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Free Energy Landscapes for Amyloidogenic Tetrapeptides Dimerization

A. Baumketner and J.-E. Shea

Department of Chemistry and Biochemistry, University of California, Santa Barbara, California

ABSTRACT The oligomerization of four peptide sequences, KFFE, KVVE, KLLE, and KAAE is studied using replica-exchange
molecular dynamics simulations with an atomically detailed peptide model. Previous experimental studies reported that of these
four peptides, only those containing phenylalanine and valine residues form fibrils. We show that the fibrillogenic propensities of
these peptides can be rationalized in terms of the equilibrium thermodynamics of their early oligomers. Thermodynamic stability of
dimers, as measured by the temperature of monomer association, is seen to be higher for those peptides that are able to form
fibrils. Although the relative high and low stabilities of the KFFE and KAAE dimers arise from their respective high and low
interpeptide interaction energies, the higher stability of the KVVE dimer over the KLLE system results from the smaller loss of
configurational entropy accompanying the dimerization of KVVE. Free energy landscapes for dimerization are found to be strongly
sequence-dependent, with a high free energy barrier separating the monomeric and dimeric states for KVVE, KLLE, and KAAE
sequences. In contrast, the most fibrillogenic peptide, KFFE, displayed downhill assembly, indicating enhanced kinetic ac-
cessibility of its dimeric states. The dimeric phase for all peptide sequences is found to be heterogeneous, containing both
antiparallel B-sheet structures that can grow into full fibrils as well as disordered dimers acting as on- or off-pathway intermediates

for fibrillation.

INTRODUCTION

A number of debilitating diseases of the central nervous sys-
tem, such as Parkinson’s, Jacob-Creutzfeld, and Alzheimer’s
disease, are linked to the misfolding and subsequent aggre-
gation of proteins into insoluble fibrils (1-3). The precise
role of these fibrils in the etiology of the disease is unclear,
with increasing evidence pointing to strong cytotoxicity of
smaller prefibrillar oligomers. Much of the research on ag-
gregation over the last decade has focused on a structural
characterization of fibrils with particular emphasis on the
factors that contribute to the overall stability of these aggre-
gation end-products. A number of attempts have been made
to rationalize fibrillation of proteins and peptides in terms of
their amino acid sequences. Hydrophobic tail-to-tail con-
tacts, for instance, have been shown to stabilize octanoyl-
mutated AB16-22 peptides (4), locking them into the parallel
B-sheet orientation. The possible role of -electrostatic
interactions in enhancing the stability of amyloid fibrils
through salt bridges has been investigated for a number of
amyloidogenic peptides (5—7). Recent computer simulations
have also sought to characterize the stability (8-11) of
fiberlike, B-sheet structures. Although providing invaluable
information about the nature of the resulting fibrils, the
above structural studies offer limited insight into how and
why aggregation proceeds. A detailed molecular mechanism
of fibril formation, which takes into account both the dis-
aggregated as well as aggregated states, has yet to emerge
from such studies.

Submitted January 7, 2005, and accepted for publication May 31, 2005.
Address reprint requests to J. E. Shea, E-mail: shea@chem.ucsb.edu.

A. Baumketner’s permanent address is the Institute for Condensed Matter
Physics, 1 Svientsitsky Str., Lviv 79011, Ukraine. E-mail: andrij@icmp.
Iviv.ua.

© 2005 by the Biophysical Society

0006-3495/05/09/1493/11  $2.00

The aim of this article is to use fully atomic molecular
dynamics simulations to investigate the process of aggrega-
tion in its entirety, starting from the monomeric state all the
way through to the formation of oligomeric species. We
focus on the simplest aggregation process, that of dimeriza-
tion, and consider four tetrapeptide sequences experimen-
tally shown to form fibrils (12). Our analysis is centered on
the study of the underlying energy landscape, which offers a
comprehensive picture of both the thermodynamics and
kinetics of aggregation. Aggregation can be considered a
nucleation-growth process, in which the formation of a
critical nucleus allows fibrillation to proceed (13). Under
conditions of perfect thermodynamic equilibrium, this crit-
ical nucleus corresponds to an aggregate of a size such that
the enthalpic gain of forming the assembly balances the
associated loss of entropy. Aggregation can be viewed as
mostly governed by equilibrium thermodynamics (14), so
long as the monomers and various oligomers and fibrils
correspond to distinct physical phases and not to kinetically
trapped metastable phases (15). Peptide aggregation pro-
ceeds directly from a natively unfolded state, and the free
energy barrier between this unstructured native state and the
nucleus governs the ease with which aggregation can occur.
Aggregation appears to be an intrinsic property of poly-
peptides chains and given appropriate external conditions
(temperature, concentrations, etc.), any peptide can form ag-
gregates (16). Whether or not the aggregate forms depends
on the nature of the free energy surface under the given set of
conditions considered.

In this work, we find that the fibrillation propensities of
model aggregating peptides can be predicted from the
thermodynamic stability and kinetic accessibility of early
oligomers. We consider dimers of the four tetrapeptide

doi: 10.1529/biophysj.105.059196



1494

sequences, KFFE, KVVE, KLLE, and KAAE, studied by
Tjernberg et al. (12). The peptides are modeled using atom-
ically detailed representation (17) and an accurate implicit
solvation method (18). Spherical cages with repulsive walls
are introduced to encapsulate the peptides to enforce con-
stant concentration conditions. Molecular dynamics simu-
lations are carried out at a range of temperatures according to
the replica-exchange algorithm (19). At a characteristic tem-
perature T, specific to each system, the peptides undergo an
association transition from monomeric states at T > T, into
a dimeric state at T < T,. This transition temperature T,
is used as a gauge of the thermodynamic stability of the dimers
relative to the monomers at a given temperature 7. The
higher the value of T,, the greater the stability of the dimer.
Our simulations predict that the sequences can be ranked in
terms of stability as follows: KFFE > KVVE > KLLE >
KAAE. This ranking correlates well with the experimental
findings of Tjernberg et al. (12), which indicate that only the
KFFE and KVVE peptides are able to form fibrils, whereas
KLLE and KAAE peptides do not fibrillate under the same set
of conditions.

To gain further insight into the mechanism of peptide
assembly, we construct free energy surfaces for dimerization.
We find that the three least fibrillogenic sequences, KVVE,
KLLE, and KAAE, must undergo a cooperative two-state
transition to dimerize, a process that requires overcoming a
significant free energy barrier separating monomeric and
dimeric states. In contrast, the KFFE free energy surface is
downhill in nature, with no significant barrier present. As
barrierless transitions imply faster rates, the KFFE sequence
emerges as having not only the most thermodynamically
stable dimer, but also the most kinetically accessible one. We
propose new experiments to probe the peptide rankings, the
reasons for which fibrillation of other tetrapeptide sequences
is inhibited, and to identify experimental conditions under
which each peptide sequence can fibrillate.

METHODS AND MODELS
Protein model

The KFFE, KVVE, KLLE, and KAAE peptides studied in this work were
modeled using the CHARMMI19 united-atom force field (17). Covalent
bonds involving hydrogen atoms were kept constant using the constrained
dynamics SHAKE algorithm (20). The dynamics were propagated using
Langevin method with the friction constant ) = 20 ps~ ' and a time step 8¢
of 2 fs. No cutoffs for the long-range electrostatic and van der Waals
interactions were used. Solvent effects were taken into account implicitly,
through the Generalized Born solvation method (18) parameterized for
peptides. The force-field/solvation model scheme employed in this article
has been successfully used by Jang et al. (21) to fold peptides of various
native-state geometries. The Generalized Born method accounts only for the
electrostatic component of the solvation free energy, but not the nonpolar
(hydrophobic) (22) component. This approximation is justified for small
peptides such as the ones considered in this work. Indeed, the solvent-
accessible surface area, commonly used to model hydrophobic effects, is not
suitable at small length scales; the strength of the hydrophobic effect scales
with the volume and not the surface area of the solute (23,24) for interacting
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objects of a diameter 10 A or less. Only for objects larger than 10 A does the
hydrophobic effect become increasingly stronger and dependent on the
surface area terms (23). In addition, the hydrophobic effect at small length
scales is mostly entropic in nature and, as a result, weaker than the other
types of interactions (23). Since the peptides investigated here are smaller
than 10 A in size in the dimeric state, the hydrophobic solvation free energy
term can be neglected. We note that the hydrophobic solvation term is very
important at larger length scales and will play a role in bringing pre-
assembled B-sheets together to form fibrils.

Confinement potential

The peptides were confined to model constant concentration conditions and
prevent the peptides from drifting away. We used spherical cages with
repulsive walls developed by Klimov et al. (25) in the context of chaperone-
assisted protein-folding. Inside a cage of radius R, an atom at position 7 from
the origin of the reference frame is subject to a confining interaction,

TR R S Rt

where parameters o and e were assigned values 1 A and 1 kCal/mol,
respectively, for all atoms of the peptides, including hydrogens. The above
potential energy is obtained by integrating the standard 1/r'> Lennard-Jones
repulsion term over the surface of the sphere. We do not expect the details of
the confining potential used here to qualitatively affect our results and con-
clusions.

The radius of the cage was chosen to be R = 17 A for all peptide systems
studied. This corresponds to a molecular concentration of 160 mM which is
approximately three orders-of-magnitude higher than the concentration of
200-300 uM at which the experiment of Tjernberg et al. (12) was reported.
Simulations performed at larger R could produce a better agreement with the
experiment, but would be prohibitively expensive computationally, due to
the need to sample the increased volume of the configuration space that
corresponds to monomeric states. Such simulations would not change our
main conclusions regarding the dimeric phase, since we explicitly verified
that the dimers of all four peptides studied here are not affected by the
presence of the spherical constraints. Using the same sphere radius R for
all four peptide sequences allows us to test their aggregation propensities
relative to one another and predict which peptides will form stable dimers
under a given set of conditions. We also explicitly verified that the con-
formational statistics of the monomers of all four peptides studied are not
affected either by the repulsive potential of the encapsulating sphere or by
the presence of the second peptide.

Replica-exchange molecular dynamics

Replica-exchange (REX) molecular dynamics simulations (19,26) were used
to ensure an efficient exploration of conformational space. The REX
protocol is specifically designed to overcome trapping in potential energy
minima, a problem that typically hampers conventional constant temperature
simulations. Within the REX protocol, simulations of a number of identical
copies (replicas) of the original system are run in parallel. Temperature is
treated as a dynamical variable and assigned on a per-replica basis.
Periodically, every 7 time steps, attempts to swap replicas n and m, simulated
at inverse temperatures B; and B;, respectively (j = i = 1), are made. The
swaps are accepted with the probability min {1,e***F}, where AE = E, —
En, AB = Bj — Bi and Ei denotes the potential energy of replica k. The
procedure allows for unrestrained walks for each replica up and down in
temperature, from a minimum value T},,;, to maximum value T',,. This re-
sults in overall accelerated dynamics associated with facilitated crossing of
potential energy barriers at elevated temperatures.

For the four peptide sequences studied in this work, the parameter Ty,
was adjusted so that each replica underwent multiple associations/
dissociations over the course of the simulation. The minimum temperature
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Tmin Was chosen in short trial runs such that it lies in the vicinity of the
estimated transition temperature for assembly T,. Specifically, Tp;, and Tiax
were chosen to be 325 and 500 K for the KFFE peptide, 270 and 800 K for
the KVVE and KLLE peptides, and 260 and 724 K for the KAAE peptide. Six
independent replicas, at temperatures exponentially spaced between T,
and Tyax, Were considered for the phenylalanine mutant, and eight replicas
for the other three peptides. Acceptance ratio for the swaps among replicas
was seen to be uniform in the considered temperature range and never
<30%. Replica swaps were attempted every 2000 time steps for the leucine
mutant and 1000 time steps for the other peptides. A total of 200,000 swap
attempts were made for the KFFE and KAAE peptides, 250,000 for the
KVVE peptide, and 100,000 for the KLLE peptide. This resulted in the total
simulation time of 400 ns for the phenylalanine, leucine, and alanine mutants
and 500 ns for the valine mutant. We note that the relaxation time observed
in our simulations (as judged from the fluctuations of Rg) would be 50-100
times longer, had we used the conventional constant temperature algorithm.
Hence the use of the REX protocol was essential for these simulations,
which took on the order of one week per system to complete.

The energy distributions and joint energy-Rg distributions collected
during the simulations at varying temperature were used in the multiple his-
togram reweighting technique (27) to extract the canonical-ensemble aver-
ages from the REX trajectories. Mean potential energy, Rg, specific heat, and
fluctuations of Rg were computed in this way as a function of temperature.

RESULTS
Thermodynamics of dimerization

All four peptide sequences can undergo a structural transi-
tion from monomeric phase into the dimeric phase. Di-
merization is associated with a decrease in the overall size of
the system (as measured by the radius of gyration Rg of the
two peptides). The Rg and mean-squared deviation of Rg are
plotted as a function of temperature in Fig. 1 a for all four
peptide sequences. At high temperatures (700 K), all four
peptides occupy conformations with a similar large Rg =
8-9 A. The size of the system is controlled at these tem-
peratures exclusively by the confining sphere. As the tem-
perature decreases, the distance between the peptides starts
to diminish, driven by favorable intermolecular interactions,
reaching Rg ~4-5 A at T ~300 K. The manner in which the
reduction of the molecular size occurs is specific to each
peptide sequence. At a transition midpoint temperature 7, the
peptide can be found with equal probability either in mono-
meric or dimeric conformations and, as a result, the deviation
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of the molecular size ARg is maximal. Below this temper-
ature T,, which we will refer to as the association temper-
ature, the dimeric conformations with low Rg become more
populated than the monomeric states. Conversely, for 7 > T,
the monomeric states with large Rg dominate the conforma-
tional statistics. The difference AT between a given temper-
ature T and the temperature at which the association occurs is
a measure of the thermodynamic stability of the dimeric
phase. Large values of AT correspond to systems that form
stable dimers at this temperature 7. Small (approaching zero)
values of AT indicate that the dimers are not very stable at the
temperature T and can easily break apart. Under such con-
ditions the system can exist as a mixture of dimers and
monomers. The mean-square deviation of Rg as a function of
temperature is shown in Fig. 1 b for all four peptide se-
quences studied in this work. The association temperature 7,
is identified from this figure as the maximum in (ARg>) (7).
The association temperature T, = 325 K of the phenylalanine
mutant is higher than the 7, of all other peptides. The
transition temperatures of the others are, in decreasing order:
T, = 285 K for the valine mutant, 275 K for the leucine
mutant, and 225 K for the alanine mutant. In terms of
thermodynamic stabilities of the dimers at a given temper-
ature and concentration, the order of the transition temper-
atures implies that the sequences can be ranked in order of
increasing dimer stability as follows: KAAE < KLLE <
KVVE < KFFE.

We now turn to an in-depth analysis of the equilibrium
thermodynamics of association to rationalize, at a micro-
scopic level, the ordering of dimer stabilities. At the temper-
ature of association T = T, both the monomeric and dimeric
phases have equal free energy Fy = F,,. Hence,

T, = AU/AS. )

AU in this expression denotes the gain in potential energy
due to dimerization and AS is the loss of entropy associated
with it. Monomers are favored by entropy and are thus
predominantly populated at high temperatures (T > T,),
whereas the dimeric phase dominates at low temperatures
(T < T,) due to favorable potential energy contributions.

10 T [ T I T ] T T T T I T I T
T=225K | — KkFFE| ]
T,=285K |~ ﬁrfg o FIGURE 1 Temperature-dependence of the
o~ T =275K | — KAAE - radius of gyration Rg (@) and the mean-square
) L T 305K — deviation (ARg?) (b) computed in replica-
h "cAJ.. a 5 exchange simulations for dimers of the four
M - / = amyloidogenic peptides KFFE, KVVE,
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The potential energy term can be decomposed into a con-
tribution from the monomers self-interaction AU,,,, and
from the interaction energy between monomers AUj:

AU = AUon + AUy 3)

The self-interaction or intrachain term AU,,,, accounts for
the interaction energy among the atoms of only one of the
two peptides considered in the simulations, irrespective of
whether this peptide is part of a dimer or remains in a
monomeric state. An analysis of AU, as a function of the
radius of gyration (Rg) reveals that the intrachain energy is
the same at both large and small Rg for all four peptides,
implying that the transition into dimeric states is not accom-
panied by a substantial change in potential energy of mono-
mers. The total dimerization potential energy AU is hence
mostly due to the intermonomer interaction energy AUjy,.
Free energy surfaces as a function of AU, and the radius
of gyration are plotted in Fig. 2 for each peptide near its
transition temperatures (T = 285 K for KVVE, T = 270 K
for KLLE, T = 240 K for KAAE, and T = 325 K for KFFE).
The surfaces reveal a clear energetic benefit for monomers
to populate dimeric conformations. Comparing the monomer
interaction energy at Rg ~9 A and 5 A we find that the
dimers of KVVE and KLLE peptides are stabilized by ~15
kCal/mol, those of KFFE peptides by ~16 kCal/mol, and
those of KAAE by 10 kCal/mol. These data suggest that the
peptides can be ranked in order of increasing interaction
energy AU as KAAE < KVVE ~ KLLE < KFFE. Con-
sequently, since the peptides rich in phenylalanine and
alanine residues display the highest and lowest interaction
energy, respectively, we conclude that the observed highest/
lowest relative stabilities of their dimers are due to the
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potential energy contributions to the free energy. Additional
detailed analysis of the different components of the inter-
action energy between KFFE monomers reveals that the
terms pertaining to the PHE atoms contribute to the greatest
extent to the favorable total energy.

This observed ordering of the intermonomer potential
energy does not explain, however, why the association
temperature is higher for the valine-based peptides than for
the leucine-based system. Since both the KVVE and KLLE
systems have comparable AU values, the different stabilities
of their dimers must be a result of the relative entropic con-
tributions to T,. The total loss of entropy due to dimerization
is composed of translational AS,, and conformational AS,
contributions,

AS = AS, + AS,. “)

The loss of translation entropy occurs because the cavity
volume V? available to two monomers moving indepen-
dently is reduced to V once they form a dimer. Assuming that
the molecular volume V, is approximately equal for all four
peptides, then AS,. ~ —log(V — V},) becomes independent of
peptide type, as long as the cavity volume V is kept constant.
The conformational entropy AS. is then responsible for the
variations in T, observed for the valine- and leucine-based
systems. Since AS., which measures the number of molec-
ular conformations available to the system under a given set
of conditions, is not directly available from simulations, we
must turn to a qualitative analysis of AS.. We assess the
magnitude of AS. from projections of the conformational
space available to the molecules onto a subspace of selected
configurational variables. We use ¢/i dihedral angles as the
main descriptors of conformational states. Free energy maps

0 121 KFFE
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3.111 10
—_ 3.889
< 4.667
o 832 B
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FIGURE 2 Free energy surface for the KVVE,
4 . - - 3 . - ; : - KFFE, KLLE, and KAAE dimers, plotted as a
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12 4 124 KAAE tem, at temperatures near the respective transi-
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as a function of ¢/ angles for the two Leu residues of the
KLLE sequence are shown in Fig. 3. Considering that dimers
are formed when Rg < 5 A, we computed the maps for
monomeric and dimeric states separately. The peptide
conformational entropy is assessed from these maps from
the surface area of the occupied regions. Fig. 3 reveals that
there are three main, highly populated regions in the ¢/
maps of Leu-1 and Leu-2 residues for the peptide in mono-
meric form. Region I is centered at coordinates (—100,125)
and corresponds to extended, B-strandlike conformations.
Region II is found at the minimum corresponding to
a-helical conformations (—100,—50). Region III, located at
(50,—100), corresponds to conformations without well-
defined secondary structure. Upon transition to the dimeric
states, the following two features emerge from the free
energy maps: Firstly, the surface area under region I (its
volume) becomes smaller when the transition is made.
Secondly, the random-coil minimum (III) and «-helical
minimum (II) completely disappear for Leu-1 whereas the
volume of region II is significantly reduced for Leu-2. We
interpret these changes in the ¢/iy maps as indicative of
conformational restrictions imposed on the monomeric
KLLE peptides due to their integration into dimers. Based
on the data presented in Fig. 3, we conclude that dimerization
of KLLE peptides is accompanied by a reduction in confor-
mational entropy, ASL<0. A similar map to Fig. 3 was ob-
tained for the KVVE sequence.

The precise extent of entropy loss during dimerization
depends on the relative population of minima I, I, and III in
the free energy map. The more populated the minimum I for
monomeric states, the lesser the resulting entropy loss. We
find that for the leucine-rich peptide, the B-strand minimum I
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is populated up to 90% of the time. For the valine-based
peptide this number is slightly higher, 93%, indicating a
lower loss of entropy associated with the dimer transition,
|ASE|>|ASY|. Returning to Eq. 2, we now see the implica-
tions of this relationship for the ordering of the dimerization
temperature of the peptides. Recall that the interaction en-
ergy between monomers of KVVE and KLLE peptides is
almost equal, AU~ ~ AU". Therefore, the above ordering of
the entropic contributions implies that Ty >TL, in agree-
ment with our simulations results presented in Fig. 1.

Since the difference between -structure contents of
monomeric KVVE and KLLE is small (on the order of 3%),
we undertook further tests to verify that such a small dif-
ference can indeed bring about a sizable change in dimeriza-
tion temperature. In particular, we sought to determine the
value of the transition temperature of the KLLE sequence if
the monomers were forced to adopt 3-strandlike conforma-
tions. This was done by performing simulations with pa-
rameters identical to those described in Methods and Models
for the original KLLE system but using additional biasing
potentials. To limit conformational sampling to the region of
the B-strand minimum I shown in Fig. 3, we employed
quadratic energy terms centered around (—90,120) for ¢/iy
angles of Leu' and around (—100,130) for Leu?. As a result,
the non-B-strand minima II and III in the monomeric ¢/is
map for this new system were completely eliminated, with
the free energy map of dimers undergoing changes mostly
related to the shape of the populated regions. The biasing
potential did not affect the intermonomer interaction energy,
which remained near 15 kCal/mol. Based on the newly
generated ¢, ¥ map we concluded that the loss of con-
formational entropy due to dimerization was significantly

0
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FIGURE 3 Free energy map in ¢/ di-
hedral angles for the Leu residues of KLLE
di-peptide system, plotted at 7 = 270 K. The
data are shown for both monomeric and
dimeric states of the peptide, assuming that
dimers are characterized by gyration radius
<5 A. The loss of conformational freedom
due to dimerization is readily apparent.
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reduced, if not completely eliminated for the modified
system. Interestingly, statistical analysis of the radius of
gyration at varying temperature revealed that the association
transition temperature had risen ~10 K as a result of the
biasing, from 275 K for the original system to 285 K for the
peptide with biased sampling. This is the same difference in
T, as the one observed for the KVVE and KLLE systems. This
finding further confirms that the conformational entropy
contribution to the free energy is responsible for the relative
stability of KLLE and KVVE dimers.

Fibril-productive B-sheet conformations compete
at low temperature with amorphous aggregates

The nature of the dimeric phase for each peptide sequence is
analyzed to gain insight into possible mechanisms for
fibrillogenesis. Different dimeric conformations can give rise
to different scenarios for self-assembly of larger oligomers
and a structural characterization of these conformations can
provide important clues about their ability to generate amyloid
structures. Certain conformations may serve as seeds for the
subsequent growth of larger oligomers whereas others may
be dead-end products, remaining in a dimeric form or possi-
bly dissociating, allowing for their later assembly with preex-
isting fibrils.

The aggregated phase for all four tetrapeptide sequences is
found to be inhomogeneous, presenting both B-sheet confor-
mations that can lead to fibrillation as well as dimers that do
not possess any well-defined secondary structure. These
amorphous dimers, which constitute the majority of asso-
ciated conformations, differ in both shape and potential
energy. Fig. 4 shows a plot of potential energy as a function
of the RMS deviation from the ideal 3-sheet conformation
for the case of the KFFE peptide sequence. (Similar plots are

=)

o

=
T

E (kCal/mol)

-1005 -

-1010 L 2 L 1 " 1 " 1 i 1
0 1 2 3 4 5 &

RMSD (A)

FIGURE 4 Clustering of the energy-minimized dimeric conformations
obtained in the replica-exchange molecular dynamics simulations of the
KFFFE peptide. The data are shown as a function of potential energy and C,
RMS deviation from the B-sheet conformation (represented in Fig. 5). The
clustering was carried out using the hierarchical clustering method as
implemented in the MMTSB tools set (28).
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obtained for the other sequences.) All conformations are
grouped into four distinct clusters, based on the hierarchical
clustering method implemented in the MMTSB tools set
(28). The first cluster, cluster C1, contains ideal antiparallel
B-sheet conformations (see Fig. 5) as well as conformations
in which one of the strands is flipped over, as shown in Fig. 6.

The ideal B-sheet dimers have a 5-10 kCal/mol higher
potential energy than their misshaped variants. It is clear
from Figs. 5 and 6 that only the dimers in the regular B-sheet
conformation are able to immediately bind a third chain in a
B-sheet hydrogen-bonding conformation. The distorted con-
formations (Fig. 6) lack the necessary pattern of hydrogen
bond donors and acceptors on one side of the complex to
extend the sheet. Both the ideal and distorted 3-sheets have
higher potential energy than the conformations belonging
to the three remaining clusters (C2, C3, and C4). Parallel
orientations of the B-sheets are not observed in any cluster.
The conformations from clusters C2, C3, and C4 are very
dissimilar to each other as well as from a 8-sheet confor-
mation. The average C, RMS deviation among the centroids
of all the four clusters is ~4 A. A feature shared by non-$
conformations is that they all possess bends in the individual
monomeric strands that allow for a larger number of hy-
drogen bonds to be formed than in the B-sheet case. The
centroid of the cluster with the lowest potential energy
(cluster C4) is displayed in Fig. 7. Compared to the ideal
B-sheet configuration, which forms four hydrogen bonds, the
C4 centroid has six intact bonds and thus possesses a lower
potential energy. The structure is stabilized by interactions
between the positively charged side chain of the GLU
residue of one of the monomers with the negatively charged
LYS side chains of either the same monomer or the other
monomer. As is the case for the distorted B-sheet structures,

FIGURE 5 Antiparallel B-sheet conformation observed in replica-
exchange simulations of the phenylalanine tetrapeptide KFFE.
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FIGURE 6 A B-sheet conformation in which two strands are aligned
parallel but one of them is flipped over (cluster C1, KFFE tetrapeptide).
Compare to the regular 8-sheet conformation in Fig. 5.

the amorphous conformations are kinetic intermediates that
need to rearrange before adopting a -sheet structure con-
sistent with the cross-@ structural model of amyloid fibrils.

Downhill free energy for dimerization of the KFFE
peptide sequence

Free energy surfaces projected onto appropriate reaction
coordinates can provide important information about both
the thermodynamics and kinetics of peptide association.

FIGURE 7 Centroid of the dimeric cluster C4 with the lowest potential
energy observed in this work for the KFFE peptide using replica-exchange
simulations.
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Thermodynamic preferences for the dimeric phases can be
quantified in terms of free energy differences between the
monomeric and dimeric states, whereas the rate of dimer-
ization is governed by the height of the barrier separating the
assembled and disassembled states (29).

The free energy surface for the KFFE tetrapeptide di-
merization is plotted at the transition temperature 7, = 325 K
as a function of the potential energy and the radius of
gyration in Fig. 8 a. At this temperature, the monomeric
conformations (Rg > 6 A) coexist with the dimeric phase
(Rg < 6 A). The structural diversity of the dimeric phase,
discussed in the previous section (see Fig. 4), is also visible,
with dimeric conformations with Rg < 5 A separated by a
very small barrier (less than a kgT) from the other dimers.
Oligomerization of this peptide is accompanied by a gradual
decrease of the gyration radius as the temperature is lowered.
This can be seen in Fig. 8 b, which depicts the free energy
map at a high temperature (7' = 500 K) at which the mono-
mers constitute the dominant phase. At this temperature,
dimers with Rg < 5 A are unstable by ~7 kgT.

The free energy maps of the phenylalanine peptide are in
stark contrast with those of the other peptides studied in this
work. As an illustration, Fig. 9 shows the free energy surface
for the KLLE sequence at T = 298 K (slightly above its T, of
275 K). The free energy map contains two minima corre-
sponding to monomeric and dimeric phases, respectively,
separated by a barrier of 4 kgT. The leucine tetrapeptide,
unlike the phenylalanine variant, displays the two-state be-
havior characteristic of cooperative transitions. The presence
of a significant barrier implies that the leucine dimers will
form more slowly than their phenylalanine counterparts.

The mechanisms leading to the formation of dimers of
KFFE and of KLLE were probed by considering free energy
maps plotted as a function of the C, radius of gyration and
the radius of gyration computed over the phenylalanine (Fig.
10 a) and leucine (Fig. 10 b) atoms at their respective tran-
sition temperatures. The Rg—Rg map for the KFFE sequence
reveals that the dimerization of the phenylalanine-containing
peptides proceeds in two phases. In the first step, the mutual
separation among the phenylalanine atoms is dramatically
reduced from 12 to ~5 A, whereas the overall size of the
system remains large (up to 8 A). In the second step,
the backbone C, atoms come into contact, cementing the
dimeric conformations and reducing the total size of the
system from a radius of gyration of ~5 A. This sequence of
events during oligomerization indicates that the dimerization
of KFFE monomers is initiated by PHE-PHE side chain
coming into contact, followed by interactions of the peptide
backbones (hence the off-diagonal appearance of Fig. 10 a.
The early formation of the PHE-PHE contacts, stabilized
by van der Waals interactions, effectively removes the free
energy barrier to dimerization, a barrier which would other-
wise hinder monomer assembly. In contrast to KFFE, the
dimerization of KLLE displays a Rg—Rg free energy map
(Fig. 10 b) with a diagonal shape. In this instance, the Leu
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side-chain atoms and the monomer backbones undergo
a simultaneous transition into collapsed dimeric states. The
monomeric and dimeric phases are separated by a free
energy barrier at the transition state region (Rg ~7-8 A), as
the Leu residues do not interact in a stabilizing manner to
form pre-dimer intermediate conformations (as was the case
for the KFFE sequence). The KLLE and KFFE peptides
clearly follow different oligomerization pathways, with the
PHE-PHE interactions emerging as the main driving force
for KFFE assembly.

DISCUSSION AND CONCLUSIONS

With the goal of gaining further insight into the general
principles underlying amyloid formation, we have investi-
gated the equilibrium thermodynamics of dimerization of
four tetrapeptide sequences, KFFE, KVVE, KLLE, and
KAAE, two of which, KFFE and KVVE, were shown to
fibrillate, and the other two, KLLE and KAAE, to remain
soluble under the same experimental conditions (12). In
our analysis of the peptide dimers, we observe some clear
thermodynamic trends which appear to be in good agreement
with experiment. The applicability of our results to pre-
dictions regarding the full fibrils is, however, contingent on

-930 -920 -910 -900 -890 -880 -870
E (kCal/mol)

FIGURE 9 Free energy surface for the KLLE dimer plotted relative to its
lowest value in units of kgT near its T,.
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the KFFE dimer plotted relative to its
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the experimental critical nucleus being small. As a general
rule, simulations addressing questions of peptide fibril for-
mation or growth need to consider a number of peptides in
the simulation cell that is at least as large as the size of the
critical nucleus. Although the size of the critical nucleus for
aggregation of the peptides studied in this work is not
known, it is conceivable that it can be made quite small, by
carefully tuning the experimental conditions—in particular,
temperature and peptide concentration. In fact, many aggre-
gating peptides are believed to possess critical nuclei as
small as dimers, which implies a completely downhill aggre-
gation scenario. In the initial fibrillization stages of A314-23
(5) and -2 microglobulin (30), for instance, stable dimeric
intermediates are populated. Isolated A340/42 dimers have,
however, been shown to generate amorphous aggregates
rather than fibrils (31). In assessing the predictive power of
our results, one can argue that, qualitatively, an amyloido-
genic peptide that can exist as a stable dimeric B-sheet
should also form stable larger 3-sheets, since the formation
of both dimer and fibril is driven by essentially the same
energy-entropy terms. In the event that the amorphous
dimers are on-, rather than off-pathway intermediates, the
observed agreement between simulation and experiment
becomes not merely coincidental, and stability trends for the
KXXE dimers can be directly extrapolated to rationalize the
stability of fibrils. The full extent to which the thermody-
namics of small oligomers can be used to quantitatively
predict aggregation propensities of fibrils is the subject of our
future investigations involving larger-size oligomers.

The dimerization trends found in our simulations are in
good agreement with experimental fibrillation propensities.
The KFFE and KVVE sequences have higher association
temperatures T, than the other two peptides, implying that at
a temperature T below T, of all mutants, the KFFE and
KVVE dimers are more thermodynamically stable than the
KLLE and KAAE dimers. This is consistent with the results
of Tjernberg et al. (12), which show that only peptides
containing phenylalanine and valine are capable of forming
fibrils. We note that the fact that the KLLE and KAAE
peptides were not seen to aggregate under the same experi-
mental conditions as the KFFE and KVVE peptides does not
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mean that these peptides are incapable of aggregation. It
simply indicates that experiments were performed in a regime
where the fibrils are neither thermodynamically stable nor
kinetically accessible. Based on the association temperature
trend for dimerization seen in our simulations, we predict
that performing experiments at lower temperatures (higher
concentrations) could lead to fibrillation of these peptides.

Our simulations reveal that the free energy landscape of
aggregation is strongly dependent on the sequence of the
involved peptide. Although the peptide mutants containing
leucine, alanine, or valine need to overcome a significant
barrier on the way to an aggregate state, the phenylalanine
peptide undergoes association in an noncooperative manner,
with a free energy surface devoid of barriers. Its radius of
gyration decreases gradually as the temperature is lowered,
a signature of a continuous, second-order-like, rather than a
discontinuous, first-order-like transition. The implication of
this type of the free energy landscape is that dimer con-
formations are more easily accessible for the KFFE peptide
than for the other peptide. The distinctive character of the free
energy map observed in our simulations of the KFFE se-
quence is consistent with the recent reports (32) ascertaining
that phenylalanine residues play an exceptionally important
role at inducing fibril formation in peptides. A more detailed
analysis on the factors that contribute to this fibrillogenic
property of phenylalanines will be presented elsewhere.

Our results indicate that by both thermodynamic and
kinetic criteria, the phenylalanine mutant exhibits features
favoring aggregation that set it apart from the experimentally
nonaggregating sequences. The barrier observed for the
KVVE, KLLE, and KAAE peptides may play a dual role in the
fibrillation reaction: 1), it may slow down formation of
dimers from monomers at the initial stages of the process;
and 2), it may hinder late-stage re-equilibration of the system
by preventing rapid disintegration or rearrangement of the
dimers on their way to form larger aggregates. In light of the
strong sequence-dependence of the free energy surfaces for
aggregation that emerges from our simulations, we suggest
that future research in peptide aggregation should be directed
at understanding how the sequence characteristics of

1501

1.00C

2.00C
apog FIGURE 10 Free energy surfaces ex-

400¢  Plaining the mechanism of dimerization
for (@) KFFE and (b) KLLE peptides.
The surfaces are shown as a function of
the C, radius of gyration (Y axis) and
the radius of gyration calculated over
atoms involved in two central residues
(phenylalanines for KFFE and leucines
for KLLE).

5.00C
6.00C

. 7.00C

8.000

10 12
Rg (A), LEU

aggregating peptides affect the free energy barrier for aggre-
gation. Fibrillation propensities are indeed determined not
only by the free energy differences between reactants (mono-
mers) and product (aggregates) but perhaps more im-
portantly by the kinetic accessibility of the product. How
quickly (and in fact whether) aggregation can proceed depends
primarily on the free energy barrier separating the reactants
from the products. Ultimately, it is those conformations be-
longing to this transition state ensemble that will determine
whether fibril formation will occur.

Our simulations, in conjunction with the work of
Tjernberg et al. (12) on the same peptides, shed interesting
new light into the role of hydrophobic interactions in aggre-
gation propensities. Hydrophobic forces are often consid-
ered to play a dominant role in polypeptide aggregation
propensities (33). Mutations of hydrophobic residues (34)
into polar ones, as well as reducing the temperature such that
the hydrophobic forces are significantly weakened (35), have
both been shown to strongly inhibit aggregation. More recent
articles indicate that hydrophobicity may actively participate
in the fine-tuning of the fibrillar structure (36), quantitatively
defining amyloidogenic propensities (15). According to
hydrophobicity scales (37), the side chain of leucine residues
is more hydrophobic than that of valine residues and one
would hence expect a stronger interaction energy in
oligomers of KLLE. Yet, the valine-containing tetrapeptide
(KVVE) has been shown experimentally to form fibrils
whereas the KLLE remains soluble (12). We find in our
simulations that entropic rather than energetic factors govern
the relative stabilities of the KVVE and KLLE dimers. The
valine-rich peptide is seen to populate more 3-strand con-
formations than its leucine-containing counterpart. As a re-
sult, oligomerization of the KVVE system is accompanied by
a smaller loss of conformational entropy, which, in turn, pro-
motes higher thermodynamic stability for the oligomers.

The dimeric phase for all four sequences studied was found
to be heterogeneous, with 3-sheets conformations competing
at low temperatures with structurally disordered conforma-
tions. A similar diversity of structures has been reported in
simulations of hairpins (38) and other [-sheet-forming
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peptides (39). Only ordered B-sheets have the correct
hydrogen-bonding properties consistent with the cross-
structure found in amyloid fibrils. Although not in the native
B-sheet secondary structure arrangement, stable amorphous
dimers can potentially act as on-pathway kinetic intermedi-
ates for fibrillization. Although the formation of an ideal
[B-sheet structure may turn out to be the main nucleation event,
it is indeed also conceivable that the energetically favored on-
pathways amorphous dimers may form initially, followed by
a phase transition into more stable fibrillar structures. A
number of recent experiments nonetheless indicate that
soluble amorphous oligomers also act as off-pathway species
for the formation of fibrils. A mutant of the AB14-23 peptide
was seen to bring fibril formation to a complete halt through
over-stabilization of dimeric conformations (5). A dimeric
intermediate of AB1-42 obtained from the brain of a patient
with Alzheimer’s disease, as well as in an in vitro study,
generated only amorphous aggregates and not fibrils (31).
Similarly, the fiber assembly of a synthetic peptide lacking
sufficient number of charged residues was shown to be
strongly inhibited by an overwhelming competition from the
amorphous aggregates (40). In addition, nitration has been
shown to inhibit the fibrillation of a-synuclein by forming
stable soluble oligomers (41).

We speculate that the reason for nonfibrillation of another
set of tetrapeptides studied by Tjernberg et al. (12), those
with neutralized termini, is due to a kinetical partitioning into
non-B-sheet structures rather than to insufficient stability of
the fibers. This hypothesis can be easily tested experimen-
tally through temperature-dependent studies. High temper-
atures should destabilize any amorphous dimers and provide
additional monomers for fibril growth. We would therefore
expect fibrils to become more abundant at higher temper-
atures if kinetic traps are responsible for fibril inhibition.
Fibril formation should decrease at higher temperatures, on
the other hand, if lack of stabilizing interactions is the cause
for the absence of fibrils under physiological conditions.
Elucidating the precise reasons for fibril inhibition will
further our understanding of aggregation and may contribute
to the development of therapeutic strategies for diseases in
which amyloid fibrils are implicated.
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