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ABSTRACT Protein aggregation is studied by following
the simultaneous folding of two designed identical 20-letter
amino acid chains within the framework of a lattice model and
using Monte Carlo simulations. It is found that protein
aggregation is determined by elementary structures (partially
folded intermediates) controlled by local contacts among
some of the most strongly interacting amino acids and formed
at an early stage in the folding process.

Studies of how proteins fold have shown that the way protein
clumps form in the test tube is similar to how proteins form the
so-called ‘‘amyloid’’ deposits that are the pathological signal of
a variety of diseases, among them the memory disorder
Alzheimer’s (1–6). Protein aggregation traditionally has been
connected to either unfolded or native states. Inclusion body
formation has been assumed to arise from hydrophobic ag-
gregation of the unfolded or denatured states, whereas the
amyloid fibrils have been assumed to arise from native-like
conformations in a process analogous to the polymerization of
hemoglobin S.

By using lattice-model simulations (7–18), we find that
aggregation arises from elementary structures that are con-
trolled by local contacts, which eventually build the folding
nucleus (16) of the heteropolymers where nonlocal contacts
play an important role. Aggregation takes place when some of
the most strongly interacting amino acids establish their local
contacts, leading to the formation of a specific subset of the
native structure. These elementary structures, which provide
local guidance in both the folding and the aggregation process,
can be viewed as the partially folded intermediates suggested
to be involved in the aggregation of a number of proteins (6,
19–23).

We studied the simultaneous folding of two identical 20-
letter amino acid chains, each composed of 36 monomers and
designed to fold into their native conformation (Fig. 1a),
within the framework of a simple lattice model of protein
folding (14, 16, 18) and by using Monte Carlo (MC) simula-
tions. Although the model does not treat side chains explicitly,
the amino acids are chemically different. Their differences are
manifested in pairwise interaction energies of different mag-
nitude and sign, depending on the identity of the interacting
amino acids. The configurational energy is
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{rW} being the set of coordinates of all of the monomers
describing a chain conformation. The quantity D(rWi 2 rWj) is a
contact function. It is equal to one if sites i and j are at unit
distance (lattice neighbors) not connected by a covalent bond,
and zero otherwise. In addition, it is assumed that on-site
repulsive forces prevent two amino acids from occupying the

same site simultaneously, so that D(0) 5 `. There are 20 types
of amino acids in the model. The quantities Um(i),m9( j) are the
contact energies between amino acids of type m and m9 and
were taken from table 6 of ref. 24. The 36-mer chain denoted
S36 and designed by minimizing, for fixed amino acid concen-
tration, the energy of the native conformation with respect to
the amino acids sequence is shown in Fig. 1b. At temperature
T 5 0.20 (in our temperature scale) it folds in 8 3 106 MC steps
and at T 5 0.28 the folding time is 8 3 105 MC steps. The
fractional population of the native state corresponding to these
two temperatures is 91% and 10%, respectively, to be com-
pared with a population of 1025 for the heteropolymer folding
temperature of T 5 0.40. All of the calculations presented
below were carried out at the temperature of T 5 0.28, optimal
from the point of view of allowing for the accumulation of
statistically representative samples of the different simula-
tions, and at the same time leading to a consistent population
of the native conformation. Pilot calculations carried out at
T 5 0.24 and T 5 0.26, where the fractional population of the
native state is 55% and 20%, respectively, leads to results that
agree in detail with the results obtained at T 5 0.28.

The characterization of the role played by the different
amino acids in the folding process of S36 have been carried out
in ref. 18, by using mutations (19 possible substitutions of
monomers on each site). It was found that the 36 sites of the
native conformation (see Fig. 1a) can be classified as ‘‘hot’’
(red beads, numbered 6, 27, and 30), ‘‘warm’’ (beads numbered
3, 5, 11, 14, 16, and 28), and ‘‘cold’’ (the rest of the beads) sites.
On average, mutations on the 27 cold sites yield sequences that
still fold to the native structure (neutral mutations), although
the folding time is somewhat longer than for S36. Sequences
obtained from mutations on the six warm sites fold, as a rule,
to a unique conformation, sometimes different but in any case
very similar to the native one. Mutations on the three hot sites
lead, in general, to complete misfolding (denaturation) of the
protein.

Essentially two different outcomes of the simulation studies
of the simultaneous folding of two S36 sequences have been
observed: (i) both chains fold to their native conformation
(Fig. 1a), and (ii) both chains get intertwined in conformations
that are quite compact and display some amount of similarity
to the native conformation (Fig. 2). In the first case, each chain
targets into its minimum energy structure (native conforma-
tion) about which it f luctuates (25, 26). The second case is
associated with an ensemble of compact low-energy confor-
mations typical of those reached in the folding of a random
chain, where the system spends little time in each conforma-
tion and displays conspicuous energy fluctuations.

At the basis of these phenomena are the elementary struc-
tures built out of the monomer sequences S4

1 [ (3,4,5,6), S4
2 [

(27,28,29,30), and S4
3 [ (11,12,13,14) (see Fig. 1a). They are

controlled by the local contacts 3–6, 27–30, and 11–14, which
are among some of the most strongly interacting amino acids.
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essentially all of the amino acids found in the folding nucleus
(16) of the protein, provide the local guidance for its formation
and thus are, to a large extent, responsible for the fast folding
of the designed sequence S36 (Fig. 1b). In fact, the structures
S4

i (i 5 1,2,3) can be viewed as the local ‘‘bricks’’ of a dynamical
LEGO kit to model protein folding.

The pairs of strongly interacting monomers (3,6), (27,30),
and (11,14) become nearest neighbors very early in the folding
process, with the associated first passage time (FPT) being of
the order of 102 MC steps in all three cases. The corresponding
local contacts achieve 90–95% stability after 0.25 3 106 MC
steps, a time to be compared with the FPT for the folding of
both interacting chains (see ii above) and equal to 2 3 106 MC
steps. The folding core is formed essentially when the three
different bricks of the same chain assemble together, estab-
lishing the nonlocal contacts 6–27, 3–30, 6–11, and 27–14, at
which time it becomes easy for nonlocal contacts 27–16 and
30–33 to fall in place. The speed with which this process is done
crucially depends on the local contacts between monomers
3–6, 27–30, and 11–14, which control the stability of the local
structures S4

1, S4
2, and S4

3.
Once the folding nucleus of both proteins is formed, it takes

fewer than 3 3 104 MC steps for them to reach the native
configuration. All of the contacts that maintain the bricks in
place involve at least one amino acid occupying a hot site in the
native conformation of the isolated protein (18), that is a
strongly interacting amino acid (Fig. 1a). Once the hot site
amino acids are in place, it takes 0.6 3 106 MC steps for both
proteins to fold (FPT), in keeping with the fact that while the

FPT of the contact 6–27 is '0.4 3 106 MC steps, it takes
'1.4 3 106 MC steps for it to become stable.

Aggregation results when one chain, in the process of
establishing its nonlocal contacts, uses a hot site amino acid
belonging to the other chain. The FPT associated with this
phenomenon is typically 0.5 3 106 MC steps. In other words,
aggregation occurs when the local structures (bricks) belong-
ing to different chains attach to each other (see Fig. 2). Such
a ‘‘mistake’’ can take place in a number of different ways, and
not only in the ones that mimic the disposition of the bricks in
the native core configuration, in keeping with the LEGO
analogy. Because of the strongly interacting character of the
amino acids occupying sites 27, 30, and 6, aggregation is, for all
purposes, an irreversible process under native-like conditions,
as seen by the results of simulations leading to aggregation that
have been followed over 108 MC steps. We have repeated the
calculations by using the contact energies Um(i),m9( j) (see Eq. 1)
reported in table 5 of ref. 24 and obtained very similar results
to the ones discussed above.

To see whether the local structures S4
i (i 5 1,2,3) are an

artifact or not of the conspicuous dispersion displayed by the
contact energies used in the calculations (24), we have re-
peated the simulations by using the Go model (8, 17). We
found that the presence of the elementary structures S4

i is, if
anything, better defined in this case as compared to the case
discussed previously, and that their role in the aggregation
process is again essential. In particular, because all of these
local structures now have equal energy content, in most of the
events leading to aggregation, all three local structures of one

FIG. 1. (a) The conformation of the 36-mer chosen as the native state in the design procedure. Each amino acid residue is represented as a
bead occupying a lattice site. The design tends to place the most strongly interacting amino acids in the interior of the protein where they can form
most contacts. The strongest interactions are between groups D, E, and K (compare to b), the last one being buried deep in the protein (amino
acid in site 27). The folding nucleus (16) (determined from the folding simulations) is formed by these amino acids (red beads) and by their nearest
neighbors (yellow beads), and is shown by continuous blue lines. The structures formed by the amino acid sequences S4

1 [ (3,4,5,6), S4
2 [

(27,28,29,30), and S4
3 [ (11,12,13,14) are indicated by violet, red, and yellow, respectively. (b) Designed amino acid sequence S36. The color plots

in Figs. 1 and 2 were obtained by using the graphic program of ref. 31.
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chain find at least a local structure partner belonging to the
other chain with which they interact.

By using again the contact energies of ref. 24, we have found
that the rate of aggregation increases in a significant manner,
by introducing cold (neutral) mutations. The chosen mutations
are able to affect in a significant way the stability of one of the
local structures, without much changing the ability the result-
ing isolated sequence S936 has to fold on short call to the native
conformation. In particular, substituting the amino acid R at
position 11 of the designed sequence, by amino acid A, the rate
with which aggregation takes place increases by 70% (i.e. from
22% to a 37% rate at a distance d 5 4, where d represents the
initial distance, in units of lattice spacing, between monomers
number 18 of each of the chains). The reason for this increase
is that it takes 0.6 3 106 MC steps for the pair of monomers
11–14 of the mutated sequence S936 to establish a stable
contact (as compared to 0.25 3 106 MC steps for S36).
Consequently, the other two local structures (associated with
the monomer groups S4

1 and S4
2) have more time and thus a

better chance to interact with the homologous structures of the
other chain, than in the case of the simultaneous folding of two
S36 sequences. Similar results have been obtained by perform-

ing single and multiple mutations in cold and warm sites of the
native conformation. Because 75% of all sites are cold, and
thus associated with neutral mutations (18), there is a large
number of mutations that, while destabilizing the elementary
structures and thus increasing the rate of aggregation, do not
affect the stability of the protein in an important way. These
results are consistent with a number of observations, in
particular those carried out in the study of the amyloid-forming
system transthyretin. When altered by any of 50 different
mutations, this protein, which normally occurs in the blood
plasma, deposits in the heart, lungs, and gut, causing a lethal
disease called familial amyloidotic polyneuropathy (27, 28).
These mutations do not alter normal folding of the protein but
do destabilize the protein structure, facilitating the formation
of partially folded intermediates that readily aggregate to one
another (29, 30).

We conclude that a given protein will have a (small) number
of local partially folded intermediates that control both protein
folding and aggregation. Within the model of designed pro-
teins these are the elementary structures that build the folding
nucleus. Consequently, most of the aggregates of this protein,
as well as of the sequences homologous to it, will display similar

FIG. 2. Examples of aggregation. The hot sites of chain 1 and their nearest neighbors are shown as red and yellow beads, respectively, as in Fig.
1a. The hot sites of chain 2 are shown as blue beads, the corresponding nearest-neighbor amino acids in the native conformation by green beads.
The three basic structures of chain 2 are shown in terms of light green, green, and light blue. The ‘‘correct’’ interactions of the folding nucleus of
chain 1 are shown with a continuous line, the ‘‘wrong’’ ones by dashed lines. The presence of yellow beads close to the blue ones, and of green
beads close to red ones, as well as of dashed lines connecting nearest neighbors, indicate that chain 1 has erroneously interpreted some of the
elementary structures of chain 2 as belonging to itself and vice versa. (a) In this case, aggregation is controlled by the elementary structures made
out of the sequences S4

1 and S4
2. (b) Example of aggregation controlled by the elementary structures built out of sequences S4

2 and S4
3.
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native-like structures, independent of the nature of the effect
triggering the aggregation.
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