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Abstract

Recently, we devised an energy scale to vary systematically amino-acid residue–solvent interactions for Monte
Carlo simulations of lattice-model proteins in water. For 27-mer proteins, the folding behavior varies appreciably
with the choice of interaction parameters. We now perform similar simulations with 64-mers to study the size
dependence of the optimal energy parameter set for representing realistic behavior typical of many real proteins(i.e.
fast folding and high cooperativity for single chains). We find that 64-mers are considerably more stable and more
cooperative compared to 27-mers. The optimal interfacial-interaction-energy parameter set, however, is relatively size
independent.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Monte Carlo (MC) simulations of folding–
unfolding events of lattice proteins have been
widely pursued in the literature. Several studies
have been performed with different-size chains. Li
et al. w1x enumerated all structures of compact 27-
mers for all sequences of a 2-letter hydrophobic-
polar(HP) model to find out how many sequences
have unique ground states and which structures
have a high designability, i.e. those structures with
a unique ground state of many sequences. Du et
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al. w2x used a 48-bead homopolymer and a 48-
bead Go modelw3x to investigate effects of inter-
action potential specificity. Shakhnovich et al.w4–
6x studied 27-mers with a 2-letter model as well
as 36-mers(with emphasis on folding entropy and
energy) and 80-mers(for correlation of stability
and kinetic accessibility) with the 20-letter Miya-
zawa–Jernigan(MJ) model. Tiana et al.w7x stud-
ied the effect of mutations on the folding of a
36-bead model protein interaction via MJ energies.
Pande and Rokhsarw8x employed a 48-bead lattice
chain and Go interactions to investigate the exis-
tence of a folding pathway ensemble in contrast
to a classical single pathway. Mirny et al.w9x
studied sequence effects on folding speed and
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stability of a 48-mer using MJ interaction energies.
Crippen and Chhajerw10x investigated the effect
of the interaction parameters in an HP model on
the folding of chains in 2D, allowing for non-
compact native states. They also considered very
short chains, eight to ten segments long, in 3D.
One study has been performed with a 125-bead

lattice protein by Dinner et al.w11x. The interac-
tions between amino acids were drawn from two
Gaussian distributions, one with an attractive mean
for native contacts and one with a neutral mean
for non-native contacts. Hence, the lattice protein
of Dinner et al. is described by a 125-letter energy
scale, in contrast to the 20 amino acids that are
used for building proteins in nature. Unlike smaller
chains, strict thermodynamic and kinetic require-
ments have to be fulfilled to make a 125-mer
behave protein-like. Namely, the protein core has
to be relatively stable and the periphery has to be
less stable. Only then, when the core forms first
and cooperative contactsw11x are formed will the
125-mer fold to a native form(i.e. the sequence
is well designed).
Recently, we generated amino acid–solvent

interactions that are based on the MJ interaction
energy scale for amino acid interresidue contacts
w12x, but that allow us, by changing one parameter,

to alter the trend of lattice proteins to preferv̄,
compact structuresw13x. In addition, with a second
parameter,C , our interaction energy-scale allowss

us to adjust the difference between two interaction
energies, viz., the interaction energy between a
hydrophobic amino acid and the solvent and the
interaction energy between a hydrophilic amino
acid and the solvent. In other words, the amino
acid–solvent interactions can be altered indepen-
dently from the amino acid–amino acid interac-
tions, which we take from Miyazawa and Jernigan
w12x. Consequently, we can change the relative
strength of general effects like the hydrophobicity
of the amino acids and the contrast of their
hydrophobicity compared to the specific amino
acid–amino acid interactions. UsingC and wev̄,s

can design solvents of different polarity, study
protein folding and aggregation in these solvents,
and then, upon comparing with experimentally
observed behavior for aqueous protein solutions,

decide which of them is most conducive to realistic
protein behaviorw13x.
27-mers are widely used in folding studies

because they are known to reproduce generic
effects of folding, such as the folding funnel and
the hydrophobic collapsew14x. Our previous study
w13x has shown that the folding time and the
cooperativity for a 27-mer depend strongly on the
solvent interactions and, therefore, onC and v̄.s

However, the energy scale that is optimal for 27-
mer behavior is different from the original MJ
interaction energies, which are based on proteins
approximately 100–400 amino acids long. There-
fore, we want to investigate in this work whether
this difference is due to the small size and the
large surface volume ratio of the 27-mer compared
to proteins used to estimate the original MJ poten-
tial or whether the optimum in energy parameter
space is universal for lattice proteins. Therefore,
we now investigate for a variety of energy para-
meters, the effect of chainlength on the behavior
of a single chain.

2. Interaction energy

Previously, we proposed the following expres-
sion for the amino acid–solvent interaction energy,
e w13x:i0

n1 Cs¯e s 1yC e qvq e (1)Ž .i0 s ii ii82 2n is1

where the amino acid–amino acid self interaction
energy,e , is taken from Table V of Miyazawaii

and Jerniganw12x, as are all other non-self inter-
action energies,e . C in Eq. (1) is a contrastij s

parameter. The closer isC to 0, the solvent mores

equally solvates both hydrophobic and hydrophilic
amino acids. The more positive isC , the mores

favorable are the contacts between the solvent and
hydrophilic amino acids. Parameter describesv̄

the average interaction of an amino acid with the
solvent. When is negative, amino acids, onv̄

average, have attractive interactions with the sol-
vent. When is positive, they repel the solventv̄

and hence effectively attract each other. Because
it is more convenient to think in terms of amino
acid interactions than in terms of amino acid–



83K. Leonhard et al. / Biophysical Chemistry 106 (2003) 81–89

Table 1
One-letter code for the sequences of amino acids used in the
simulations

Cs Sequence

0.1 KALAAGGVTTAVSDLCSSVVPDLIRITDMGGW
KGAEAIKYLVHELSKSTGNDKQRFPNNYFQPE

0.2 KEKSTAGRVASGVLDSVACGVLGDIDTLQGSP
IAKLKTFYGNKFNDVEASQAHMIRWPNYTLPE

0.4 KDKDTASQVAKGVLPNVATGVLGEIDALRSSP
IARLKGFYGSKCTEFDASGVHMIQYTNPNLWE

solvent interactions, we call the ‘effective aminov̄

acid–amino acid mean attraction’ or briefly ‘mean
attraction’. Although based on exchange energies,
a positive value of in this context means anv̄

effective attraction between residues.

3. Simulation technique

Details of our simulations are available else-
where w13x. Here, we give only a brief overview
of the simulation techniques. All simulations are
performed on a 3D-cubic lattice with periodic
boundary conditions and a size of 20=20=20
sites. Proteins are modeled by self-avoiding chains
of beads, each bead representing a Kuhn segment
w15x. All sites that are not occupied by a chain
group are occupied by an effective solvent mole-
cule (i.e. an effective solvent molecule is a lattice
site of the same size as a Kuhn segment and can
represent a group of solvent molecules that corre-
sponds to the size of the segment) w12x.
The system energy is defined as the sum of the

interaction energies over all pairs of adjacent sites
on the lattice, but which are not neighbors on a
chain. Accordingly, the system energy is described
by the Ising-like Hamiltonian:

L L L

Hs e qei,j,k , iq1,j,k i,j,k , i,jq1,k( ) ( ) ( ) ( )888
is1js1ks1

qe (2)i,j,k , i,j,kq1( ) ( )

whereL is the size of the lattice in lattice units,
and e is the interaction energy betweeni,j,k , l,m,n( ) ( )

an amino acid or solvent bead on site(i, j, k) and
one on site(l, m, n). Only nearest-neighbor inter-
actions are non-zero. During the simulation, end-
flip, kink-bend and crankshaft MC moves are
attempted. If we try to move a chain bead to a
site occupied by another chain bead, the move is
immediately rejected because the chains are self-
avoiding. Otherwise, an exchange of the protein
bead with a solvent bead on this site is attempted.
Then, the move is accepted or rejected depending
on the energy changeDE associated with the move
in accordance with the Metropolis criterion:

DE(0: always accept, (3)

and

B EyDE
C FDE)0: accept with probability exp
D Gk TB

(4)

where k , the Boltzmann constant, has the valueB

of one MJ-energy unit per one associated temper-
ature unit. Because MJ energies are based on
contact frequencies, they are only relative energies.
To our knowledge, no conversion to conventional
energy units is available. Therefore, for our pur-
pose here, temperature can be expressed in arbi-
trary units.
The types of the 64 amino acid beads for a

chain are chosen to reflect a composition corre-
sponding to a typical real protein. Then the
sequence is obtained by simulated annealing with
the result shown in Table 1. The concentration of
the chains in our simulation box is approximately
0.8 vol% for a single 64-mer.
In a MC simulation, free energy differences

between states can be observed by counting the
number of occurrences of the states. We use the
number of native contacts,N , called ordernat

parameter, to create a histogram for the chain in a
simulation and we count how often the chain is in
each state corresponding to the order parameter.
After the simulation, the relative free energyF(A)
of state A can be calculated from the number of
times the chain was found in the stateZ(A).

F(A)syk T ln Z(A) (5)B
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Fig. 1. Schematic of the native state of the fastest folding 64-
mer(C s0.2). Light gray is for hydrophilic amino acid beads,s

medium gray for neutral and dark gray for hydrophobic beads.
Each bead is labeled with the one-letter abbreviation for the
amino acid it represents(see Figure 2 ofw13x for the corre-
sponding 27-mer).

Table 2
64-mer midpoint temperatureT , mean folding timet at T ,m F m

number of total contactsN at T and cooperativityDTyT fortot m

the interaction energy parameter sets studied

Cs v̄ Tm t perF Ntot DTyTm
10 steps8

0.10 0.06 0.29 50 48.9 1.29a

0.10 0.16 0.40 1.6 58.8 1.02
0.10 0.26 0.48 3.1 63.7 1.09

0.20 0.06 0.31 3.0 50.0 b

0.20 0.16 0.43 0.5 55.8 0.73
0.20 0.26 0.53 1.5 62.9 0.75

0.40 0.22 0.45 10 59.9 b

0.40 0.32 0.56 3.7 62.0 1.32
0.40 0.42 0.60 33 66.9 1.38

The maximum compact state is not the most stable state,a

but there is a temperature where on average the number of
native contacts is 90% of the maximum of native contacts.

The average number of native contacts is less than 90% ofb

the maximum number for all temperatures.

Table 3
27-mer midpoint temperatureT , mean folding timet at T ,m F m

number of total contactsN at T and cooperativityDTyT fortot m

the interaction energy parameter sets studied

Cs v̄ Tm t perF Ntot DTyTm
10 steps6

0.10 0.06 0.27 0.9 17.7 1.76
0.10 0.16 0.37 1.2 19.5 1.39
0.10 0.26 0.46 1.9 21.1 1.45

0.20 0.06 0.30 0.5 17.8 1.26a

0.20 0.16 0.41 0.8 18.9 1.05
0.20 0.26 0.50 1.4 20.8 1.07

0.40 0.22 0.43 3.5 19.7 1.91
0.40 0.32 0.53 3.1 20.7 1.56
0.40 0.42 0.61 4.1 21.6 1.59

The maximum compact state is not the most stable state,a

but there is a temperature where on average the number of
native contacts is 90% of the maximum.

4. Results

Enlarging the protein size from the small 27-
mer to a larger 64-mer leads mainly to quantitative
differences. Fig. 1 shows the native fastest-folding
conformation that we use for our 64-mer simula-
tions while Table 2 summarizes results for the
midpoint temperature,T , folding time, t , at T ,m f m

total number of contacts,N , at T and coopera-tot m

tivity, DTyT , for the 64-mer single chain. Com-m

parative results for a 27-mer are reproduced in
Table 3w13x. First, the folding and refolding speed
is significantly slower for the longer chain simply
because of the larger conformational space. The
mean folding timet is the average number of MCF

time steps for one foldingyunfolding cycle, where
the chain is considered folded when it has the
maximal number of native contacts(81) and
unfolded when it has 20 or fewer native contacts.
Overall stability and cooperativity are considerably
larger for the long chain. Crippen and Chhajer
w10x wrote a short discussion of different defini-
tions of cooperativity in one of their papers. We

use a slightly different definition for the coopera-
tivity, DTyT , where the cooperativity is calculatedm

from the temperatures where on average 0.9, 0.5
and 0.1 times the maximum number of native
contacts can be observed:

T N s0.1N yT N s0.9NŽ . Ž .nat nat,max nat nat,maxDT
s .

T T N s0.5NŽ .m nat nat,max

(6)
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Fig. 2. Folding and unfolding kinetics of the 64-mer as meas-
ured by the number of native contacts atT . C s0.2 and sv̄m s

0.26.

Fig. 3. Folding and unfolding kinetics of the 27-mer as meas-
ured by the number of native contacts atT . C s0.2 and sv̄m s

0.26.

Fig. 4. Folding and unfolding kinetics of the 64-mer as meas-
ured by the number of native contacts at 1.03T . C s0.2 andm s

s0.06.v̄

A low value of DTyT corresponds to a highm

cooperativity and vice versa. The number of native
contacts,N , is the number of those contacts thatnat

are also present in the native state. The increased
stability is indicated by the midpoint temperature
T , which is defined as the temperature where, onm

average, half of the native contacts are present
during a simulation. For a 64-mer with a 4=4=4
cube as native state having 81 native contacts, this
means thatT is the temperature whereN sm nat

40.5, on average. For the 27-mer,T is them

temperature whereN s14, on average. For eachnat

interaction energy set, for the 64-mer,T is 5–m

10% larger than that for the 27-mer. This difference
is attributed to the larger hydrophobic core and to
the larger number of specific contacts of the larger
molecule. The 27-mer exhibits only one group
with no water contacts, but the 64-mer displays
eight, although the ratio of the total number of
sites in the twon-mers is only approximately 2.4.
In Fig. 2, the number of native contacts,N , isnat

plotted vs. the number of MC steps for a relatively
strong mean attraction,s0.26. This figure showsv̄

that the compactness of the folded and the unfold-
ed states is much more separated(unfolded state:
;5–25 native contacts and folded state:;50–82
native contacts) for the longer 64-mer protein
chain than for the 27-mer shown in Fig. 3. In
addition, for the 64-mer, the plot of theN vs. Tnat

is much steeper nearT (data not shown). Com-m

pared to the 27-mer model protein, these observa-
tions reflect a stronger cooperativity.
For a weak mean attraction,s0.06, in Fig. 4,v̄

only the core of the 64-mer is folded. A substantial
portion of the corona part of the coil remains
unfolded. As a consequence, the completely folded
state is visited only rarely. Therefore, when the
mean attraction is weak, the refolding rate is
reduced. Because of this effect for a weak mean
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Fig. 5. Reduced-free-energy profile of the folding–unfolding
equilibrium of the 64-mer.C s0.2.s

Fig. 6. Reduced-free-energy profile of the folding–unfolding
equilibrium of the 27-mer.C s0.2.s

attraction, fastest refolding occurs at slightly higher
values of than it does for the 27-mer(for C -v̄ s

0.4). The optimal value ofC , however, remainss

at 0.2, as for the short proteinw13x. For the 64-
mer, fastest folding and highest cooperativity occur
at the same mean attraction. With the 27-mer,
however, fastest folding occurs at a smaller thanv̄

the highest cooperativity. Because the number of
chain segments and the surface–volume ratio of
the 64-mer are closer to those of real proteins than
the values for the 27-mer, the difference between
the two optima for the small protein is attributed
to the small size of the 27-mer. For a weak mean
attraction, fastest refolding for 64-mers takes place
at a temperature somewhat belowT . For strongerm

mean attractions, the chain folds fastest atT , asm

observed for the 27-merw13x.
Table 2 for the 64-mer also shows the number

of total contactsN at T , which is the numbertot m

of contacts between the beads of the chain and all
other amino acid beads, omitting contacts between
the two neighbors that are consecutive on the
chain (one neighbor for a terminal bead). A
contact between two beads exists when the beads
are nearest neighbors on the lattice.N increasestot

for every C when increases, although thev̄s

number of native contacts remains 40.5, by defi-
nition. This indicates that the coil is more compact
and that more non-native contacts are formed for

a high mean attraction, or in other words, in this
case the interactions are less specific, in agreement
with our results for the 27-mers.
Fig. 5 shows the free-energy landscape for the

foldingyunfolding process of the 64-mer. This
figure can be compared with the results for the
27-mer in Fig. 6w13x. The profiles are plotted vs.
the number of native contactsN . The three linesnat

in these figures represent different mean attrac-
tions, all at the respective midpoint temperatures.
When comparing the free-energy profile for the
64-mer to that for the 27-mer, several features
merit attention that are different for the two chains.
First, we examine the peak at 79 native contacts
in the 64-mer(a state with one native contact less
than the maximum number of native contacts,
which is 81 for the 64-mer, does not exist for a
self-avoiding chain on a cubic lattice). From the
folding kinetics, we find that usually the last step
to form 81 native contacts is one of three possible
crankshaft moves at one of the edges of the cube
(either amino acids VGSA, FNDV or PSGQ in
Fig. 1 are involved). Such a move creates four
native contacts in one step, indicating that the
system can ‘jump’ from 77 to 81 contacts. The
states with 78 or 79 native contacts, which have a
very high free energy, provide only alternative
paths to the native state. Therefore, the peak at
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Fig. 7. Schematic of the native state of a non-compact 64-mer
(C s0.2 and s0.06). Light gray is for hydrophilic aminov̄s

acid beads, medium gray for neutral and dark gray for hydro-
phobic beads. Each bead is labeled with the one-letter abbre-
viation for the represented amino acid.

N s79 in Fig. 5 is not a folding barrier; the 64-nat

mer is a true 2-state folder. Conversely, the shorter
27-mer is a 3-state folder as can be seen by
examining the free energies in Fig. 6 nearN snat

23 and 26w13x.
The actual folding barrier for the 64-mer is at

approximately 20–40 native contacts, or 25–50%
of the maximum number of native contacts in
contrast to the 27-mer, where the barrier is at
approximately the same absolute number of native
contacts, 20, which is 70% of the total number.
This difference in relative position of the folding
barrier indicates that, for the 27-mer at midpoint
temperature, the loss in entropy is stronger than
the gain in stabilization energy for a large portion
of the folding pathway until the folded state is
almost reached. On the other hand, for the 64-mer
and starting from the unfolded state, only relative
few amino acids have to be put into their places
against a large entropy loss, and then the rest fall
into place almost automatically, until the free-
energy minimum of the folded state is reached.
This observation agrees nicely with the higher
cooperativity that we find for the 64-mer and also
agrees with the results of Dinner et al.w11x for a
125-mer.
For a weak mean attraction,s0.06, a config-v̄

uration of the 64-mer with 70 of the native contacts
of the maximal compact state is the lowest energy
state. However, the lowest free-energy state atTm
is at approximately 55 native contacts due to
entropy effects. The lowest energy state of this
protein is indicated in Fig. 7. In this conformation,
four pairs of beads have performed crankshaft
moves to rotate out and to allow water access a
larger number of hydrophilic beads relative to that
in the maximal compact state. The amino acids
involved in this change from the maximal compact
state are QGSP, KNGY, VGCA and VGSA. They
can be located in that order when looking clock-
wise around the original cube, starting in the upper
left corner. Because this lowest energy state is
only partially folded, the free-energy minimum
that corresponds to the folded state is rather broad
at approximately 50–70 native contacts while the
fully-folded state has a substantially higher free
energy. Therefore, for this parameter set, our 64-

mer chain has much flexibility in its free-energy
basin corresponding to the native state at the
midpoint temperature, and even at a much lower
temperature. Fors0.16, the 4=4=4 cube is thev̄

lowest energy state, but it is only marginally stable
compared to states with 77 native contacts. Since
the states with 77 native contacts are entropically
favored, they have a lower free energy than the
fully-folded state atT and at somewhat lowerm

temperatures. Therefore, it seems most reasonable
to consider an ensemble of states as native, as
suggested by Crippen and Chhajerw10x, not a
single state for these conditions. In our work,
reported values for the folding time and the coop-
erativity are always based on the fully-folded state.
In a follow-on paper, we investigate the effect of
different choices of the definition of the native
state on the interpretation of 64-mers aggregation.

5. Discussion

In our study for 27-mers, we divided the energy
parameter space ofC and into four regionsw13xv̄s
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(I–IV) of decreasing mean attraction. In Regions
I and II, we find compact native states and in
Regions III and IV there are non-compact struc-
tures. Regions II and III feature the most protein-
like behavior of our lattice chains and they exist
only when the contrast parameterC is betweens

approximately 0.05 and 0.35. In Region I, the
mean attraction is too strong for fast folding and
high cooperativity, and in Region IV it is too weak
to cause a folding–unfolding transition. The same
four regions with approximately the same bound-
aries apply here for 64-mers. The energy-parameter
set found to be optimal for cooperativity for the
27-mer( s0.16 andC s0.2) is also optimal forv̄ s

high cooperativity for the 64-mer. The optimal
parameter set is located in Region II, close to the
border to Region III. For the 27-mer, there is a
lower mean attraction than for highest cooperativ-
ity that features fastest folding. However, for the
64-mer, the same parameter set is optimal for both.
For the 27-mer, the folded state at fastest folding
is scattered and barely separated from the unfolded
state. We cannot speak of protein-like behavior in
this case. Nevertheless, the fully-folded state is
visited very frequently for such a 27-mer, because
the free energy of the fully-folded state is not
significantly higher than that for the semi-folded
state. For the 64-mer, however, the folding speed
starts to decrease shortly after the mean attraction
is lowered sufficiently to make a slightly flexible
native state.

6. Conclusions

It is known that natural proteins have a higher
cooperativity than proteins in lattice-based models
w16x. Therefore, the higher cooperativity and the
higher stability of the 64-mer compared to the 27-
mer make the 64-mer a more realistic protein
model than the 27-mer. Higher cooperativity and
stability are presumably caused by the larger
hydrophobic core and the higher volume-to-surface
ratio of the 64-mer.
We establish that the optimal parameters of our

modified MJ interaction-energy scale do not
change much, or not at all, with protein size,
depending on the property considered. Therefore,
the original MJ interaction energies seem to over-

estimate the amino acid hydrophobicity, as already
noted by Miyazawa and Jerniganw12x.
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