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Pathways for protein folding: is a new view needed? 
Vijay S Pande*§, Alexander Yu Grosbergt#, Toyoichi Tanakat** and 
Daniel S Rokhsar*$ 

Theoretical studies using simplified models of proteins have 
shed light on the general heteropolymeric aspects of the 
folding problem. Recent work has emphasized the statistical 
aspects of folding pathways. In particular, progress has 
been made in characterizing the ensemble of transition state 
conformations and elucidating the role of intermediates. These 
advances suggest a reconciliation between the new ensemble 
approaches and the classical view of a folding pathway. 
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Abbreviations 
C conformation 
Cl2 chymotrypsin inhibitor 2 
Fin t internal free energy 
K total number of contacts 
MG molten globule 
N native state 
O. number of native contacts 
Pfold folding probability 
R e radius of gyration 
TS transition state 
U unfolded state 

In t roduct ion  
How do proteins fold? While the 35 years since Anfinsen's 
work have demonstrated the complexity of protein folding, 
the search continues for the general principles by which 
proteins adopt their native folds. If such general principles 
exist, then one might expect them to transcend the 
specifics of polypeptides. From this point of view, protein 
folding could be considered a particularly interesting and 
important case of a more general polymeric phenomenon 
and therefore much could be learned about the generic 
aspects of protein folding mechanisms by studying the 
spontaneous folding of similar polymers. Such relatives of 
proteins include theoretical cousins that exist only in silico 
or in simplified analytical models. 

Here we review recent insights into the kinetics of protein 
folding that were derived from simplified models of the 
folding process, considering lattice models for designed 

heteropolymers (defined below) [1-7,8"°,9-16, 17",18,19], 
simplified models for real proteins [20-24,25",26,27,28 °] 
and all-atom molecular dynamics studies [29-34]. These 
approaches shed light on the nature of folding pathways, 
their transition states, and the role of intermediates in 
folding. 

We focus on several related issues: the nature of the 
models and the analysis methods employed in simulations, 
the mechanism by which chains fold in these simulations, 
the relationship between kinetics and equilibrium prop- 
erties, and the importance of conformational entropy in 
discussing ensembles of conformations. We conclude with 
a synthesis of the new ensemble-based approaches with 
the classical pathway picture. 

D e s i g n e d  h e t e r o p o l y m e r s  
Before examining the kinetic aspects of simple models 
of proteins, one must first ask: in what sense are these 
model heteropolymers protein-like? It is not enough 
for a polymer to have a unique folded conformation. 
A heteropolymer with a random sequence will have 
some lowest energy conformation, and under appropriatc 
temperature and solvent conditions, the polymer will 
eventually fold to this 'native' state [19,35-40]. But this 
freezing transition differs from the folding transition in 
proteins: the folding of random sequences is only weakly 
cooperative [19,36,37], and proceeds very slowly due to 
trapping in metastable conformations that are unrelated to 
the lowest energy conformation [36,40-43]. Also, unlike 
proteins, the lowest energy conformation of a random 
sequence of amino acids is expected to be very sensitive 
to mutations [44-47]. 

Can sequences be designed to fold in a more protein-like 
manner? The  central goal of all design procedures- -both  
in simple models and with real polypeptides - -  is to 
produce sequences with the desired properties, such as 
fast folding to a stable, preselected native conformation. 
In this sense, design makes heteropolymers protein-like. 
(Of course, proteins have other characteristics besides 
fo lding--such as specific secondary s t ructures-- that  
cannot be treated adequately in a simplified lattice model.) 
A general strategy for design is to begin with a collection 
of random sequences and either select those with the 
desired property or iteratively improve them. These 
design strategies have been successfully implemented 
both theoretically [5,7,10,11,13-16,48] and experimentally 
[49-54]. 

One design strategy is to start with a collection of random 
sequences and select only those that fold in a protein-like 
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manner.  One can then ident i fy  the characteristics of these 
foldable sequences.  This  approach has been successful 
both theoret ical ly [55] and exper imenta l ly  [51]. In [55], 
the folding of random sequences  was simulated in silico. It 
was found that 15% of lattice 27-mers folded reproducibly 
to their  native conformation; these sequences exhibit  an 
energy gap be tween  this native state and other unrelated 
conformations.  In an independen t  but analogous in ~,itro 
study [51], a group of random sequence polypept ides  were 
synthesized and proteases were then used to e l iminate  
unfolded sequences;  approximate ly  1% of the sequences  
remained.  Foldable  sequences evident ly  comprise a small 
but  non-negl igible  fraction of all possible sequences.  

A more direct  approach to design seeks sequences that 
fold to a preselected native conformation. To avoid 
the problems associated with unrelated low energy 
conformations that act as traps for random sequences,  
early design schemes looked for sequences with a 
relat ively low internal free energy in the desired native 
conformation. (For a given conformation (C), the internal 
free energy, Fint((7) - -  often s imply referred to as the 
energy in statistical mechanical  models - - i n c l u d e s  the 
entha lpy  of the polymer  as well as the free energy 
of the po lymer -so lven t  interactions for that specified 
conformation. In particular, this includes the solvent 
ent ropy in the presence of the given conformation and 
thus incorporates the hydrophobic  effect, for further 
discussion, see [17"].) This  approach has proven successful 
for both lattice models  (reviewed in [12,19]) and real 
proteins (reviewed in [54]). For simple lattice models, 
it was found that select ing sequences  with low native 
state energy is sufficient to create an energy gap [56]. An 
important  theoretical  ach ievement  was the justification of 
this approach using analytical [46,57] and computat ional  
[5,7,43] techniques.  Without  this understanding,  it is 
unclear why stabilizing a desired fold (and largely ignoring 
the energy of other conformations) is a sufficient criterion 
for design. 

P h a s e s  a n d  f r e e  e n e r g y  l a n d s c a p e s  
What  are the thermodynamic  states of designed het- 
eropolymers? These  'phases '  - -  the unfolded (or dena-  
tured) state (U), native state (N), molten globule state 
(MG) [58,59], and so o n - - c o r r e s p o n d  to ensembles  of 
conformations that rapidly interconvert  on a t ime scale 
(picoseconds) much faster than the typical t ime scale 
for protein folding (mill iseconds or longer) [60]. T h e  
number  and nature of these conformations varies for each 
state; for example,  the unfolded state, U, is associated 
with an enormous number  of largely unrelated,  unfolded 
conformations, whereas the native state, ,V. is associated 
with a rex< closely related, low energy conformations. 

Order parameters 
A useful way of displaying and conceptual izing the phases 
of a system is to s tudy the free energy as a function of one 
or more 'order  p a r a m e t e r s ' - - s u i t a b l y  chosen macroscopic 

quanti t ies  that dist inguish the different  phases. For  
example,  it is common in recent  theoretical work to 
use the number  of (tertiary) native contacts in a given 
conformation, Q, as a macroscopic measure of its folding 
status. (Two residues are in contact  if they are close in 
space; a common definition requires that the residues '  

carbons are within 7 ,~ of each other). Evidently, Q is a 
good order parameter  in the sense that it dist inguishes the 
unfolded and folded states: unfolded states typically have 
a small Q, while by definition Q = Qmax in the native state. 

Free energy landscapes 
For a s imple model  polymer, it is straightforward to 
compute  the total free energy as a function of the or- 
der parameters.  For example,  Ftot(Q) =Fint(Q)-TSconf(Q), 
where Fint(Q) is the average internal free energy of 
conformations with Q native contacts, and Sconf(Q) is 
the corresponding conformational entropy (roughly the 
logarithm of the number  of accessible conformations with 
Q native contacts). Sconf(Q) is easily computed  using 
Monte  Carlo simulations, and is close to zero for the native 
state and large for the unfolded state. 

A plot of the free energy versus one or more order 
parameters  (Figure 1) can be used to describe many 
aspects of the thermodynamics  of the polymer  in a 
quanti tat ive manner: 

1. Phases can generally be associated with local free energy 
minima. This  s ta tement  makes two hidden assumptions:  
that the order parameter(s)  used are sufficient to dist- 
ingt, ish the various phases of the system, and within a 
minimum, conformations can interconvert  rapidly. T h e  
value of the order parameter(s)  at the min imum describes 
the nature of the phase (Figure 1). 

2. Since different  phases respond differently to changes 
in external conditions, the local minima will shift with 
temperature ,  solvent quality, pH and so on. If the 
interconversion t ime of conformations within a min imum 
is fast compared with the transition rate to other minima, 
we may view this relatively high free energy min imum as 
a metastablc  phase. (Such metastable  phases are familiar 
in the case of a supercooled l iqmd or gas.) One can 
somet imes make a particular local min imum globally 
stable by an appropriate choice of external conditions. A 
good example  of this is the stabilization of the b i g  phase 
[28°,59] (which is usually e i ther  metastable  or not present  
at all t inder physiological conditions) by the addit ion of 
denaturants  or a change in pH [61,62]. 

3. T h e  free energy barrier be tween  two minima indi- 
cates dist inct  phases that are related by a first-order 
(cooperative) phase transition: when the two minima 
exchange relative stabilities, the equi l ibr ium value(s) of 
the order parameter(s)  change discontinuously. In contrast, 
continuous transitions are i l lustrated by either smooth 
shifts in the location of a single min imum with changing 
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external conditions, or the splitting of one minimum into 
tWO. 

Figure 1 
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Free energy landscape contours of a 36-mer lattice calculated from 
a Monte Carlo simulation [28°]. The macroscopic order parameters 
are the total number of contacts K (both native and non-native) and 
the fraction of those contacts that are native, O/K. The three minima 
correspond to the unfolded (U), molten globule (MG), and native 
(N) states, respectively. The intervening barriers imply first-order 
(cooperative) transitions between them. The depths and locations 
of the minima shift with temperature. Note that the typical unfolded 
conformation has a substantial number of native contacts; the specific 
contacts found differ from conformation to conformation [28°]. 

Funnels 
It is important to emphasize the distinction between 
total free energy surfaces and the heuristic funnel 
pictures pioneered by Onuchic, Wolynes, Thirumalai et 

al. [8"',43,63-68,69"], and Chan and Dill [17",70,71"*]. 
Funnel diagrams plot the internal free energy; Fint, (rather 
than the total free energy) versus unspecified conformation 
coordinates, and thus do a good job of depicting the 
energetic (really Fin t) drive to the native state. This 
driving force for folding has also been expressed in 
less picturesque ways [1,3,5,19,42]. In funnel diagrams, 
conformational entropy is suggested by the width of the 
funnel in the conformation coordinate. In contrast with 
the total free energy surfaces discussed above, equilibrium 
aspects, such as the number  of phases, the cooperativity of 
the transition to the native state, and the relative stability 
of the phases, are obscured by the funnel visualization, 
which does not display entropic barriers (only barriers in 
Fint). Finally, applying funnel inspired ideas to kinetics 
requires knowledge of a good reaction coordinate for 
folding, which is a difficult and unresolved problem. 

Two a n a l o g i e s  fo r  f o l d i n g  k i n e t i c s  
Discussions of protein folding kinetics commonly draw 
on intuition and terminology from the well-understood 
theories of chemical reaction rates [72] and the kinetics 
of first-order phase transitions [73]. Both analogies suggest 
useful perspectives on the folding problem. 

Protein folding as a chemical reaction 
Protein folding is often likened to a unimolecular chemical 
reaction, in which the 'reactant '  (an unfolded protein) 
is converted to a "product" (the folded state) [74-76]. 
Unimoleculat chemical reactions are typically governed 
by a single rate-limiting step, when the system passes 
through the 'transition state'. Intermediate species may or 
may not bc present. Unlike a simple chemical reaction, 
however, the folding of a polymer is dominated by cntropy, 
in the sense that there are many conformations that 
correspond to the same stage of the reaction. This has 
important consequences for the nature of the protein 
folding pathway, which must therefore be thought of as 
a sequence of transitions between phases (the unfolded, 
native, and any intermediate states) rather than individual 
microscopic conformations. 

The  transition state of a simple chemical reaction is 
typically a unique conformation with unfavorable Fin t that 
represents the principal barrier between reactants and 
products [72]. For protein folding, however, the transition 
state must bc regarded as an ensemble of conformations 
[55], and can only be characterized statisticall> Unlike a 
simple chemical reaction, in which the free energy barrier 
represents the contribution of  a unique conformation, the 
barrier for protein folding is a total free energy barrier, anti 
may be dominated by conformational entropy (see [18]). 
Such an cntropically generated barrier can be thought of as 
arising as a result of the relative scarcity of transition state 
conformations compared with the unfolded state. Thus, 
the transition state ensemble has many conformations 
compared with the native state, but many fewer than the 
unfolded state. 

As proteins have many degrees of freedom, in theory 
there are many different coordinates that could bc used 
to describe the progress of a folding event. Chemical 
reaction rate theory singles out a particular class of reaction 
(or transition) coordinates, with the special property of 
being a slowly vape'ing (preferably the slowest) degree of 
freedom [72]. The  transition state then corresponds to a 
total free energy maximum along the reaction coordinate. 
Early theoretical work used ~ as a first guess at a 
reaction coordinate for folding [8",18,55,69°,77,78]: we 
will see below that this approach, while qualitatively 
useful, is fundamentally flawed as a tool for identifying thc 
transition state ensemble I17"]. 

Protein folding as a first-order phase transition 
An even closer analogy may be drawn between tile folding 
of a polypeptide chain into its unique native conformation 
and the transformation of a vapor into a liquid. In both 
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cases, there is a dramatic decrease in the conformational 
entropy of the system that occurs spontaneously upon 
entering thermodynamic conditions at which the native (or 
ordered) state has lower free energy. What is the sequence 
of e v e n t s - - t h e  'pathway'  - -  by which the ordered free 
energy minimum is reached? 

First order, highly cooperative, bulk phase transitions 
typically proceed via a nucleation and growth mechanism 
[73]. Consider a disordered phase (for example, gas) that 
is suddenly quenched to a low temperature at which a 
more ordered phase (for example, liquid) has lower free 
energy. At this low temperature, the disordered phase is 
only metastable (or 'supercooled').  Thermal fluctuations 
in the microscopic conformation of the system lead to the 
spontaneous formation and dissolution of small droplets 

Figure 2 

of the more ordered phase floating within the metastable 
disordered state. Once a critical n u c l e u s - - a  droplet of 
critical radius R $ - - f o r m s  (Figure 2), however, it can grow 
rapidly by accretion, driven by the overall thermodynamic 
stability of the condensed state. Thus  the critical nucleus 
can be thought of as the transition state for the vapor to 
liquid transition. 

An essential feature of this scenario is that only local free 
energy barriers need to be surmounted. That  is, the crucial 
event is the formation of a small ordered droplet, which is a 
local process. Spontaneous thermal f luc tua t ions- -a  search 
among microstates - -  need only find a critical droplet, not 
the completely ordered state. For proteins, this would 
correspond to a search for one of the many members of 
the transition state ensemble rather than a Levinthal-like 
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Nucleation mechanisms in bulk transitions and polymers. (a) First-order (cooperative) phase transitions proceed by a nucleation mechanism in 
which a small droplet of the ordered phase is formed within the metastable disordered phase. (b) The free energy F(R) of a droplet depends 
on its radius R. There is a free energy gain proportional to the volume of the droplet, - -S fR  ~, where 5! is the free energy difference per unit 
volume between the ordered and disordered phases. Opposing this free energy gain is the cost - y R  2 of the surface of the droplet, which is the 
product of the surface tension )' (the interracial free energy per unit area) between the two phases, and the surface area of the droplet. The net 
free energy of the condensed droplet then has a free energy maximum or barrier near R$-Sf/y where the bulk gain begins to offset the surface 
cost. (6) A similar mechanism could apply to the folding of a protein, with the ordered phase identified with the native state and the disordered 
phase identified with the unfolded phase. This droplet would represent the transition state. Different conformations of the loops correspond to 
different members of the transition state ensemble. 
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search for the unique native conformation. This simple 
homogeneous nucleation picture of a bulk transition will 
of course need to be modified to account for the polymeric 
chain connectivity (T Garel, H Orland, E Pitard, personal 
communciation; [79-82]) and the heterogeneity of the 
sequence, which may favor specific droplets over others. 

Implications for protein folding 
These  two analogies shape our understanding of the 
process of protein folding. What do they teach us? If 
we view folding as a two-state t rans i t ion- -a  chemical 
reaction characterized by a single kinetic p h a s e - - t h e n  we 
expect to find a well-defined transition state ensemble. 
This ensemble could be easily characterized if we knew 
the appropriate reaction coordinate for folding. From the 
theory of first-order phase transitions, however, we expect 
the rate-limiting step of protein folding to be the formation 
of  some structure or structures analogous to the critical 
nucleus, which plays the role of transition state for a 
first-order transition. 

The  physical picture of a first-order transition demon- 
strates that an order parameter for an equilibrium tran- 
sition (for example, Q) is not necessarily useful for 
determining the transition state ensemble that controls 
kinetics. In particular, the order parameter Q is a poor 
reaction coordinate for folding because it measures a global 
p r o p e r t y - - t h e  total number  of native con t ac t s - - and  is 
therefore not sensitive to the distribution of those contacts. 
(The same statement applies to the radius of gyration 
parameter, Rg) Yet from the study of the liquid to gas 
transition we see that the spatial distribution of the 
ordered phase (droplets) within the disordered state is a 
central aspect of the mechanism. We therefore expect that 
the net amount of order (the number  of  native contacts 
or the total volume of the condensed phase) will not 
be a good reaction coordinate. Rather, the search for a 
proper reaction coordinate for folding must acknowledge 
the possibilty that the transition state contains some sort 
of local structure. But how do we identify a reaction 
coordinate without already knowing the nature of the 
transition state? 

D u e t  al. [83"] have recently proposed a straightforward 
(but computationally intensive) procedure for detcrmining 
transition states without making any assumptions about 
the reaction coordinate. Their  approach therefore allows 
an unbiased analysis of the transition state enscmblc (VS 
Pande, DS Rokhsar, unpublished data). T h e y  introduce 
the folding probabilit}, Pfold(C), which measures the 
probability that a simulation starting from conformation 
C will reach the folded state before encountcring an 
unfolded conformation. If C is very close to the native 
conformation, then Pfold = 1; if C is near the unfolded 
phase, then Pfold ~ 0. 

The  transition state ensemble consists of those confor- 
mations sampled during a folding event whose Pfold = 1/2, 

that is conformations that are equally likely to fold or 
unfold. (For a two-state transition, there is a single, 
well-defined transition state. If there are intermediates, 
then Pfold =1/2 determines the major transition state 
that governs the rate-limiting step.) The  relative weight 
of a conformation in the transition state enscmble is 
defined by its rate of appearance in folding events. In 
general, conformations with Pfold = 1/2 do not appear 
with equal weight in the transition state ensemble (VS 
Pande, DS Rokhsar, unpublished data). The  Pfold method 
allows individual transition state conformations to be 
unambiguously identified for a given folding trajectory 
without making any assumptions regarding the reaction 
coordinate, and is particularly useful in the absence of a 
valid reaction coordinate. 

Nature  of  the  t rans i t ion  s ta te  e n s e m b l e  
It is widely believed that some sort of nucleation event is 
central to the mechanism of protein folding (VI Abkevich, 
LA Mirny, El  Shakhnovich, personal communication; 
[23,38,84 °', 8S,86"°,87-95]), although the detailed nature 
of this nucleation mechanism is still under debate. In this 
section, we review recent simulations of designed lattice 
heteropolymers that address the transition state for protein 
folding. In this discussion we emphasize the connection 
between the simulation methodology employed (that is, 
how the transition state ensemble is determined) and the 
resulting picture illustrating how proteins fold. There  are 
three competing scenarios. 

Evidence for many delocalized nuclei 
One scenario envisions the transition state ensemble 
as consisting of many delocalized nuclei [8"].  That  
is, each conformation in the transition state ensemble 
contains a different locally structured region or nucleus 
reminiscent of the jigsaw model postulated by Harrison 
and Durbin [96]. This theory is supported by the work 
of Onuchic, Socci, Luthey-Schulten and Wolynes [8",69"], 
who investigated the transition state ensemble in 27-reefs. 
T h e y  used Q as a reaction coordinate, computed the 
total free energy Ftot(Q), and identified the Qbarrier at 
which Ftot(0) has a maximum. If 0 were a good reaction 
coordinate, conformations with 0 = Qbarrier would comprise 
the transition state ensemble. The  fact that this analysis 
is based on the problematic assumption that Q is a valid 
reaction coordinate does not necessarily rule out the 
resulting physical picture. 

Onuchic et al. [8"]  conclude that the transition state 
ensemble comprises many partially folded conformations. 
A 27-mer has a total of 1016 possible conformations, with 
1010 of them semicompact or highly collapsed [55]. The  
authors estimate that 104 of these conformations make up 
the transition state ensemble, with O--0.6 Qmax. That  is, 
they suggest that a typical transition state conformation 
contains 60% of the contacts found in the native state. 
Furthermore, "different native contacts have different 



Pathways for protein folding: is a new view needed? Pande et a/. 73 

degrees of participation" in the transition state, hence the 
use of the term delocalized. 

In an earlier study, Sali, Shakhnovich and Karplus [55] also 
examined the folding of designed 27-mers. Also using 0 as 
a reaction coordinate, they identified a different barrier in 
Ftot(Q) as the major transition state, and inferred that the 
transition state ensemble consists of all 103 semicompact 
conformations, with 0.8 -<O/Omax <- 1. The  high fraction 
of native contacts implies that the transition state is 
very close to the folded lattice conformation. Since these 
conformations are all different (except for their common 
resemblance to the native state), these results have been 
cited [97] as evidence of many parallel folding pathways. 

Recent  work by Chan and Dill [17"] has also emphasized 
the possibility that the transition state ensemble involves 
a diverse collection of largely unrelated conformations: 
"since the idea of transition state is really about rate 
limits and bottlenecks, it includes all the conformations 
that are passed through on the way to the native state, 
because they arc all responsible for determining the 
rate" [71°°]. Recognizing that 0 is not a suitable reaction 
coordinate for folding, they introduce a novel kinetic 
reaction coordinate for lattice models that corresponds to 
the minimum number  of steps needed to reach the native 
state from a given conformation, following a minimum 
energy path. T h e y  find that the transition state is not 
characterized by a specific bottleneck structure, but rather 
a broad ensemble lacking specific structure. 

Evidence for a specific nucleus 
Based on their analysis of the folding of a designed 36-mer, 
a qualitatively different kind of transition state ensemble 
was proposed by Abkevich, Gutin and Shakhnovich 
[85]. T h e y  found that specific core native contacts were 
reproducibly formed early in folding. Moreover, once 
these particular contacts are formed, folding proceeds 
rapidly. Their  results suggest that the transition state 
ensemble comprises conformations that share the same 
set of essential contacts which then form a compact core 
inside the native s t a t e - - a  specific nucleus (VI Abkevich, 
LA Mirnx; El Shakhnovich, personal communication: 
[85,86"']). As a test of this hypothesis, Shakhnovich 
et a/. [86 °'] have confirmed that different sequences 
designed for the chymotrypsin inhibitor 2 (CI2) backbone 
have conserved residues at the predicted core positions. 
This picture closely resembles nucleation in first-order 
phase transitions, with a critical nucleus specified by the 
heterogeneity of the polymer. 

If  the presence of these specific contacts is the only 
requirement for a conformation to be found in the 
transition state ensemble, then this ensemble would 
comprise related conformations that differ only in the 
configuration of the polymeric loops that lie between 
core contacts (Figure 2c). Thus,  despite the formation 
of an ordered core, the transition state ensemble in the 

specific nucleus has a substantial entropy arising from the 
conformational freedom of these loops. 

Evidence for transition state classes 
A third scenario is proposed by Pande and Rokhsar 
(unpublished data), who analyzed folding pathways and 
the transition state ensembles for a range of polymer 
lengths from 27- to 64-mers. T h e y  directly determined the 
transition state ensemble using the Pfold method, thereby 
avoiding ambiguities associated with the choice of reaction 
coordinate. The  transition state ensemble is defined 
by collecting Pfold (C)=1/2 conformations from several 
hundred folding trajectories, using the same sequence, 
but starting from different unfolded conformations. For 
27-mers, the transition state ensemble consists of a 
collection of closely related conformations - -  a single 
c l a s s - - t ha t  share a specific set of core contacts with 
high probability, and other selected optional contacts with 
intermediate probability. For longer chains, the transition 
state ensemble may consist of a few distinct classes. 

As for the specific nucleus picture, the conformational 
freedom of the loops endows the transition state with 
a large entropy. Pande and Rokhsar emphasize that the 
entropy of a transition state class is further enhanced by 
the combinatorial possibilities for choosing tile optional 
contacts. Indeed, this value is large (typically 109 confor- 
mations for a 48-mer) and therefore cannot be ignored. 
For longer polymers, the transition state ensemble of a 
typical designed heteropolymer contains two or three such 
classes but the transition state ensemble of fast-folding 
sequences (VI Abkevich, LA Mirny, El Shakhnovich, 
personal communication) consists of a single class (VS 
Pande, DS Rokhsar, unpublished data). 

W h i c h  p h y s i c a l  p i c t u r e  is c o r r e c t ?  
We havc seen that recent theoretical work suggests three 
distinct physical pictures of the transition state ensemble: 
many delocalized nuclei, a specific nucleus, and transition 
state classes. Which of these possibilities applies to protein 
folding? While the most recent simulations (VS Pandc, DS 
Rokhsar, unpublished data) using the Pfold method [83"'] 
support the transition state class scenario in lattice models, 
the nature of the transition state ensemble in real proteins 
is best addressed experimentally 

•-value analysis 
The  principal experimental method for identifying tran- 
sition states for folding is the (I) analysis introduced by 
Fersht [84"',91]. Site-directed mutagenesis was used to 
perturb both the transition and native states. Then  ~ -  
A(G$-Gg.,)/A(G:X~-G#,) measures the degree to which the 
free energy of the transition state is affected relative to 
the native state. (The A term refers to the difference 
between the mutant and wild-type proteins.) A residue 
that participates in the same interactions in both the 
native and transition states would ideally have qb=l, 
whereas a residue with (1)=0 is likely to be unstructured 



Figure 3 in the transition state. In practice, one also finds fractional 
•-values, which can be interpreted in two ways: either 
the residue makes native-like contacts in only a fraction 
of the transition state conformations, or the residue 
makes contacts in the transition state ensemble that 
are weakened relative to those it forms in the native 
state. Fersht and colleagues [97,98] favor the second 
interpretation based on a comparison of single versus 
multiple pathway models with kinetic data. 

Comparing theory with experiment 
How do the pictures derived from simple theoretical 
models compare with these experimental results? The 
principal focus is the explanation of fractional • values. 
A histogram [8"] of experimentally determined • values 
for CI2 [91,99] is broadly peaked between ~ = 0  and 0.6. 
Onuchic et al. [8"] find a similarly broad distribution of 
•-value analogs for a 27-met lattice (which they argue 
is comparable to a 60-residue protein). The molecular 
dynamics sampling of fragment B from protein A by 
Boczko and Brooks [33] yields a qualitatively similar 
distribution (reported in [8"]). Onuchic et al. use these 
broad distributions to support their many delocalized 
nuclei picture. They note that if the strict specific nucleus 
picture were valid, the ~-value probability distribution 
would be bimodal - -  residues in the nucleus would have 
a high • value, while residues not in the nucleus should 
have ~ -  0. 

The simulations of Pande and Rokhsar (unpublished 
data) also give a broad distribution of ~-value analogs 
(the fraction of transition state conformations that possess 
a given native contact). Unlike Onuchic et al. [8"], 
however, they explain the broad distribution of • values 
by addressing the variation between conformations within 
a transition state class. Their required core contacts have 
high qb values, while the optional contacts have lower 
values. 

Which interpretation is correct? Fersht et al. [97] rule 
out multiple pathways for CI2 by referring to a Bronsted 
analysis in which the logarithm of the folding (or 
unfolding) rate is plotted against the destabilization of the 
folded state for a series of mutants. These plots are linear, 
suggesting that the reaction kinetics can be modeled by 
a single class of transition state. A similar analysis for the 
larger protein barnase suggests, however, that this may not 
be a general result [98]. 

Molecular dynamics simulations of unfolding at high 
temperature 
All-atom simulations of unfolding trajectories of C12 under 
extreme conditions (500K, 26 atmospheres) conducted by 
Daggett et  al. [30,31] may also shed light on the nature 
of the transition state ensemble. Under these conditions, 
unfolding is accelerated by six orders of magnitude, 
from milliseconds to nanoseconds, and becomes accessible 
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Temperature dependence of barriers and intermediates. (a) This 
schematic plot of total free energy versus a generic reaction 
coordinate for several temperatures.(T 3 >> T 2 > 7-1) illustrates that 
barriers are temperature dependent. Under extreme conditions 
(T 3 >>T2), the free energy barrier may disappear. (b) Similarly, the 
presence or absence of a metastable intermediate (/) may depend on 
temperature. Although these pictures are schematics, they are based 
on real simulation data (VS Pande, DS Rokhsar, unpublished data). 

to study. They argue that the transition state should 
correspond to a rapid change in the conformation of the 
protein with time, and identify' related conformations in 
four unfolding trajectories as putative transition states. 
One might argue that the transition state for unfolding 
under extreme conditions could be quite different from 
the transition state under more standard conditions. In 
particular, an entropically generated free energy barrier of 
the sort found in lattice models may not even be present 
under extreme temperature and pressure conditions if 
the native state loses its metastability (Figure 3a). 
Nevertheless, there is remarkable consistency between 
the residues Daggett e t a l .  [30,31] identify as important in 
the transition state and those implicated experimentally by 
Fersht and co-workers [99] using ~-value analysis. 



Pathways for protein folding: is a new view needed? Pande et aL 75 

D e s i g n i n g  p a t h w a y s  
A complete understanding of the mechanism(s) of protein 
folding should include a procedure for redesigning folding 
pathways. That is, in addition to designing the equilibrium 
properties of a heteropolymer, one should be able to 
intentionally manipulate its folding kinetics. As a first step 
in this direction, Abkevich, Mirnx; and Shakhnovich (per- 
sonal communication) have used an evolution-like process 
to select fast folding lattice heteropolymer sequences by 
mutating sequences and retaining those variants that fold 
most quickly. 

Abkevich, Mirny and Shakhnovich (VI Abkevich, LA 
Mirny, E1 Shakhnovich, personal communication) find 
that all fast folding sequences designed in this manner 
fold with the same specific nucleus. An analysis by 
Pande and Rokhsar (unpublished data) of the pathways 
of these fast-folding sequences using the Pfold method 
shows that they fold via a single transition state class 
that is energetically preferred among the several possible 
classes of typical heteropolymers designed for equilibrium 
folding to a specific native state conformation. That is, 
evolutionary design for fast folding leads to a specific 
pathway. Pande and Rokhsar (unpublished data) have 
used this idea to directly design sequences (that is, 
without an evolutionary selection for fast folding) with 
both a preselected native state conformation and a chosen 
transition state class. The fact that the transition states 
can be manipulated in this manner supports the specific 
nucleus and transition state class pictures, but is more 
difficult to reconcile with the many delocalized nuclei 
scenario. 

I n t e r m e d i a t e s  
Many small proteins fold without detectable intermediates 
[88,100-102]. Yet there arc clear examples of other proteins 
whose folding route passes through partially folded, 
MG-like, on-pathway intermediates [61,103-106]. Fur- 
thermore, other proteins fold with so-called off-pathway 
intermediates that are in some sense misfolded, most 
notably those involving proline isomerization [74] and/or 
disulfide bond rearrangements [107]. Such intermediates 
are either inferred from multistate kinetics or trapped 
using a variety of experimental techniques. 

Some recent lattice and off-lattice studies have found both 
on- and off-pathway intermediates in direct simulations 
of folding events. Other studies have not revealed such 
intermediates, which may be due either to differences 
in the methodologies of the different calculations (for 
example, different temperatures of the simulations) or to 
real variations between the folding pathways of different 
sequences. Perhaps the only general statement that can 
be made is that if intermediates are metastable phases 
of the polymer (that is, locally stable minima of the free 
energy surface: Figure 1), then as the folding temperature, 
pressure, and pH are varied the stability of such a state 
will change and it may disappear (Figure 3b). Thus, the 

presence or absence of intermediates for any given protein 
is likely to be sensitive to folding conditions. 

In their lattice simulations, Pande and Rokhsar (un- 
published data) found that each on-pathway, partially 
folded intermediate is associated with a corresponding 
transition state class. The conformations that comprise the 
intermediate state contain a common frozen core of con- 
tacts, surrounded by fluctuating loops. The conformational 
entropy of the loops stabilizes the intermediate, which 
is a metastable phase. Pande and Rokhsar demonstrate 
this directly by computing the free energy surface with 
respect to two order parameters, the number of native 
contacts Q and the number of core contacts Qcore. 
F(Q, Qcor e) exhibits a metastable intermediate minimum 
along with the unfolded and folded minima. At sufficiently 
low temperatures, the barrier between the intermediate 
and native state disappears, and the transition becomes 
two-state (Figure 3). 

Mirny, Abkevich, and Shakhnovich [108] discovered 
that well-designed sequences are more stable in their 
native state and fold quickly without intermediates in 
a two-state process. Less-optimized sequences, however, 
fold more slowly, via parallel pathways involving misfolded 
intermediates. 

Off-pathway intermediates have been found in coarse- 
grained, nonlattice models of four-helix bundles studied 
by Thirumalai and co-workers [26,43]. They performed 
Langevin dynamics simulations in which the polypeptide 
was modeled by chain of spheres (representing the oc 
carbons) connected by springs, using a three-letter code 
to indicate hydrophobic, polar, and neutral residues. They 
found intermediates that are misfolded (one of the helices 
being kinked) and show that folding is accelerated if 
the intermediate is destabilized [26]. This work also 
suggests that intermediates can be regarded as metastable, 
equilibrit, m phases. 

Boczko and Brooks [33] studied the thermodynamic 
properties of a small three-helix bundle (fragment B of 
protein A) using an all-atom approach. They simulated ap- 
proximately 10 ns of unfolding, at a variety of temperatures 
(ranging from 300K to 400K), and sampled conformations 
at many values of Rg in order to piece together the free 
energy G(Rg). Conformations generated in this run were 
used to construct clusters with a given Rg. From this 
analysis, they inferred a folding intermediate for this small 
protein. Recent experiments on protein A [109], however, 
may contradict these results. 

F o l d i n g  p a t h w a y s  
The classical view of folding envisions a defined sequence 
of states leading from the unfolded to the native state, 
allowing for the possibility of on-pathway (partly folded) 
or off-pathway (misfolded) intermediates [74,75]. Several 
years ago, Baldwin [110,111] suggested that a new view 
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of folding was emerging based on simplified statistical 
mechanical models for proteins. As we have seen, these 
models emphasize both ensemble properties and the 
importance of pathways without intermediates for rapidly 
folding proteins. More recently, the term 'new view' 
has acquired a broader meaning [43,71"] that stresses 
the possibility of a diverse myriad of pathways with 
delocalized transition states. According to this approach 
[8*', 17*,43,69",71"], the central feature of this new view is 
the replacement of the pathway concept with picturesque 
funnel diagrams that illustrate features of protein folding 
and the role of ensembles. This funnelist viewpoint has 
recently been reviewed in detail by Dill and Chan 171"°]. 

In contrast, other studies of simple models (VS Pande, DS 
Rokhsar, unpublished data; [56[) do not suggest a radical 
new view, but rather a refinement of the classical picture 
in which the classical concepts of states and pathways are 
interpreted in terms of ensembles of conformations. For 
example, each step in a classical pathway can be precisel'y 
regarded as a transition between two phases (ensembles of  
rapidly interconverting conformations [60]), so that folding 
proceeds through a sequence of  metastable phases. In the 
next section, we briefly summarize what might be called 
a 'neo-classical' view, an alternative to the funnel picture. 

Classical pathways from an ensemble  view 
Thirty five years of studying protein folding kinetics 
has shown that folding reactions can be analyzed using 
pathways of vawing complexity, such as the two-state 
model 

U ~ N (1) 

or models with on- or off-pathway intermediates, 

U "~ Ion ~ N, Io17 = U ~ N (2) 

and so on. Increasingly complex schemes become increas- 
ingly difficult to compare with experimental results, and 
there are, as yet, no first principles rules to determine in 
advance which pathway applies to a specific protein. 

In simple chemical reactions, the symbols in the mass ac- 
tion equations (1) and (2) represent specific conformations 
of a small molecule. For protein folding, however, we must 
interpret each symbol as an ensemble of rapidly intercon- 
verting conformat ions - - tha t  is, a thermodynamic phase. 
In a temperature jump experiment, for example, U would 
be a supercooled (metastable) phase (since the unfolded 
state is not thermodynamically stable at the refolding 
temperature), and N would be the stable native state. 
Intermediates, if present, appear as metastable phases; 
as we have seen, some recent simulations exhibit inter- 
mediates that appear to be metastable, MG-like phases 
(VS Pande, DS Rokhsar, unpublished data; [28°]) others 
exhibit misfolded, off-pathway intermediates [26,108]. 

In this ensemble view of a classical pathway, the = arrows 
denote first-order, cooperative phase transitions. The  free 
energy barriers between phases are surmounted by passing 
through a well defined ensemble of transition state 
conformations. In a two-state reaction, the rate-limiting 
step is the attainment of the transition state between the 
initial and final states. Once a member  of the transition 
state ensemble has been reached, folding can occur rapidly. 

This extension of the classical pathway idea provides a 
very different physical picture from the funnelist view- 
point, which replaces the chemical reaction analogy with a 
picture of the conformations streaming down an internal 
free energetic funnel that directs each conformation 
towards the native state [43,71"]. These  two scenar- 
i o s -  the new view based on funnels and the nco-classical 
view based on transitions between p h a s e s - - a r c  distinct 
physical pictures of the folding process. Experiments and 
simulations must ultimately choose between them. 

Levinthal revisited 
By what process does an unfolded polymer reach a 
transition state conformation? Levinthal argued that a 
random search among conformations would never find 
the native state ([112,113]; discussed in [114]). While 
this is true, it is also irrelevant: the randomly fluctuating 
unfolded polypeptide only needs to find one of the 
many members of the transition state ensemble, not a 
unique conformation. To test the random search for the 
transition state ensemble hypothesis, one can compare the 
folding time to that estimated for a random search [55]: 
t frand°m=to(Wu/l t ' : l ' s ) - - the typical time taken to sample 
a distinct conformation (t0) muhiplied by the ratio of 
the number  of unfolded states (It't!) to the number of 
transition states (Ii'¢FS). 

Using Q as a reaction coordinate to describe the transition 
state, Sail, Shakhnovich and Karplus [55,77] suggested 
that in 27-mer lattice models, the polymer finds a 
member  of the transition state ensemble by a random 
search. Using the more reliable flfold approach [83"'] 
and longer chains, Pande and Rokhsar (unpublished 
data) have demonstrated the existence of a random 
search mechanism using two independent  means. First, 
they found that the conformations sampled in the 
unfolded state were uncorrelated. Second, they found 
that the mean first passage folding times measured using 
Monte Carlo simulations agree with the calct, lation of 
tfrand°m-employing simulation measurements of ll'l~ and 
WTS. (The combinatorial entropy of the optional transition 
state contacts is critical for this agreement.) 

Conclusions 
Recent theoretical developments using simplified models 
have brought about an increased awareness of the 
importance of ensembles in understanding the folding 
process. But have these new models actually led to a 
new view of folding? The  principal advantage of the new 
models is that the nature of the folding pathways can, in 
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principle, be comple te ly  unders tood by direct s imulation 
of folding on a computer ,  where every detail is accessible. 
We have seen that the conformation by conformation 
trajectory of the polymer  can be understood in terms 
of ensembles  of rapidly interconvert ing conformations or 
phases of the polymer.  T h e s e  ensembles  can be identif ied 
directly in s imple models,  which permit  a comple te  
analysis of the unfolded state, transition state ensemble ,  
and intermediates ,  as discussed above. Thus,  in these 
new models, the folding pathway can be dissected in 
microscopic detail. 

We have argued that these new models  do not require a 
'new view'  of folding. Protein folding can be understood 
by ex tend ing  the classical view to include ensembles  in a 
natural fashion. In this sense, some of the new statistical 
approaches to the folding process are perhaps bet ter  
characterized as "neo-classical'  rather than a fundamental ly  
new alternative.  Pathways for folding imply % well-de-  
fined sequence  of events  which follow one another" [112], 
where an event  should be in terpreted as a transition from 
one phase to another. T h e  nature of these transitions has 
been clarified by the s tudy of s imple models that focus 
on the essential  he teropolymcric  aspects of the folding 
process. As this emerging neo-classical view develops,  we 
look for increasing comparisons with experhnents ,  the 
ul t imate arbiter  of theoretical  progress. 
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