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We discuss two Monte Carlo studies based on a simple all-atom model for proteins. The first
study explores the early aggregation steps of Aβ16−22 , an amyloid fibril-forming 7-residue
fragment of Alzheimer’s Aβ peptide. The other study deals with the mechanical and thermal
unfolding of ubiquitin, a 76-residue protein that was studied in recent single-molecule constantforce experiments.

1 Introduction
Protein aggregation into amyloid fibrils is a recurrent theme in several human disorders,
including Alzheimer’s and Parkinson’s diseases,1 and there is evidence that amyloid structures can have a functional role, too.2 The mechanisms of amyloid formation are currently
being intensely investigated, both experimentally and by computer simulations. These
studies are not limited to fibrillar aggregates; small assemblies get more and more attention, because of findings that link soluble oligomers to pathology.3 A broad set of sequences is studied, from disease-associated proteins like the Alzheimer’s Aβ peptide to
designed amyloid sequences like the hexapeptide STVIIE.4
Here we discuss a study of small assemblies of the Aβ fragment Aβ16−22 ,5 which was
performed using an all-atom model with a simplified energy function. In addition, we discuss a study of the mechanical and thermal unfolding of ubiquitin,6, 7 based on exactly the
same model. This model was developed through folding studies of a set of well characterized peptides,8, 9 including α-helical as well as β-sheet peptides. For these peptides, the
model was found to give a good description of both structure and thermodynamics.9
Mechanical unfolding has been studied experimentally at the single-molecule level for
several proteins. These studies have provided valuable insights into the elastic properties
of, e.g., the muscle protein titin.10, 11 Typically, these experiments focus on the extensionversus-force behavior. Computer simulations have the potential to provide information not
captured by the experiments, and thereby give a more complete picture of the unfolding
process.

2 Model and Methods
The model we use contains all atoms of the protein chains, including hydrogen atoms,
but no explicit water molecules. It assumes fixed bond lengths, bond angles and peptide
torsion angles (180◦ ), so that each amino acid only has the Ramachandran torsion angles
φ, ψ and a number of side-chain torsion angles as its degrees of freedom.
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The energy function
E = Eloc + Eev + Ehb + Ehp

(1)

is composed of four terms. The term Eloc is local in sequence and represents interactions
between adjacent backbone dipoles along the chain. The other three terms are non-local in
sequence. The excluded volume term Eev is a 1/r12 repulsion between pairs of atoms. Ehb
represents two kinds of hydrogen bonds: backbone-backbone bonds and bonds between
charged side chains and the backbone. The last term Ehp represents an effective hydrophobic attraction between non-polar side chains. It is a simple pairwise additive potential
based on the degree of contact between two non-polar side chains. A detailed description
of all the different terms can be found elsewhere.8, 9
Despite its simplicity, this energy function is able to fold several α-helical and β-sheet
peptides with about 20 amino acids.9 One type of interaction that the model neglects is the
Coulomb interaction between charged side chains. For a small peptide, these charges tend
to be exposed to, and therefore screened by the solvent. To be able to study larger proteins
and protein aggregates, we expect that it will be necessary to refine the energy function to
take into account, e.g., the interactions between side-chain charges.
All our studies were carried out using PROFASI,12 which is a Monte Carlo software
package for simulations of this model.
Let us stress that the amino acid sequence is the only input to the model. All model
parameters were thus kept the same in our different studies.

3 Aβ16−22 Aggregation
A characteristic “cross-β” X-ray fiber diffraction pattern reveals that the core structure
of amyloid fibrils is composed of β-sheets whose strands run perpendicular to the fibril
axis.13 For Aβ16−22 fibrils, it has been found, by solid-state NMR, that the β-strands have
an antiparallel organization.14, 15 The Aβ16−22 sequence (Ac-KLVFFAE-NH2) consists of
five inner residues that are hydrophobic, and two end residues that are oppositely charged.
Coulomb interactions between such charges provide a possible explanation for the antiparallel β-strand organization in Aβ16−22 fibrils.
Computer simulations of Aβ16−22 aggregation have been reported by several
groups16–19 . In our calculations, we studied systems of one, three and six Aβ16−22 peptides. The simulations were started from random configurations, and the energy function
was exactly the same as in our folding studies.9
The isolated Aβ16−22 peptide turned out to be disordered in our simulations. The
three- and six-chain systems, on the other hand, self-assembled into ordered, β-strand-rich
aggregates. There was no single dominating free-energy minimum, but rather a number of
more or less degenerate minima. Fig. 1 shows two snapshots of such minima.
The β-strand organization in these structures is interesting since our model neglects the
interactions between charged side chains, which might be responsible for the antiparallel
organization seen in Aβ16−22 fibrils. A detailed analysis showed that mixed configurations
with both parallel and antiparallel β-strand pairs were common in our simulations, but
nevertheless there was a clear statistical preference for the antiparallel organization over
the parallel one. Our model thus favors the antiparallel organization despite that these
Coulomb interactions are neglected. This, of course, does not mean that these interactions
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Figure 1. Two typical low-energy structures from our simulations of six Aβ16−22 peptides: a five-stranded βsheet (left), and two three-stranded β-sheets “sandwiching” several of their hydrophobic side chains between
them (right). Drawn with RasMol.20

are unimportant, but it suggests that other factors (e.g., hydrogen bond geometry) play
a significant role, too. We also did some simulations with attraction/repulsion between
unlike/like side-chain charges. Not unexpectedly, this led to an increased preference for
the antiparallel organization.
A configuration type that did not occur at all in these simulations was closed barrellike structures. For this sequence, it seems that six chains are not enough to permit the
formation of such structures. By contrast, we have seen the formation of closed barrel-like
structures in simulations for nine Aβ16−22 peptides.

4 Mechanical and Thermal Unfolding of Ubiquitin
Ubiquitin is a 76-residue α/β protein, whose unfolding and refolding properties have been
extensively studied experimentally.21 Its native structure contains an α-helix and a fivestranded β-sheet (see Fig. 2).
The mechanical unfolding of ubiquitin was recently investigated by the Fernandez
group by single-molecule methods.23–25 One study examined the unfolding behavior under
a constant stretching force, using end-to-end linked polyubiquitin.25 Here, the time evolution of the end-to-end distance r was followed, and a total of about 800 unfolding traces
were collected. In most cases, unfolding occurred in one step, but several examples of
unfolding through intermediate states were also observed. The size of the unfolding step
to the typical intermediate state was consistent with what one would expect if the α-helix
and the N-terminal β-hairpin (A and B in Fig. 2) remain folded in this state, whereas the
rest of the molecule is unfolded. Interestingly, these two structures have been found to be
the most stable ones in several different experiments at zero force.21
We studied the unfolding of ubiquitin under a constant stretching force using the same
strengths of the applied force as in the experiments (100 pN, 140 pN and 200 pN).25 The
energy function was Ef = E − f~ · ~r, where the internal energy E is the same as before
(see Eq. 1), f~ is the applied force, and ~r is the end-to-end vector. Because of the existence
of multiple unfolding pathways, we performed a set of 500 runs for each force.
As in the experiments, we saw both one-step unfolding and unfolding through intermediate states in our simulations. Furthermore, properties such as the size of the unfolding
step, the frequency of occurrence of intermediate states, and the position of the typical
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A

Figure 2. The native structure of ubiquitin with our labels for secondary-structure elements, A–E. Left: A 3D
model (PDB code 1d3z, first model22 ) drawn with RasMol.20 Right: The organization of the β-sheet.

intermediate state were all found to be in reasonable agreement with experimental data.
Having verified these properties, we performed more detailed measurements which, in
particular, aimed at characterizing the typical intermediate state.
For this purpose, we investigated the order of breaking of five secondary-structure elements, labeled A–E (see Fig. 2). The structure A is the α-helix, whereas B–E are the four
pairs of adjacent strands in the five-stranded β-sheet. To determine the order of breaking,
the native hydrogen bonds in these structures were monitored as a function of the end-toend distance r (r increased essentially monotonically with time). Fig. 3 summarizes the
results of this analysis, at 100 pN. From this figure it is immediately clear that the structures
A–E do not break in a random order but instead in a statistically preferred order, namely
CBDEA. C and B tend to break below the typical r for intermediate states, rint ≈ 12 nm,
whereas D, E and A tend to break above rint . Our results thus suggest that the typical
intermediate is composed of D, E and A rather than A and B.
Fig. 3 shows averages over all events, and therefore does not tell how strong the statistical preference is for the unfolding order CBDEA. To investigate this, we also did an
event-by-event analysis, and found that 61 % of the events followed the unfolding pathway
CBDEA. Another 23 % of the events had the order of B and D apparently interchanged,
the path being CDBEA. In these events, B does unfold before D, but partially reforms after
D is gone. The partial refolding of B is not a step back toward the native state, because
when B reforms, D is gone, and r is larger. Hence, 84 % of the events followed the same
basic pathway.
Several aspects of this calculated unfolding order can be understood in terms of native
topology and pulling geometry. That C breaks first is inevitable; the other parts cannot
sense the force until C is broken. The native state is mechanically resistant because C is
pulled longitudinally, so that several hydrogen bonds must break at the same time. Once
C is gone, nothing keeps B from unzipping, one bond at a time. Unzipping requires less
force than separation by longitudinal pulling. Therefore, it seems reasonable that B breaks
soon after C, as it did in our simulations.
That B breaks early implies that ubiquitin shows a different behavior in these simulations than in various experiments at zero force. In particular, there are experiments
suggesting that B along with A are the thermally most stable parts of ubiquitin.26, 27 Therefore, one must ask whether one actually sees a difference between mechanical and thermal
unfolding in our model. To address this question, we performed a set of 800 thermal un-
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Figure 3. Frequency of occurrence of native hydrogen bonds in the structures A–E against end-to-end distance.
Each curve represents an average over all the native hydrogen bonds in a given structure and over all events.

folding simulations at a fixed temperature.7 In a majority of these events, A and B unfolded
after C and D (E was not analyzed due to noisy data), which indeed is in agreement with
the experiments. The agreement with experimental data in the thermal case strengthens
our proposed mechanical unfolding order, which remains to be verified experimentally.
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4. M. López de la Paz and L. Serrano, Sequence determinants of amyloid fibril formation
Proc. Natl. Acad. Sci. USA 101, 87–92 (2004).
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