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Recent evidence suggests that amyloidogenic oligomers may be
the toxic species in cell cultures. Thus, it is crucial to understand
their structure and oligomerization mechanism in atomistic detail.
By employing tens of fast central processing units and an advanced
phase-space sampling algorithm, parallel-tempering molecular dy-
namics, we have explored the energy landscape of amyloidogenic
peptide oligomerization in explicit water. A pentapeptide, DFNKF,
derived from human calcitonin and its mutant, DFAKF, was simu-
lated with a total simulation time of �500 ns. The detailed
oligomerization process of a DFNKF parallel �-sheet formation at
300 K has been characterized. The assembly of a parallel �-sheet
from the amorphous state mainly occurs via a ‘‘bottleneck’’ chan-
nel where the interstrand Asn–Asn stacking is the major interac-
tion. The interactions of Asn–Asn stacking include both backbone
and side-chain hydrogen bonds. The Asn–Asn interactions work
like ‘‘glue’’ by sticking the DFNKF strands together and assist the
‘‘on-pathway’’ oligomerization. The Asn–Asn stacking observed
here is similar to the Asn ladder commonly found in globular
�-helix proteins. A control run shows that when Asn is mutated to
Ala, the stability and population of the DFAKF parallel �-sheet is
decreased. Furthermore, our in vitro mutagenesis experiments
show that the ability of DFAKF peptides to form amyloid fibrils is
significantly reduced, in agreement with the simulations. Knowl-
edge of the energy landscape of oligomerization may provide hints
for rational drug design, preventing amyloid-associated diseases.

amyloid oligomerization � bottleneck channel � �-helix � human
calcitonin � mutagenesis

Proteins fold in vivo into their unique 3D structures to
perform their biological functions. Yet, under certain con-

ditions, proteins can misfold and aggregate, leading to the
malfunctioning of the organism (1). Amyloid fibrosis is one such
example, involving severe diseases such as Alzheimer’s disease,
Prion disorder, and Parkinson’s disease (1). Although amyloi-
dogenic diseases are characterized by the deposition of insoluble
amyloid fibrils, recent evidence suggests that amyloid oligomers
and protofibrils may actually be the toxic agents (2, 3). The
increasing appreciation of the importance of the toxic oligomers
in the pathological process has attracted considerable attention,
focusing not only on their structures but also on the details of
their oligomerization mechanism (4–6).

X-ray diffraction data indicate that amyloid fibrils from
peptides of unrelated origins have a similar cross-�-fibril orga-
nization (7). Also, amyloidogenic proteins do not share sequence
or structural homology. The noncrystallinity and insolubility of
amyloid fibrils complicate the determination of their structures
in atomic detail by conventional methods, such as x-ray crystal-
lography and solution NMR. Nevertheless, the mechanisms of
formation and the structure of amyloid fibrils are starting to be
revealed by a number of experimental (8–10) and molecular-
modeling methods (4, 5, 11). Solid-state NMR studies of A�-
fibrils provide valuable insights toward the understanding of the

structures of the amyloid fibrils (8). Molecular dynamics (MD)
simulations at various levels of complexity, ranging from the
continuum solvent model (5) to all-atom models with explicit
solvent (4, 12), have also been used, complementing the exper-
imental macroscopic views of peptide aggregation.

Recently, we searched for potential minimal peptides that are
able to form ordered amyloid (13). We found that a pentapeptide,
DFNKF, derived from human calcitonin (hCT) assembles into
highly ordered fibrils. Experimentally, the DFNKF peptides can
form amyloid fibrils similar to the full-length hCT. hCT tends to
aggregate, and its amyloid depositions are associated with medul-
lary carcinoma of the thyroid (14). Our group has studied its
stability and dynamics by constant-temperature MD (CTMD). The
results showed that the most stable organization of the DFNKF
protofibril is a parallel �-stranded sheet (15). Even small oligomer-
like trimer and tetramer were stable with a parallel organization for
a sufficient time in 350-K MD simulations (16). This result indicates
that the size of the crucial nucleus seed for amyloid formation could
be quite small, and it supported the experimental observations of
the rapid amyloid fibril formation. Recently, solid-state NMR data
on the DFNKF peptide by isotope labeling of atoms in two Phe
positions have been reported (17). The authors have demonstrated
that a mixed model of 70% in-register antiparallel structure and
30% other structure (the first Phe forms a hydrogen bond with Asn)
provided a best fit to the ‘‘limited’’ solid-state NMR data. However,
additional data are essential to understand the DFNKF amyloid
structure in atomic detail (A. Naito, personal communication). For
the full-length calcitonin peptide, the authors suggested a mixture
of antiparallel and parallel �-sheets under acidic conditions. Other
studies have indicated that some amyloidogenic peptides can adopt
a mixed organization with parallel and antiparallel arrangements (6,
9, 18). Recent experiments have suggested that amyloid fibrils have
distinct morphologies and different morphologies have different
underlying molecular structures (19).

The main difficulty in computational studies of the amyloid
assembly mechanism arises from limited computer power and
simulation techniques. Parallel-tempering MD (PTMD) is a pow-
erful approach that can sample the conformational space more
effectively (20) than CTMD. At room temperature (RT), proteins
are usually trapped at some local energy minima. To fold into their
native structure, proteins have to transverse the rugged energy
landscape and escape the energy traps. These barrier-crossing
processes are believed to be the most time-consuming steps in
protein folding (21). Several computational algorithms, such as
Monte-Carlo minimization (22), umbrella sampling, multicanonical
sampling (23), and parallel-replica dynamics (24), have been de-
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veloped to speed up protein-folding simulations (25, 26). Designed
to overcome the barrier-crossing problems, PTMD runs a series of
MD simulations at various temperatures ranging from low to high
temperature. It has been applied to study the folding of peptides
and miniproteins successfully (27–31).

In this study, PTMD as well as mutagenesis were used to explore
the energy landscape of the amyloid-forming peptide DFNKF
oligomerization. Understanding the mechanism of amyloid oli-
gomerization is crucial, not only because amyloid oligomers are
potential toxic species (2, 3) but also because they can act as nucleus
seeds for amyloid fibril formation (16). Based on our simulations,
we propose a mechanism for the formation of parallel �-sheet of
DFNKF trimer. The simulations have pointed toward the signifi-
cant role of the Asn residue in amyloid formation. A mutated
peptide, DFAKF, is also simulated to directly compare the free-
energy surface of DFNKF. In addition, in vitro mutational exper-
iments were performed. The experiments further support the
simulation results.

Methods
Computational Method and System. The PTMD simulations were
performed to study the energy landscape of amyloidogenic peptide
oligomerization by an in-house program, MCMD [developed by
C.-J.T. and H.-H.(G.)T.]. The following three systems were studied:
DFNKF trimer, DFAKF trimer, and DFNKF monomer. The
DFNKF pentapeptide is a neutral peptide derived from the hCT.
One control run with mutant peptide, DFAKF, was performed to
examine the role of Asn in DFNKF amyloid formation. The
DFNKF monomer simulation is served as a reference to under-
stand the conformation change during oligomerization. All simu-
lations were performed in explicit water with an all-atom
CHARMM-22 force field (32) under periodic boundary condition.
The simulations reached a total simulation time of �500 ns. All
simulations were performed in the Biowulf PC�Linux cluster at the
National Institutes of Health (available at: http:��biowulf.nih.gov).

Supporting Information. The details of computational method are
described in Supporting Computational Methods, which is published
as supporting information on the PNAS web site. The supporting
information provided to support the conclusion of this work include
the details of computational method and experimental procedures,
the energy landscape of DFNKF aggregation along the coordinates
of radius of gyration and the total contacts, TEM and CR analysis
of DFAKF peptide deposit for a longer incubation time, and one

additional simulation of DFNKF aggregation with all initial con-
figurations having a C�-RMS deviation of �2.0 Å.

Results and Discussion
Characterization of DFNKF Monomer Conformations. To understand
the energy landscape of the DFNKF oligomerization, the confor-
mations of the DFNKF monomer were characterized first. Char-
acterization of the DFNKF monomer conformations is necessary.
It provides a reference to monitor the conformational changes that
occur during the course of oligomerization. Fig. 1 shows the energy
contours of the DFNKF monomer in the coordinates of end-to-end
distance and radius of gyration at 300 K, calculated from the PTMD
and CTMD simulations, respectively. The unit used in Fig. 1 is RT.
The end-to-end distance was calculated by using the separation
between the nitrogen atom of the ammonium group at the N
terminus and the carbon atom of the carboxylate group at the C
terminus. The radius of gyration was calculated with all of the heavy
atoms. For comparison, simulation conditions used for PTMD and
CTMD simulations were set to be the same, if possible. The
simulations started from an extended structure. The results show
that two discrete basins existed in the PTMD simulation, whereas
there was only one basin sampled in the CTMD simulation. In the
PTMD simulation, the conformations of the DFNKF in its mono-
meric form were distinguished by two states, the �-strand-like form
and the helical-turn�random coil form, as shown in Fig. 1. In
contrast, only one conformation, the �-strand-like form, was sam-
pled in the CTMD simulation. It is clear that the CTMD sampled
only the conformational space around the initial conformation
during the limited simulation time. PTMD sampled both the
�-strand-like and the helical-turn�random-coil conformational
space. The results described here further validate that the PTMD
sampled the conformational space much more effectively than the
CTMD at the relevant physiological temperature. To sample the
helical-turn�random-coil conformational space by using CTMD, it
needs a higher simulation temperature (350 K) and a longer
simulation time (12 ns), as demonstrated in the previous study (16).

In the PTMD simulation, the helical-turn conformation of the
DFNKF monomer was found to be 0.21 kcal�mol lower in free
energy than the �-strand. There exists a barrier separating the
helical-turn�random coil and the �-strand-like conformational
space. This energy barrier was characterized to be 2.4 RT (1.43
kcal�mol). Because the barrier is higher than RT, it retards the free
interconversion between the �-strand and the helical-turn�random-
coil at RT, as shown by the RT CTMD simulation. Amyloid fibrils

Fig. 1. Energy landscapes of the DFNKF monomer at 300 K along two reaction coordinates of the end-to-end distance and the radius of gyration. The unit is
in RT. (A) calculated from the PTMD simulation. (B) calculated from the CTMD simulation. The program VMD (50) was used to draw the peptide structures.
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are believed to have cross �-structures. Thus, the assembly of the
cross �-amyloid fibrils from the monomers might happen by means
of a conformational change (e.g., helical-turn3�-strand).

Energy Landscape of DFNKF Trimer Oligomerization. The previous
comparative MD study, which built different possible models of
DFNKF organizations and examined their stabilities by MD sim-
ulations, found a stable structure of in-register parallel �-sheet (15).
Even small oligomers were also stable for several nanoseconds in
350-K MD simulations (16). However, no stable antiparallel
�-sheet structure was found (15). In this PTMD study, although the
simulations started from different organizations with partially
parallel �-sheet characteristics, the higher-temperature simulations
still allowed us to sample the antiparallel �-sheet phase space well.
Detailed examination of the trajectories sampled in the lower-
temperature replicas showed that only a negligible population of
antiparallel �-sheet was sampled. Even though some conformers
were associated in an antiparallel arrangement, their population
was very low, and their conformations were not in-register antipa-
rallel �-sheet structures. Thus, we focused here on studies of the
energy landscape of the parallel �-sheet oligomerization of DFNKF
trimer.

To delineate the energy landscape of oligomerization, the en-
sembles sampled at a given temperature were projected on two
reaction coordinates, pQnat and Rg. The pQnat is the fraction of
‘‘native’’ contacts (pQnat) based on the optimized parallel �-sheet of
the DFNKF trimer taken from ref. 16. A parallel ‘‘native’’ contact
was defined as an interstrand backbone hydrogen bond (33) or a
distance between two side-chain geometrical centers of nonadja-
cent residues �6.7 Å (27), and the Rg is the radius of gyration
calculated by using all heavy atoms. The pQnat, with a scale from
zero to one, was used to measure the degree of oligomerization, and
the Rg was used to monitor the extent of aggregation.

Fig. 2 shows the energy landscapes of DFNKF trimer oligomer-
ization in terms of pQnat and Rg reaction coordinates at the following
four different temperatures: 300, 318, 347, and 378 K. For simplic-
ity, to quantify the barriers at different temperatures, the energy

scale used in Fig. 2 is given in units of RT instead of kcal�mol. The
energy landscapes show the following interesting features relating
to the DFNKF trimer oligomerization. (i) The energy landscape is
more rugged at low temperature and becomes smoother as the
temperature increases. At 300 K, a barrier exists at reaction
coordinates pQnat � 0.7 and Rg � 7.0 Å, separating its two
neighboring basins. This barrier disappears when the temperature
is increased. As a result, the DFNKF trimer sampled all local basins
more easily with higher thermal energy than at RT (300 K). (ii) At
RT (300 K), the in-register parallel �-sheet of the DFNKF trimer
(in the basin with pQnat � 1.0) does not have the lowest free energy.
Instead, the basin with pQnat � 0.5 is highly populated. This result
indicates that the formation of the in-register parallel �-sheet of the
DFNKF trimer could be a kinetic trap. The small oligomer is
expected to be less stable. However, the stability of the oligomer will
increase with the number of strands, rising dramatically when the
critical nucleus seed is formed. At higher temperatures, the pop-
ulation shifted to the lower pQnat side, where the DFNKF trimer
gained more entropic energy. (iii) At 300 K, during the early events
of aggregation (e.g., Rg � 9.0 Å), the aggregates were amorphous
and had a low fraction of parallel ‘‘native’’ contacts (e.g., pQnat �
0.15). Nevertheless, the aggregates with Rg � 9.0 Å had a higher
fraction of total contacts (Qtot � 0.40; see Fig. 7, which is published
as supporting information on the PNAS web site). This result
indicates that the early stage of aggregation was also driven by some
‘‘nonnative’’ interactions. The pQnat increased dramatically when
the radius of gyration of the aggregates decreased to �8.5 Å. (iv)
At 300 K, there was one lower energy barrier at reaction coordi-
nates pQnat � 0.2 and Rg � 8.5 Å. This energy barrier was lower than
that with reaction coordinates at pQnat � 0.7 and Rg � 7.0 Å.
Nevertheless, its reaction coordinates were narrow, like a ‘‘bottle-
neck,’’ which retarded the free conversion of structures between
two neighboring minima at 300 K. At 318 K, this barrier became
broader and was no longer ‘‘bottleneck-like.’’ However, when the
temperature continued to increase (347 and 378 K), this barrier
became narrower again. This result is because, at higher temper-
atures, the reaction shifted to the lower pQnat side, and this barrier
region was less sampled.

Backbone Hydrogen Bond Probability. To identify which residue of
DFNKF has a significant role during the oligomerization and in
stabilizing the parallel �-sheet, the probabilities of individual in-
terstrand backbone hydrogen bonds were calculated over a wide
range of temperatures. For clarity, each residue is denoted by one
subscript number and abbreviated by its one-letter code. Because
the DFNKF peptide is derived from residues 15–19 of hCT, the
sequence numbers of DFNKF are kept the same as those in the
original hCT and shown as subscript numbers to the one-letter
code. For example, the residue Asp is abbreviated as D15. The
hydrogen bonds were numbered from the N to C termini with a
parallel �-sheet organization. For example, the backbone hydrogen
bond, D15 O . . . H F16 nearest to the N termini was numbered as
1, and the backbone hydrogen bond, F19 H . . . O K18 closest to the
C termini was numbered as 4. Fig. 3 shows the probabilities of
interstrand backbone hydrogen bonds and their average as a
function of temperatures of 300–513 K. The average hydrogen
bonds, as well as individual hydrogen bonds, decreased gradually
with temperature, indicating a steady decrease of parallel �-sheet
characteristics. Hydrogen bonds 2 and 3, which locate at the interior
of the �-sheets, were relatively more stable than hydrogen bonds 1
and 4, which are close to the N or C terminus. The latter hydrogen
bonds are more likely to be broken when ‘‘attacked’’ by water
molecules. Similar results were observed in the �-hairpin simula-
tions (34), in which native hydrogen bonds near the N�C termini
were less stable than those close to the turn. The less stable
backbone hydrogen bonds (1 and 4) also indicate that the residues
near the N�C termini are relatively more flexible. Both more stable
hydrogen bonds (2 and 3) are associated with the Asn residues

Fig. 2. Energy landscape of DFNKF trimer oligomerization at four different
temperatures [300 (A), 318 (B), 347 (C), and 378 (D) K] by using two reaction
coordinates, the fraction of parallel ‘‘native’’ contacts (pQnat) and the radius of
gyration (Rg). The units of energy are shown in RT.
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making up the highly populated interstrand Asn–Asn interactions.
The interactions with higher populations are expected to have more
important roles in stabilizing the parallel �-sheet of the DFNKF
trimer and the oligomerization mechanism.

The stability of the interior backbone hydrogen bonds may arise
mainly for two reasons. (i) Because they are located at the interior
region of the strands, they are well protected by other residues from
being attacked by water molecules; and (ii) the specific side-chain–
side-chain interactions, �–� stacking of F16–F16 and the hydrogen
bonds between Asn side chains, may have significant roles in
stabilizing the interior backbone hydrogen bonds, helping the
formation and stabilization of the �-sheet. The significant role of
aromatic amino acids in molecular recognition and in the self-
assembly of amyloid and amyloid-related structures has been
demonstrated in refs. 35–37. Moreover, Asn-rich and Gln-rich
peptides were found to tend to aggregate (38, 39). Together, it
appears that the existence of a Phe�aromatic ring together with
Asn�Gln residues may serve as a common denominator for amyloid
formation of various amyloidogenic peptides. Some examples of
aromatic–Asn or Asn–aromatic conjugates in amyloidogenic pep-
tides are summarized in Table 1 (13, 40–43).

Pathway of DFNKF Trimer Oligomerization. Combining the energy
landscapes and backbone hydrogen bond probability discussed
above led us to propose a populated oligomerization pathway of the
parallel �-sheet DFNKF trimer, characterized at 300 K. In Fig. 4,
the structures selected to represent the different energy minima are
the structures that are highly populated in the specific basins. Here,
we describe one populated pathway; however, other pathways are
also possible. The oligomerization reaction occurs along the pQnat
coordinate (pQnat increases from zero to one; from basin A to D).
At pQnat � 0 (basin A), the conformations of the DFNKF trimer
were amorphous, with less structural characteristics of parallel
�-sheet. In this basin, strands formed helical-turn, random-coil, or
�-strand-like structures. Helical-turn�random-coil structure, the
lower energy conformer of the DFNKF monomer, dominated the
population of this basin. Basin B (0.1 � pQnat � 0.2 and Rg � 8.5
Å) is a narrow channel interconnecting basins A and C (the highest
populated basin). In this region, the three strands were stacked
one-by-one, forming a screw axis along the three aligned Asn
residues. The structure shown in basin B is shown from the top of
the screw axis. When the Asn–Asn stacking is formed, the oli-
gomerization progresses smoothly to basin C. Basin C (pQnat � 0.5

and Rg � 8.5 Å) is a larger basin containing complex structures with
�50% of the parallel �-sheet characteristics. They generally had the
two following characteristics. (i) The Asn–Asn stacking occurred as
shown in basin B. (ii) The interior backbone hydrogen bonds were
formed; however, the N�C-terminal residues were less in-register to
form the �-sheet. The reaction barrier was characterized at pQnat �
0.7, where the formation of the parallel �-sheet of the DFNKF
trimer is retarded. This is the time-limiting step, mainly arising from
the interstrand packing of the �-sheet at the N�C termini. Last, the
well organized parallel �-sheet of the DFNKF trimer (pQnat � 1.0)
formed at basin D.

To form the parallel �-sheet of the DFNKF trimer, the amor-
phous aggregates (basin A) pass through a narrow channel (basin
B). This channel is narrow, acting as a bottleneck pathway to form
the parallel �-sheet structures. The analysis shows that the struc-
tures in this channel contained a significant amount of Asn–Asn
stacking between strands. The Asn–Asn stacking interactions
mainly include interstrand backbone and side-chain hydrogen
bonds of Asn. The Asn–Asn stacking characterized here is similar

Table 1. Amyloidogenic peptide sequences highlighting the
aromatic–Asn or Asn–aromatic conjugates

Amyloidogenic peptide Parent protein Ref.

GNNQQNY and PQGGYQQYN Yeast prion Sup35 40
NFGAIL and NFLVH Islet amyloid protein 39
NFGSVQ Medin 41
SFNNGDCCFILD Gelsolin 42
DFNKF Human calcitonin 13

Fig. 3. Temperature dependence of interstrand backbone hydrogen bond
probabilities of the DFNKF trimer.

Fig. 4. Characterization of the oligomerization pathway of the parallel
�-sheet of DFNKF trimer at 300 K. The formation of parallel �-sheet of DFNKF
trimer follows the reaction coordinate of the fraction of parallel ‘‘native’’
contacts (pQnat) from 0.0 to 1.0 (from basins A to D). (A) Amorphous state. The
structures aggregate with the combination of helical-turn, random-coil, and
�-strand-like conformers with less or no �-sheet structural characteristics. (B)
Bottleneck channel. The structures in this narrow region contained significant
amount of Asn–Asn interactions. The structure shown here is viewed from the
top of the screw axis forming along the aligned Asn–Asn contacts. (C) A highly
populated basin. This basin contained various complex structures with �50%
of in-register parallel �-sheet characteristics. (D) In-register parallel �-sheet of
DFNKF trimer. For clarity, the color–residue correspondences are also labeled
in structure D. The program VMD (50) was used to create images of the peptide
structures.
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to the Asn ladder commonly observed in naturally occurring
�-helices (44). The Asn–Asn stacking works like ‘‘glue’’ by sticking
the DFNKF peptides together and help them get into the ‘‘on-
pathway’’ reaction coordinates to form the parallel �-sheet of the
DFNKF oligomers. Previous CTMD studies showed that when the
Asn was mutated to Ala, the parallel �-sheet DFAKF tetramer
quickly lost its �-sheet integrity (16). Our results here suggest that
the Asn–Asn stacking is the key interaction in the formation of
parallel �-sheet of DFNKF oligomers.

To examine how sensitive are the energy landscape and the
results to the initial configurations, one addition simulation of
DFNKF peptides was performed, with all initial configurations
having a C�-RMS deviation of �2.0 Å (see Supporting Computa-
tional Methods for details). The results show that the basin with
parallel in-register �-sheet was not sampled within the same
simulation time. This result might be expected. Because all initial
configurations are far away from this basin, it will take a longer time
for this basin to be sampled. Nevertheless, the featured bottleneck
channel is still observed in the 300-K energy surface, which further
supports our conclusion.

Energy Landscape of DFAKF Trimer Aggregation. One run was
performed with the mutant peptide (DFAKF) by using the same
simulation protocol as for the DFNKF to further examine the
role of Asn in amyloid formation. The energy landscape of
DFAKF aggregation (Fig. 5) is generally shifted to the smaller
pQnat regions as compared with the energy landscape of the
DFNKF oligomerization (Fig. 4). The DFAKF peptides are
prone to form amorphous aggregate with less (or no) features of
native contacts as compared with DFNKF (basin A in Fig. 4),
which might be simply ascribed to the larger hydrophobicity
of DFAKF than DFNKF. However, no obvious population
with pQnat � 1.0 is observed for DFAKF. The basin with pQnat �
0.75 is the closest one near the in-register parallel �-sheet
(pQnat � 1.0). In addition, the largest basin in the DFNKF energy
landscape with pQnat � 0.5 (basin C in Fig. 4) is shifted to the
basin with pQnat � 0.4 in the DFAKF energy surface. At the same
time, the population of this basin in DFAKF is lower than the
corresponding one in the DFNKF energy surface. Together, the
parallel �-sheet of DFAKF peptides is short-lived as compared
with the parallel �-sheets of DFNKF. Namely, the tendency of
DFAKF to form stable and quasistable parallel �-sheet trimer is
reduced compared with DFNKF. However, whether or not the
DFAKF can form amyloid fibril cannot be simply predicted from
the simulation.

In Vitro Mutant Experiments. Compelling evidence (45, 46) sug-
gests that Asn�Gln-rich domains have a high propensity to form
self-propagation of amyloid fibrils. Of particular interest, Wick-
ner and coworkers (46) recently generated five Ure2p variants
(46% N�Qs) in which the amino acid sequences were randomly
scrambled, but the amino acid composition was kept. All of the
five scrambled Ure2p variants still form prion in vivo and amyloid
fibers in vitro. Because all Ure2p variants still contain 46% N�Qs
and all formed amyloids, the results indicated that the formation
of the Ure2p amyloid is mainly driven by Q�N runs. Our work
also indicated the significant roles of Asn in DFNKF amyloid
formation. To further validate the role of Asn, in vitro mutant
experiments were performed by mutating the Asn to Ala. The
detailed description of the experimental procedure is given in
supporting information. We first studied the ability of the
DFAKF peptide to form amyloid fibrils under the same condi-
tions as described for the DFNKF wild-type fragment (13). The
incubation of 10 mg�ml DFNKF peptide for 2 days resulted in
massive formation of typical amyloid fibrils as observed by
transmission electron microscopy (TEM) analysis (Fig. 6A). The
peptide deposits showed typical and very strong green-gold
birefringence under polarized light upon staining with Congo

red (Fig. 6B). In contrast, no amyloid fibrils were observed when
the DFAKF peptide was incubated under the same experimental
conditions. Extensive analysis of a large area by using electron
microscopy did not reveal any typical amyloid fibrils. Only
occasional amorphous aggregates (Fig. 6C) were observed with
low occurrence. Also no birefringence could be observed with
the DFAKF peptide under the same conditions (Fig. 6D).

To study whether the undetectable fibrilar structures is a result
of a slow kinetics of formation, a solution of the peptide under
the same experimental conditions was monitored for 7 weeks.
Only after 2 weeks of incubation, some fibrillar structures were
observed (Fig. 8A, which is published as supporting information
on PNAS web site). Nevertheless, the amount of fibrillar struc-

Fig. 5. Energy landscape of DFAKF trimer aggregation at 300 K using two
reaction coordinates, the fraction of parallel ‘‘native’’ contacts (pQnat) and the
radius of gyration (Rg). The units of energy are given in RT.

Fig. 6. Analysis of the DFNKF and DFAKF peptides. (A) Fibrillar structures
formed by the DFNKF pentapeptide after 2 days of incubation at concentra-
tion of 10 mg�ml as observed by TEM. (B) CR analysis of DFNKF protein deposits
shows typical amyloid birefringence. (C) Amorphous aggregates formed by
the DFAKF peptide after 2 days of incubation at concentration of 10 mg�ml as
observed at low frequency by TEM. (D) CR analysis of the mutant peptide
DFAKF. (Scale bars, 100 nm.)
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tures was very small and the fibrils did not show the typical
entangled morphology as commonly observed with potent amy-
loidogenic peptides. Moreover, the peptide solution did not show
typical birefringence (Fig. 8B). After 7 weeks of incubation no
significant change in the amount or order of the fibrillar
structures could be observed. Together, it appears that although
the substitution of the Asn residue did not abolish the ability
of the peptide to form amyloid fibrils, it reduced it very
significantly.

Because the formation of amyloid fibrils is a nucleation-
dependent process and, thus, is highly concentration-dependent,
we extended our studies to examine the ability of the DFAKF
analogue to form amyloid fibrils at a 2-fold concentration of 20
mg�ml. However, no typical amyloid fibrils or CR birefringence
was observed with the peptide at this concentration (data not
shown). The increased concentration only resulted in the in-
crease of amorphous aggregation. These in vitro experiments
further validate the significant role of Asn in amyloid fibril
formation identified in our simulations and support the pro-
posed oligomerization mechanism derived from the simulations.

Significant Features of Parallel �-Sheet Amyloid Model. The parallel
�-sheet model presents features that contribute to more favor-
able interactions than those observed in the antiparallel �-sheet
model. Within the in-register parallel �-sheet packing, identical
residues stack over each other along the fibril axis. Similar
phenomena were observed in the naturally occurring �-helix
where the chemically similar residues are consistently aligned in
successive helical tiers yielding aliphatic, aromatic, and polar
stacks (44). Our analysis of the �-helices has led to similar results
(data not shown). Further, additional evidence has suggested
that amyloids and �-helices may share a similar folding motif
(47–49). In the case of the DFNKF, the in-register parallel
�-sheet model has two aromatic interactions between �-strands
in the same sheet from F16–F16 and F19–F19 stacking. In contrast,
the in-register antiparallel �-sheet model has only one aromatic
interaction from F16–F19 stacking (17). Moreover, when the F19
was trimmed, the tetrapeptide DFNK still can form amyloid,

even though less ordered (13). In this case, no obvious aromatic
stacking exists in the in-register antiparallel �-sheet DFNK
model. However, the F16–F16 stacking still remains in the in-
register parallel �-sheet DFNK model. In addition, our findings
toward the significant role of Asn in amyloid formation. In the
in-register parallel �-sheet topology of Asn�Gln-rich peptides,
each Asn and Gln side chain can have hydrogen bonds with its
two neighboring strands forming a side-chain hydrogen-bonding
network. In contrast, in the antiparallel model, each side chain
can form hydrogen bond with only one other side chain (38),
where the Asn side-chain–side-chain hydrogen bonds are dis-
continuous. The successive Asn side-chain–side-chain hydrogen-
bonding network is frequently found in globular �-helix proteins
and is commonly called ‘‘Asn ladder.’’ The directional Asn
side-chain–side-chain hydrogen bonds, as well as the backbone
hydrogen bonds, can have an important role in assisting amyloid
fibril elongation.

In summary, here we explore the energy landscape of an
amyloid-forming pentapeptide, DFNKF. Our study suggests the
significant role of Asn in amyloid formation. The Asn–Asn
stacking between strands constitutes a bottleneck channel in the
formation of the parallel �-sheet of DFNKF trimer. When the
amyloid elongates, the Asn–Asn stacking can be extended to a
larger Asn ladder, as commonly present in globular �-helices.
Moreover, our in vitro mutant experiment further supports the
simulation results. Additional simulations and experiments
would elucidate the oligomerization mechanism and structures
of amyloid-forming peptides with various sequences. In partic-
ular, we focus on the role of Asn�Gln in amyloid formation.
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