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Abstract

Search and study the general principles that govern kinetics and thermodynamics of protein folding generates new
insight into the factors that control this process. Here, we demonstrate based on the known experimental data and using
theoretical modeling of protein folding that side-chain entropy is one of the general determinants of protein folding. We
show for proteins belonging to the same structural family that there exists an optimal relationship between the average
side-chain entropy and the average number of contacts per residue for fast folding kinetics. Analysis of side-chain
entropy for proteins that fold without additional agents demonstrates that there exists an optimal region of average
side-chain entropy for fast folding. Deviation of the average side-chain entropy from the optimal region results in an
anomalous protein folding process~prions,a-lytic protease, subtilisin, some DNA-binding proteins!. Proteins with high
or low side-chain entropy would have extended unfolded regions and would require some additional agents for complete
folding. Such proteins are common in nature, and their structure properties have biological importance.

Keywords: Monte Carlo simulations; native topology; optimal balance; protein stability; side-chain packing; unfolded
regions

The folding of biological macromolecules is one of the main prob-
lems of molecular biology and biophysics. Protein molecules have
an enormous number of possible conformations, but this does not
hinder finding their unique stable three-dimensional~3D! structure
within the time much less than necessary for an exhaustive sorting
of all their conformations. Understanding the reason for fast fold-
ing of 3D structures of biological macromolecules is especially
important for the de-novo design of proteins. For instance, for the
de-novo design of a protein, it is necessary to know what features
of its primary structure define the stability of its 3D structure and
what features of the sequences provide for its fast folding.

Some general trends and correlations are beginning to emerge
between the structural, thermodynamic, and kinetic properties of
proteins~Jackson, 1998; Plaxco et al., 1998b; Shakhnovich, 1998!.
Despite many theoretical and experimental efforts in this field,
there is no consensus as to what factor~size, topology, or stability!
is more important and governs protein folding~Jackson, 1998;
Plaxco et al., 1998b!. There is the enormous diversity in the fold-
ing behavior as well for small proteins that fold with simple two-
state kinetics as for large proteins that fold with multi-state kinetics.

The apparent lack of a relationship between stabilities and fold-
ing rates of topologically diverse proteins indicates that topology
may be a critical determinant of folding kinetics~Plaxco et al.,
1998b!. But only topology cannot explain the differences in the
refolding rates for some proteins sharing the same fold rates~SH3
domain proteins, fibronectin domains, cold shock proteins, pro-
teins belonging to the ferredoxin fold! ~Perl et al., 1998; van
Nuland et al., 1998; Zerovnik et al., 1998!. Although all factors
determining folding rates for given proteins are still not under-
stood, these factors must be related to the intrinsic properties of
amino acid residues. Now we know from the experimental data
that a single point mutation can dramatically alter the structure
and0or refolding of a protein~Matouschek et al., 1995; Milla &
Sauer, 1995; Furukawa et al., 1996!. Besides, the amino acid res-
idue composition of a protein allows us to determine its structural
class~a, b, a0b, a 1 b! with a high accuracy~Dubchak et al.,
1995; Bahar et al., 1997!. It has been emphasized that the loss of
chain entropy upon protein folding is a rate determining factor
~Finkelstein & Badretdinov, 1997a; Hao & Scheraga, 1998; Plaxco
et al., 1998b!. The search for the factors affecting the protein
folding process continues.

In this work, we demonstrate based on the known experimental
data and using theoretical modeling of protein folding process that
side-chain entropy is very important factor of protein folding. Analy-
sis of side-chain entropy for proteins that fold without additional
agents demonstrates the existence of the optimal region of the
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average side-chain entropy for fast folding. Deviation of the av-
erage side-chain entropy from the optimal region results in an
anomalous protein folding process~prions,a-lytic protease, sub-
tilisin, some DNA-binding proteins!. Therefore, proteins with high
or low side-chain entropy would have extended unfolded regions
and would require some additional agents for complete folding.
We demonstrate that the differences in the folding rates can be
explained as a result of the differences in the balance between
conformational entropy and energy of side-chain interactions con-
sidering the theoretical model~Galzitskaya & Finkelstein, 1999! of
protein folding of structurally similar proteins for three different
protein families~SH3 domain family, cold shock DNA-binding
domain-like family, and proteins belonging to the ferredoxin fold!.
Namely, the existence of such balance helps to explain why some-
times the less stable protein folds faster by an order of magnitude
than the more stable protein with the same topology~van Nuland
et al., 1998!.

Results

Analysis of average side-chain entropy

To examine whether folding in proteins has a correlation with
average side-chain entropy, we have analyzed proteins taken from
a recent review~Jackson, 1998! where their folding processes were
shown experimentally have two- and three-state kinetics. The value
of the average side-chain entropyn was calculated as a summation
of the individual side-chain entropy of a residue over its complete
sequence normalized by the protein length using a side-chain en-
tropy scale developed by Pickett and Sternberg~1993!. Figure 1
demonstrates that topologically diverse proteins that fold without
additional agents fall in a definable region of the average side-
chain entropy~filled circles!. Proteins with higher or lower side-

chain entropy~open circles! as a rule have extended unfolded
regions and0or require some additional agents for complete fold-
ing. For example, some DNA-binding proteins such as transcrip-
tion factors ~with high side-chain entropy! have regions which
became structured only upon DNA binding~McIntosh et al., 1998;
Ippel et al., 1999; Wright & Dyson, 1999!; a-lytic protease and
subtilisin ~with low side-chain entropy because of the relatively
high Gly and Ala content that results in a high conformational
entropy of the backbone chain~D’Aquino et al., 1996!! use a pro
region to promote folding~Baker, 1998; Sohl et al., 1998!; the
N-terminal region of prions~James et al., 1997! with low side-
chain entropy can adopt a more stable conformation that is induced
by interaction with other prions with that conformation~Taylor
et al., 1999!; the C-terminal domain of PGK~n 5 1.56, out of the
optimal region! refolds 40 times slower than the N-domain~Parker
et al., 1996!; hemoglobin~n 5 1.56—out of the optimal region!
has an oligomeric structure, at the same time myoglobin~n 5
1.74—inside the optimal region! has a monomeric form. It seems
that proteins with a large conformational entropy~out of the op-
timal region! have no sufficient energetic interactions to compen-
sate such large entropy. Therefore, enhanced stabilization for them
is achieved by additional interactions with other agents or by
oligomerization.

Monte Carlo simulations of protein folding

To demonstrate the influence of the side-chain entropy on the rate
of folding and importance of the balance between the side-chain
entropy and energy of residue–residue interactions, the theoretical
model of protein folding following from the analytical theory of
this process~Finkelstein & Badretdinov, 1997a, 1997b! was con-
sidered. We performed traveling from the unfolded state to the
native 3D structure without misfolding to other compact states. In
this model, the folding pathways are treated as sequential insertion
of residues from the unfolded state to their native positions ac-
cording to the 3D native structure or removal of residues from the
native position to the coil, respectively~Fig. 2!.

The removed~inserted! residues are assumed to loose~gain! all
the nonbonded interactions and gain~loose! the coil entropy ex-
cept that spent to close the disordered loops protruding from the
remaining globule~Galzitskaya & Finkelstein, 1999!. The general
assumption of this model is that the residues remaining in the
globule keep their native position and that the unfolded regions do
not fold to another, nonnative globule. Thus, we neglect nonnative
interactions that make our model similar to that of Go~Ueda et al.,
1975!.

We consider our model as an approximation of the protein fold-
ing process, rather than a detailed description of the chain motions.
Thereby our model of folding is a trade-off between the configu-
rational entropy loss and the gain of attractive interactions. In such
model of protein folding, the folding rate decreases with increasing
temperature~Baker, 1998!. Therefore, we made our simulations at
low temperatures~RT5 0.6, energy units!. The model takes into
account the topology of the native state and the side-chain con-
formational entropy. Such consideration is important to describe
and explore additional properties of protein folding that may be a
consequence of various sizes, degrees of freedom, and shapes of
amino acid residues.

To investigate the influence of the side-chain entropy on the
time of folding, three protein sets~SH3-domain family, cold shock
DNA-binding family, and proteins belonging to the ferredoxin fold!

Fig. 1. Dependence of the protein folding ratekf on the average side-chain
entropyn. Filled circles correspond to the proteins that fold with two- and
three-state kinetics~Jackson, 1998!: PDB files are2abd, 1hcr, 1csp, 1a0n,
2ci2, 1hdn, 2ptl, 1aps, 1pba, 1ten, 1lmb, 1mjc, 1shg, 1srl, 1pks, 2ait, 1urn,
1fkb, 1bta, 1bni, 1hel, 1ubq, 3chy, 2rn2, 1php. Open circles correspond to
the proteins that have peculiarities in the folding process. Right arrow
corresponds to the DNA-binding proteins~PDB files are1fjl, 1ftz, 1hdp,
1pog, 2hoa!. Left arrow corresponds to: 1, the N-terminal extended region
of prion; 2, subtilisin; 3,a-lytic protease; 4, the C-terminal domain of PGK
and hemoglobin; 5, myoglobin.
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with opposite dependencies between folding and stability were
used~see Materials and methods!. Monte Carlo simulations were
done to calculate how long a given protein chain folds to the native
structure.

Figure 3 shows the dependence of the characteristic first passage
time t102 measured as the number of Monte Carlo steps on the

average side-chain entropy for the three sets of proteins. It should
be noted that the average side-chain entropy larger than two is
absent for these families. Such increase of this value could lead to
a fatal decrease of the protein stability and such proteins have been
eliminated during the protein evolution process of these families.
The dependencies demonstrate that the proteins with some inter-
mediate values of the average side-chain entropy~about 1.7–1.9
entropy units divided byR, R is the gas constant! fold faster than
other ones. To clarify this fact, the available experimental data for
these families~Guijarro et al., 1998; Jackson, 1998; Perl et al.,
1998; Plaxco et al., 1998a, van Nuland et al., 1998! are presented.
Figure 4 shows the dependencies of the inverse constant of folding
on the average side-chain entropy. Such dependencies also under-
line the existence of the optimal region of the average side-chain
entropy for fast folding.

Different values of the optimal side-chain entropy in the kinetic
experiments for the different families can be a result of the spec-
ificity in the packing of side chains depending on the type of fold
~Behe et al., 1991!. To obtain more information, we also checked
the influence of the number of contacts on the folding process. The
calculations were done without consideration of the side-chain
entropy. Figure 5 shows the absence of a distinct correlation be-
tween the folding rate and the average number of contacts per
residue. It is noteworthy that proteins with the smallest value of the
average side-chain entropy have the largest value of the average
number of contacts.

“Entropy capacity” for protein chain with given topology

The formation of sufficient residue–residue interactions is neces-
sary to compensate the side-chain conformational entropy during
the protein folding process. Therefore, structural uniqueness of
native proteins is the result of the balance between the conforma-
tional entropy of side chains and the energy of residue interactions.
Taking these phenomena into account, we introduced a new
parameter—“entropy capacity”—for a given protein chain with a
chosen topology. This parameter means the relation between side-
chain entropy and residue–residue interactions that give a large
contribution to the free energy of the system. The relationship
between these values will determine the possibility of the given
chain to fold to that particular topology.

The nucleation barrier of protein folding is intrinsic for the
folding process as each protein first has to form its nucleus. Usu-
ally, this barrier is much smaller than the barrier between the
molten globule and the native states~Ptitsyn, 1995!. But the sec-
ond barrier involving the tight packing of side chains can be dra-

Fig. 2. Schematic presentation of a protein folding pathway. Residues in the intermediate states keep their native positions~solid line!,
while other residues are unfolded~broken line!.

A

B

C

Fig. 3. Dependence of the characteristic first passage timet102 on the av-
erage side-chain entropyn ~entropy units divided byR!. All simulations
have been done at fixed temperatureRT 5 0.6. A: For the SH3-domain
family: 1shg~d!, 1srm~Ä!, 1nyf ~n!, 1cka~l!, and1gfc ~m!. B: For the
cold shock family:1ah9 ~d!, 1sro ~Ä!, 1mjc ~n!, 1nmg ~l!, and oneb
protein,2ait ~m!. C: For the ferredoxin-like fold:1aps~d!, 1urn ~Ä!, 1sxl
~n!, 1hdn ~l!, 1ris ~m!, and2acy ~l!. Errors are shown by vertical bars
when they exceed the symbol size.
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matically decreased and in these cases the nucleation barrier
represents a rate-limiting step of protein folding. Considering the
second stage of protein folding procedure, we can estimate the
changing of free energy of this process for the capillarity model
~Finkelstein & Badretdinov, 1997a; Wolynes, 1997! as

DF 5 e~m2 mm203 ! 2 nmRT. ~1!

Here,m is the number of fixed residues in the native topology,E is
the average contact energy per residue,mm203 takes into account
the surface residues having less interactions than the internal ones,
wherem 5 1.5 for a ball-like body~Finkelstein & Badretdinov,
1997a!, n is the average side-chain entropy per residue for an
unfolded chain, andT is the temperature. Then we can estimate the
optimal number of fixed residues at a maximum value ofDF:

mopt 5 ~12 C!23, ~2!

where C 5 nRT0E is the new parameter, i.e., entropy capacity.
Therefore, this parameter determines the optimal number of fixed
residuesmopt ~residues that have at least one native contact for the
given topology! in a hydrophobic core for a domain with a unique
structure.

Figure 6 shows the dependence of the optimal number of fixed
residues in the native topology on the entropy capacity. In other
words, this figure reflects the existence of the balance between the
conformational entropy of side chains and the energy of residue–
residue interactions. An increase in the latter leads to a loss of
unique structure~a decrease in the number of native contacts—
small value ofmopt! because the protein can adopt different con-
formations. While both the decrease in energy and0or any deviations
of the average side-chain entropy from the optimal region result in
a decrease of protein stability up to its full loss~an increase in the
number of contacts over the native ones—large value ofmopt!. So
that the value ofmopt would correspond to the real number of the
native contacts, there must be some optimal value of entropy ca-
pacity to realize a stable unique structure for the whole protein
molecule and achievement of the native state.

Figure 7 demonstrates the existence of the optimal region for the
new parameter, entropy capacity, to enable fast folding of the same
set of proteins. In our theoretical model, this parameter has a
simple determinationCmod5 n0n, wheren is the number of residue–

A

B

C

Fig. 4. Dependence of the inverse constant of folding~kf!
21 on the aver-

age side-chain entropy for all residuesn and for buried side-chainsn*. The
latter is defined by the criterion that the accessible surface area of a residue
is less than 60% of the value for the residue in the extended state~Pickett
& Sternberg, 1993!. A: SH3-domain family:1shg~d!, 1srm~Ä!, 1nyf~n!,
1pks~C!. B: Cold shock family:1nmg~l! CspB~Bacillus subtilis!, CspB
from Bacillus caldolyticus~,!, CspBfrom Thermotoga maritima~C!, 1mjc
~n!, 2ait ~m!. C: Ferredoxin fold:1aps~d!, 1urn ~Ä!, 1hdn~l!, 1pba~C!.

A

B

C

Fig. 5. Characteristic first passage folding timet102 on the average number
of contacts per residue. All simulations without consideration of the side-
chain entropy have been done at fixed temperatureRT5 0.6. This figure
is depicted as described in Figure 3.
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residue contacts in the native structure andn is the side-chain
entropy. Scaled byn, Cmod has a common optimum value about
0.4–0.5 corresponding to fast folding for the three sets of proteins.

Discussion

The presented model of protein folding is a rough approximation
of the process. But it can describe a substantial point of the folding
procedure, even if the actual value of some parameters deviate
from the experimental and simulation values. This model~only
without side-chain entropy consideration! has been employed to
predict the structure of folding nuclei in 3D protein structures
using dynamic programming~Galzitskaya & Finkelstein, 1999!.
This model neglects ruggedness of the landscape. But the fluctu-
ation effects can lead to a very broad trapping-time distribution
~Wolynes, 1997!. Consideration of models with native topology
and side-chain conformations of side-chain groups is an efficient
way to explore global structural features of biological molecules
and provide some information about the folding pathway both in
theoretical models and in real proteins.

The presented theoretical simulations and the available experi-
mental data for the rate of folding show the existence of the op-
timal region of side-chain entropy for fast folding in the every
considered set of proteins sharing the same fold. This underlines
the important role of the side-chain entropy in the protein folding
process. In our theoretical modeling of protein folding, the rate of
achievement of the native state is limited by insufficient thermo-
dynamic stability of proteins at high values of the average side-
chain entropy, while at low values of the average side-chain entropy
it is limited by a necessity to sort out conformations~with several
residues not fixed in the native position! more stable than the
native one.

We did not take into account the contribution of the solvent in
our model. But the influence of this factor has been considered in
the presentation of experimental data for the rate of folding. The
obtained dependencies~Fig. 4A,C! of the inverse constant of fold-
ing on the average side-chain entropy only for residues that belong

to the hydrophobic core also demonstrate the existence of the
optimal region of the average side-chain entropy for fast folding.

The existence of the optimal region of the entropy capacity
relating two important factors of protein folding such as the side-
chain entropy and the energy of residue–residue interactions sug-
gests some optimum balance between them for fast folding. Namely,
taking into account the existence of such optimum, we can explain
why sometimes the less stable proteins fold faster than the more
stable proteins with the same topology~Perl et al., 1998; van
Nuland et al., 1998; Zerovnik et al., 1998!.

The need to obtain a definite balance between the conforma-
tional entropy and the energy of interactions is one of the general
conditions to achieve the functional active form of the protein. For
some proteins~with high conformational entropy or low energy of
residue–residue interactions!, such balance can be achieved only
by oligomerization with the same proteins and for other proteins
only by interaction with additional agents~Wright & Dyson, 1999!.

The shift of this balance due to the changing of the external
condition~pH or temperature! can result in the formation of stable
intermediates such as molten globule-like intermediates~Ptitsyn,
1995! or fibrils that may play a pathological role in the cell~Chiti
et al., 1999; Harrison et al., 1999; Jimenez et al., 1999!.

Considering the theoretical dependence of the folding rate on
the both parameters~average side-chain entropy and entropy ca-

Fig. 6. Dependence of the optimal number of native fixed residuesmopt on
the entropy capacityC. Entropy capacity depends on the amino acid se-
quence under the given topology. Arrows indicate effects from the factors
that cause loss in stability~solid line! or loss of uniqueness~broken line!.

A

B

C

Fig. 7. Dependence of the characteristic first passage folding timet102 on
the model entropy capacityCmod5 n0n. This figure is depicted as described
in Figure 3.
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pacity!, we can estimate which protein from a family is the most
representative for a given fold. Since the protein with the optimal
relationship between energetic and entropic parameters would show
fast kinetics and sufficient thermodynamic stability.

The obtained results may be useful in protein design. When we
attempt to create a de-novo protein that has a unique structure, it
is important to consider the side-chain conformational entropy that
is certain to belong to the definite region of the average side-chain
entropy scale.

Materials and methods

Free energy estimate

Considering the pathway of folding to the native 3D structure, the
free energy of intermediate structures with different number of
fixed residues in the native position can be calculated according to
Equation~3!:

F~Bk! 5 E~Bk! 2 S~Bk!•T 5 e • (
i, j[Bk

(
~ i,j !

dij 2 RT

3 (
iÓBk

si 2 T • (
loops[Bk

Sloop 2 RT• (
iÓBk

ni ~3!

where k residues are unfolded in the intermediate structureBk,
while the other residues keep their native positions~Galzitskaya &
Finkelstein, 1999!. E~Bk! is proportional to the number of contacts
in the intermediate structureBk. Besides, it has been shown ex-
perimentally that the number of van der Waals contacts turns out to
be more suitable for analyzing structural and energetic responses to
mutation than other parameters~Vlassi et al., 1999!.

The first summation is taken over all nonneighbor residues~i , j !
keeping their native positions inBk. dij 5 0 if i andj residues have
no contacts anddij 5 1 if such a contact is present. Two residues
are assumed to be in contact when the minimal distance between
their atoms is,5 Å. E 5 21, where 1 is the energy unit of one
residue–residue contact. Conformational entropy has been sub-
divided into backbone and side-chain contributions.

In the second summation,si is the backbone entropy difference
between the coil and the native state of a residue. From review of
Brady and Sharp~1997!, we usedsi 5 2.3 ~entropy units divided
by R, R being the gas constant! for all residues with exception of
Gly, si 5 3.2, and Pro,si 5 0.

The third summation is taken over all closed loops protruding
from the globular part ofBk. The entropy spent to close a disor-
dered loop between fixed residuesmandl is estimated~Finkelstein
& Badretdinov, 1997b! as

Sloop 5 2502 R ln6m2 l 62 302 R~rml
2 2 a2 !0~2Aa6m2 l 6! ~4!

whererml is the distance between the Ca atoms of the residuesm
andl, a 5 3.8 Å is the distance between the neighbor Ca atoms in
the chain, andA is the persistent length for a polypeptide~accord-
ing to Flory, 1969,A 5 20 Å!.

The last summation corresponds to the side-chain entropy of
unfolded residues.ni is the side-chain entropy for thei th unfolded
residue. We used side-chain entropy parameters developed by Pick-
ett and Sternberg~1993!. This side-chain entropy scale correlates
well with other scales~Doig & Sternberg, 1995!. We assumed that
the side-chain entropy in the folded state is equal to zero.

Investigation of folding kinetics

We calculated how long a given protein chain folds to the native
structure, starting from six arbitrarily chosen fixed residues~this is
a minimal number of native residue positions to shift the equilib-
rium for the native structure formation under considered temper-
ature! by Monte Carlo~MC! simulation using the Metropolis scheme
~Metropolis et al., 1953! at low temperatures~RT 5 0.6 energy
units!. To shift the equilibrium in the MC simulations without
consideration of side-chain entropy, it is sufficient to fix four ar-
bitrary residues. The kinematic scheme of elementary movements
includes removal of a residue from the native position to the coil
or insertion of a residue from the coil to the native position~Gal-
zitskaya & Finkelstein, 1998!. We did traveling from the unfolded
state to the native 3D structure without misfolding to other com-
pact states.

An elementary MC step was done as follows. We randomly
chose a residue. If the chosen residue had been already fixed in the
native position, we tried to unfold it. If the chosen residue was in
the coil, we tried to fix it according to its native position. Then we
computed the free energy differenceDF between new and previous
intermediate structures. The MC step leads to the new structure
with a probabilityw, which is equal to exp~2DF0RT!, if DF . 0,
or to 1, if DF # 0. Thus, ifDF # 0, the MC step leads to the new
structure automatically. IfDF . 0, w is compared with a random
numberj ~0 , j , 1; j is generated according to the uniform
distribution! if w . j, the transition is accepted; ifw # j, it is
rejected and the previous state is preserved.

To estimate the characteristic first passage timet102 and an error
of the simulation for a given protein chain and given temperature,
we performed two sets of 50 MC runs~Galzitskaya & Finkelstein,
1998!. For every set of values,t102 was determined as the number
of MC steps required to complete 50% of MC runs~25 of 50 runs!.
Half-summation of these values~t102

' andt102
'' ! gives the estimation

of the average characteristic of the first passage time and their
half-difference gives the characteristic value of error in the esti-
mation of this time:

t102 5 t102
0 6 dt102 5 ~t102

' 1 t102
'' !02 6 6 t102' 2 t102

'' 602. ~5!

Protein families

For theoretical modeling of folding, three protein sets with oppo-
site dependencies between folding and stability were used. The
proteins of a similar length, especially from the same topological
family taken from SCOP~Murzin et al., 1995! and with known
experimental kinetic data, were chosen. The 3D coordinates of the
native structures were taken from the Protein Data Bank~PDB!
files ~Bernstein et al., 1977!.

The first group is SH3-domain family where the most stable
protein has been shown experimentally to fold the most rapidly
~Plaxco et al., 1998a!. SH3 domains are small, monomeric do-
mains without disulfide bonds and prosthetic groups. Interestingly,
SH3 domains with nearly identical backbone conformations have
different folding rates ranging from 94 s21 for theFyn domain to
0.35 s21 for the PI3-kinase domain at 208C ~Jackson, 1998!. We
used five proteins from this family: PDB files are1shg, 1srm, 1nyf,
1cka, 1gfc. PI3-kinase has not been considered in the simulation
because it has a longer length of the chain than the above-
mentioned proteins.

The second group is the cold shock DNA-binding domain-like
family where the most stable protein does not fold the most rapidly

Optimal region of average side-chain entropy 585



~Perl et al., 1998!. Cold shock proteinB, CspB, has ab-barrel fold
and is one of the fastest folding proteins~1,070 s21 at 258C!.
Besides,CspBhas the most highly structured transition states than
other proteins studied to date~Schindler et al., 1995!. We have
used four proteins from this family:1ah9, 1sro, 1mjc, 1nmg, and
oneb-protein—2ait.

The third group is the ferredoxin-like fold where proteins have
a classical open-facedb-sandwich fold comprised of two or three
antiparallela-helices packed against ab-sheet. Acylphosphatase
~1aps! folds more than 1,000-fold slower than the activation do-
main procarboxypeptidase A2~1pba!. The latter with the lowest
stability refolds the most rapidly~van Nuland et al., 1998!. We
used the following proteins:1aps, 1urn, 1sxl, 1hdn, 1ris, 2acy.
Procarboxypeptidase A2~1pba! has not been considered in the
simulation because it has not enough compact structure in the PDB
file. So we can not observe a full folding process for it.

All proteins from these families provide a simple model for the
study of protein folding.
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