Pathways for protein folding: is a “new view” needed?
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Theoretical studies using simplified models for proteins have stoedthe nature of folding pathways, their transition states, and the
light on the general heteropolymeric aspects of the folding prable of intermediates in folding.
lem. Recent work has emphasized the statistical aspects of folding

pathways. In particular, progress has been made in characteri i o . . .
the ensemble of transition state conformations, and elucidating3f methods employed in simulations, the mechanism by which

role of intermediates. These advances suggest a reconciliatior? gins fold in these simulations, the relationship between kinetics

tween the new ensemble approaches and the classical view %[Pddequilibrium properties, and the importance of conformational
folding pathway entropy in discussing ensembles of conformations. We conclude

with a synthesis of the “new” ensemble-based approaches with the

ocus on several related issues: the nature of models and anal-

(December 2, 1997) “classical” pathway picture.
Addresses Designed heteropolymers
'Department of Physics, University of California at Berkeley, Before examining the kinetic aspects of simple models for pro-
Berkeley, California 94720-7300, USA teins, one must first ask: in what sense are these model heteropoly-
mers protein-like? It is not enough for a polymer to have a unique

ZDepartment of Physics, Massachusetts Institute of Technology, ; :
Cambridge, MA 02139, USA folded conformation. A heteropolymer withrandomsequence

. _ o o _ will have some lowest energy conformation, and under appropri-
Physical Biosciences Division, Lawrence Berkeley National Laboratonyia temperature and solvent conditions the polymer will eventually

Berkeley, CA 94720, USA fold to this “native” state [19, 36—41]. But this “freezing” transi-
Current Opinion in Structural Biology 1998,8: in press tion differs from the folding transition in proteins: the folding of
o random sequences is only weakly cooperative [19,37,38], and pro-
Abbreviations ceeds very slowly due to trapping in metastable conformations that
TS Transition state are unrelated to the lowest energy conformation [35, 37,41-43].
CI2 chymotrypsin inhibitor 2 Also unlike proteins, the “native” state of a random sequence is
Q Number of native contacts very sensitive to mutations [44-47].
Prold Folding probability
R, Radius of gyration Can sequences be “designed” to fold in a more protein-like man-
Fint “Internal” free energy ner? The central goal of all design procedures — both in sim-
MG Molten globule ple models and with real polypeptides — is to produce sequences

with desired properties, such as fast folding to a stable, pres-
elected native conformation. In this senskesign makes het-
eropolymers protein-liké A general strategy for design is to be-
gin with a collection of random sequences and either select those
How do proteins fold? While the thirty five years since Anfinsemith the desired property, or iteratively improve them. These de-
has demonstrated the complexity of protein folding, the seasifn strategies have been successfully implemented both theoreti-
continues for the general principles by which proteins achiesally [5,7,10,11,13-16,49] and experimentally [50-55].

their native folds. If such general principles exist, then one might
expect them to transcend the specifics of polypeptides. From . . -
point of view, protein folding could be considered a particular d seIec'ts on'ly those which f9|d, in a protein-like manner. One
interesting and important special case of a more general polym i then identify the characteristics of these foldable sequences.

phenomenon, and much could be learned about the generic asJ fsapproach has been successiul both theoretically [57] and ex-

of protein folding mechanisms by studying the spontaneous fo?c?—”mema”y [52]. In ref. [57], the folding of random Sequences
5% of lattice 27-

ing of similar polymers. These relatives of proteins include the§2s sllcn}(tjjla(;edn S|I(|jco,.§|nd I vr\]/a§ fou_nd thatfl ion: th
retical cousins that exist oniy silico or in simplified analytical Me'S folded reproducibly to their native conformation; these se-
models. guences exhibit an “energy gap” between this native state and

other unrelated conformations. In an independent but analogous
Here we review recent insights into thkimeticsof protein folding in vitro study [52], a group of random sequence polypeptides were
derived from simplified models of the folding process, consideynthesized, and proteases were then used to eliminate unfolded
ing lattice models for “designed heteropolymers” (defined beloggquences; approximately 1% of the sequences remained. Fold-
[1-19], simplified models for real proteins [20—28] and all-atoable sequences evidently comprise a small but non-negligible frac-
molecular dynamics [29-34] studies. These approaches shed tightof all possible sequences.

Introduction

design strategy starts with a collection of random sequences

10f course, proteins have other characteristics besides folding — such as specific secondary structures — that may not be well-modeled by difieddditisenp
polymer.
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Figure 1: Free energy landscape. Free
energy contours of a lattice 36-mer cal-
culated from a Monte Carlo simulation
. [28]. The macroscopic order parameters
- are the total number of contacts (both

. native and non-native) and the fraction of
~  those contacts that are nativ@/K. The

- three minima correspond to the unfolded
- (U), molten globule (MG), and native (N)

: phases, respectively; the intervening barri-
- ers imply first orderi(e.,cooperative) tran-

. sitions between them. The depths and lo-
©  cations of the minima shift with tempera-
0.25¢ - ture. Note that the typical unfolded confor-
. mation has a substantial number of native
- contacts; the specific contacts found differ
- from conformation-to-conformation [28].
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A more direct approach to design seeks sequences that folvith an enormous number of largely unrelated unfolded confor-
a preselected native conformation. To avoid the problems agsations, while the native staf€ is associated with a few, closely
ciated with unrelated low energy conformations that act as trapkted, low energy conformations.

for random sequences, early design schemes looked for sequences

with relatively low “energy” {.e., “internal” free energy) in the order parameters

desired native conformation. This approach has proven successful ) )

both in lattice models (reviewed in [12, 19]) and for real proteifisuseful way to display and conceptualize the phases of a system
(reviewed in [55]). In simple lattice models, it was found tha$ to study the free energy as a function of one or more “order
selecting sequences with low native state energy is sufficienPg@meters,l.e., suitably chosen macroscopic quantities that dis-
create an energy gap [56]. An important theoretical achievem@@uish the different phases. For example, itis common in recent
was the justification of this approach using analytical [46, 48] aHtforetical work to use the number of (tertiary) native contacts in
computational [5, 7,43] techniques. Without this understanding?igiven conformationy), as a macroscopic measure of its folding

is unclear why stabilizing a desired fold (and largely ignoring tif8tus. (Two residues are in contact if they are close in space; a

energy of other conformations) is a sufficient criterion for desige?mmon definition requires that the residuesarbons be within
7A.) Evidently @ is a good “order parameter” in the sense that it

distinguishes the unfolded and folded states: unfolded states typ-
“Phases” and free energy “landscapes” ically have smallp, while by definitionQ = Qnax in the native

state.
What are the thermodynamic states of a designed heteropolymer?

These “phases” — the “denatured state,” “native state,” “moltg;be energy landscapes

globule state” [58, 59]etc. — correspond to ensembles of con-

formations that rapidly interconvert on a time scale (picoseconBs) a simple model polymer, it is straightforward to compute the
much faster than the typical time scale for folding (milliseconds tmtal free energy as a function of the order parameters. For exam-
longer) (seee.g, [60]). The number and nature of the conformale, Fiot (Q) = Fint (Q) — T'Scont(Q), WhereF;,,.(Q) is the aver-
tions varies for each state;g.,the denatured stafé is associated age “internal” free enerdyof conformations withl) native con-

2The “internal” free energy of a conformatidii,; (C) — often simply referred to as the “energy” in statistical mechanical models — includes the enthalpy of the
polymer as well as the free energy of polymer-solvent interactions for that specified conformation. In particular, this includes the solveinttbetfegence of the
given conformation, and thus incorporates the hydrophobic effect. (For further discussion, see [17].)



tacts, andS.on¢ (@) is the corresponding conformational entropywo analogies for folding kinetics
(roughly the logarithm of the number of accessible conformations . . . N s
with ( native contacts)Seons () is easily computed using Monte Iscussions of protein folding kinetics commonly draw intuition

Carlo simulations, and is close to zero for the native state, but Ia?gg tgrmmology from the w'eII-L.mders'Food theories of Che”.“.ca'
for the unfolded state. réaction rates [72] and the kinetics of first order phase transitions

[73]. Both analogies suggest useful perspectives on the folding
A plot of the free energys. one or more order parameters (sgeroblem.
Fig. 1) can be used to describe many aspects of the thermodynam-

ics of the polymer in a quantitative manner: _ _ _ _
Protein folding as a chemical reaction

(1) PhasesPhases can generally be associated with local free en- o ] ) ]
ergy minima. This statement makes two hidden assumptions:qfﬁt?'” folding is often likened to a unimolecular chemical reac-

the order parameter(s) used are sufficient to distinguish the varfb‘?ﬁr n thf:h the “reactant” (an unfolded protein) is converted to
phases of the system, and (b) within a minimum, conformatighgProduct” (the folded state) [74—76]. Unimolecular chemical re-

can interconvert rapidly. The value of the order parameter(s) at 840nS are typically governed k?‘y asingle rate I’i’miting step, when
minimum describes the nature of the phase (Fig. 1, caption). the system passes through the “transition state” (TS). Intermediate
species may or may not be present. Unlike a simple chemical re-

(2) Stability: Since different phases respond differently taction, however, the folding offolymeris dominated by entropy,
changes in external conditions, the local minima will shift witin the sense that there are many conformations that correspond to
temperature, solvent quality, plgic. If the interconversion time the same stage of the reaction. This has important consequences
of conformations within a minimum is fast compared with thier the nature of the protein folding pathway, which must there-
transition rate to other minima, we may view a relatively higlare be thought of as a sequence of transitions between phases
free energy minimum as a “metastable” phase. (Such metastgibdg the unfolded, native, and any intermediate states) rather than
phases are familiar from the case of a supercooled liquid or gasd)vidual microscopic conformations.

One can sometimes make a particular local mininglobally sta- . . . o .
ble by appropriate choice of external conditions. A good examB_I'%e transition state of a simple chemical reaction is typically a

of this is the stabilization of the molten globule phase [28, 54fiique conformation with unfavorablg;,, that represents the
(which is usually either metastable or not present at all under phgicipal barrier between reactants and products [72]. For pro-

iological conditions) by the addition of denaturants or a changd®in folding, however, the transition state must be regarded as an
pH [61, 62]. ensembleof conformations [57], and can only be characterized

statistically. Unlike a simple chemical reaction, in which the free
(3) Transitions: The free energy barrier between two minima signergy barrier represents the contribution from a unique confor-
nals distinct phases that are related by a first order (cooperati@jion, the barrier for protein folding istatal free energy barrier,
phase transition: when the two minima exchange relative stakittd may be dominated by conformational entropy (see for exam-
ties, the equilibrium value(s) of the order parameter(s) change gig-[18]). Such an entropically generated barrier can be thought of
continuously. In contrast, continuous transitions are describedaByarising from the relative scarcity of TS conformations compared
smooth shifts in the locations of a single minimum with changingth the unfolded state. Thus, the TS has many conformations
external conditions, or the splitting of one minimum into two.  compared with the native state, but much fewer than the unfolded

state.

Funnels Since proteins have many degrees of freedom, in principle there

It is important to emphasize the distinction between total fr8& many different coordinates that could be used to describe the
energy surfaces and heuristic “funnel” pictures pioneered B{PIress qfafoldmg event. Chgmlcal reacno_n rate theory singles
Onuchic, Wolynes, Thirumalait al. [8, 43, 63-69], and Chan anoOL_Jt a paruculgr class of “react_|on" (or “transition”) coordinates,
Dill [17,70, 71]. Funnel diagrams plot theternal free energy with the special property of being a §Iow (preferably the slowest)
F. (rather than theotal free energy)s. unspecified “confor- degree of freedom [72]. The transition statg then cqrresponds to
mation coordinates.” and thus do a good job of depicting tfdotal free energy maximum alo.ng the reaction coordinate, rather
“energetic” (really F},,) drive to the native state. This drivingihan aninternalfree energy maximum as would be the case for a
force for folding has also been expressed in less picturesque wii¥le chemical reaction. Early theoretical work used the number
[1,3,5,19,42]. In funnel diagrams, conformational entropy n'at|ve contact€) as a first guess at a reaction cqordmate for
suggested by the width of the funnel in the “conformation codR!ding [8,18,57,69,77,78]; we will see below that this approach,
dinate.” In contrast with the total free energy surfaces discus¥&yle qualitatively useful, is fundamentally flawed as a tool for
above, equilibrium aspects such as the number of phases, cHitifying the transition state ensemble.

erativity of the transition, and relative stability of the phases are

obsgured by the funnel yisuglization, which doe; not display Botein folding as a first order phase transition

tropic barriers (only barriers in the “energ¥§i,;). Finally, apply-

ing funnel inspired ideas to kinetics requires knowledge of a goad even closer analogy may be drawn between the folding of a
reaction coordinate for folding, which is a difficult and unresolvgzblypeptide chain to its unique native conformation and the trans-
problem. formation of a vapor into a liquid. In both cases, there is a dra-



Figure 2:Nucleation. (a)First order {.e.,
cooperative) phase transitions proceed by
a nucleation mechanism in which a small
droplet of the ordered phase is formed
within the metastable disordered pha@s.
The free energy of a droplet depends on
its radiusR. There is a free energy gain
proportional to the volume of the droplet,
~ —0fR3, wheredf is the free energy
difference per unit volume between the or-
dered and disordered phases. Opposing
this free energy gain is the cost vR?

1
O O O O O O of the surface of the droplet, which is the

vapor B product of the surface tensiar(i.e.,the in-
critical terfacial free energy per unit area) between
1 nucleus the two phases, and the surface area of the
(b ) droplet. The net free energy of the con-

densed droplet then has a free energy max-

++ imum or barrier neaR* ~ J f /v where the
&0 0 05 1 1 bulk gain begins to offset the surface cost.
LL ' R/Ri ) /iqujd (c) A similar mechanlgm could apply to the
folding of a protein, with the ordered phase
/ identified with the native state and the dis-
-1 O ordered 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.

matic decrease in the conformational entropy of the system ttet many members of the transition state ensemble rather than
occurs spontaneously upon entering thermodynamic conditions aevinthal-like search for the unique native conformation. The
which the native or ordered state has lower free energy. Whagimple homogeneous nucleation picture of a bulk transition will
the sequence of events — the “pathway” — by which the ordecdd@ourse need to be modified to account for polymeric chain con-
free energy minimum is reached? nectivity [79-83] and the heterogeneity of the sequence, which

may favor specific “droplets” over others.
First order,i.e., highly cooperative, bulk phase transitions typ- y P P

ically proceedvia a “nucleation and growth” mechanism [73]. _ _
Consider a disordered phase.d., gas) which is suddenly /mplications for protein folding

quenched to a low temperature at which a more ordered phﬁ?@se two analogies shape our understanding of the process of

ég.g.,cljlqwgl) hhas onver flree e?ertg)gl At th!‘s low temlpe(:jr:';ltu_lr_(:], t qtein folding. What do they teach us? If we view folding as
isordered phase is only metastable (or *supercooled”). Ther o-state transition,e., a chemical reaction characterized by a

fluctuations in the microscopic conformation of the system lead gle kinetic phase, then we expect to find a well-defined transi-

the spontaneous formation and dlgsqlutlon of small droplets tion state ensemble. This ensemble could be characterized easily
the more ordered phase floating within the metastable dlsordq]r%i

tate. O “critical leusT droplet of critical radi e knew the appropriate reaction coordinate for folding. But
state. nce a critical hucieus €., a drople ot critical radus ¢, the theory of first-order phase transitions, we expect the rate-
RY) is formed (Fig. 2, and caption), however, it can grow rapid

by accretion, driven by the overall thermodynamic stability of tt{& lting step of protein folding to be the formation of some struc-

. e or structures analogous to a critical nucleus, which plays the
condensed state. Thus the critical nucleus can be thought of a%[beof a “transition state” for a first order transition
“transition state” for the vapor-liquid transition. '

. . . The physical picture of a first order transition demonstrates that an
An essential feature of this scenario is that diolgal free energy der parameter for aquilibriumtransition €.g.,Q) is not nec-

?;:::Z:% r?eoidatc;gzuslcj)rr?:rzgteddrb Tgtat 'Sr;-é?]e-gzﬁﬁjvegcﬁ z@garily useful for determining the transition state ensemble that
S tl h Hfluctuat P ‘“W ' h’l’ p t%%ntrolskinetics In particular, the order parameté€ris a poor

pon aneou.? . e[ma juctuations —a 'search” among microstales.;,, coordinate for folding because it measures a global prop-
— heed only *find” a critical droplet, not the completely ordere ty — the total number of native contacts — and is therefore not

state. For proteins, this would correspond to a search for ON&Bhsitive to thedistribution of those contacts. (The same state-



ment applies to the radius of gyratid®y.) Yet from the study native contacts) as a reaction coordinate, computed the total free
of the liquid-gas transition we see that the spatial distribution@fiergyFi..(Q), and identified th&)pa,rier at Which Fio (Q) has

the ordered phaséé€., as droplets) within the disordered state i@ maximum. IfQ) were a good reaction coordinate, conformations
a central aspect of the mechanism. We therefore expect thatiitb Q = Qparrier WoOuld comprise the transition state ensemble.
net amount of “order”i(e, the number of native contacts, or th&@he fact that this analysis is based on the flawed assumption that
total volume of the condensed phase) wiillt be a good reaction () is a valid reaction coordinate does not necessarily rule out the
coordinate. Rather, the search for a proper reaction coordinateésulting physical picture.

folding must acknowledge the likelihood that the transition state

contains some sort of local structure. But how do we identé/wuchicet al. [8] conclude that the transition state ensemble is

a reaction coordinate without already knowing the nature of t?\%mp”SEd ?g many partially fOIde.d confqrm?glons. A Zz-me'r has
transition state? a total of10'° possible conformations, with0'® of them “semi-

compact,’i.e., highly collapsed [57]. Onuchiet al. estimate that
Du et al. [84] have recently proposed a straightforward (but corhe* of these conformations make up the transition state ensemble,
putationally intensive) procedure for determining transition stategh @) ~ 0.6 Qna.x. Thatis, they suggest that a typical TS con-
without making any assumptions about the reaction coordindtemation contains 60% of the contacts found in the native state.
Their approach therefore allows an unbiased analysis of the Ai8thermore, “different native contacts have different degrees of
ensemble [85]. They introduce the “folding probabilitys1a(C), participation” in the transition state, hence the term “delocalized.”

which measures the probability that a simulation that starts from

conformationC will reach the folded state before encounterin| an ((ajarrl]lerfslt(;{dy, Sfag" Shakgnwwh, andlKarpIus [57] also ex-
an unfolded conformation. K is very close to the native con- mined the folding of designed 27-mers. Also usihgs a reac-

formation, therpuq ~ 1; if C is near the unfolded phase theHon coordinate, they identified a different barriefip, (Q) as the
Diond % 0 ’ ’ " 7 “major transition state, and inferred that the TS ensemble consists
0 ~ .

of all 10® semi-compact conformations with8 < Q/Qmax < 1.

The transition state ensemble consists of those conformatidhs high fraction of native contacts implies that the transition state
sampled during a folding run that haye,s = 1/2, i.e., are is very close to the folded lattice conformation. Since these con-
equally likely to fold or unfold® The relative weight of a con-formations are all different (except for their common resemblance
formation in the TS ensemble is defined by its rate of appearatathe native state), these results have been cited [100] as evidence
in folding events. In general, conformations withiq = 1/2 do for many parallel pathways of folding.

not appear with equal weight in the transition state ensemble [85(13'cent work by Chan and Dill [17] has also emphasized the pos-
The folding probability method allows individual transition statg. y P p

conformations to be unambiguously identified for a given foldir® ility that the transition state ensemble involves a diverse collec-

trajectory without making any assumptions regarding the reacth of Iar,g.ely unrelated confo'rm'atlons: “since the |df—:~§ of ‘transi-
N state’ is really about rate limits and bottlenecks, it includes all

coordinate, and is particularly useful in the absence of a valid pe , .
; : the conformations that are passed through on the way to the native
action coordinate. : 7 .
state, because they are all responsible for determining the rate
[71]. They introduce a “kinetic reaction coordinate” for lattice
Nature of the transition state ensemble models that corresponds to the minimum number of steps needed
o ) ) to reach the native state from a given conformation, following a
While it is widely believed that some sort of nucleation event jginimum energy path, and conclude that the TS ensemble is “49%

central to the mechanism of protein folding, [23, 39, 86-98], th¢ihe way from the native state to the ‘unfolded state’ ” [17].
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 f@gidence for a “specific nucleus”

ing. In this discussion we emphasize the connection between the _ _ -~
simulation methodology employeds., how the transition state A qualitatively different kind of transition state ensemble was pro-

ensemble is determined) and the resulting picture describing HR#9€d by Abkevich, Gutin, and Shakhnovich [87] based on their
proteins fold. There are three competing scenarios. analysis of the folding of a designed 36-mer. They 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
One scenario envisions the transition state ensemble as constiate ensemble is comprised of conformations that share the same
ing of “many delocalized nuclei” [8]. That is, each conformatioget of essential contacts, which form a compact core inside the na-
in the TS ensemble contains a different locally structured regitive state — a “specific nucleus” [87—-89]. As a test of this hypothe-
or “nucleus,” reminiscent of the “jigsaw model” of Harrison andis, Shakhnovich, Abkevich, and Ptitsyn [89] have confirmed that
Durbin [99]. This picture is supported by the work of Onuchidifferent sequences designed for the CI2 backbone have conserved
Socci, Luthey-Shulten, and Wolynes [8, 69], who investigated ttesidues at the predicted core positions. This picture closely re-
transition state ensemble in 27-mers. They used the numbesarhbles nucleation in first order phase transitions, with a critical

Evidence for “many delocalized nuclei”

3For a two-state transition, there is a single, well-defined transition state. If there are intermediatgg, then 1/2 determines the “major” transition state that
governs the rate limiting step.



nucleus pinned by the heterogeneity of the polymer. transition states would ideally hade= 1, whereas a residue with

If th fth i is th | . ® = 0is likely to be unstructured in the transition state. In prac-
the presence of these specific contacts Is the only require ﬁ:rét, one also finds “fractional®-values {.e., between 0.3 and

for a conformation to.be found in the TS eljsemble, then this %fG), which can be interpreted in two ways: (a) the residue makes
semble \.Nould.compnse relat.ed conformat!ons that differ Onlyﬁ'&tive-like contacts in only a fraction of the transition state con-

the conflguratlon of polymenc loops that lie between core ¢ rmations, or (b) the residue makes contacts in the transition state
tacts (Fig 2c). Thus despite the formation of an ordered core, Semble that are weakened relative to those it forms in the native

TS ensemble in the specific nucleus picture has a substantialser‘gt-e Fershet al. favor (b) based on a comparison of singke
tropy that arises from the conformational freedom of these Ioogﬁultible pathway. models with kinetic data [100, 101]

Evidence for “transition state classes” Comparing theory with experiment

A third scenario is proposed by Pande and Rokhsar [85], Whgy do the pictures derived from simple theoretical models com-
analysed folding pathways and the transition state ensgmbles 195 with these experimental results? The principal focus is the
range of polymer lengths from 27- to 64-mers. They directly dggplanation of fractionab-values. The histogram [8] of experi-
termine the transition state ensemble using the folding probablf“gnta”y determine@ values for CI2 [94, 102] is broadly peaked
method, thereby avoiding ambiguities associated with choosingsayeen® — 0 and 0.6. Onuchiet al. [8] find a similarly
reaction coordinate. The transition state ensemble is definedyRyad distribution ofp-value analogs for a lattice 27-mer (which
collecting pro1a(C) = 1/2 conformations from several hundreghey argue is comparable to a 60-residue protein). The molecu-
fqldmg trajectories (using th_e same sequence, but starting fr@?“dynamics sampling of fragment B of protein A by Boczko and
different unfolded conformations). For 27-mers, the TS ensemBl@oks [33] yields a qualitatively similar distribution (reported in
consists of a collection of closely-related conformations — a smm_ Onuchicet al. use these broad distributions to support their
“class” — that share a specific set of core contacts with high preBrany delocalized nuclei” picture. They note that if a strict “spe-
ability, and other selected “optional” contacts with intermediaiic nucleus” picture were valid, the value probability distribu-
probgblllty. For anger chains, the transition state ensemble M@y, would be bimodal — residues in the nucleus would have high
consist of a few distinct classes. &, while residues not in the nucleus should héve 0.

As in the specific nucleus picture, the conformational freedom-gfe simulations of Pande and Rokhsar [85] also reproduce a broad
loops endows the transition state with a large entropy. Howevgktribution of®-value analogs (the fraction of TS conformations
Pande and Rokhsar emphasize that the entropy of a transition #R€possess a given native contact). Unlike Onuehial, how-
class is further enhanced by the combinatorial possibilities gq;er, they explain the broad distribution®fvalues by appealing
choosing the optional contacts. Indeed, this value is large (typthe variation between conformations within a transition state

ically 10° conformations for a 48-mer) and therefore cannot Bgyss. Their required “core” contacts have higvalues, while
ignored. For longer polymers, the transition state ensemble @& optional contacts have lower values.

typical designed heteropolymer contains two or three such classes, o .
but the TS ensemble of fast-folding sequences [88] consists &hich interpretation is correct? Ferséttal. rule out multiple

single class [85]. pathways for CI2 by appealing to a Bronsted analysis [100], in
which the logarithm of the folding (or unfolding) rate is plotted
Which physical picture is correct? vs. the detabilization of the folded state for a series of mutants.

These plots are linear, suggesting that the reaction kinetics can be
We have seen that recent theoretical work suggests three distiféfieled by a single class of transition state. A similar analysis
physical pictures of the transition state ensemble: “many delogal-the larger protein barnase suggests, however, that this may not
ized nuclei,” a “specific nucleus,” and “transition state classepé a general result [101].
Which of these possibilities applies to protein folding? While the
most recent simulations [85] using tpga method [84] support Molecular dynamics simulations of unfolding at high temperature

the transition state class scenario in lattice models, the nature of

the transition state ensemble in real proteins can be best addredigiom simulations of unfolding trajectories of chymotrypsinin-
by experiments. hibitor 11 (CI2) under extreme conditions (500 K, 26 atmospheres)

conducted by Daggett 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 mil-
The principal experimental method for identifying transition statkseconds to nanoseconds, and becomes accessible to study. They
for folding is the® analysis introduced by Fersét al. [86, 94]. argue that the transition state should correspond to a rapid change
They use site-directed mutagenesis to perturb both the transitiothe conformation of the protein with time, and identify related
and native states. Theh = A(G; — Gy)/A(Gn — Gy) mea- conformations in four unfolding trajectories as putative transition
sures the degree to which the free energy of the transition sttdes. One might worry that the TS for unfolding under extreme
is affected relative to the native state. (Hexerefers to the dif- conditions could be quite different from the transition state under
ference between the mutant and wild type proteins.) A residuere standard conditions. In particular, an entropically generated
which participates in the same interactions in both the native drek energy barrier of the sort found in lattice models may not even

&-value analysis
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Figure 3: Temperature dependence of barriers and intermediates(a) This schematic plot of total free energy. a generic “re-

action coordinate” for several temperatures illustrates that barriers are temperature dependent. Under extreme danghitidss (

the free energy barrier may disappear. (b) Similarly, the presence or absence of a metastable intermediate may depend on tempera
(Although these pictures are schematics, they are based on real simulation data (VS Pande and DS Rokhsar, unpublished data).)

be present under extreme temperature and pressure if the naf\8=-105]. Yet there are clear examples of others whose folding
state loses its metastability (see Fig. 3a). Nevertheless, there isaete passes through partially folded, molten-globule-like, “on-
markable consistency between the residues Daggettidentify pathway” intermediates [61, 106—109]. Still other proteins fold
as important in the transition state and those implicated experith so-called “off-pathway” intermediates that are in some sense

mentally by Fershet al. using®-value analysis. misfolded, most notably those involving proline isomerization
[74] and/or disulfide bond rearrangements [110]. Such interme-
Designing pathways diates are either inferred from multi-state kinetics or “trapped”

) ) ) using a variety of experimental techniques.
A complete understanding of the mechanism(s) of protein fold-

ing should include a prescription for redesigning folding patfome recent lattice and off-lattice studies have found both on- and
ways. That is, in addition to designiregjuilibrium properties of off-pathway intermediates in direct simulations of folding events;
a heteropolymer, one should be able to intentionally manipul@tger studies have not found such intermediates, which may be due
its folding kinetics As a first step in this direction, Shakhnovict differences in the methodologies of the different calculations
and his collaborators have used an evolution-like process to (§e- example, different temperatures of the simulations), or real
lect fast folding lattice heteropolymer sequences by mutating ¥ariations between the folding pathways of different sequences.
quences and retaining those variants that fold most quickly [88F.erhaps the only general statement that can be made is that if in-
termediates are metastable phases of the polyireeidcally sta-

Mirny et al. [88] find that all fast folding sequences designed e minima of the free energy surface (Fig. 1)), then as folding
this manner fold with the same specific nucleus. An analysis of {aghperature, pressure, pelc. are varied the stability of such a
pathways of these fast-folding sequences by Pande and RokBgag will change and may disappear (Fig. 3b). Thus the presence

[85] using theps,1a method shows that they folda a single “tran- o apsence of intermediates for any given protein is likely to be
sition state class” that is energetically preferred from among sg¥nsitive to folding conditions.

eral possible classes found in typical heteropolymers designed for
equilibrium folding to that native state conformation. That is, evi? their lattice simulations, Pande and Rokhsar [85] found that
lutionary design for fast folding leads to a specific pathway. ParfRch transition state class is associated with a corresponding on-
and Rokhsar ([85] and unpublished results) have used this ideBathway, partially folded intermediate. The conformations which
directly design sequences (that is, without an evolutionary sele@mprise the intermediate state contain a common frozen core
tion for fast folding) with both (a) a preselected native state co¥f- contacts, surrounded by fluctuating loops. The conforma-
formation and (b) a chosen transition state class. The fact thatttfeal entropy of the loops stabilizes the intermediate, which is a
transition states can be manipulated in this manner supports(fAgtastable) phase. Pande and Rokhsar demonstrate this directly
“specific nucleus” and “transition state class” pictures, but contR computing the free energy surface with respect to two order
dicts the “many delocalized nuclei” scenario. parameters, the number of native conta@tand the number of
core contact®)core; F(Q, Qcore) €xhibits a metastable interme-

. diate minimum along with the unfolded and folded minima. At

Intermediates sufficiently low temperatures the barrier between the intermediate

Many small proteins fold without detectable intermediates [sﬁr}d native states disappears, and the transition becomes two-state



(Fig. 3). summarize this alternative to the funnel picture, which might be

lled a “neo-classical” view,
Mirny, Abkevich, and Shakhnovich [111] find that well-designed. = & 0 ClasSICalVIewW

sequences are more stable in the native state and fold fast WE’H - .
. : . - ‘Clgssical” pathways from an ensemble view

out intermediates in a two-state process, whereas Iess-optlmlzeg

sequences fold more slowlyia parallel pathways involving mis- Thirty five years of protein folding kinetics has shown that folding

folded intermediates. reactions can be analysed using “pathways” of varying complex-

Off-pathway intermediates have been found in the coarse-grair'nté/d,SUCh as the two-state model

non-lattice models of four helix bundles studied by Thirumalai U =N, (1)
et al. [26,43]. They perform Langevin dynamics simulations

in which the polypeptide is modeled by chain of spheres (repreedels with on- or off-pathway intermediates,

senting thex-carbons) connected by springs, using a “three-letter

code” to indicate hydrophobic, polar, and neutral residues. They UsIn+=N, Lg=U=N, 2)

find intermediates that are misfolded (one of the helices is kinked), ) ) ) e
and show that folding is accelerated if the intermediate is degif- Increasingly complex schemes become increasingly difficult

bilized [26]. This work also suggests that intermediates can Becompare with experiment, and there are as yet no first princi-

regarded as metastable, equilibrium phases. ples _rqles to Qetermlne in advance which pathway will apply to a
specific protein.

Boczko and Brooks [33] have studied the thermodynamic proper-. . ] ) ) .

ties of a small three helix bundle (fragment B of protein A) usiﬁe{h"e in simple chemical reactions the symbols in the “mass ac-

an all-atom approach. They simulated approximately 10 ns of §R” €guations (1) and (2) represespecificconformations of a
folding, at a variety of temperatures (ranging from 300 K to 46Hnall molecule, for prpteln folding we must mterpret.ea(':h symbol
K), and sampled conformations at many values of the radius3§fanensemblef rapidly interconverting conformationse., a
gyrationR, to piece together the free energyR,). Conforma- thermodynamic phase. In a temperature jump experiment, for ex-
tions generated in this run are used to construct “clusters” wiifiiPle,U would be a supercooled, &., metastable) phase (since
givenR,. From this analysis, they infer a folding intermediate fdpe unfolded state is not thermodynamically stable at the refolding

this small protein. Recent experiments on protein A [112], hofgmperature), and’ would be the stable native state. Intermedi-
ever, may contradict these results. ates, if present, appear as metastable phases; as we have seen,

some recent simulations exhibit intermediates that appear to be
metastable, molten-globule-like phases [28, 85]; others find mis-
Folding pathways folded,i.e., off-pathway, intermediates [26, 111].

The “classical” view of folding envisions a defined sequence lofthis ensemble view of a classical pathway, tk&™“arrows de-
states leading from the unfolded to the native state, allowing fwte first orderj.e., cooperative, phase transitions. The free en-
the possibility of on-pathwayi.€., partly folded) or off-pathway ergy barriers between phases are surmounted by passing through
(i.e., misfolded) intermediates [74, 75]. Several years ago, Ba@tlwell-defined ensemble of transition state conformations. In a
win [113, 114] suggested that a “new” view was emerging bade-state reaction, the rate-limiting step is the attainment of the
on simplified statistical mechanical models for proteins. As w@nsition state between the initial and final states. Once a mem-
have seen, these models emphasize ensemble properties aneethef the transition state ensemble has been reached, folding can
importance of pathways without intermediates for rapidly-foldirggcur rapidly.

proteins. This extension of the classical pathway idea provides a very dif-

More recently, the term “new view” has acquired a broader med@rent physical picture than the funnelist viewpoint, which re-
ing [43, 71] that stresses the possibility of a diverse “myriad pfaces the chemical reaction analogy with a picture of conforma-
pathways” with “delocalized” transition states. According to thf#ns streaming down an internal free energetic “funnel” that di-
approach [8, 17,43, 69, 71], the central feature of the new viewests each conformation towards the native state [43,71]. These
the replacement of the pathway concept with picturesque funived scenarios — the “new” view based on funnels and the “neo-
diagrams to illustrate features of protein folding and the role @fssical” view based on transitions between phases — are distinct
ensembles. This “funnelist” viewpoint has recently been reviewellysical pictures of the folding process. Experiments and simula-
in detail by Chan and Dill [71]. tions must ultimately choose between them.

In contras.t, other studies of simple modgls [56, 85] do not SYSvinthal revisited

gest a radical “new” view, but rather a refinement of the classical

picture in which the classical concepts of “states” and “pathwayBy what process does an unfolded polymer reach a transition state
are interpreted in terms of ensembles of conformations. For examnformation? Levinthal argued that a random search among con-
ple, each step in a classical pathway can be precisely regardddmsations would never find the native state [115-117]. While
a transition between two phase®( ensembles of rapidly inter-this is true, it is also irrelevant: the randomly fluctuating unfolded
converting conformations [60]), so that folding proceeds througblypeptide only needs to “find” one of the many member of the
a sequence of metastable phases. In the next section, we brifhsition state ensemblegt a unique conformation. To test the
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Conclusions +« 1. Ueda Y, Taketomi H, Go NStudies on protein folding, unfold-
ing and fluctuations by computer simulation. I. The effect of
Recent theoretical developments using simplified models have specific amino acid sequence represented by specific inter-unit
brought about an increased awareness of the importance of en- interactions. Int J Peptide Re4975,7:445-59.
sembles in understanding the folding process. But have these ne#r Lau KF, Dill KA: A lattice statistical mechanics model of
modelsactually led to a newiewof folding? The principal advan- the conformational and sequence spaces of proteinsacro-
tage of the new models is that the nature of the folding pathways moleculesl989,223986-3997. _
can, in principle, be completely understood by direct simulation3- G0 N:Theoretical studies of protein folding. Annu Rev Biophys
of folding on a computer, where every detail is accessible. We Bi0€ng1983,12183-210. . .
have seen that the conformation-by-conformation trajectory of the' >hakhnovich El, Farztdinov G, Gutin AM, Karplus Wrotein
. y J - y - folding bottlenecks: a lattice Monte Carlo simulation. Phys Rev
polymer can be understqod in terms of ensembles of rapidly inter- Lett 1991 67:1665-1668.
converting conformationse., the “phases” of the polymer. These 5 shakhnovich EI, Gutin AMEngineering of stable and fast-
ensembles can be identified directly in simple models, which per- folding sequences of model proteinsProc Nat Acad Sci USA
mit a complete analysis of the unfolded state, transition state en- 1993,90:7195-9.
semble, and intermediates, as discussed above. Thus, in these newCamacho CJ Thirumalai OKinetics and thermodynamics of
models, the folding pathway can be dissected in microscopic de- folding in model proteins. Proc. Natl. Acad. Sci. USA993,
tail. 90:6369-72.
7. Pande VS, Grosberg AYu, TanakaThermodynamic Procedure
We have argued that the new models do not require a new view to Synthesize Heteropolymers that can Renature to Recognize a
of folding. Protein folding can be understood by extending the  Given Target Molecule.Proc Nat Acad Sci USA994,91:12976-
classical view to include ensembles in a natural fashion. In this 81.
sense, some of the new statistical approaches to the folding pré ¢ Onuchic JN, Socci ND, Luthey-Schulten Z, Wolynes A%o-
cess are perhaps better characterized as “neo-classical” rather thant€in folding funnels: the nature of the transition state ensemble.
a fundamentally “new” alternative. Pathways for folding imply “a ~ Fold Des1996,1:441-50. ) _
well-defined sequence of events which follow one another” [115], Simulations of 27-mer folding support the “many delocalized nu-
where “event” should be interpreted as a transition from one phase clei” scenario of the transition state ensemble, which is estimated
» oo by assuming that the number of native cont#gts an appropriate
to another. The nature of these transitions has been clarified by the

. ; - reaction coordinate. The funnel picture is reviewed and refined.
study of simple models that focus on the essential heteropolymeri§ chan Hs, Dill KA: Comparing folding codes for proteins and

aspects of the folding process. As this emerging “neoclassical” polymers Prot Struct Funct Genet996,24:335-344.
view develops, we look for increasing comparisons with experi10. Hinds DA, Levitt M: From structure to sequence and back
ments, the ultimate arbiter of theoretical progress. again. J Mol Biol 1996,258201-9.

4This does not, of course, imply the absence of an activation enthalpy, since the internal free energy of a conformation includes the entropypufdimg surr
solvent?
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