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Abstract

Proteins fold in a time range of microseconds to minutes despite the large amount of possible conformers.
Molecular dynamics simulations of a three-stranded antiparallel 3-sheet peptide (for a total of 12.6 psec and
72 folding events) show that at the melting temperature the unfolded state ensemble contains many more

conformers than those sampled during a folding event.
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Proteins are complex molecules with many degrees of free-
dom. Their ability to fold to a unique three-dimensional
structure in a time range of microseconds to minutes seems
to be at odds with the large amount of possible conformers
(Dill and Chan 1997; Karplus 1997). One argument against
this apparent conundrum (Levinthal’s paradox) is based on
the results of a “toy” model of proteins, a string of 27 beads
positioned at sites of a cubic lattice where beads interact
only if they are nonbonded nearest neighbors and long-
range interactions are neglected. Because the number of
accessible conformations is of the order of 10'°, folding of
the lattice model in about 10’ Monte Carlo moves has sug-
gested that it is possible to reach the folded state after
searching through only a minute fraction of the denaturated
state ensemble (Leopold et al. 1992; Dinner et al. 2000;
Dinner and Karplus 2001). On the basis of explicit solvent
molecular dynamics simulations of structured peptides (last-
ing up to 200 nsec) it has been proposed recently that the
number of conformers that characterize the denaturated
state is only on the order of 10° for a 100-residue protein
that folds on a millisecond time scale (van Gunsteren et al.
2001a). Furthermore, the significance of the results obtained
by lattice simulations that model only short-range interac-
tions (Dinner and Karplus 2001) has been questioned (van
Gunsteren et al. 2001b).

Reprint requests to: Amedeo Caflisch, Department of Biochemistry,
University of Ziirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzer-
land; e-mail: caflisch@bioc.unizh.ch; fax: (41-1) 635-68-62.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1110/ps.0366103.

Protein Science (2003), 12:1801-1803. Published by Cold Spring Harbor Laboratory Press. Copyright © 2003 The Protein Society

In this paper we show that the denatured state ensemble
of a small protein cannot be characterized by a small num-
ber of statistically relevant conformations. Folding occurs
through the exploration of a small number of conforma-
tions, and different conformations are sampled in different
folding events. Beta3s is a designed 20-residue sequence
whose solution conformation has been investigated by
NMR spectroscopy (de Alba et al. 1999). The NMR data
indicate that beta3s in aqueous solution forms a monomeric
(up to 1 mM concentration) triple-stranded antiparallel
B-sheet (Fig. 1, inset), in equilibrium with the random coil
(de Alba et al. 1999). We have shown previously that in
implicit solvent (Ferrara et al. 2002) molecular dynamics
simulations beta3s folds reversibly to the NMR solution
conformation, irrespective of the starting conformation
(Ferrara and Caflisch 2000; Cavalli et al. 2002). Recently,
four additional molecular dynamics simulations of beta3s
were performed at 330 K for a total simulation time of 12.6
psec. The length of each simulation (2.7 psec, 2.7 psec, 2.8
psec, and 4.4 wsec) is more than 30 times longer than the
average folding or unfolding time (about 85 nsec each),
which are similar because at 330 K the folded and unfolded
states are equally populated. At 330 K the peptide is within
25 A C, root mean square deviation (RMSD) from the
folded conformation about 48% of the time. Figure 1 shows
the results of a cluster analysis based on C, RMSD. There
are more than 15,000 conformers (cluster centers) and it is
evident that a plateau has not been reached within the 12.6
psec of simulation time. However, the number of signifi-
cantly populated clusters (see Ferrara and Caflisch 2001 for
a detailed description) converges already within 2 psec.
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Figure 1. Number of clusters as a function of time. The “leader” clustering
procedure was used with a total of 120,000 snapshots saved every 0.1 nsec
(thick line, squares). The clustering algorithm, which uses the C, RMSD
values between all pairs of structures, was used only for the first 8 wsec
(80,000 snapshots) because of the computational requirements (thin line,
circles). (Diamond) Average number of conformers sampled during the
folding time, which is defined as the average time interval between suc-
cessive unfolding and refolding events. (Inset, top) A backbone represen-
tation of the folded state of beta3s with main chain hydrogen bonds as
broken lines; (inset, bottom) average effective energy as a function of the
fraction of native contacts Q, which are defined in Ferrara and Caflisch
2000.

Hence, the simulation-length dependence of the total num-
ber of clusters is dominated by the small ones. At each
simulation interval between an unfolding event and the suc-
cessive refolding event additional conformations are
sampled (Fig. 2). More than 90% of the unfolded state con-
formations are in small clusters (each containing < 0.1% of
the saved snapshots) and the total number of small clusters
does not reach a plateau within 12.6 psec. Note that there is
also a monotonic growth with simulation time of the num-
ber of snapshots in the folded-state cluster. After 12.6 psec
(and also within each of the four trajectories) the system has
sampled at the equilibrium of folded and unfolded states
despite the fact that a large part of the denaturated state
ensemble has not yet been explored. In fact, the average
folding time converges to a value around 85 nsec, which
shows that the length of each simulation is much larger than
the relaxation time of the slowest conformational change.
Interestingly, in the average folding time of about 85 nsec
beta3s visits < 400 clusters (diamond in Fig. 1). This is only
a small fraction of the total number of conformers in the
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denaturated state. It is possible to reconcile the fast folding
with the large conformational space by analyzing the effec-
tive energy, which includes all of the contributions to the
free energy except for the configurational entropy of the
protein (Dinner et al. 2000; Ferrara and Caflisch 2000). Fast
folding of beta3s is consistent with the monotonically de-
creasing profile of the effective energy (Fig. 1, inset). De-
spite the large number of conformers in the denaturated
state ensemble, the protein chain efficiently finds its way to
the folded state because native-like interactions are on av-
erage more stable than non-native ones.

In conclusion, we have shown using an atomic model of
a small protein that the unfolded state ensemble at the melt-
ing temperature is a large collection of conformers differing
among each other, in agreement with previous high-tem-
perature molecular dynamics simulations (Wong et al.
2000; Shea and Brooks 2001). The energy “bias” that makes
fast folding possible does not imply that the unfolded state
ensemble is made up of a small number of statistically rel-
evant conformations. The simulation results provide further
evidence that the number of denaturated state conformations
is orders of magnitudes larger than the conformers sampled
during a folding event.

Materials and methods

The molecular dynamics simulations and part of the analysis of the
trajectories were performed with CHARMM (Brooks et al. 1983).
Beta3s was modeled by explicitly considering all heavy atoms and
the hydrogen atoms bound to nitrogen or oxygen atoms
(PARAMI19 force field; Brooks et al. 1983). An implicit model
based on the solvent-accessible surface was used to describe the
main effects of the aqueous solvent on the solute (Ferrara et al.
2002). The CHARMM PARAM19 default cutoffs for long-range
interactions were used, that is, a shift function (Brooks et al. 1983)
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Figure 2. Time series of the fraction of native contacts Q (gray line, axis
labels on the left) and total number of clusters (thick line, axis labels on the
right) along one of the four trajectories. The plot shows that the number of
clusters grows in the simulation intervals during which beta3s is in the
unfolded state, i.e., Q values close to zero.
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was employed with a cutoff at 7.5 A for both the electrostatic and
van der Waals terms. This cutoff length was chosen to be consis-
tent with the parameterization of the force-field and implicit sol-
vation model. The model is not biased toward any particular sec-
ondary structure type. In fact, exactly the same force field and
implicit solvent model have been used recently in molecular dy-
namics simulations of folding of structured peptides (a-helices and
B-sheets) ranging in size from 15 to 31 residues (Ferrara and
Caflisch 2000, 2001; Hiltpold et al. 2000), and small proteins of
about 60 residues (Gsponer and Caflisch 2001, 2002). Despite the
lack of friction attributable to the absence of explicit water mol-
ecules, the implicit solvent model yields a separation of time scales
consistent with experimental data near room temperature: Helices
fold in about 1 nsec (Ferrara et al. 2000; =0.1 psec, experimentally
[Eaton et al., 2000]), B-hairpins in about 10 nsec (Ferrara et al.
2000; =1psec [Eaton et al. 2000]), and triple-stranded {3-sheets in
about 100 nsec (=10psec experimentally; de Alba et al. 1999).

The trajectories were started from the folded state with different
initial assignment of the velocities. The temperature was kept con-
stant at 330 K by weak coupling to an external bath with a cou-
pling constant of 5 psec. The value of 330 K is close to the melting
temperature in the model (Cavalli et al. 2002). The SHAKE algo-
rithm (Ryckaert et al. 1977) was used to fix the length of the
covalent bonds involving hydrogen atoms, which allows an inte-
gration time step of 2 fsec.

The fraction of native contacts Q is a progress variable whose
time dependence is used to monitor folding/unfolding events (Fer-
rara and Caflisch 2000). A folding event is considered completed
when Q reaches a value larger than 0.85 (Q > 22/26), while an
unfolding event is considered completed when Q drops below 0.15
(Q < 4/26; Ferrara and Caflisch 2000). The folding time is defined
as the temporal interval between the first time point with Q > 22/
26 and the first time point with Q < 4/26. The unfolding time is
defined analogously, that is, the interval between the first time
point with Q < 4/26 and the first time point with Q > 22/26.

The method for cluster analysis (“leader” algorithm) is based on
structural similarity. The first conformation along a trajectory is
defined as the center of the first cluster. The remaining conforma-
tions are iteratively added to the cluster whose center has the
lowest C,, RMSD if the C, RMSD is smaller than a cutoff of 2 A.
If the closest cluster center deviates more, the conformation be-
comes the center of a new cluster. To estimate the statistical error
the clustering was repeated several times. For this purpose, the
four simulations were concatenated and the resulting composite
trajectory was divided in subintervals of equal length (e.g., the
number of clusters sampled in 4 psec is calculated three times on
the intervals 0—4 wsec, 4-8 wsec, and 8—12 psec). The statistical
error in the number of clusters is about twice the size of the square
symbols in Figure 1. To show that the overall behavior does not
depend on the clustering procedure a different clustering algorithm
was also used. It evaluates the C, RMSD for each pair of struc-
tures (Daura et al. 1999). Both clustering procedures gave a similar
simulation-length dependence of the number of clusters for C,
RMSD cutoff values ranging from 1.5 to 2.5 A.

Acknowledgments

We thank J. Gsponer for interesting discussions and comments to
the manuscript. We also thank A. Widmer (Novartis Pharma,
Basel, Switzerland) for providing the molecular modeling program
Wit!P, which was used for visual and cluster analysis of the tra-
jectories. We are grateful to M. Schaefer (Syngenta, Basel, Swit-

zerland) for providing the program used for the clustering with
RMSD between all pairs of structures. This work was supported by
the Swiss National Competence Center in Structural Biology
(NCCR) and the Swiss National Science Foundation (grant no.
31-64968.01 to A.C.).

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section 1734
solely to indicate this fact.

References

Brooks, B.R., Bruccoleri, R.E., Olafson, B.D., States, D.J., Swaminathan, S.,
and Karplus, M. 1983. CHARMM: A program for macromolecular energy,
minimization and dynamics calculations. J. Comp. Chem. 4: 187-217.

Cavalli, A., Ferrara, P., and Caflisch, A. 2002. Weak temperature dependence of
the free energy surface and folding pathways of structured peptides. Pro-
teins 47: 305-314.

Daura, X., van Gunsteren, W.F., and Mark, A.E. 1999. Folding-unfolding ther-
modynamics of a 3-heptapeptide from equilibrium simulations. Proteins 34:
269-280.

de Alba, E., Santorio, J., Rico, M., and Jimenez, M.A. 1999. De novo design of
a monomeric three-stranded antiparallel (3-sheet. Protein Sci. 8: 854-865.

Dill, K.A. and Chan, H.S. 1997. From Levinthal to pathways to funnels. Nat.
Struct. Biol. 4: 10-19.

Dinner, A.R. and Karplus, M. 2001. Comment on the communication “The key
to solving the protein-folding problem lies in an accurate description of the
denatured state” by van Gunsteren et al. Angew. Chem. Int. Ed. 40: 4615-
4616.

Dinner, A.R., Sali, A., Smith, L.J., Dobson, C.M., and Karplus, M. 2000. Un-
derstanding protein folding via free-energy surfaces from theory and ex-
periment. Trends Biochem. Sci. 25: 331-339.

Eaton, W.A., Muiioz, V., Hagen, S.J., Jas, G.S., Lapidus, L.J., Henry, E.R., and
Hofrichter, J. 2000. Fast kinetics and mechanisms in protein folding. Annu.
Rev. Biophys. Biomol. Struct. 29: 327-359.

Ferrara, P. and Caflisch, A. 2000. Folding simulations of a three-stranded an-
tiparallel 3-sheet peptide. Proc. Natl. Acad. Sci. 97: 10780-10785.

. 2001. Native topology or specific interactions: What is more important
for protein folding? J. Mol. Biol. 306: 837-850.

Ferrara, P., Apostolakis, J., and Caflisch, A. 2000. Thermodynamics and kinet-
ics of folding of two model peptides investigated by molecular dynamics
simulations. J. Phys. Chem. B 104: 5000-5010.

. 2002. Evaluation of a fast implicit solvent model for molecular dy-
namics simulations. Proteins 46: 24-33.

Gsponer, J., and Caflisch, A. 2001. Role of native topology investigated by
multiple unfolding simulations of four SH3 domains. J. Mol. Biol. 309:
285-298.

. 2002. Molecular dynamics simulations of protein folding from the
transition state. Proc. Natl. Acad. Sci. 99: 6719-6724.

Hiltpold, A., Ferrara, P., Gsponer, J., and Caflisch, A. 2000. Free energy surface
of the helical peptide Y(MEARA)(6). J. Phys. Chem. B 104: 10080-10086.

Karplus, M. 1997. The Levinthal paradox: Yesterday and today. Fold Des. 2:
S69-S75.

Leopold, P.E., Montal, M., and Onuchic, J.N. 1992. Protein folding funnels: A
kinetic approach to the sequence-structure. Proc. Natl. Acad. Sci. 89: 8721—
8725.

Ryckaert, J.P., Ciccotti, G., and Berendsen, H.J.C. 1977. Numerical integration
of the Cartesian equations of motion of a system with constraints: Molecular
dynamics of n-alkanes. J. Comput. Phys. 23: 327-341.

Shea, J.E. and Brooks, C.L. 2001. From folding theories to folding proteins: A
review and assessment of simulation studies of protein folding and unfold-
ing. Annu. Rev. Phys. Chem 52: 499-535.

van Gunsteren, W.F., Biirgi, R., Peter, C., and Daura, X. 2001a. The key to
solving the protein-folding problem lies in an accurate description of the
denatured state. Angew. Chem. Int. Ed. 40: 351-355.

. 2001b. Reply. Angew. Chem. Int. Ed. 40: 4616-4618.

Wong, K.B., Clarke, J., Bond, C.J., Neira, J.L., Freund, S.M., Fersht, A.R., and
Daggett, V. 2000. Towards a complete description of the structural and
dynamic properties of the denatured state of barnase and the role of residual
structure in folding. J. Mol. Biol. 296: 1257-1282.

1803

www.proteinscience.org



