966
18 0.8750 0.1250 -1.168 0.8021 0.1979 —0.840
20 0.8854 0.1149 -1.227 0.8021 0.1979 —0.840
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Figure 8. Hydrophobic residue density versus number
of chains. Hydrophobic density (number of hydrophobic
residues per unit volume) versus number of chains for the
Coy and Cy, forms after initial equilibration. The error bars
represent standard deviation for the 24 structures created
from the 40 chain equilibration runs. The hydrophobic
density for C,. is higher than C,, for all oligomer sizes.

Nonetheless, simulations that incorporate unstruc-
tured monomers into protofibril seeds should be
more tractable than forming the fibrils from dis-
ordered monomers. The ability to propagate the
elongation of the fibril through the addition of free
monomers is a minimum necessary condition to
show that the physics of the model represent the
relatively fast fibril formation of the AB_4¢ system in
seeding experiments. This simulation also enables
another comparison of the C,, and C,, quaternary
structures, because the ability of the structure to
propagate by elongation could be a criterion to
determine which of the two structures is the most
likely formed in vitro and perhaps in vivo; a structure
that does not elongate will not be the structure that
forms the amyloid fibrils measurable by solid-state
NMR.

The equilibrated 16-chain fibrils from the stability
runs were used as seeds for fibril elongation
simulations, since on the basis of the results
described in the previous section this oligomer size
should be acting as a proper protofibril. Typical
seeded fibril kinetics experiments for A4 use a
peptide concentration of the order of 100 pM,lmf
equivalent to one peptide for a simulation box 270 A
on a side. Simulating a system at that dilution would
require a significant amount of computational time
devoted entirely to diffusion of peptides towards the
seed. To focus our study on the elongation of fibrils,
our simulation conditions comprised of two equili-
brated Api_40 peptides that are placed randomly
and uniformly on the surface of a sphere with the
origin at the center of the fibril end, defined as the
midpoint on the line connecting the 33rd bead on the
two exterior fibril peptides. The two peptides, one at
each end of the fibril, were placed so that amino acid
20 was five units (19 A) from the center of the fibril
end, and configurations where the peptide over-

lapped with the seed were excluded. Given the large
seed size used here, the two peptides placed at
opposite ends of the fibril rarely interact with each
other. This procedure was the same for C,, and Cs,
symmetry forms. From ~2000 of these prepared
starting structures, each was simulated for 10007
(200,000 time-steps) at T*=0.45.

The number of trajectories resulting in the forma-
tion of partial (three or more amino acid residues
with formed hydrogen bonds) parallel additions in
the N-terminal and C-terminal p-sheet regions of the
fibril seed, and “incorrect” antiparallel additions to
the fibril seed was then calculated. In this analysis,
all parallel additions within the B-sheet regions are
summed, even if they are not fully in register,
though in-register parallel additions made up on
average 75% of all parallel additions. (The data were
analyzed also with out-of-register parallel additions
either ignored or added to “incorrect” additions; the
conclusions remained the same.) Simulations result-
ing in both N-terminal and C-terminal in-register
parallel addition did occur, but made up <0.5% of
the population, making comparison between sym-
metries difficult. An example of an addition demon-
strating both N-terminal and C-terminal addition is
shown in Figure 10.

The fractions of simulations resulting in an
addition of the C-terminal B-strand region of a
random peptide to the protofibril seed is summar-
ized in Figure 9(a). Both C,, and C,, forms of the
seed are capable of propagating monomer additions
in correct parallel arrangements to both the N-
terminal and C-terminal sheets on both ends of the
fibril, though the amount of parallel N-terminal
additions is greater than the amount of C-terminal
additions for all symmetries and end combinations.
Similarly, both forms have some percentage of
trajectories (~0.5-1% for C-terminal and 0.5-1.5%
for N-terminal) that result in antiparallel or incorrect
additions that will result in lengthening the time-
scale for extending a stable fibril structure, since the
incorrect addition will have to be “annealed out”
before the fibril can continue to grow. The greatest
distinction between the fibrils can be seen in Figure
9(b), which plots the ratio of the parallel to
antiparallel additions, depending on at which end
of the fibril the additions occur. Though the addition
to the C-terminal B-sheet for each symmetry and
fibril end combination is similar, the B end of the C,,
form shows almost four times the amount of
N-terminal parallel addition versus antiparallel
addition, approximately twice as much as any
other combination of symmetry and end. Unlike
the stability of the fibril ends, this addition metric
distinguishes the C,, and C,, forms, and demon-
strates that monomer addition to amyloid fibrils
may result in unidirectional or uneven growth from
the fibril ends for C,,, while we expect bidirectional
growth for C,, based on the results of our model
shown in Figure 9.

The differences among quaternary symmetries
and the possibility of unidirectional growth most
likely arises from the effects of internal stagger that
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Figure 9. Monomer additions to protofibrils for C,,
and C,, fibrils. (a) Fraction of trajectories resulting in
partial parallel (black) and antiparallel (red) additions to
the N-terminal ([J) and C-terminal (<) p-sheets. The error
bars represent standard deviation approximated from
distributions with binary outcomes. (b) Ratio of partial
parallel to antiparallel additions to the N-terminal ([J) and
C-terminal (<) p-sheets. The error bars are the 95%
confidence interval for “relative risk” measure comparing
binary outcomes.

Tycko and co-workers have suggested for AP 4
based on the isotopic dilution experiments'® and
shown in Figures 2 and 4. We find that there is a
different type of local symmetry splitting between
the Cy, and C,, forms, like the experimental models
involving +N or —-N staggers, but we have shown
that there is important local symmetry splitting in
the exposed protofibril ends of the two proposed
quaternary structures (Figure 4). We suggest that the
end of the Cy, fibril with exposed N-terminal regions
is better able to nucleate in-register parallel addi-
tions than the C-terminal exposed region, because
the hydrophobic, hydrophilic, and aromatic residue
patterning in N-terminal residues 17-21 is accessible
to the free peptide without non-specific hydropho-
bic interactions with the C-terminal hydrophobic
cluster. A free peptide approaching the exposed

N-terminal region has more favorable interactions,
encouraging an in-register parallel addition; an
antiparallel arrangement does not result in as
much favorable enthalpy (interchain hydrophobic
interactions) for the same entropic cost (peptide
backbone entropy), and therefore occurs relatively
less frequently. When the N-terminal hydrophobic
cluster of a free peptide approaches the end of a
fibril with a buried N-terminal region and exposed
C-terminal residues, the patterning of amino acid
residues on the C terminus is more generic, so that
both parallel and antiparallel arrangements are
equally likely.

We confirm this hypothesis by examining the
parallel and antiparallel additions to the C,, fibril
ends, which have one subunit with the N-terminal
peptide exposed, and the other with the C-terminal
peptide exposed. On both ends of the C,, fibril, the
N-terminal exposed subunit has only ~10% of the
antiparallel additions to that end, while it has ~25%
of the parallel additions. We therefore suggest that
the C,, end B, where both subunits have N-terminal
exposed regions, has greater in-register parallel
addition due to the internal stagger. We note also
that >80% of the antiparallel additions have the
antiparallel register of APi¢ 2 fibrils, indicating
antiparallel p-sheet formation in this region, and
exposing the limitations of the AB4_2, fragment for
understanding fibril elongation mechanisms.

Discussion and Conclusions

We have used a coarse-grained protein model to
simulate Apq_4 oligomers to determine both the
critical nucleus and a minimum assembly of N
monomer cross-sections of a mature fibril necessary
for a structurally stable protofibril seed, and used
that seed to measure fibril elongation propensities
for different quaternary forms. Determining the
critical nucleus as well as the minimum number of
peptides necessary for a stable protofibril is an
essential piece of information for experimentalists
searching for signatures of these kinetic steps and
the modeling of rate equations for aggregation
kinetics, as well as theoreticians seeking to simulate
a minimum size system capable of describing the
structural properties of the mature fibril.

The first important conclusion of our study is to
question the underlying assumption that the Ap;_4
nucleation event is a sudden transition from isolated,
disordered monomers to some minimal organization
in either the monomer (i.e. a nucleated turn and/or
p-strands) or intermolecular monomer—-monomer
interactions. Our approach instead works backward
from an unambiguously ordered and stable proto-
fibril with quaternary structure to see at what
oligomer size the different levels of order break
down. We find that the critical nucleus in our model
corresponds to the loss of quaternary order, i.e. a loss
of registry in orientation of the two fibril halves, that
partially destabilizes edge chains through loss of
hydrophobic contacts with the other fibril sub-unit
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Figure 10. Example addition to fibril seed by free peptide. A peptide (yellow) with a random initial configuration
without contacts with the seed is shown with partial in-register parallel addition to both N-terminal and C-terminal p-

sheets of the fibril seed.

(Figure 11(a)). Below the critical nucleus, the
instability of edge chains is due to insufficient
stabilization of inter monomer—-monomer interac-
tions within the same fibril half sub-unit as well
(Figure 11(b)). In the linear regime of free energy
represented by 16 chains (Figure 11(c)) quaternary
order is well established and hence edge chain
monomers are stabilized by ordered monomers in
both fibril halves. This result implies a much greater
level of structural order than is usually assumed for
the smallest oligomer sizes, and seems consistent
with the goals of a reductionist approach that seeks
to determine whether structural order exists at the
level of the monomer.'*!>3¢38

This method of working backward from known
order to disorder leads naturally to a means for
determining free energy trends in nucleation-poly-
merization mechanisms to find a critical nucleus size
within our model. On the basis of equilibrium
ensemble populations for a given proposed proto-
fibril size, and analyzed with a fibril order metric Xy,
we can determine free energy barriers for nucleation
of the thermodynamically scarce species that shifts
the equilibrium from free monomer to stable, and
therefore polymerizable, protofibril. We find a
critical nucleus size of ten chains, which is in
pleasing agreement with the results reported by
Teplow and co-workers, who showed that kinetic
models of amyloid formation fit time-course data

when the number of chains involved in the
aggregation nucleus for Ap aggregation is set to
ten chains.'® Below this critical nucleus, the edge
chains of the four, six, and eight chain protofibril
structure are unstable, shifting the population from
ordered fibril, C, to populations with increased free
monomer C,_;. The true protofibril state, i.e. the
minimum size of protofibril capable of elongation, is
~16 chains, and subsequent additions of monomers
involve a constant gain in free energy that is
insensitive to the number of interior chains.
Beyond this minimum stable seed size, adding
chains to the protofibril does not increase the
stability of the outermost chains, which we have
shown correlates with a leveling off of the hydro-
phobic residue density and helps to compensate for
the unfavorable entropy of ordering the monomers
in the sub-unit halves as well as the two subunit
halves with respect to each other. This is an intuitive
result, because the hydrophobic interactions are
thought to stabilize amyloid fibril structures and,
once a fibril reaches a certain length, the average
hydrophobic residue density should be a constant.
Hecht and co-workers have demonstrated that the
two additional hydrophobic residues (isoleucine
and alanine) at the C terminus of AP;_4 are
responsible for the increased fibril-forming propen-
sity of AR1_4> compared with that of AR 1-10.> These
additional hydrophobic residues would shift the
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plateau of hydrophobic density to smaller oligomer
sizes for AP1_4p. In turn, we hypothesize that there is
a corresponding shift in the size of a viable seed for
fibril formation in vitro to smaller numbers of chains
relative to APj_a, > which may be correlated
with greater disease virulence in vivo™ ™' of the
AR1_4p versus ARy sequences. The calculation of
hydrophobic density therefore may be predictive for
the size of critical nucleus and/or protofibril regime
for any new Ap fragment or mutation, or other
systems that assemble into fibrils in their aggregated
state.

For proposed fibril models with no quaternary
structure, such as that suggested by Liihrs et al.42
for methionine sulfoxide 35 (Met350x) mutants of
APR1_4p, the ¥ metric will overestimate the critical

Figure 11. Comparing struc-
tural stability of example structures
of varying length of oligomer. Rep-
resentative oligomer structures
after 50007 constant temperature
simulations depicting greater struc-
tural stability as number of chains
increases. (a) Four-chain simulation
shows a complete loss of fibril
structure. (b) Ten-chain simulation
shows that, although a significant
fraction of intermolecular p-sheet is
retained, the fibril subunits rotate

—~ with respect to one another, leading
to disorder and loss of contacts in
the edge chains. (c) The 16-chain
simulations show retention of fibril
order, and a clear fibril axis.

nucleus size, since it is sensitive to quaternary dis-
order due to rotations of the fibril halves. However,
for a protofibril with a cross-section of one peptide,
only half the number of chains would be necessary to
reach the plateau in hydrophobic density compared
to a protofibril with a two peptide cross-section,
since the hydrophobic density of all the peptides in
the protofibril are now averaged over a single
subunit. Thus, for any AP system that does not
form quaternary structure, we would predict a
reduction in the size of the critical nucleus and
protofibril capable of elongation relative to AR1_40,
although the height of the free energy barrier may be
greater. However, whether the Met350x mutant is a
good model for Ap;_4 is open to question, since the
oxidized methionine residue is a disruptive mutation
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for stabilizing the hydrophobic interface of the two
halves of the quaternary structure. Thus, the best
model for wild-type Apq_4> likely remains one in
which some type of quaternary structure is present
as it is for AB_40.

The number of chains where the free-energy for
addition of another monomer becomes constant
corresponds to the point of minimum protofibril size
where the edges and quaternary structure are stable
and behave like a long fibril. In our model, this point
corresponds to ~16 chains, which we use for
characterizing the propensity to add additional
monomers to understand polymerization in more
molecular detail and to compare different quatern-
ary forms. Based on our simulations, which quantify
parallel additions and “incorrect” antiparallel addi-
tions for both fibril seed ends, both C,, and C,, are
capable of elongation. However, we suggest that C,.
may be the dominant amyloid fibril form, because it
can more readily propagate by in-register parallel
addition with a much lower “error” through
antiparallel additions. The most recent NMR studies
have suggested that the quaternary structure of one
particular fibril of Apq_49 involves the C,. form.'®

One possible reason for this preference for C,.
over C,, most likely arises from a topological
“frustration” for addition to C,,. In the C,, form,
the C-terminal B-strands of the peptides in both
subunits are parallel; the same is true for the Cp, N-
terminal B-sheets in both subunits. In contrast, the
N-terminal (and C-terminal) B-strands are antipar-
allel in the C,, form. If the C terminus of a free
peptide approaches the C,, form fibril in an
orientation antiparallel to the C terminus of one of
the edge peptides (i.e. in a direction not suitable for
extending the in-register parallel structure of the
fibril), the free peptide is similarly antiparallel to the
C terminus of the other exposed fibril peptide. In
this case, it must break any favorable interactions
(i.e. hydrophobic clustering) and flip orientation in
order to continue the correct fibril elongation. For
the C,, form fibril, conversely, if a free peptide
approaches in a configuration antiparallel to one of
the fibril peptides, it is parallel with the other
exposed fibril peptide terminus and can form in-
register parallel p-sheet contacts with the appro-
priately oriented exposed fibril peptides, thus
incorporating the free peptide into the fibril. How-
ever, our simulations are much too short to observe
the multiple binding and unbinding events that
would be necessary to demonstrate that this
mechanism contributes to the difference in additions
between C,, and C,.,.

We have concluded from our simulation data that
it is the structural consequences of the internal
stagger'® that results in higher rates of in-register
parallel addition and, more importantly, on fewer
growth-halting antiparallel additions for the C,,
fibril with distinct ends. This opens up the possibi-
lity for unidirectional growth of the protofibril for
this quaternary form, while we expect bidirectional
growth for C,, on the basis of our model. Although
NMR experiments support a +2 or —2 stagger, our

model naturally equilibrates to a different STAG
value of —1, and analysis of the NMR data for AB_49
does not rule out the possibility of a mixed stagger,
i.e. +N interdigitation for one fibril subunit half and
-N interdigitation for the other fibril subunit. Model
building shows that a mixed stagger quaternary
structure for the C,, form symmetrizes the fibril
ends, while it results in end asymmetry of the Cy,
form (Figure 4), thereby reversing the structural end
symmetries of the two quaternary forms and
potentially their elongation mechanism.

Although our model and experiment show both
Cy, and C,, are viable quaternary structures, and
that mixed staggers are theoretically possible, we
advance the much more speculative conclusion that
macroscopic morphology differences in the mature
fiber may be due to different quaternary and stagger
configurations that affect directionality in fibril
growth. We note that AR;49 is known to form
fibrils of at least two distinct archi’cec’cures,18 which
may be accounted for by distinct staggers and
quaternary forms. Finally, we end the discussion by
noting that the finite length of our simulation times
makes the absolute percentages of any type of
monomer addition rather low (~3%), although it
may increase with longer simulation runs. However,
it raises the question of whether the AR monomer is
the dominant unit for fibril elongation. One direc-
tion we will pursue is whether small oligomers are
more viable addition units for fibril elongation,
which has been suggested by Kayed and co-
workers.*’

Methods

The coarse-grained protein model

The three-flavor coarse-grained model we developed
has been used to study the folding and aggregation
propensities of members of the ubiquitin «/p fold
class.”** We have recently updated the minimalist
model to improve the faithfulness to real proteins while
retaining its simplicity, which we describe here.

To better discriminate between hydrophobic residues of
different sizes, we have updated the model to allow four
flavors, consisting of large hydrophobic, small hydro-
phobic, neutral/small hydrophilic, and large hydrophilic,
designated B, V, N, and L, respectively. The amino acid
sequence of the AR peptide was mapped to its four-flavor
sequence using the mapping shown in Table 2.

Table 2. Mapping the 20-letter (20) amino acid code to the
coarse-grained four-letter code (4)

Letter code

20 4 20 4 20 4 20 4
Trp B Met B Gly N Glu L
Cys B Tyr B Ser N Asp L
Leu B Val \% Thr N GIn L
Ile B Ala \% Lys N Asn L
Phe B Pro N His N Arg L
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The Hamiltonian governing the interactions in the
system is given by:

1
H=>Y" Sko(0 - 60)*

angles

A[l 4 cos(dp + ¢o)] + B[1 — cos(db + do)]

dihedrals | 1 C[14 cos(db + do)]+D {l—‘— cos (k(b + o + g)}

12 6
(o) o
+ E 48H51 |:(—) —52 (—)
S . . Tij Tij
i,j=i+3 for intrachain ] ]

i,j for interchain

+ Z Uns 2)

i,j=i+3 for intrachain
ij for interchain

where 6 is the bond angle, ¢ is the dihedral angle formed
by four consecutive C* positions, and r;; is the distance
between beads i and j. &y sets the energy scale and gives
the strength of the large (B) hydrophobic contact. The
bond angle term is a stiff harmonic potential with a force
constant of ky=20 &y /rad?, and the optimal bond angle
0y is set to 105°. Each dihedral angle in the chain is
designated to be either structured (S), a weighted sum of
helical and extended potentials, or turn (T) placed
primarily in regions of the peptide containing glycine
to account for the greater backbone mobility. The
parameters A, B, C, and D are chosen to produce the
desired minima (see Table 3), and ¢y is set to 0.17 for the
helical portion of the helical (H) portion of the S potential
and to —0.35 for the extended (E) portion (see Table 3).
The k parameter is set to 1 for all dihedral potentials in
this study.

The third term in equation (2) represents non-bonded
interactions, and is determined according to the bead
flavors B, V, N and L: $;=1.2 and S,=1 for B-B
interactions; $;=0.6 and S,=0.5 for all V-V and V-B
interactions; $;=2/5 and S,=—1 for L-L, L-V and L-B
interactions; S;=1.2 and S, =0 for all N-X interactions. Of
the possible interaction combinations, attractive potentials
result for interactions between hydrophobic beads (B-B,
V-B and V-V interactions). The interactions among all
other combinations of beads are repulsive, although the
form of repulsion depends on the bead types involved.
The sum of van der Waals radii o is set at 1.095 to mimic
the large excluded volume of amino acid side-chains. This
term is evaluated for all bead pairs within a distance cutoff
of 5.5 units (21 A).

The last term in equation (2) describes a direction-
dependent hydrogen bond interaction to better represent
the interactions that form and stabilize -sheets and «-
helices. The functional form is inspired by the Mercedes

Table 3. Parameters for dihedral types

Local
Dihedral A B C D 4 minima®
type (ery) (1) (ep) (epy) (rad) (deg.)

03*H 0 12 1.2 12 +0.17 -65° +50° 165°

(extended

(helical)

S=Y 4 075*E 09 0 12 0 -0.35 ~160°,-45°, +85°
)

T Turn

02 02 02 02 0 -60° +60° +180°

2 Global minima are in bold.

Benz (MB) model of water, introduced by Ben-Naim**
and further developed by Dill and co-workers.*” The
hydrogen bond potential between two residues i and j is
given by:

UHBZSHBF(YZ‘]‘ — 7’HB)G(‘tHBri'uz‘]’|—1)H(‘tHBAj'uz‘j|_1) (3)

where:

(3a)

HBdist

L 2
F(rj — rus) = exp [— 7(%02 7em) } )

ltip,u, | — 1
G(|trs,iuy] — 1) = exp {27] , (3b)

Ot1B

|tHB,j’u--‘ -1
H(|tup,; uij| — 1) = exp {24']} (3¢)

Ot1B

The hydrogen bond strength is modulated by the value
eyp, and is set at 1.6ey. The distance-dependent term F is
a Gaussian function centered at the ideal hydrogen bond
distance ryp, set to 1.125 in accordance with our survey
of PDB structures. For the direction-dependent terms G
and H, we use a modified exponential instead of a
Gaussian function to smoothen the potential energy
surface. The vectors typ; and typ; are unit normal
vectors for the planes described by (i-1, 7, i+1) and (j-1,
J, j+1) respectively, and u; is the unit vector between
residues i and j. The width of functions F, G and H are set
by onpaist=0.5 and opp=0.45. The hydrogen bond
potential is evaluated for all i—j bead-pairs within a
cutoff distance of 3.0 units.

Model building

A model of an amyloid fibril building block was
constructed in single-bead representation according to
the constraints specified by Petkova et al.'* The 20-letter
sequence of the Ap;_4 peptide and the corresponding
coarse-grained (CG) primary and secondary structure is:

primary sequence
GAIIGLMVGGVV
primary sequence (CG) LVLBLNLNNBLVNNLNBVBBVLLVNNLN
NVBBNBBVNNVV

secondary structure (CG) SSSSSSSSSSSSSSSSSSSSSSTTSS
TTSSSSSSSTT

DAEFRHDSGYEVHHQKLVFFAEDVGSNK

To construct the amyloid fibril building-block, in-
register parallel intermolecular p-sheet models were
made with 40 starting chains, one for the C,, and one for
the C,. form. Each strand in the models contains a
disordered N-terminal region (residues 1-9), an N-
terminal P-sheet region (residues 10-24), a turn region
(residues 25-29), and a C-terminal p-sheet region (resi-
dues 30-40). In comparison to the model of a fibril
presented by Petkova et al., we have the C-terminal -
strand “flipped” in orientation, where the residues packed
against the N-terminal p-strand are even-numbered, as
determined by the most recent NMR data.'® Models were
built with N-terminal and C-terminal strands without
stagger, but interdigitation of structures into staggered
structures can be seen in equilibrated structures at finite
temperature.
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Two possible conformers of the amyloid fibril were
built. Given that z is defined as the fibril axis and x as the
direction of the p-strands, fibril models with approximate
C, symmetry around each of these axes, named C,, and
C,y, respectively, were constructed. Models for each
different seed size (4, 6, 8, 10, 12, 14, 16, 18, 20) were
created by retaining the innermost chains from the
equilibrated 40 chain seed starting structures of the two
symmetries. The outermost chains were discarded to
ensure that edge effects (loss of perfect fibrillar order of the
exterior chains) were not incorporated into the seeds. Once
equilibrated, the beads representing the N-terminal and C
terminal B-sheets interdigitate to form contacts internal to
each subunit of the fibril with a particular value of
“stagger”, as shown in Figure 2. The most recent solid-
state NMR work has suggested that the stagger is either
STAG (+2) or STAG (-2), although our models under
thermal equilibration give STAG (—1).

Simulation protocol

We use constant-temperature Langevin dynamics with
friction parameter {=0.05. Bond lengths are held rigid by
using the RATTLE algorithm.*® All simulations are
performed in reduced units, with mass m, energy &y,
and kg all set equal to unity. The 40 chain C,, and C,, fibril
models were equilibrated with Langevin dynamics at a
temperature of 0.45 for 15007 (300,000 steps). This
procedure was repeated 24 times so that the stochastic
dynamics generated 24 equilibrated starting structures of
a 40 chain fibril seed for C,, and C,,. Three to five
simulations of each of 24 models of each symmetry were
run for 50007 (1,000,000 steps) at T*=0.45 (T = 337K). The
reported protofibril stability data are based on statistics
collected approximately 120 independent simulations per
chain number and symmetry. Statistics on the chain
conformation were gathered every 50t (10,000 steps).
Structural stability for each time-point was quantified by
the x¢ parameter:

1 4 4 N N
1= MZ Z Z Z h(£ — [raipj — rg:i;u,j|) (4)

o=l P>c i |

The metric is the sum over bead i on chain « and bead j
on chain p (where i and j range from 17-21 and 30-34),
and o and p range over the four chains making up the
exterior and neighboring chains on each end), & is the
Heaviside step function, ¢ is the tolerance set to 0.5
distance units (~1.9 A), is the distance between bead i on
chain a and bead j on chain p, and is the pair distance in
the initial structure, and M is a normalizing constant
counting the total number of pairs (in this case it is equal
to 600).

To investigate the addition of monomers to the proto-
fibril seeds of different symmetries, monomer simulations
decorrelated at high temperature (T*=1.0) and equili-
brated at T*=0.45 as single chains (infinite dilution) were
placed as described in the Results at the ends of
equilibrated protofibrils of length 16 chains.

Molecular graphics

The molecular graphics were created in PyMOL+.

thttp:/ /www.pymol.sourceforge.net/
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