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Deciphering the timescales and mechanisms of protein folding 
using minimal off-lattice models 
D Thirumalai” and DK Klimov 

Considerable insights into the mechanisms and timescales of 
protein folding have been obtained from detailed studies of 

minimal off-lattice models. These models are coarse-grained 

representations of polypeptide chains. Many novel predictions of 

the mechanisms and timescales of the folding of proteins have 
been made using simulations of off-lattice models. The concepts 

derived from these simulations have been used to analyze the 

recent experiments and simulations of proteins and peptides. 
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Abbreviations 
ADS atomic detailed simulations 
CBA competing basin of attraction 
FCC face centered cubic 
GHT Go-Honeycutt-Thirumalai 
HT Honeycutt-Thirumalai 
I intermediate 
KPM kinetic partitioning mechanism 
MFN multiple folding nuclei 
NBA native basin of attraction 
NC nucleation-collapse 
SFN specific folding nucleus 
U unfolded 

Introduction 
What are the folding routes navigated by an ensemble of 
denatured states of a polypeptide chain en route to the 
native conformation? The quest to answer this question 
has led to substantial advances in theory 
[1,2”,3,4’,5,6,7”], experiments [8-12,13’,14”] and com- 
putational strategies [15-21,22’,23’,24-26,27”]. These 
tools have been used to unravel the diverse mechanisms 
by which proteins fold. Through fast-folding experiments, 
it has become possible to watch folding events on submi- 
crosecond timescales [13’,28,29”,30-341. The principles 
of protein engineering [ 14”] are being used to successful- 
ly assess the nature of the transition-state ensembles of 
small proteins [35,36,37”,38”]. From a theoretical per- 
spective, much progress has been made using minimal 
model representations of proteins [l]. With very few 
exceptions [39], most of the attention has been given to 
lessons from Monte Carlo studies of low-resolution lattice 
models [1,3,6,404]. Such models have been useful in 
testing certain general principles of the kinetics of protein 
folding [1,‘2”,41,44]. The most significant advantage of 
minimal models is that precisely formulated questions can 
be quantitatively answered using converged computations. 

The severe limitations of lattice models, such as the dis- 
crete representation of spatial coordinates and energies, 
however, prevent them from providing a realistic picture of 
folding pathways. It is, perhaps, for this reason that there 
has been a resurgence in using minimal off-lattice models 
to investigate various aspects of protein folding 
[25,26,27”,45~9]. These models offer a realistic represen- 
tation of the secondary and tertiary structures, while still 
retaining a coarse-grained description of the polypeptide 
chain. This enables one to completely characterize the 
thermodynamics and kinetics of folding. 

Both fully atomic detailed simulations (ADS) in aqueous 
solution and coarse-grained representations of polypeptide 
chains are off-lattice models. The two differ substantially in 
their level of detail. In the latter, all of the details on the 
4-6 A scale are averaged out and are included in the effective 
interactions between the beads representing the various 
amino acids. A full understanding of the pathways and barri- 
ers to folding requires ADS in an explicit water environment. 
Although such simulations of peptides [50’] and a small pro- 
tein [Sl”] have been reported recently [SZ-551, they are not 
yet routine. Therefore, studies using minimal off-lattice 
models have been used to provide a conceptual framework 
for understanding folding mechanisms in proteins. The idea 
that simple representations of polypeptide chains (one or two 
beads per residue) could be useful has been already used by 
Levitt and Warshel [56] in their pioneering attempts to pre- 
dict the fold of the bovine pancreatic trypsin inhibitor. The 
utility of such simple models for probing folding kinetics and 
mechanisms was demonstrated sometime ago by Honeycutt 
and Thirumalai [15] and by Rey and Skolnick [16]. 

Following these early studies, there have been several recent 
developments in using minimal off-lattice models to under- 
stand many aspects of protein folding [22’,23’, 
24--26,27”,45,47,49]. These models have been used to 
address a number of important aspects of folding kinetics. 
They include predictions of timescales for the formation of 
native structures [25,27”,45], variations in the folding mech- 
anisms in terms of the characteristics of the sequences and 
topologies [25,27”,49] and the clarification of the nature of 
the transition states of fast-folding proteins [26.57”,58,59]. 
Here, we provide a unified picture of the folding mecha- 
nisms for a class of proteins by synthesizing various concepts 
that have originated from detailed computations of minimal 
models, as well as ideas from polymer science. 

Characteristic temperatures and phases of a 
polypeptide chain 
Proteins are finite systems that exist in solution (the sol- 
vent of interest is water). The finiteness of such systems, 
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together with their marginal stability, makes the character- 
ization of the ‘phases’ of proteins difficult. Nevertheless, 
general expectations of the putative phases of a monomer- 
ic protein can be made in analogy with polymers [7”,60]. 
Such an analogy would suggest that, at a sufficiently high 
temperature (R,Tis greater than the attractive interactions 
that confer a globular nature to folded proteins), the 
polypeptide chain is expected to display the characteristics 
of a random coil. This is the unfolded (U) phase of the pro- 
tein. In practice (especially when the unfolded state is 
realized by adding excess chemical denaturants), there 
could be remnants of secondary structural elements pre- 
sent, even in random coil conformations [61]. As the 
temperature is lowered to the collapse temperature T, we 
expect the transition of the chain to a compact phase. This 
transition is analogous to the collapse process in polymer 
systems. The transition at To is either first or second order, 
depending on the nature of the interactions and the con- 
formational fluctuations. In a protein, there are additional 
energy scales (due to the diversity of amino acid residues) 
that render a few of the exponentially large number of con- 
formations lower in free energy than the rest. As a result, 
when the temperature is lowered to the folding transition 
temperature TF (below To), a transition to the folded 
native structure takes place. These general arguments sug- 
gest that, generically, we expect three phases for a protein 
as the temperature (or the concentration of the denaturant) 
is varied. They are the unfolded (U) states, an intermedi- 
ate (I) compact phase, often referred to as the molten 
globule [62], and the native state. 

The identification of these phases requires appropriate 
order parameters. A natural order parameter that can distin- 
guish between IT and I would be the monomer density, 
p = N/q;, where N is the number of amino acid residues and 
RG is the radius of gyration. We expect RcG = ac@ls and 
RG = a,iVn, where a(/ and a, are the effective persistence 
lengths of the polypeptide chain in the two phases. It fol- 
lows that p = 0 in U and p - 0 (1) in I for large enough N. 
The finite size of polypeptide chains, as well as the plausi- 
ble residual structures in the Ii phase, however, makes p 
difficult to use in practice. The temperature dependence of 
R, (or, equivalently, the specific heat) has been used to 
compute T, [ 15,25]. The temperature dependence of R,: in 
ribonuclease A [61] is similar to that seen in off-lattice mod- 
els, which implies that such measurements can be used to 
estimate T& The fluctuations in the overlap function x (a 
quantity that measures how similar a given conformation is 
to the native state [63]) or the probability of being in the 
native state may be used to compute T,- [21,27”,41,44,64]. 
Thus, the characterization of the expected phases requires 
two order parameters, which implies that a coarse-grained 
free energy for proteins is a function of at least two variables. 
There are other subtle orderings that are distinguishable 
within a large folded protein. This could be ‘nematic order- 
ing’ due to the alignment of helices [65]. The determination 
of such packing requires experimental probes that are cur- 
rently not being employed in the protein folding area. 

As a result of the finiteness and the marginal stability of 
the folded states of proteins, it is more useful to discuss 
the ‘phases’ of proteins in terms of the basins of attrac- 
tion corresponding to the three states [5,27”,47]. This is 
most easily illustrated using two-state folding. Here, the 
relevant phases are the basin of attraction corresponding 
to IT and the native basin of attraction (NBA). The 
boundary between the two is obtained by noting that the 
ensemble of conformations with x less than x(TF) belong 
to the NBA [47]. This definition has been used to com- 
pute the probability of being in the NBA, PAvEA - the 
midpoint of which gives TF [44,47,64]. For sequences 
that have an I phase, there are other basins of attraction, 
in which the average value of the overlap is between the 
U phase and in the NBA. 

An important point to remember is that the stability of the 
phases can be altered by changing the external conditions, 
such as pH or urea concentration. For example, the inter- 
mediate state of apomyoglobin is more stable at pH 4 than 
either the native state or the unfolded state [66]. In terms 
of the characteristic temperatures, it has been argued that 
the putative phase between To and TF would correspond to 
the equilibrium I phase [63,67,68]. 

Folding rates are determined by underlying 
thermodynamic transitions 
Since the pioneering experiments of Anfinsen [69], it has 
been appreciated that protein folding is a self-assembly 
process, that is, the information needed to specify the 
topology of the native state is contained within the prima- 
ry sequence itself. IJnlike other self-assembled systems 
(like micelles), the topology of the native state is relative- 
ly unique. The conformations that belong to the NBA can 
very rapidly interconvert among themselves on microscop- 
ic timescales. A key question that has attracted 
considerable attention over the past several years is what 
are the intrinsic, sequence-dependent properties that 
determine the dual requirements of the marginal stability, 
as well a., the kinetic accessibility of the folded states of 
globular proteins? In other words, is there a link between 
folding speeds and the underlying thermodynamic proper- 
ties? It has been shown, using lattice and off-lattice 
models, that many global aspects of the folding kinetics of 
proteins and RNA can be understood in terms of the char- 
acteristic temperatures To and Tp [5,7”,27”,41,44,63,70]. 
In particular, the key factor that determines the foldability 
of sequences is the single dimensionless parameter: 

o-7’,-TF 

Te 
(1) 

which indicates how far the collapse transition temperature 
is from the folding temperature [41,63]. 

Using a variety of models, we have shown that, under con- 
ditions in which the NBA has the largest occupation 
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probability, the folding rates are determined by CY [27”]. In 
Figure 1, we show the folding times for nine sequences, 
each with a p turn in the native state. Remarkably, when Q 
changes by a factor of three or four, the folding time can 
increase by nearly five orders of magnitude. Such correla- 
tions have also been demonstrated in lattice models of 
proteins [41,44,70,71]. These studies clearly show that 
sequences with relatively small CJ values fold rapidly under 
a large range of external conditions. These observations 
lead to a clearly stated foldability principle that states that 
optimal folding occurs whenever TF = To [7”]. 

The relationship between (T and the spectrum of states and 
the entropy of the misfolded structures suggests that the 
folding rates should show a significant correlation with the 
Z-score, which is the difference between the energy of the 
native state and the average energy of the misfolded struc- 
tures divided by the dispersion in the energies of the 
misfolded structures. This is indeed the case ([44]; Dinner 
et a/., personal communication). In contrast, there is no 
useful correlation between the rates of folding and the 
much ballyhooed energy gap (however it is defined) 
[41,44]. JMore importantly, the energy gap is not easily 
computable for off-lattice models [24,72]. 

Three recent studies using off-lattice models have confirmed 
that sequences with small CJ values fold rapidly [22’,27”,49]. 
Two of these [22’,49] employ the Honeycutt-Thirumalai 
(HT) model [1.5], which has been demonstrated to be a mod- 
erate folder [25], as the starting point. Shea et al. [Z’] 
constructed a number of sequences, starting with the HT 
sequence, by decreasing the strength of the non-native 
hydrophobic interactions. They found that CJ becomes small- 
er as the strength of the non-native hydrophobic interactions 
is reduced. For the extreme case of zero non-native interac- 
tions, the value of CJ is nearly zero. Our theory [60,63] would 
suggest that these sequences would fold rapidly. Nymeyer et 
al. [49] considered the Go version of the HT model (GHT) 
by setting all the non-native interactions to zero. They found 
that, for the resulting GHT model, cs is almost zero (the peak 
in the specific heat [To] nearly coincides with the tempera- 
ture TF at which the fraction of native contacts is 0.5, see 
Figure 5 of [49]). Not surprisingly, the GHT sequence folds 
more rapidly than the HT sequence under similar folding 
conditions, thus confirming the validity of CY as a determinant 
of the folding rates. The studies of Veitshans eta/. [27”] also 
showed that, by introducing diversity in the hydrophobic 
interactions, the value of (3 can be systematically lowered. 
This, of course, translates into rapidly folding sequences, as 
shown in Figure 1. 

It is clear from these studies that one can design fast fold- 
ing sequences by lowering CJ. Although T,v can be made to 
approach T, using an optimal design procedure, it is almost 
never exactly zero for protein-like sequences. We have 
shown previously that, in sequences with small CJ values, 
there is compatibility between interactions on small length 
scales, which are responsible for secondary structures, and 

Figure 1 
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The dependence of the folding time (T,J as a function of o = (7, - TF)lTe 
where To and TFare the collapse and folding transition temperatures, 
respectively. The timescales were computed using Langevin simulations 
for nine sequences whose native state is a p turn. The vertical dashed 
lines represent approximately the boundaries in the o axis at which the 
folding mechanism changes. The location of the boundaries is for 
guidance only. For example, between oL and o,, the polypeptide chain is 
expected to fold by the KPM (see Figure 2). When o exceeds (T,,, 
spontaneous folding occurs with very little yield of the native state. Such 
sequences may require chaperones to reach the native state. 

interactions on longer length scales, which confer a globu- 
lar nature and specific native-state topology [7”,68]. Thus, 
sequences with small (T are a mathematical manifestation 
of the consistency principle proposed by Go sometime ago 
[73]. As a result of chain connectivity, there is always resid- 
ual topological frustration (see below) in proteins, even 
when (T = 0, which implies that there is no ideal protein 
sequence with a perfect balance between local and nonlo- 
cal interactions. It is for this reason that one does not 
expect completely barrier-free folding in proteins. When 
TF = T, the barriers separating the folded and unfolded 
states are minimized, but not eliminated. 

Folding mechanisms 
The diversity in folding mechanisms can also be classified 
naturally in terms of differing values of CL From the appar- 
ent variations in the folding rates with increasing (J, we 
expect that the folding mechanisms are also different. The 
various scenarios that arise as CJ is altered may be classified 
as described below [27”,41]. 

Small CJ and the nucleation-collapse mechanism 
Fast folding sequences have (3 values that are less than 0~. 
Although we have not been able to estimate o,, we find 
that it is generally less than about a quarter. These 
sequences display two-state behavior, both thermodynam- 
ically and kinetically [27”,41,44,64.74’]. The 
thermodynamic transition at TF is first order and coopera- 
tive [3,4’]. As a result of the finite size of polypeptide 
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chains, the transition at TF is not infinitely cooperative. 
Recently, we have introduced a dimensionless measure of 
cooperativity [64]. This index measures the strength of the 
transition at Tp By analyzing equilibrium data on a num- 
ber of proteins, we showed that, when unfolding is 
induced by chemical denaturants, the cooperativity index 
is in the range S-15 1641, whereas the corresponding values 
would be nearly infinite in an extremely cooperative tran- 
sition (the crystallization of liquids for example) [75]. For 
sequences with small 0, the native state is reached in a sin- 
gle kinetic step, that is, typically, one observes first-order 
kinetics in the transition from U to the NBA [27”]. These 
characteristics of two-state folders, which have been seen 
in experiments (e.g. [8,76]) and in minimal models of pro- 
teins [22’,27”,44,49], raise fundamental questions: what is 
the timescale for the transition to the native state starting 
from an ensemble of denatured states and what are the 
pathways, mechanisms and transition states that are 
involved en route to the native state? 

Timescales 
The timescales for forming fragments of structures, such 
as B turns and cx helices, have been obtained using 
Langevin simulations of simple off-lattice models 
[27”,45,57”]. It is predicted that a helices form in 
lo-100 ns, depending on the temperature [45]. These val- 
ues are in good accord with experiments [29”,33], as well 
as other theoretical estimates. The rates of B-turn forma- 
tion are currently being investigated in detail, both 
computationally [27”,57”] and by fast-folding experi- 
ments [29”]. Using a number of sequences that have a 
B turn as the native state, we have shown that they can 
fold in about 10 us [27”,57”]. Not surprisingly, these the- 
oretical predictions were subsequently confirmed by 
Munoz etal. [29”], who showed that a peptide (a fragment 
of the Bl domain of the immunoglobulin-binding protein 
[GBI]) forms a B turn in 6 us. 

A tentative expression for the timescales for accessing the 
NBA for two-state folders has been given using arguments 
from polymer theory [60]. It has been argued chat opti- 
mized sequences, which fold in two-state manner and 
reach the NBA under favorable conditions, fold in times 
given by: 

where w is between 3.8 and 4.2, q is the viscosity, a is an 
effective persistence length, y is the average surface ten- 
sion and N is the number of amino acids in the protein. In 
general, j(o) depends exponentially on (7 (see Figure 1). 
We emphasize that this prediction gives estimates that are 
accurate only to within an order of magnitude. 

It is instructive to estimate the folding times for a few 
two-state folders using Equation 2. For this purpose, we 
assume that f(o) is on the order of unity because 0 is 

expected to be small. The folding time for the two-state 
folding peptide investigated by Munoz et&. [29”] is pre- 
dicted to be in the range of 4-7 1s using Equation 2, 
which agrees extremely well with measurements [‘29”], 
as well as with Langevin simulations [57”]. In obtaining 
this absolute time, we have used the fact that the prefac- 
tor, rkr/y, is about 0.1 ns, which is obtained using typical 
values for q, a and y [60]. We also estimate that the fold- 
ing time for the much studied chymotrypsin inhibitor 2 
((212) is in the range of l-4 ms, whereas the 67 residue 
protein cspB is predicted to fold in range of l-5 ms. The 
experimental folding times for CI2 and cspB are 18 ms 
[35] and 1.5 ms [77], respectively. Our estimates of fold- 
ing times using Equation 2 agree extremely well with 
experiments [35,77]. Thus, a combination of the theoret- 
ical arguments given in [60] and Langevin simulations of 
minimal off-lattice [45,57”] may suffice to obtain esti- 
mates of the overall timescales of the folding of small 
proteins. 

Sequences with small o fold in such a way that the 
process of collapse and the acquisition of the native con- 
formation are almost simultaneous. This would imply 
that rc/zF -O(l), where 2, is the time for specific collapse 
to occur [60]. Recent experiments on protein L 
(D Baker, personal communication) confirm our theoret- 
ical prediction. It is also consistent with the notion that, 
in the nucleation-collapse (NC) mechanism, it is not 
advantageous to have preformed native contacts in the 
denatured states [ 14”]. Therefore, the efficient folding 
of two-state folders reflects the fact that collapse and 
folding are almost synchronous. 

Nucleation-collapse mechanism and transition states 
It is natural to postulate that because, at T,v, a first-order 
folding transition takes place, a nucleation-like mechanism 
is operative in two-state folders. This was suggested by 
Wetlaufer [78] a long time ago to explain the efficient fold- 
ing of proteins. For sequences with small (T, we have 
suggested that the acquisition of the native state (by 
searching for one of the critical nuclei) and the collapse 
processes are almost simultaneous [7”,60]. Thus, this 
process is referred to as the NC mechanism. In recent 
years, there has been renewed interest in understanding 
the nature of the NC mechanism using protein engineer- 
ing experiments [3.5] and simulations of lattice and 
off-lattice models [2.5,26,.58,74’,79]. 

The average size of the critical nuclei 
When a liquid, say argon, is slowly cooled below its melt- 
ing temperature, it crystallizes into a face centered cubic 
(FCC) lattice. Kinetically, this process is triggered by the 
formation of droplets that have crystalline (not necessarily 
FCC) features. There is a distribution in the sizes of these 
droplets [75]. If the radius of the droplet exceeds a critical 
value (a nucleus), then the FCC crystal is realized with 
overwhelming probability. The analogy to crystallization 
has been used to predict the average size of the critical 
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nucleus in single-domain proteins. By balancing the dri- 
ving force towards the native state and the surface tension 
of the ‘droplet’ containing the residues in the nucleus, Guo 
and Thirumalai [ZS] showed that the average size of the 
critical nucleus is between 10-15 residues. This is in 
accord with the estimate made by Matheson and Scheraga 
[BO] some time ago using a very different procedure. By 
refining an earlier theory, Wolynes [Bl] suggests that 
roughly a third of the residues constitute the critical nucle- 
us. A more realistic treatment (JD Bryngelson, 
D Thirumalai, unpublished data), using experimentally 
measured quantities, also shows that the average size of 
the nucleus is between lo-15 residues. Thus, a variety of 
theoretical approaches leads to consistent results for the 
average size of the nucleus for single-domain proteins. 

The droplet picture of Guo and Thirumalai [25], as well as 
that of Wolynes [81], shows that, in general, the width of the 
transition region is relatively broad. Both the topology of the 
native state and the external conditions determine the tran- 
sition state width and the heterogeneity of the transition 
state structures [4’,59]. The relatively broad transition region 
is suggestive of a plastic transition-state ensemble [26]. 

The multiple folding nuclei model for 
nucleation-collapse mechanism 
The relatively small size of the nuclei implies that only a 
subset of residues is in contact in the putative transition 
states. The structural characteristics of the conformations 
that constitute the critical nuclei have been investigated 
using both lattice and off-lattice models [26,58]. Based on an 
extensive analysis of the HT model, which has a p barrel as 
the native state, Guo and Thirumalai [26] showed that there 
are several nucleation regions. The contacts between the 
residues in the nucleation regions occur with varying proba- 
bility in the transition state. It was further demonstrated that 
the most probable nucleation regions occur close to the turn 
region, which is in accord with experiments [37”,38”]. The 
formation of such nucleation regions is responsible for the 
subsequent rapid assembly of the native conformation. 

When averaged over the denatured ensemble, some of the 
contacts (those close to the loop regions in the p-sheet mod- 
els) occur with a higher probability than others. This 
observation allowed us to propose the multiple folding 
nuclei (MFN) model, which asserts that, in the folding 
nuclei, there is a distribution of contacts, with some occur- 
ring with higher probability than others [74’,79]. The 
structures corresponding to the critical nuclei are topology 
preserving, that is, the nucleation regions have native-like 
structures. As a result of the nature of the topology-preserv- 
ing transition-state structures, the number of structures 
corresponding to the critical nuclei is not exponentially 
large. In the HT four-turn P-barrel models, contacts 
between beads near the middle two turns occur with a high- 
er probability than others. These high probability contacts 
are formed as a result of the flexibility of loops. The impor- 
tance of the entropy associated with loop formation in the 

transition states was stressed by Guo and Thirumalai [25] 
and also has been recently pointed out by Pande eta/. [4’]. 

The validity of the MFN was further illustrated by a 
detailed analysis of lattice models of proteins [74-J. The 
probability distribution of the size and number of residues 
and other structural characteristics unambiguously demon- 
strated that there are many nuclei involved in the folding 
process. On an average, there are some contacts that are 
found with a higher probability than others. The simultane- 
ous participation of a subset of native contacts in each and 
every member of the transition-state ensemble is not 
observed. If there is a subset of contacts that participate with 
unit probability, as was postulated in the specific nucleus 
model (SFN) [58], then the distribution of contacts would 
have a peak at unit probability. The absence of such a peak 
in the distribution functions was used to show that the SFN 
model is not a valid description of the nucleation-collapse 
mechanism, at least for simple models [74’,79]. 

A different picture of the folding nuclei is advocated by 
Wolynes and co-workers [59]. He argues that different 
native contacts participate in the transition state with dif- 
ferent probabilities. The implication of this is that, in the 
transition state, all the contacts are involved, with some 
participating with a higher probability than others, in every 
molecule en route to the native state. This, of course, leads 
to a multiple, delocalized (involving the entire protein) 
nucleus. If we assume that only the very high probability 
contacts are important, then this model is equivalent to the 
MFN model. It should be emphasized that both the MFN 
model and the delocalized nuclei picture are dramatically 
different from the SFN model. 

Topological frustration, intermediate d values, and the 
kinetic partitioning mechanism 
Sequences with intermediate values of 0 are moderate 
folders and their folding kinetics is considerably more 
complicated. The qualitative aspects of the kinetics for 
these sequences, which invariably involve intermediates, 
can be understood in terms of topological frustration [7”]. 
A protein sequence contains about 55% hydrophobic 
residues. The linear density of hydrophobic residues along 
the polypeptide chain is roughly constant, implying that 
the hydrophobic residues are spread throughout the chain. 
As a result, on any length scale greater than the persistance 
length (4, there is a propensity for certain residues to form 
tertiary contacts under folding conditions. The structures, 
which arise as a result of contacts between residues that are 
in close proximity, would be in conflict with the global 
native fold. The incompatibility of structures on local 
scales with the near unique native structure leads to topo- 
logical frustration. It is important to realize that topological 
frustration is inherent to all foldable sequences and is a 
direct consequence of the polymeric nature of proteins, as 
well as of the competing interactions (hydrophobic 
residues, which prefer the formation of compact structures, 
and hydrophilic residues, which are better accommodated 
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A sketch of the KPM. The letters indicate 
blocks of local secondary structural elements 
in a protein sequence. A fraction of the 
molecules (Q) reaches the native 
conformation rapidly. The transition state 
corresponding to one of the folding nuclei is 
displayed. It is native-like, in that a subset of 
native contacts is formed. The folding nuclei 
are an expanded form of the native state. The 
remaining fraction (1-Q) reaches the native 
state by three-stage kinetics. Stages I and II 
lead the polypeptide chain to one of the 
CBAs (misfolded states). The mechanisms 
underlying these stages are described in the 
text. The last stage consists of activated 
transitions from the CBAs to the native state. 
The partition factor Cp can be altered by 
changing the external conditions. The KPM 
mechanism has been mapped out in some 
detail in the refolding experiments on 
lysozyme. 

by extended conformations). It is for this reason that an 
ideal protein, which has complete compatibility between 
local and nonlocal interactions, does not exist, as was first 
recognized by Go [73]. Thus, topological frustration is an 
inherent property of all polypeptide chains. Even the Go 
model is topologically frustrated. A consequence of topo- 
logical frustration is that the underlying energy landscape 
is rugged, consisting of many minima separated by barriers 
of varying heights. 

The nature of the low lying minima in the rugged energy 
landscape can be qualitatively described [5,82]. On the 
length scale /, there are many ways of forming structures that 
are in conflict with the global fold. It is expected that most of 
these structures would have high free energies and, hence, 
would be unstable to thermal fluctuations. We expect a cer- 
tain number of these structures (predicted to grow only as 
UJ [82]) to have low free energies. There could be signifi- 
cant overlap between these structures and the native fold 
and, hence, these structures could be viewed as being native- 
like. Certain regions in these structures could be disordered 
or misfolded. These structures would correspond to the com- 
peting basins of attraction (CBAs), which act as kinetic traps 
that slow the folding process [27”]. 

The basic consequences of the complex free energy sur- 

face arising from topological frustration leads naturally to 
the kinetic partitioning mechanism (KPM) 
[5,7”,2S,2~,27”.~0,83]. Imagine an ensemble of dena- 
tured molecules in search of the native conformation. This 
is the experimental situation that arises when the concen- 
tration of denaturant is decreased. It is clear that a fraction 
of the molecules, @ (the partition factor), would reach the 
NBA rapidly, without being trapped in the low energy 
minima. The remaining fraction would be trapped in one 
or more of the minima and reach the NBA by activated 
transitions only on longer timescales. The value of @ 
depends on the sequence and is determined by (3. Thus, 
because of topological frustration, the initial pool of mole- 
cules partitions into fast folders and slow folders. A 
schematic sketch of the KPM is given in Figure 2. 

The qualitative aspects of KPM (described above) for 
moderate folding sequences were explicitly verified using 
the HT model by Guo and Thirumalai [25,83]. They 
showed that the fraction of molecules @ that reaches the 
NBA rapidly does so in a two-state manner, without popu- 
lating any intermediates. This pool of molecules on the 
fast track reaches the NRA through the NC mechanism, as 
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found for sequences with small 6. The only difference is 
that, for sequences with small (T, the amplitude @ is near- 
ly unity [27”]. The timescale for this fast track is 
approximately given by Equation 2. 

A detailed kinetic analysis of the remaining fraction of 
molecules (l-0) showed that they reach the NBA 
through a three-stage multipathway mechanism 
[25,27”,60,63]. According to this model, the polypeptide 
chain initially collapses to a compact structure. Such a 
collapse is nonspecific and occurs on a timescale of the 
order of 1 ps for a protein consisting of about 100 amino 
acid residues [60]. The structures that are accessed on 
this timescale are determined by loop formation kinetics 
and favorable local interactions. In the second stage (dri- 
ven by energetic biases), the polypeptide chain 
diffusively searches for low-energy structures. As a result 
of the initial nonspecific collapse, the polypeptide chain 
reaches one of the CBAs at the end of the second stage. 
The final stage involves activated transitions from one of 
the CBAs to the NBA. There are many pathways that 
connect the denatured states to the CBAs, but the num- 
ber of paths from the CBAs to the NBA is limited. This 
suggests that the major transition states for the (1-Q) 
fraction of molecules, which occur late in the folding 
process, are sparse. The approximate timescales for each 
of the three stages have been given [60]. 

Experimental validation of the kinetic partitioning 
mechanism in proteins and RNA 
The clearest verification of the KPM comes from detailed 
refolding experiments on the hen-egg lysozyme by 
Kiefhaber and Dobson and co-workers [11,84”]. The 
experiments by Kiefhaber [ll] were the first to show that 
there is a fast track for folding, in which lysozyme assem- 
bles very rapidly (on the order of tens of milliseconds). 
Using interrupted refolding experiments, Kiefhaber 
showed that about 15% of the molecules (Q, - 0.15) reach 
the folded state in about SO ms, whereas the remaining frac- 
tion of molecules reaches the native state in about 400 ms. 
A very detailed map of the parallel pathways in lysozyme 
folding has been made using a combination of hydrogen- 
exchange labeling experiments and the binding of a 
fluorescently labeled inhibitor, by Mantagne et al [84”]. 
These authors showed that about 25% (@ = 0.25 at pH S.S 
and 20”) of the molecules fold by the fast track. The 
timescale for the assembly of the native state by the slow 
process exceeds 350 ms. A theoretical estimate for the slow 
folding process is about 100 ms [S]. which is in fair agree- 
ment with experiments. Although the overall validity of the 
KPM has been demonstrated in the refolding experiments 
on lysozyme, the nature of the transition states in the slow 
and fast processes has not been clarified in experiments. 

Although the folding of large RNAs is not focus of this arti- 
cle, it is worth mentioning that RNA also refolds by the 
KPM [S]. Using a gel assay to monitor the folding of the 
Tetrahymena group I intron, Pan era/. [8S] showed that the 

folding of large RNA involves parallel pathways. The value 
of Q, was found to be around 0.1. These experiments and 
those on proteins suggest that the KPM may be valid for 
the folding of proteins and RNA. 

Atomic detailed simulations 
A complete description of folding pathways requires ADS 
in aqueous solution, provided that it is assumed that inter- 
action potentials are known reasonably accurately. As a 
result of severe constraints on the simulation times, ADS 
have not been routinely used to infer folding pathways. 
Until now, unfolding simulations at elevated temperatures, 
introduced by Daggett and Levitt [52], have been used to 
gain insights into the plausible nature of the transition 
states in the refolding process. Such methods have been 
duplicated by others [53,86,87]. In the past year, direct 
ADS have been reported for peptides [SO’,SS]. Very 
recently, the results of a long molecular dynamics simula- 
tion with explicit inclusion of solvent of a villin headpiece 
subdomain (HP-36), a 36-residue protein, have been pub- 
lished [51”,88]. These studies, especially those on HP-36, 
demonstrate the efficacy of MD simulations, with the cur- 
rent force-fields, in understanding the energy landscape 
dictating the folding process. 

Folding of peptide fragments 
Dyson, Wright and co-workers [89] have undertaken sys- 
tematic NMR studies of a class of peptide fragments that 
form reverse type VI turns. These studies have identified 
several peptide sequences that have a tendency to fold (to 
form a turn). The stability of one of these peptides, cis- 
AYPYD, was examined using molecular dynamics 
simulations by Demchuck eta/. [SS], who showed that the 
NMR structure did not undergo global unfolding during 
the course of the simulations. The folding kinetics of 
another series of peptides (SYPFDV and their sequence 
variants) for which NMR structures are available was 
investigated by Elber and co-workers [SO’]. This study, 
which was the first to demonstrate the reversible folding 
of a peptide in aqueous solution, yielded structures that 
are in good agreement with those determined by NMR 
spectroscopy. This is encouraging because it demonstrates 
that, at least for small protein fragments in solution, struc- 
tures can be predicted using standard energy functions 
and novel simulation protocols. More importantly, it was 
shown that the folded structures can form at room tem- 
perature, starting from initial random-coil states. Elber 
and colleagues [SO’] have predicted that the type VI turn 
in these peptides can form in about a nanosecond, which, 
in principle, can be confirmed experimentally. 
Surprisingly, the analysis of the pathways seen in the for- 
mation of the turn shows that several features expected in 
the folding of proteins (such as multistage kinetics and the 
presence of off-pathway processes leading to KPM) are 
already manifested in these small peptides. This suggests 
that the detailed examination of structure formation in 
such studies may offer a glimpse of the underlying energy 
landscape of proteins. 
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In a subsequent study, van Gunsteren and co-workers [90] 
have reported a series of molecular dynamics simulations 
(in methanol) on a non-natural p heptapeptide that adopts 
a helical structure in the folded state. Using a 50 ns simu- 
lation, they found that this peptide can fold reversibly in 
about 10 ns, starting from denatured states. Although they 
did not explore the folding kinetics and pathways in 
detail, as was carried out on the turn-forming peptides, 
their study confirms qualitatively the findings of 
Mohanty et a/. [50’]. 

Refolding of proteins 
A significant step forward in dissecting the folding path- 
ways of the 36-residue villin headpiece subdomain 
(HP-36) has been taken by Duan and Kollman (Sl”], 
using a 1 ps trajectory generated by standard ADS at 
room temperature [88]. As HP-36 is expected to be a two- 
state folder, CJ would be relatively small. If this is the case, 
the folding time can be theoretically estimated using 
Equation 2. For HP-36, we estimate a from the radius of 
gyration of the compact states probed in the simulation 
[Sl”]. They found that R, - 8.7 A = ahn/3, which gives 
a = 2.6 A, which is smaller than what is generally predict- 
ed for proteins. Using values of JJ = O.OlP and 
y = 25-50 cal/molA2, it is found using Equation 2 that 
zF = 6-50 ps, which is only somewhat larger than the sim- 
ulation timescale [Sl”]. Thus, their study, in principle, 
can provide a picture of many of the early events in the 
folding of a small protein. 

According to Duan and Kollman [51”], 50% of the helical 
content of HP-36, which has three short helices connected 
by a loop and a turn, is formed in about 60 ns. This esti- 
mate for helix formation time is consistent with 
experiments [33], as well as with estimates based on simu- 
lations of off-lattice models [45]. On a slightly longer 
timescale, there appears to be the formation of certain ter- 
tiary contacts, which is signaled by a reduction in the 
radius of gyration. This short-lived state expands at later 
times. This process is reminiscent of the search for folding 
nuclei seen in off-lattice models of a b barrel [26]. In such 
processes, the formation and break up of native contacts 
occur until the critical nuclei are found. A verification of 
this conjecture for HP-36 would require the generation of 
several independent trajectories of about 0.5 /LS each. 

Conclusions 
The use of minimal off-lattice models, which can serve as 
a bridge between all-atom simulations and experiments, 
has given rise to a number of important predictions for 
both the overall timescales and the mechanisms of folding. 
These advances, together with new experimental mea- 
surements, have helped to sharpen our understanding of 
the processes involved in the assembly of proteins. In par- 
ticular, the NC mechanism helps to rationalize the 
efficient and fast folding of many two-state folders [14”]. 
Although there are many unsettled issues about the NC 
processes, there are several points that are undisputed. For 

example, it is recognized that the average size of the criti- 
cal nuclei is small and they consist mostly of residues that 
are close together in sequence space. The need for a few 
long-range contacts in the NC process has also been firm- 
ly established in experiments [35,37”], as well as in 
simulations of simplified models [26,74’]. Furthermore, 
the relationship between the collapse and folding process- 
es in these two-state folders is also becoming clear, thanks 
to small-angle X-ray scattering experiments (D Baker, per- 
sonal communication). These experiments show that, in 
proteins that fold efficiently, the processes of collapse and 
the acquisition of the native structure are nearly simulta- 
neous, which, again, is a converging point for experiment 
and theory [60]. These observations lead to the optimistic 
conclusion that many features of two-state folding proteins 
are under both experimental and theoretical control. 

The proteins that fold by the KPM pose greater chal- 
lenges. Although the outlines of the KPM have been noted 
for the refolding of lysozyme [84”] (and perhaps barnase 
[91]), several issues require additional theoretical and 
experimental work. In particular, the nature of the mecha- 
nisms in the slow and fast folding tracks is not fully 
understood. As there appears to be an accumulation of 
intermediates in these proteins, it would interesting to 
characterize the structure and timescale of the formation of 
these species. In this vein, a combination of minimal off- 
lattice simulations of moderate folding sequences and 
ADS of the kind initiated for HP-36 and other smaller pep- 
tides may be useful. We expect advances in many fronts to 
provide answers to these and other challenging problems 
in the not too distant future. 
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