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ABSTRACT

Amyloid protein aggregation characterizes many neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and
Creutzfeldt-Jakob disease. Evidence suggests that amyloid aggregates may share similar aggregation pathways, implying simu-
lation of full-length amyloid proteins is not necessary for understanding amyloid formation. In this study, we simulate
GNNQQNY, the N-terminal prion-determining domain of the yeast protein Sup35 to investigate the thermodynamics of
structural transitions during aggregation. Utilizing a coarse-grained model permits equilibration on relevant time scales.
Replica-exchange molecular dynamics is used to gather simulation statistics at multiple temperatures and clear energy traps
that would aversely impact results. Investigating the association of 3-, 6-, and 12-chain GNNQQNY systems by calculating
thermodynamic quantities and orientational order parameters, we determine the aggregation pathway by studying aggrega-
tion states of GNNQQNY. We find that the aggregation of the hydrophilic GNNQQNY sequence is mainly driven by H-bond
formation, leading to the formation of (3-sheets from the very beginning of the assembly process. Condensation (aggrega-

tion) and ordering take place simultaneously, which is underpinned by the occurrence of a single heat capacity peak.
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INTRODUCTION

Diseases such as Alzheimer’s disease, Parkinson’s dis-
ease, type II diabetes, and others share a general charac-
teristic: each of them is associated with the misfolding
and subsequent aggregation of soluble peptides and pro-
teins into soluble oligomeric assemblies, and later, into
insoluble amyloid fibrils.1=3 The aggregated assemblies
contain a similar cross-f3 structure with a steric zipper
motif and may even share structural properties with solu-
ble oligomers; evidence that amyloid aggregates may fol-
low similar aggregation pathways despite lack of sequence
similarity.%> During the past decade, compelling evi-
dence has emerged that soluble, low molecular weight
oligomers are more toxic than fully formed fibrils.6-9

The study of protein fragments that retain the essential
amyloid characteristics of the full-length sequences is
attractive, because the short peptide length allows for a
systematic computational investigation of aggregation
kinetics and thermodynamics. One such example frag-
ment is GNNQQNY, a polar heptapeptide from the
N-terminal prion-determining region of the yeast prion

© 2013 WILEY PERIODICALS, INC.

protein Sup35. It exhibits amyloidogenic properties simi-
lar to the prion-determining domain of Sup35, including
an unbranched morphology, the binding of “flat” dyes
such as Congo red and thioflavin T, cooperative aggrega-
tion kinetics with a concentration-dependent lag phase,
the ability to seed aggregation, and unusual structural
stability.10 All of these are diagnostic features of amyloid
aggregates.

X-ray diffraction experiments of GNNQQNY micro-
crystals were able to provide a detailed atomic structure
of fibrillar GNNQQNY aggregates, revealing a steric zip-
per motif based on in-register, parallel B-sheets.10-12
This finding was supported by magic angle spinning
NMR,!3 which has proved uniquely valuable in the
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structural characterization of amyloid fibrils due to its
ability to provide site-specific structural constraints on
biological solids, without requiring crystalline sam-
ples.1%15 While it was recently established that toxic Alz-
heimer’s amyloid-B(1-42) fibrillar oligomers share the
cross-f structure with mature amyloid ﬁbrils,16 the
structural characterization of intermediate amyloid
oligomers has been generally precluded experimentally
due to the high complexity of the aggregation process,
and the short-lived and meta-stable character of the early
aggregates. Molecular simulations provide a valuable tool
to address the first steps of amyloid aggregation and elu-
cidate its structural and kinetic information.

The knowledge of the atomic structure of GNNQQNY
fibrils, together with its small size, has led GNNQQNY
to become a model amyloid test system for experimental
and theoretical studies. One of the first computational
studies of GNNQQNY examined the behavior of the
trimer using molecular dynamics (MD) simulations at a
constant temperature of 330 K and revealed that the in-
register parallel B-sheet is stabilized by side-chain hydro-
gen bonding and m-stacking of the aromatic tyrosine resi-
dues.1” This study was followed by various other simula-
tion studies, which characterized the structures and free
energies of small GNNQQNY aggregates ranging from
dimers to 20-mers starting from disordered states, or
studied the stability of preformed GNNQQNY assemblies
with cross-f or annular morphologies.lg_31 In most of
these computational works, MD simulations were per-
formed either as constant-temperature MD runs or using
the replica-exchange MD (REMD) technique,32 in con-
nection with atomic or coarse-grained (CG) force fields.
As a result of the breadth of time scales (from ns for the
formation of early oligomers to days or months for the
formation of mature fibrils) and length scales (from a
nm-sized protein to several hundred nm-long aggregates)
involved in aggregation, a hierarchy of models is used in
the computational study of this process. Different levels
of resolution allow probing of different elements of the
aggregation process. Atomic models can provide invalu-
able information at a detailed level not accessible to
experiment, but only allow probing of very early stages
of aggregation. CG models, on the other hand, provide
the possibility of extracting general characteristics of the
thermodynamics and kinetics of aggregation.

CG models come in a number of resolutions, from
models that represent the peptide as a single preformed
unit, to single bead lattice and off-lattice models, to mul-
tibead off-lattice models.33 Models utilized for studying
amyloid aggregation include the model by Caflisch and
coworkers, where each peptide consists of four spherical
backbone beads and six spherical side-chain beads of
hydrophobic and hydrophilic nature,34=3¢ the mid-reso-
lution Shea model with two backbone and one side-chain
bead per residue,3740 discontinuous CG models used in
connection with discrete MD,41_46 and the OPEP model
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by Derreumaux and coworkers that uses a detailed repre-
sentation of all backbone atoms and reduces each side
chain to a single bead.47=>0 The OPEP model was
recently applied in a multiscale approach to characterize
the formation of GNNQQNY 3-mers, 12-mers, and 20-
mers. More details about CG models for protein aggrega-
tion can be found in a recent review by Wu and Shea.33

In this article, we perform REMD simulations using
the CG peptide model developed by Bereau and
Deserno®! to investigate the thermodynamics of struc-
tural transitions during the aggregation of the 3-, 6-, and
12-chain GNNQQNY systems. Their intermediate resolu-
tion level CG force field (four beads per amino acid,
implicit solvent) was shown to be able to fold proteins
exhibiting both helical and 8 conformations with tertiary
structures and amino acid sequences different from the
one used for parameter tuning.51_54 Furthermore, this
CG peptide model was also successful in predicting
aggregation for the GNNQQNY peptide from a short
REMD simulation.”! The aim of this study is to more
thoroughly analyze the structures and thermodynamics
during aggregation of the GNNQQNY peptide. The
resulting aggregation dynamics in temperature space is
characterized in terms of orientational order, secondary
structure, and oligomer size distribution.

MODEL AND VIETHODS
CG peptide model

The primary motivation for using a CG model was to
reach the greater than microsecond time scales associated
with peptide aggregation. The Cg-type CG force field we use
here was built to sample a balanced proportion of a-helical
and B-extended configurations, with the aim of avoiding a
bias toward any particular secondary structure.”! The back-
bone is represented by three beads per residue and one bead
per side chain with the latter located in the position of the
Cg atom. The force field was parametrized to reproduce
local, secondary, and tertiary conformations. The nearly at-
omistic resolution of the backbone beads allows the force
field to model physically relevant secondary structures, such
as B-sheets and a-helices, without imposing a given second-
ary structure prior to simulation.?!

Bonded interactions

The CG force field uses harmonic potentials to
describe vibrations and bending:

1

Ebond(r) = Ekbond(r - 7'0)2, (1)
1 2

Eangle(e) - E kangle(e - 90) (2)

with kyona and kynge as the spring constants for bonds
and angles, respectively. The distance between two atoms



Thermodynamics of GNINQQNY Aggregation

is 1, and 0 is the angle formed when one atom is con-
nected to two others. The equilibrium positions of the
bonds and angles, respectively, are ry and 0,. The dihe-
dral potential is defined by

Edih(d)) = kn[l - COS(Tld) - d)n,o)]ﬂ (3)

with period 2n/n, phase &,,9, and k, the strength of the
torsional potential. The L chiral nature form of amino
acids is accounted for by the inclusion of an improper
dihedral angle between the beads NC,C’ Cg, where N and
C, include the hydrogen atoms, and C’ collectively repre-
sents the carbonyl group.

Nonbonded interactions

The CG model includes four nonbonded potentials:
backbone, side chain, hydrogen bond, and dipole interac-
tions. This model does not contain explicit electrostatics.
The backbone interactions are modeled by a purely re-
pulsive Weeks—Chandler—Anderson potential of the form

Eup(r) = {4%[(%12 -] rsn

0 r> re,

where o is the arithmetic mean between the two bead
sizes involved, r. = ZI/GGij, and &, is a free parameter
used for tuning the potential.

The parametrization of side-chain interactions is based
on the statistical analysis of residue-residue contacts in
crystallized proteins by Miyazawa and Jernigan (MJ).2°
They developed an inter-residue potential, which includes
hydrophobic effects, charge attraction and repulsion, and
the likelihood of forming side-chain hydrogen bonds.
Bereau and Deserno used the 20 X 20 MJ interaction
matrix to extract a relative attraction strength between
residues to define their side-chain potential:

N\ 12 -\ 6
485c |:(G%) - (G%) :| + (85c - 8558;]')7
oo\ 12 e, \ 6
say| ()" - (%),

07 r> Tsc,cut-

()

r<re,

Ei(r) =
bC( ) r < 1o < Tyecuts

Here, oc, is the (same) size of all side-chain beads, the
interaction energies ¢; are calculated from the MJ table,
while &, translates the MJ interactions to an absolute
scale. The potentials in Eq. (5) at positions 7. and 7y
are joined such that the potentials and their first deriva-
tive are continuous.

Backbone hydrogen bonds (H-bonds) are modeled ex-
plicitly due to the lack of explicit electrostatic interac-
tions. Thus, an H-bond interaction potential is intro-
duced by a radial 12-10 Lennard-Jones potential com-
bined with an angular term,

12 10
Ehb(r) = &hp |:5<Ghb) —6<%) :|X
r r
{ cos?Oncos?Oc,  |On], [0c| < 90°

0, otherwise.

Here, Oy and O¢ are defined to be /NHC' and ZOC'N,
respectively. The CG model does not explicitly contain
hydrogen and the carbonyl O atoms, and thus the posi-
tions of these atoms are implied from the position of N
and C. H-bonds will not form unless there are three
amino acids between the interaction candidates. In Eq.
(6), r represents the distance between the atoms involved
in the H-bond, and oy, defines the equilibrium distance.
While the H-bond potential is sufficient to stabilize o-
helices, a dipole interaction was introduced helping to
stabilize 3-sheets:

Egip (@, V) = kaip[(1 — cos ®) + (1 —cos V)],  (7)

where kg, is the strength of dipole interactions, and @
and ¥ are the backbone dihedral angles about the N-C,
and C,—C' bonds, respectively.

Units

In this CG model, temperature is defined in a reduced
temperature unit (RTU) corresponding to room tempera-
ture: T = 1 RTU = 300 K. Correspondingly, energies
are measured in units of 300 K kg = 1 REU (reduced
energy unit), where kg is the Boltzmann constant.

Although CG force fields retain the correct measure
for temperature, lengths, and relative energies, the time
scale does not usually translate directly to real world
time. In general, the interpretation of the time scale in
CG simulations is not straightforward. In comparison to
atomistic models, the dynamics observed with CG mod-
els is faster. The main reason is that the underlying
energy landscape is smoother than that of atomistic
models, as the system has less degrees of freedom. The
removal of the motion of individual atoms reduces the
friction, which further accelerates the dynamics, leading
to an effective speed up of simulation dynamics. As such,
CG simulations are typically more efficient at sampling
the conformational space of a molecular system than
their atomistic counterparts, which allows for the study
of processes currently inaccessible via atomistic
approaches. Based on comparison of diffusion constants
in the CG and atomistic models, the speed-up rate can
be approximated. However, there is no universal speed-
up factor for a given CG force field, as it varies depend-
ing on the system. For example, the MARTINI force field
reports speed-up factors between 3 and 10.56

REMD

In our simulations, we used the REMD method32 as
implemented in the ESPRESSO simulation package.57 In
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an REMD simulation, multiple MD runs of the same sys-
tem (replicas) are run simultaneously, but at different
temperatures. After a specified number of time steps,
replicas at neighboring temperatures can be exchanged,
provided that a Metropolis criterion is satisfied.>8 This
procedure allows high-energy structures to be accepted
for the replicas at higher temperature. The associated
configurational changes then migrate to the replicas at
lower temperatures when exchanged with each other. The
overall effect is that the system is able to overcome high
energy barriers relatively quickly.

Fach REMD simulation was started from 3, 6, or 12
chains of GNNQQNY peptides placed at random starting
positions and in random conformations in a simulation
box. Each REMD simulation was performed for 500 million
time steps per replica, where the initial 100 million steps
were used for system equilibration. The dynamics were
propagated using the Langevin method, with frictional coef-
ficient I = t~ ', where T ~0.1 ps is the intrinsic unit of
time of the CG model in use and time step &t = 0.017.59
This results in about 500 ns simulation time per replica.

Studies of the 3-chain system used 10 temperature rep-
licas (temperatures in RTU: 0.63, 0.68, 0.73, 0.78, 0.82,
0.86, 0.89, 0.95, 1.06, and 1.22), whereas the studies of
the 6- and 12-chain systems used 16 replicas (tempera-
tures in RTU: 0.63, 0.68, 0.73, 0.78, 0.82, 0.86, 0.89, 0.91,
0.93, 0.95, 0.95, 1.01, 1.06, 1.12, 1.17, and 1.22). The
temperatures were chosen to surround the association/
dissociation temperature, which was determined in a
short preceding REMD simulation. Replica exchanges
were attempted every 500 fs, and the average acceptance
probability was 48.3 £ 22.4% throughout the considered
temperature range. We performed the GNNQQNY simu-
lations at a concentration of 80 mM. This concentration
was chosen to compare our results with those obtained
by Bellesia and Shea.39

Analysis
Weighted histogram analysis method

Within each temperature thread of our REMD simula-
tions resides a canonical (NVT) simulation. The weighted
histogram analysis method (WHAM) combines the data
from all replicas to extract the multicanonical ensemble
averages.00 It was used to calculate both several thermo-
dynamic quantities, such as the heat capacity (C,) and
free energy (AG), and average behavior of impact param-
eters ((P)) defined below as a function of T.

The statistical expectation value of an order parameter
(P) is given by

1 -
= Ezkjp(k)

where Z is the canonical partition function, k is the sys-
tem snapshot within a given temperature replica, and

)/ kT

7 = Z e ER)/ kT (8)
k
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E(k) and P(k) are the measured system energies and
order parameters, respectively. For identification of tran-
sition points, we calculate the fluctuations of (P):

e Y (LR 1e2) RO

Order parameters

For the characterization of the aggregation behavior,
we computed the liquid crystal order parameters P, and
P, to determine the (anti)parallel structural order of the
sys‘[em.18 This is useful, because amyloidogenic sequen-
ces are expected to form (-sheets and, thus, be aligned
in characteristic forms. The polar and nematic order pa-
rameters P, and P, are defined as follows:

1 N
SENSE (10)
i=1

(11)

where i represents a given peptide, N is the number of
peptide chains in the system, and z; is the unit vector
pointing from the N bead of the first residue to the C’'
bead of the last residue of each peptide. The preferred
direction of alignment is defined by the director d, which
is the eigenvector corresponding to the largest eigenvalue
of the 3 X 3 ordering matrix Q, with61

RS () (b)
Q. 3227 - 227 — 8, 12
b= 2N Pt [ 4o A b (12)
where zgm) is the mth component of vector z;. The ne-

matic order parameter P, corresponds to the largest posi-
tive eigenvalue (A ) of Q.61

The order parameters P; and P, describe different ori-
entational properties of the system and provide comple-
mentary information. Both P; and P, have values ranging
between 0 and 1.62 P, reveals information about the po-
larity of the system, that is, how much the molecular
vectors z; point in the same direction. P, detects the ori-
entational order of the system and discriminates between
ordered (P, = 1) and disordered (P, = 0) states. A P,
value of 1 means that the system is aligned in the direc-
tion of d. P, = P, = 1 when the system is aligned paral-
lel to d while P, = 1, P, = 0 when there is a 50:50 mix
of Z; vectors aligned parallel and antiparallel to d.

The free energy AG associated with either order pa-
rameter P; (i = 1,2) is calculated using the following
equation
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Table |
Definition of the Unique Aggregation States of a System Containing
Three GNNQQNY Peptides

Table 1l
Definition of the Unique Aggregation States of a System Containing Six
GNNQQNY Peptides

State name Oligomeric species Population  State name Oligomeric species Population
0 Monomer 3 0 Monomer 6
1 Monomer 1 1 Monomer 4
Dimer 1 Dimer 1
2 Trimer 1 2 Monomer 2
Dimer 2
3 Monomer 3
Trimer 1
4 Monomer 1
Dimer 1
AG(P) ~ =k TIn > 8(Pi(k) — Pi)e W/BT  (13) 5 Bfi'r;":rf ;
k 6 Monomer 2
Tetramer 1
1 Dimer 1
where k runs over all conformations sampled at T. The P; Tetramer 1
histograms were accumulated in 30 equally spaced bins 8 Trimer 2
over the range of P; and P,, respectivel 9 Monomer !
g 1 2 Iesp Y- Pentamer 1
10 Hexamer 1

Aggregation state

For the classification of the GNNQQNY oligomers in
terms of their aggregation state, we analyzed the aggre-
gate size for each structure sampled in our REMD simu-
lations. Here, a single chain is said to belong to a given
oligomer cluster, if it shares one or more hydrogen bonds
with another chain in that oligomer. We determined all
possible combinations of oligomer sizes for the 3- and 6-
chain system and enumerated them in Tables I and II,
respectively. Lower numbered aggregation states corre-
spond to a less aggregated system, with 0 being the com-
pletely monomeric state. Conversely, the higher num-
bered aggregation states correspond to aggregated systems
that include larger fragments.

The aggregation behavior for the 12-chain system was
characterized in a different way by tracking only the larg-
est B-sheet in the system. This different approach was
chosen for two reasons. First, the study of the 3-chain
and 6-chain system already allows us to follow the aggre-
gation leading to smaller oligomers. Second, our objec-
tive for the 12-chain system was to identify if, and how,
larger oligomers form into a dodecamer. The reason we
did not include all possible aggregation states is that at
this size scale, it is questionable how distinct some of the
higher aggregation states are.

RESULTS

We simulated 3-, 6-, and 12-chain GNNQQNY sys-
tems. We will first present the results of the 3- and 6-
chain systems, as we have performed 3 and 12 runs for
these systems, respectively, and can thus provide an in-
depth statistical analysis of the results. Conversely,
because the computational cost of simulating the 12-
chain system was high, we only performed one run for
this system and separately present the results therefrom.

Weighted histogram analysis

WHAMO0 was used to calculate various quantities im-
portant for understanding the behavior of the system as
a function of temperature T. In our study, we examined
the temperature dependence of the mean system energy,
(E), the order parameters, (P;) and (P,), and the fluctua-
tions of these quantities.

Figure 1 shows the temperature dependence of (E) and
(Py,) versus T for 3- and 6-chain systems. In both sys-
tems, energy increases over the entire temperature range
with a sharp increase in the middling temperatures. We
see that (P;) and (P,) decrease over the entire tempera-
ture range with the sharpest decrease at the transition
point. For ease of discussion, we introduce T, = 0.63
RTU, the inflection point Tiane and Thig, = 1.22 RTU.
The transition temperatures Ty, depend on the system
size and are discussed later. (E) versus T behaves nearly
the same for both system sizes, although Ty, slightly
increases with increasing system size. Moreover, (E)
increases dramatically at nearly the same T that (P;) and
(P,) decrease. Figure 1 shows that at Ty, (P;) # (P,)
# 1, and at Tygh, (P1) # (P») # 0. We investigate the
matter in the section “Structural Results.”

Figure 2 displays the T derivatives of (E), (P;), and
(P,). Fluctuations in energy (A and C) appear maximal,
whereas the fluctuations in order parameters (B and D)
are minimal at the transition point. The peaks in C, for
the 3-chain system in (A) at Ty.,s =~ 0.86 RTU and for
the 6-chain system in (C) at Ty, ~ 0.89 RTU occur at
slightly higher temperatures than the peaks in % and %z
near 0.84 RTU (B) and 0.87 RTU (D) for the 3- and 6-
chain system, respectively. The observed link between
change in energy and change in system order suggests
aggregation into ordered structures at Ty ops.
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Figure 1

3-chain system: (E) versus T (A) and (P;,) versus T (B). 6-chain system: (E) versus T (C) and (P;,) versus T (D). (P;) is represented in black,
whereas (P,) is represented in red. Throughout the article, error bars for the 3-chain and 6-chain systems represent standard deviations calculated
from independent samples obtained in different runs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2

3-chain system: C, versus T (A) and temperature fluctuation of (P;) (black) and (P,) (red) versus T (B). 6-chain system: C, versus T (C) and
temperature fluctuation of (P;) and (P,) versus T (D). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3

Representative structures at Ty (left), Tirans (mid), and Tyg, (right) are shown for (A) the 3-chain system and (B) the 6-chain system. For the
structures at Tj,,, we included the Boltzmann populations (in parentheses) of the conformations at the given P; and P, values £0.05.

The error bars for the 3- and 6-chain systems are rela-
tively small, suggesting that the individual REMD runs
were converged and are, therefore, representative of the
system behavior in the simulated temperature range.
However, error bars on (P;) and (P,) from the 6-chain
system are larger than for the 3-chain system. This is
because the system is not at one precise minimum for
(P,) and (P,) at Ti,, and may be found within a range
of similar, but slightly different, (P, ,) values.

Structural results

We now discuss characteristic features of representative
structures in the different phases (i.e., at Tioy» Tirans and
Thigh) to understand how aggregation proceeds. Figure 3
displays typical structures of the 3- and 6-chain systems
for temperatures Ty,,, near the transition point Tips
and at Tyign. The values for Py and P, are given together
with the structures and are representatives of the average
(Py), (P,), and (E) values of the system at the given tem-
perature in question.

The systems were all aggregated at Tj,,, partially asso-
ciated at Tirane and dissociated at Thigh. At Tiow, the sys-
tems are completely aggregated into mostly in-register,
parallel, twisted [-sheets. Because these [(-sheets are
twisted, (P;) # (P,) # 1. At Tiane the system is in
transition between completely dissociated and completely

associated, and between parallel order and disordered. At
Thigh» the systems are completely dissociated, and display
very little ordering. The reason (P,) is not zero at Thg,
is because of finite size effects, which have also been
observed by Caflisch and coworkers in their study of
GNNQQNY trimer formation using an atomic force
field.!8 The ideal random case, where the average
(cos*(0,)) = 1/3 and thus 3(cos*(0,))/2 — 1/2 = 0 with
0, denoting the angle between vector z; and director d
[see Eq. (11)], is only true if the sample of z; vectors is
infinitely large. For the isotropic case, the N-dependence
of the different eigenvalues of the ordering matrix Q in
Eq. (12) can be approximated, which is for A, 02

1 /V3 1

sz/—ﬁ<7+m>' (14)

Although this approximation was derived for N not too
small (N > 10), it nonetheless predicts the finite P, val-
ues quite well, which we observe at Tyg,. For the 3-chain
system, the disordered state corresponds to (P,) =~ 0.52,
whereas for the 6-chain system this value decreases to ~
0.34. Equation (14) gives A4+ = 0.56 for N = 3 and A,
= 0.38 for N = 6.

In the section “Weighted Histogram Analysis”, it was
noted that the peaks in C, very nearly match the peaks
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in the fluctuation of (P;) and (P,). Here, we see that the
change in internal energy is caused by aggregation. It was
also mentioned that the peaks in % and % occur at
slightly lower temperatures than the peaks in C,. We
posit that peak offsets are caused by the system first
aggregating (change in E) and then reordering (change in
Py ,). Note that we do not suggest that the system first
completely aggregates and then reorients itself, which
would result in two or more peaks in C,, only that chains
come within a certain critical radius before reorienting.

Free energy profiles

To make certain that the average values (P;) and (P,)
correspond to a certain aggregation state, we now look at
the free energy AG along the order parameters P; and P,.
We expect to see AG to have a minimum near high val-
ues of P, and P, at Tj,, and to have low values for small
Py and P, at Tygh. At Tirans, We anticipate the free energy
barriers between all possible states to be low, allowing
the system to easily shift between the aggregation states.

Figure 4 shows AG(P;) for the 3- and 6-chain
GNNQQNY systems at Tioy Tirans> and Thign. This infor-
mation is to be used with the (P;) and (P,) data in Fig-
ure 1 to make sure that we understand the full picture.
From Figure 4(A), we see that at Ty, the free energy of
the 3-chain system has the global minimum near P; =~
0.94 and a second minimum at P; ~ 0.33. These struc-
tures correspond to the parallel and antiparallel (i.e., two
strands pointing in the same and one in the opposite
direction) [-sheets, res.pectively.18 Both conformations
yield a high P, value, giving rise to a broad AG mini-
mum at P, ~ 0.84 at temperature Tj,,. At T, the free
energy barrier between the two (meta)stable B-sheet ori-
entations is so large that only the global minimum is
populated, giving rise to (P;) ~ 0.94.

At Tyign, the free energy of the 3-chain system has
minima near P, ~ 0.32 and P, =~ 0.48. This is not
exactly what we would expect from (P,) and (P,) in Fig-
ure 1, which suggests that AG should be minimal at
(Py,P,) =~ (0.39,0.51) at Tig,. However, the average val-
ues are not exactly equal to the global minima, because
the barriers at Ty, are small and easily overcome.
Although many different P, and P, values are possible,
the average values (P;) and (P,) do not change much for
the individual REMD runs, as the small error bars for
Thigh in Figure 1 show. As expected at Tians We do not
observe a pronounced free energy minimum for either P,
or P, and, as also expected, the barriers between the pos-
sible conformations of the 3-chain system are small.

From Figure 4(B,D), we see that the free energy of the
6-chain system has a global minimum at P, ~ 0.97 and
P, ~ 0.94 for Ty, and at P, = 0.00 and P, ~ 0.32 for
Thigh- Like for the 3-chain system, a second minimum is
observed in (B) at Tj,, when P, =~ 0.36, which corre-
sponds to mixed parallel/antiparallel B-sheets, with four
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Figure 4

AG versus P, for the 3-chain (A) and 6-chain (B) systems. AG versus
P, for the 3-chain (C) and 6-chain (D) systems. For each system, we
visualize AG at Tioy, (blue), Tirapns (black), and Ty (red). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

peptides pointing in the same direction and two pointing
in the opposite direction. There is a free energy barrier
in (B) between the minima at P, = 0.36 and P, = 0.97,
representing the energy needed to transition between a
mixed system and a purely parallel system. Judging by
the average values, a mixed to parallel transition seems
energetically plausible at Tj,, (barrier < 2 REU), whereas
a parallel to mixed transition seems very unlikely (barrier
> 7 REU). Although, (B) does have large error bars for
AG at T, similarly large error bars are also present for
(Py) and (P,) in Figure 1. Thus, for the 6-chain system
statistically relevant conclusions regarding the free ener-
gies at Tj,, cannot be drawn.

As before, at Tyig, minima in AG do not exactly corre-
spond to the average values (P;) and (P,) from Figure 1.
The free energy barriers along P, are so low that the av-
erage (P;) is different from the minimum by a value of
0.25. The free energy profiles at Ty, are rather flat with
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The aggregation pathway of GNNQQNY for the (A) 3- and (B) 6-chain
systems. The depth axis is a measure of aggregation. The aggregation
states are defined in Tables I and II, respectively. Along the wide axis is
T, and along the tall axis is the population of the given state. The sum
of the population across all states at any given T is constant. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

all values < 2 REU for AG(P,) and AG(DP,) for P, > 0.2.
As explained earlier, for small systems (small N) the ne-
matic order parameter P, is not zero for the completely
disordered state.

Aggregation pathway

The aggregation pathway was analyzed to determine
the mechanism of aggregation. The oligomers occurring
during the aggregation of the 3- and 6-chain systems
were assigned to physically intuitive aggregation states
defined in Tables I and II, respectively. Figure 5 shows
the aggregation pathways as a function of temperature.
For the 3-chain system, we see that at Tj,,, the system is
in a trimer conformation. Near Ti,,s the system visits all
three aggregation states, each with similar probability. At
Thigh, the system is in a 3-monomers conformation.
Because we see a smooth change from three monomers
to one trimer, we conclude that the GNNQQNY trimer
prefers to associate via monomer addition rather than a
condensation-ordering transition. This is because an ini-

tial condensation process would be practically replete of
the intermediate (1 dimer and 1 monomer) configura-
tion. Furthermore, we would expect to see two peaks in
the C, curve in Figure 2, one for condensation and
another for reordering.

For the 6-chain system, we see that at Tj,,, the system
is in a hexameric conformation. Near Ty, the system
occupies every state; only the configuration consisting of
a monomer, a dimer, and a trimer (aggregation state 4)
is noticeably suppressed. At Tygp, the system is either in
a 6-monomers configuration or in a 4-monomers and 1-
dimer configuration, with the probability of the com-
pletely monomeric configuration being much higher. As
with the 3-chain system, the 6-chain system visits many
intermediate states. This suggests that the system does
not undergo an initial condensation and instead aggre-
gates via a different mechanism. One possibility is mono-
mer addition. In this process, a monomer attaches itself
to a higher oligomeric species. But there is also the possi-
bility of two small oligomers aggregating into a larger
oligomer, which we call oligomer fusion.03

12-Chain GNNQGQGNY

We performed a single 12-chain simulation for 500 ns
per replica, and present the results separately from the 3-
and 6-chain systems, because they are so striking.

Weighted histogram analysis and order parameters

Figure 6 shows the temperature dependence of (E) and
C, for the 12-chain system. As for the 3- and 6-chain
systems, E increases over the entire temperature range
with a sharp increase at Ty, The peak in the heat
capacity is at T = Tyans = 0.95 RTU. This supports our
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Figure 6

(E) versus T (top) and C, versus T (bottom) for the 12-chain
GNNQQNY system. Error bars were calculated from the standard
deviation within each temperature thread after system equilibration.
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Figure 7

Histogram in dependence of P, and T (A) and P, and T (B) for the 12-
chain GNNQQNY system. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

observation that with increasing system size aggregation
occurs at higher temperatures. Although the 12-chain C,
is similar to 3- and 6-chains, the behavior of P;, is dra-
matically different. To understand the aggregation behav-
ior of the 12-chain system, we plotted a histogram in de-
pendence of P; and P, versus T in Figure 7.

At low temperatures, we see a marked bimodal distri-
bution of P; and P,. This indicates the system has two
different behavioral phases that it exhibits at low temper-
ature. For the 12-chain system, at T < Ty the P, pa-
rameter has two peaks located at P, =~ 0.36 and 0.99,
and the P; parameter has also two peaks at P; ~ 0.84
and 0.99. Near T, all P, and P, values are almost
equally populated, witnessing a multitude of peptide con-
formations and orientations. However, P, has a slight
peak near 0.45 at Ty, The behavior for T > Ty, is
difficult to observe from Figure 7, but we can see that P,
has decreasing population with increasing P; value, and
the distribution of P, is centered around 0.3.
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Structural results

To understand the observed P, and P, distributions, we
extracted typical structures, which are shown in Figure 8.
Figure 8 reveals that at Tj,, the GNNQQNY dodecamer
occurs in two distinct structures. The low P, value corre-
sponds to two stacked B-sheets with an almost perpendicu-
lar relative orientation with respect to each other. Within
each of these -sheets, the peptides are aligned parallel.
Although each of these sheets may individually have high P,
values, the measured values of the system as a unit are low.
The high P, value corresponds to 12 chains aligned in one
parallel B-sheet. At T, we see many small oligomers that
have broken apart from the larger (3-sheets aggregates, giv-
ing rise to the relatively flat P, and P, distributions. At T,
we see that the 12-chain system is completely dissociated
and disordered. The average value of P, = 0.3 corresponds
well to the value predicted by Eq. (14), which is 0.26.

Aggregation pathway

Figure 9 shows the aggregation pathway of the 12-chain
GNNQQNY system. At Tj,,, the largest B-sheet in the sys-

L
A gy,
iy y
\:’ —
.
N -
Ty
T=0.63 RTU T=0.82 RTU
P1=0.99, P2=0.98 P1=0.64, P2=0.37
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P1=0.02, P2=0.20

Figure 8

Typical structures of 12-chain GNNQQNY at Tioy, Tirans and Tigp. For
the structures at T = 0.63 RTU and T = 0.82 RTU, we included the
Boltzmann populations (in parentheses) of the conformations at the
given P; and P, values +0.05. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 9

Aggregation states of 12-chain GNNQQNY in dependence of
temperature. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

tem is either a dodecameric, heptameric, or hexameric con-
formation. The 7- and 6-chain 3-sheets are paired with a 5-
or 6-chain B-sheet, respectively. Near Ty, all oligomers
ranging from a dodecamer down to monomers only are
populated, but with the highest populations being observed
for the hexamer and heptamer. At Tigp, the largest 3-sheet
species is either a monomer, dimer, or trimer, with the
probability of 12 monomers being the highest.

Having understood how lower oligomeric species
formed for the 6-chain system, the 12-chain system was
used to study how larger aggregates form. As all B-sheet
sizes are observed over the temperature range, we conclude
that large GNNQQNY aggregates also do not form by
hydrophobic collapse. However, unlike the 3- and 6-chain
systems, the 12-chain system does not ramp up smoothly
from a dimeric to a dodecameric B-sheet. At Tyjgp, We saw
monomers and dimers, as expected. At Tj,,, the 12-chain
B-sheet is the dominant oligomeric species. But for Tj,,, <
T < Tirans> We observed that the system preferred to form
double-layered B-sheets with a maximum sheet size of 6 or
7 GNNQQNY peptides (structure B in Fig. 8).

As the system cooled, most of the smaller 3-sheets aggre-
gated into a single 12-chain 3-sheet. Furthermore, we con-
clude that the aggregation into a single sheet occurred via
B-sheet fusion, where two smaller aggregates, for example,
two 6-chain sheets or a 7- and a 5-chain sheet coming to-
gether. B-Sheet fusion is evidenced by the relative lack of
abundance of 8-11 chain 3-sheets, which would be expected
to occur much more often if the aggregation from 7 chains
to 12-chains was done via monomer addition.

DISCUSSION

The self-assembly of peptides and proteins into soluble
oligomers that evolve to protofibrils and eventually to

fibrils is still challenging to study at atomic resolution
using experimental approaches. Molecular simulations
help reveal the molecular mechanism of the multistep
process of amyloid aggregation, elucidating structural
and kinetic information about this process. The aim of
this work is to characterize structural transitions involved
in oligomer formation for the model peptide
GNNQQNY. To this end, we simulated the aggregation
of 3, 6, and 12 GNNQQNY peptides via REMD using
the CG force field of Bereau and Deserno.”l We used
WHAM to study how various impact parameters vary
with T. Because GNNQQNY is predicted to form parallel
B-sheets in the amyloid ﬁbril,lo_13 we examined the
parallel order of the systems by computing the orienta-
tional order parameters P; in Eq. (10) and P, in Eq.
(11), and examined the change of free energy along these
parameters. We determined the aggregation pathway of
the 3-, 6-, and 12-chain systems by examining the popu-
lations of the oligomeric species in dependence of tem-
perature.

GNINQQGQNY aggregates into parallel j-sheets

Our results clearly show that GNNQQNY has a strong
propensity to form stable B-sheets independent of its oli-
gomeric state. This observation is in agreement with the
result of previous simulation studies investigating
GNNQAQNY oligomerization, ranging from dimer, trimer,
and  tetramer formation using atomic  force
fields17>18,22,23,26 ¢ the aggregation into 12-mers and
20-mers using a CG protein model.3! Our REMD study
leads to an almost exclusive population of parallel {3-
sheets independent of the oligomer size. This parallel
order behavior was verified by examining the tempera-
ture and aggregation dependence of the order parameters
(Py) and (P,), the free energy along these order parame-
ters, and examination of the structures of the 3-, 6-, and
12-mers. In order not to miss antiparallel -sheets, we
examined the distributions of P, and P, values at T,
Tiranss and Thigh. The resulting histograms, shown in Fig-
ures S1-S3, Supporting Information, confirm that anti-
parallel structures also form, especially at Ti,,s. For both
the 3- and 6-chain systems examples for mixed parallel/
antiparallel structures are shown in Figure S4, Supporting
Information. As the temperature decreases, parallel -
sheets become more favored, leading to very low popula-
tion of antiparallel B-sheets at Tj,,. The almost exclusive
preference for parallel B-sheets at low temperatures con-
trasts the findings of earlier simulation studies, which
usually report both antiparallel and parallel B-sheets for
GNNQQNY oligomers”)18)22’23’25_28)30’31 and other
amyloidogenic peptides.6465

From atomic simulations, it could be reasoned that the
stabilization of GNNQQNY parallel and antiparallel
assemblies is based on different effects.2326 Although
side-chain interactions contribute to the stability of the
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parallel states, antiparallel B-sheets form more H-bonds
and are stabilized by electrostatic attraction between the
charged peptide termini from neighbored strands in the
sheet. The latter effect was evidenced by atomic simula-
tions mimicking acidic pH conditions, with charged N-
terminus and uncharged C-terminus, leading to a defi-
ciency of antiparallel structures.2® This finding was used
to explain the parallel arrangement of B3-strands in amy-
loid-like GNNQQNY microcrystalslo_12 and fibrils, 13
both of which have been grown in acidic conditions.
Park et al.27 have found that shape complementarity is
the major factor for determining the sheet pattern,
because it stabilizes the steric zipper motif. Parallel B-
sheets are thus advantageous, as they enable better intra-
sheet and intersheet side-chain contacts.!7-20:23 Only
the presence of charged side chains, like in VEALYL,
KLVFFAE, and STVIIE, favors antiparallel B-sheets, due
to electrostatic interactions.2”>60 Trovato et al.6” derived
sequence-specific interaction energies between pairs of
protein fragments from a statistical analysis of the native
folds of globular proteins, allowing them to predict the
arrangement of ordered self-propagating cross-f3 struc-
tures. Based on this algorithm, they predict that the par-
allel arrangement for GNNQQNY is energetically favored.
The gain in stabilization should increase with sheet size,
which explains why simulation studies find an increased
occurrence of parallel B-sheets the larger the GNNQQNY
oligomers.26:31 This effect was also observed for the
NNQQ sequence®® and the amyloid tau fragment Ace-
VQIVYK-NH,,% which both display parallel B-strands
in amyloid fibrils as was determined experimentally.

Overall, the observation of parallel B-sheets in our
simulation is in agreement with experimental findings
and simulation studies. The deficiency of antiparallel B-
sheets can be attributed to the lack of charged termini in
our study, whereas the CG study by Mousseau and co-
workers3! and most of the atomic simula-
tions!7>18,22,23,25-28,30 yy5eq charged termini to study
GNNQQNY aggregation.

GNNGQGQNY aggregation and -sheet
formation occur at the same temperature

The structural and aggregate-state analysis of our
REMD data for 3-, 6-, and 12-chain GNNQQNY system
revealed that changes in oligomer size and peptide order
correspond to a single change in the heat capacity, C..
GNNQQNY self-assembles into parallel B-sheets at the
transition temperature Ty, of 225-285 K. The absence
of further C, peaks, along with the temperature depend-
ence of the order parameters (P)) and (P,) further evi-
dence that aggregation and [-sheet-formation occur at
the same temperature, implying unordered GNNQQNY
aggregates are thermodynamically unstable. Our REMD
data do not allow us to conclude whether or not the in-
termediate aggregates at Ti.,s are kinetically stable. This
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question needs to be answered with constant-temperature
MD simulations. However, it is very likely that a high ki-
netic stability of unordered aggregates would manifest
itself in a second heat capacity peak, as aggregation and
B-sheet-formation would be expected to occur at differ-
ent temperatures. The observation of only one heat
capacity peak during the aggregation of GNNQQNY fol-
lowed by REMD simulations is confirmed by other stud-
ies using different force fields and investigating other
oligomers: for the dimer and trimer from atomic studies
with implicit solvent!8:23 and for the 3-mer, 12-mer,
and 20-mer from a CG study using OPEP.31

The use of different force fields and concentration con-
ditions (¢ = 80 mM in our study, 10 mM in Ref. 23, 12
mM in Ref. 18, and 4.15 mM in Ref. 31) leads to the ob-
servation of different transition temperatures: depending
on system size between 250 and 280 K in our study and
between 280 and 295 K in the study by Mousseau and
coworkers,31 while temperatures of ~ 400 K (Ref. 23)
and 371 K (Ref. 18) were reported from simulations
using CHARMM19.98 Although the difference of more
than 100 K between the atomic and CG T, results
might be surprising, it should be noted that for the
aggregation of the KFFE peptide it has been shown that
the employment of different implicit solvent models in
connection with the same atomic force field can result in
different oligomeric structures and aggregation tempera-
tures of more than 200 K difference.?? In the light of
this finding, the similar transition temperatures from our
and the OPEP studies’! is quite remarkable. A possible
explanation is that Bereau and Deserno followed a simi-
lar coarse-graining strategy”l to that used by Derreu-
maux and coworkers for the development of OPEP,47—50
using a detailed representation of the backbone atoms
and reducing each side chain to one single bead. Further-
more, the OPEP and Bereau and Deserno energy func-
tions are expressed in terms of similar types of interac-
tions, and they treat solvent effects and electrostatic
interactions originating from charged side chains implic-
itly.

By repeating the REMD simulation of the 6-chain sys-
tem at a concentration of 10 mM, we verified that the
lack of amorphous GNNQQNY aggregates is not due to
the rather high concentration in our study. The results of
this simulation (energy, C,, P;, and P,) are summarized
in Figure S6 (Supporting Information). Like for ¢ = 80
mM, we observe a single C, peak that corresponds to the
aggregation into ordered B-sheets. This is supported by
the increase of P, and P, at the transition temperature.
Expectedly, the lower concentration shifts the equilibrium
between the dissociated and aggregated phases toward
the dissociated state, leading to a slight decrease of Tiaps.
At Tiow» P1, and P, reach similar values as in the simula-
tions with ¢ = 80 mM, whereas at Ty, the exact same
values are found. Visual inspection of the final oligomers
found at ¢ = 10 mM further confirmed that the
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GNNQAQNY aggregation pathway is not very sensitive to
concentration changes on the 10> molar scale.

GNINQGNY p-sheets grow via monomer
addition and oligomer fusion

From Figures 5 and 9, we can observe that for the 3-
and 6-chain systems, GNNQQNY aggregates into one
long B-sheet as the system is cooled. In both cases, all
oligomer sizes are visited during the formation of the tri-
meric and hexameric 3-sheet, respectively. We assigned
the combination of various oligomer sizes to specific ag-
gregate states (Tables I and II), allowing us to follow the
aggregation pathway in temperature space. The compari-
son with the order parameters (P;) and (P,) and the sin-
gle C, peak already revealed that aggregation and B-sheet
formation occur at the same temperature. We can, there-
fore, conclude that the oligomerization into small (-
sheets proceeds via monomer addition to existing B-
sheets and fusion of smaller B-sheets. For the 12-chain
system, GNNQQNY aggregates either into a single 12-
mer P-sheet or into a double-layered -sheet with the
two [-sheets being of similar size. Figure 9 shows that
the probability for the B-sheets consisting of 8-11 pep-
tides is considerably reduced compared to the smaller
and dodecameric 3-sheets. Therefore, we can conclude
that first B-sheets with a high preference for 5-mers, 6-
mers, and 7-mers are formed, which then aggregate into
a single- or double-layered 12-mer. The final stable struc-
tures, which we obtain for the 12-mer, are very similar to
those found with OPEP, apart from the above-mentioned
difference regarding the orientation of the strands within
the sheets.3!

The tendency of the GNNQQNY sequence to form
small but stable -sheets, which act as aggregation nuclei
has already been noticed in previous simulation studies
on this system.zs’?’1 These studies reported tetrameric
aggregation nuclei, while we also observe a high stability
for pentameric and hexameric B-sheets. In agreement
with previous simulation work?? and with entropic and
energetic arguments,11 we can confirm that short double
layers do not form. Only for the 12-mer, we observe
such structures corresponding to steric zipper formation.
They are entropically favored over the single layer 12-
mer for temperatures between 235 and 285 K, whereas
below 235 K the latter is enthalpically preferred.

Using CG protein models, it has been demonstrated
that B-sheet propensity, conformational flexibility of the
monomeric peptide, and hydrophobicity determine the
aggregation pathway.343%70 The importance of the
monomeric structure for amyloid formation has been
highlighted in work by Pellarin and Caflisch,34 who used
a CG model with varying stability of the B-prone state to
investigate the kinetics and pathways of fibril formations.
They found that different B-propensities give rise to dif-
ferent aggregation mechanisms, namely a disordered

aggregation pathway for the B-unstable state; fibril for-
mation via oligomeric on-pathway intermediates for a
more stable B-state; and fibril formation without inter-
mediates in the case of a very B-stable state.34 Similar
conclusions were drawn by Bellesia and Shea, who used a
different coarse-graining approach to compute a phase
diagram for peptide aggregation as a function of temper-
ature and B-sheet propensity.39 Hall and coworkers
simulated the aggregation of palindromic sequences into
amyloid fibrils.”0 They found different aggregation path-
ways for the sequences AGAAAAGA and the more hydro-
phobic VAGAAAAGAV. The aggregation of the latter can
be explained by the concept of the condensation-ordering
transition,343%71 in which disordered oligomers formed
by condensation at an early stage are transformed to or-
dered structures at a later stage. Here, the condensation
step is driven by both hydrophobic interactions and
hydrogen bonding, while for AGAAAAGA the initial
aggregation is mostly driven by hydrogen bonding.”9
AGAAAAGA, like GNNQQNY, initially forms small B-
sheets; these elongate by monomer addition and then as-
sociate into fibrils.”0

CONCLUSIONS

The main conclusion from our study is that the aggre-
gation of the hydrophilic GNNQQNY sequence is mainly
driven by H-bond formation, leading to the formation of
B-sheets from the very beginning of the assembly pro-
cess. The preceding condensation step, resulting in amor-
phous aggregates as observed for amyloidogenic hydro-
phobic peptides, does not occur for GNNQQNY. Instead,
condensation (aggregation) and ordering take place
simultaneously. This is evidenced by a single peak in the
heat capacity curve for GNNQQNY assembly.23 31
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