Folding pathway of a lattice model for protein folding

Vijay S. Pande! and Daniel S. Rokhsar!?

The folding of a protein-like heteropolymer is studied by direct simulation of a lattice model that folds rapidly
to a well-defined “native” structure. The details of each molecular folding event depend on the random initial
conformation as well as the random thermal fluctuations of the polymer. By analysing the statistical properties
of hundreds of folding events, a classical folding “pathway” for such a polymer is found which includes partially
folded, on-pathway intermediates that are shown to be metastable equilibrium states of the polymer. The folding
reaction has a well-defined ensemble of transition state conformations that are characterized by common core
structures. (January 4, 1998; Revised March 1, 1998)

Small proteins typically fold rapidly and reliably to a unique ndelding events from start to finish by direct simulation, with com-
tive state from any one of a vast number of initial unfolded confqalete access to the structural details of every conformation that
mations. How does this occur? The rapidity of folding, the corfiie polymer samples, without any “dead time.” The challenge is
plexity of protein structure, and the fact that each molecule takien extracting a useful description of the folding process from the
a microscopically different path to the folded state makes thisbundance of detail provided by these numerical experiments.
difficult problem for both experiment (which typically provides Here we study the folding of a 48-mer on a three-dimensional
ensemble averaged information with limited temporal and spatiabic lattice for which the inter-residue interactions have been
resolution) and all-atom simulations (which can only examine pidiosen to stabilize a pre-selected “native” conformation, shown
tein motions for nanoseconds rather than the milliseconds neeidetie last frame of Fig. 1 (see Methods). This heteropolymer ex-
for folding) [1]. hibits a cooperative, two-state transition with a midpoint tempera-

If there are general principles that describe protein foldirtgye of 7, = 0.74 + 0.01 (in units of the interaction strength, see
then one might expect them to apply to simplified models fitethods) from an unfolded pha&ewith no persistent structure to
protein-like heteropolymers as well. For this reason, models #ofolded phasév consisting of the native conformation and small
polymer folding on a lattice have been vigorously pursued [2—8lictuations about it. Using Monte Carlo dynamics (see Methods)
Although lattice models often omit features that are critical for uand a new “fluctuation smear” analysis technique (see below), we
derstanding protein function, they are “protein-like” in the sensgamine the sequence of conformations encountered when an ini-
that they fold to a unique native structure from an astronomicdigily unfolded polymer is suddenly quenched to a temperature
large number of possible initial conformations, and do so rapidl, which the folded state is thermodynamically stalle., (be-
reproducibly, and reversibly. The advantages of these modelslaneT’,,). Each complete simulation — a “folding event” — begins
two-fold. First, the thermodynamic driving force for folding igrom a different initial unfolded conformation, and proceeds until
an explicit part of the model, so that the origin of the stabilithe native conformation is reached. We follow hundreds of inde-
ing forces can be separated from the problem of folding mecpandent folding events, and extract their common features — the
nism. Second, it is straightforward to study a large collection ‘Gblding pathway.”

FIG. 1: Snapshots of a folding event.  The
average trace of the polymer backbone dur-
ing the course of a single folding event is
shown at intervals of 6 x 10* Monte Carlo
steps. The average is taken over a time
window of 10* steps. (While the individual
conformations lie on the lattice, the aver-
age positions need not do so.) The short-
time fluctuations of the polymer conforma-
tion are encoded by the color of the residue:
blue indicates parts of the polymer that are
relatively static over the time window (po-
sitional variance (|dr;|?) < 0.5), while yel-
low indicates sections whose position fluc-
tuates strongly ({|ér;|*) > 3); the fluctua- o 3 v, P f:;‘,
tions of residues colored red lie in between. i ¢ :
A nucleation event [13,14] is evident at ¢t ~
4.9 x 10° steps. The final frame shows the
native state conformation.
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FIG. 2: Qualitative and quantative probes of a folding event.
(a) shows the number of native contacts @@ and the number of
“fixed” (blue) residues Ng, along the folding trajectory. (b) shows
the folding probability ps,1a (See Methods) and the energy variance
((6E)?) of the conformations between ¢ & 1.5 x 10*. (c) shows
the positional variance (|ér;|?) vs. time on the horizontal axis and
position along the chain on the vertical axis, using the same color
—_ probability of folding (poid) } : coding as.in Fig. 1. Note that the static (i.e., b_Iue) residue_s are
- -energy variance (c(t)) | clustered in patches for t; < t < t», representing the persistent
: core of the intermediate; for ¢ > ¢, all residues become fixed in
their native positions, and the polymer is folded.
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FIG. 3: Fluctuation smears for five different folding events.
As in Fig. 2c, we plot the variance of the position of a residue (av-
eraged over an interval 10* steps) as a function of time for five
different simulation runs at 7" = 0.65 with different initial configura-
tions. Each event encounters one or more intermediate regimes of
specific partial structure before folding.
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Our analysis focusses on the nature of the conformations tthisibns. We find that our model proteins foléh partially folded
the polymer samples as it approaches its stable native state,“anepathway” intermediates, with a well-defined transition state
the characterization of the transition state and any intermediaesemble that we characterize statistically.
it may pass through on the way. What sets our approach apart
from earlier work is our attention to the local and short-time flugnatomy of a folding event

tuations of the polymer as it folds (visualized by smear analysi,spg. 1 illustrates twelve frames @tx 10* time step intervals from
and the characterization of an ensemble of folding trajectories 43ingle folding event at temperatdfe= 0.65, where each frame
ing hundreds of independent folding events under identical Cegpresents the average position of each residue during a time win-
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variances of transition state conformations from 156 independent
folding runs at T = 0.65 are displayed using the color coding
scheme of Fig. 1. Conformations have been sorted to exhibit the
natural partitioning of these conformations into distinct transition
state “classes.” Superimposed on the common structure within
each class are various optional structures; these contribute to the
entropy of the transition state.

FIG. 4: Kinetic intermediates and free energy minima. (a) Fluc-
tuation smear. (b) Contours of the free energy surface G(Q, Qr—-.)
projected onto the (Q, Q:r-,) plane are shown superimposed on
the trajectory of the folding event shown in (a). The free energy
surface was computed using umbrella sampling during a long equi-
librium run (see Methods); Q;_» = Zi]. CijCin’b is the number of
contacts a conformation shares with a representative conformation
Cilj‘b chosen from the intermediate of (a). The three distinct free
energy minima correspond to the unfolded, intermediate, and na-
tive states; the native state is the most stable of the three; a later
intermediate is also evident. (The free energy minima correspond-
ing to the other metastable intermediates are not visible in this pro-
jection onto the (@, Qr—») plane.) The trajectory shows that the
polymer fluctuates in the unfolded state before rapidly jumping to
the intermediate; from the intermediate complete folding proceeds
relatively rapidly. The transition state for this trajectory (the confor-
mation where pgo14 first crosses 1/2) is indicated by an asterisk.

dow of 10* steps. (A movie of this folding event is availablenations possessspecificset of non-fluctuating (“fixed”) residues
at http://hubbell.berkeley.edu/nsb.htjnIThe residues are color-with high probability. The nature of these contacts is clearly
coded to display the fluctuation in their position during this tinghown in Fig. 1, panels 9-11: the contiguous blue regions along
interval, as indicated in the caption. The first eight frames shtve chain represent a fixed “core” of contacts — both “secondary”
the polymer in a fluctuating, unfolded state. The ninth, tentfig.,nearby along the chain) and “tertiary” — while the intervening
and eleventh frames show persistent partial structure (indicatediregion (residues 18-39) represent a fluctuating internal “loop.”
by the blue structured region). In the final frame, the native state

is abruptly reached. At time t, ~ 6.8 x 10°, there is a rapid transition from the

partially folded intermediate state to the completely folded native

The same folding event is examined in more detail in Fig. @nformation. This sharp transition corresponds to the rapid ab-
Fig. 2c displays the fluctuation in position of théh residue, using sorption of the fluctuating internal loop. At the temperature of the
the same color code as in Fig. 1. This fluctuation “smear” (Fig. Ztjnulation, the unfolding rate from the native state is quite slow,
clearly exhibits three distinct regimes separated by sharp traasiel the polymer remains folded for typicallyx 107 iterations
tions. The polymer begins in an initial, highly fluctuating unfolde@iata not shown). The fluctuation smear analysis shows that the
state that persists up tg ~ 4.9 x 10°. It then abruptly switches time evolution of the folding polymer divides into discrete regimes
to a series of conformations with common patrtial structure, as that we characterize below as the unfolded state and metastable in-
dicated by the emergence of persistent blue streaks. These cotdomediates.



We have studied hundreds of folding events at each of sappear in all folding events we have examined. These sharply-
eral temperatures, but here focus®n= 0.65, at which folding defined intermediate regimes define collections of rapidly inter-
typically takes about a million time steps. In these events, tt@nverting conformations that comprise the intermediate phases
polymer initially remains in the unfolded state for several hundretithe polymer. These “kinetic” intermediates are transient, and
thousand iterations before undergoing a transition to an interrde-not accumulate. Note that the presence of kinetic intermedi-
diate with persistent partial structure. After lingering in an inteates is consistent with a cooperative equilibrium two-state transi-
mediate for a comparable time, the polymer either folds, retutim, in the sense that only the unfolded and native states are ever
to the unfolded state, or, more rarely, makes a sharp transition &ppreciably populated in equilibrium.
distinct intermediate regime. The polymer may encounter severalWe find that the intermediate regimes found in the folding
intermediate states before finally folding to the native conformevents we studied can be classified into four distinct classes, each
tion. (Some trajectories also linger in nearly folded conformatiowith its own well-defined, persistent partial structure. (These
with Q/Qmax > 0.9 immediately prior to complete folding; weclasses are discussed further below.) It is not uncommon for
regard these conformations as small fluctuations from the native polymer to encounter several intermediates in a single fold-
state.) Fig. 3 illustrates this behavior with fluctuation smears iag event. When this occurs, the intermediates are typically sepa-
five more folding events at the same temperature as Figs. 1 mxtdd by a return to the unfolded state (see Fig. 3). We also occa-
2. This behavior is common to all simulated folding events vgionally observe rare direct transitions between intermediates that
studied. involve either the formation or dissolution of a discrete unit of par-

The transitions between the unfolded and intermedidi structure. Since we never see dirétt— N transitions, we
regimes, and between the intermediates and the native statecamelude that for this system folding must proceed through an in-
sharp and highly cooperative, as shown in Figs. 2 and 3. #drmediate. In this sense, the intermediates we find are obligatory
though here we will often refer to a single event in detail, it musteps in the folding pathway of this polymer, and can be classified
be emphasized that our general results derive from the analgsiSson-pathway.”
of hundreds of independent folding trajectories. We characterize The sudden, discrete changes in the character of the confor-
the folding pathway of our model protein by (a) identifying thenational fluctuations of the polymer found in all folding events
unfolded state and intermediate(s) that are sampled by the fétdg, at¢, andt, in Fig. 2) are naturally interpreted as highly
ing polymer, and (b) determining the dominant transition state tsoperative transitions involving metastable phases. This coop-
folding, which for our model system is the transition from the uerative character is further demonstrated by considering the time-

folded state to a partially folded intermediate. dependent heat capacityt) (see Methods). Clear peaksadf¥)
are seen at both boundarie®(, ¢, andt,) in Fig. 2b, indicating
The unfolded state sudden releases of heat from the polymer to the thermal bath that

Beginning from an initial unfolded conformation, the polymegeflect the latent heats released at cooperative transitions. (The
rapidly reaches a (metastable) thermal equilibrium. During th#ggec(t) peak seen dt 3.5 x 10° steps corresponds to the brief
first regime ¢ < t; in Figs. 1 and 2) the polymer samples corformation of a partially folded structure that quickly dissolved,
formations with several native contacts (typicall/Qma.x = Which appears as a short blue patch in Fig. 2c.)
0.18 + 0.09), but these contacts are fluctuatingpecificcon- Further evidence that the unfolded and partially folded
tacts are not preserved from conformation to conformation, siriegimes can be identified with metastable phases is provided by
hardly any residues are stationafys(/N ~ 0), as shown in equilibriumMonte Carlo umbrella sampling (see Methods) of the
Fig. 2b. HereQ(t) is the number of native contacts found ifree energy¥'(Q, Qr;T), i.e.,the free energy as a function of the
conformations at time, and Nz, (¢) is the number of residuesnumber of native contact§), and the number of contaafg; that
with low positional varianceife., blue) in these conformationsare found in common with a representative intermediate confor-
(Qumax = 57 is the number of contacts in the native conformatianation. Fig. 4b exhibitshreedistinct local free energy minima
andN = 48 is the total length of the chain.) corresponding to the unfolded, intermediate, and native phases,

This rapidly interconverting set of conformations with smalvith barriers between them. Their relative stability depends on
Q is found in all folding events, and defines the unfolded “phas@mperature; foil" < T}, the native state has lowest free energy.
of the polymer. Since beloW), the thermodynamically stable(The local free energy minima corresponding to the other interme-
state of the polymer is the native state, this unfolded state musgiges are not visible with this choice of thermodynamic coordi-
regarded as a metastable or “supercooled” phase. The existéages.) The intermediate states for this polymer are never global
of flickering native contacts in the unfolded state of our proteiffee energy minima, since either the unfolded and/or native states
like heteropolymer is consistent with the observations of transiéne always lower in free energy at all temperatures.
structures in the unfolded states of proteins [15-17].

Determining the transition state ensemble

Partially folded intermediates Each folding event samples a different microscopic series of con-
In Fig. 2, near timel;, persistent contacts suddenly form, anidrmations on its way to the final folded state. The transition state
Nsx /N rises rapidly to become comparablegQ...x. Thereis for folding is therefore aensemblef conformations, and must be
only a gradual increase i)/ Qmax at this time. During the inter- characteristized statistically [18]. Here we implement a new com-
valt; < t < ty both of these measures of folding progress remaintational method [19] that allows an unambiguous determination
nearly constant. Similar intervals of persistent partial structwkthe transition state for a complex reaction such as folding.



To determine whether a given conformatiénis a member in the folding event shown in Figs. 1 and 2. In general we find
of the transition state ensemble, we appeal to the defining feathed each transition state class is associated with its own interme-
of a transition state as an unstable species that is equally likeldiate phase, so that Fig. 5 can also be used to characterize the
continue to the completion of the reactiom(,to fold) or to revert metastable partially structured phases of the polymer. Such a pair-
to the unreacted stated., to unfold). To measure the progress dhg of transition state and intermediate is consistent with the “post-
the reaction we calculate the “folding probabilityf,q (C) [19], critical nucleus” approach of ref. [7]. All four intermediates can
which is the probability that a new simulation that starts from cobe reached directly from the unfolded stata their correspond-
formationC reaches the native state without first unfolding (sémg transition state classes, and all four can fold directly to the
Methods). In a reaction without intermediates, the transition statgive state. Direct transitions between intermediates are rarely
lies atpso1g = 1/2; for more complex reactionggiq =~ 1/2 de- found in the folding events we have studied, and only occur be-
termines the dominant transition state. (Note that conformatidtwsen intermediates that share common partial structure: while
with prla = 1/2 may be encountered several times in a givéne transitions, — I; andI. — I; do occur, we have never
event.) The folding probability method permits the determinatiobserved intermediate-intermediate transitions invoiingThe
of the transition state without requiring any assumptions regardietationship between transition state classes and intermediates can
the nature of the reaction coordinate or free energy surface. also be seen by comparing the fluctuation smears shown in Fig. 3

Fig. 2b shows the folding probability as a function of time fawith Fig. 5.
the folding event shown in Fig. 1. Throughout the initial unfolded
regime,pgo1a remains zero. A rapid increasejig,a throughl/2  Kinetic intermediates and metastable states
coincides with the transition between the unfolded and interqu]iany Sing'e_domain proteins — apomyog'obin [32, 33], barnase
ate regimes, when partial, native-like structure first appears. T[Igig]' interleukin 13 [41], etc. — fold via one or more kinetic in-
is shown more dramatically in Fig. 4b, which exhibits a foldingrmediates, which can sometimes be stabilized under acid or de-
trajectory superimposed on the calculated free energy surfacfdturing conditions as equilibrium states [J. These intermediates
the (@, Q1) plane, where); measures the number of contacts ifppear to possess partial native structure; for example, in the acid
common with a representative intermediate conformation. (T&ate of apomyoglobin, the AGH-helices form a structured region
fluctuation smear for this event is shown in F|g 4a) The Conf(PgB]_ Recent theories of protein fo'ding' however, have empha_
mation at whichpq first exceeds 1/2 is indicated by an asteriskjzed the role of misfolded intermediates that impede folding by
We find no apparent precursor to the abrupt increage,in in  trapping the protein in a locally non-native structure [8,12, 21, 22].
any of the diagnostic quantities we have measured on time-scglgg scenario is in keeping with the fact that many small proteins,
of order10* steps, indicating that the change occurs rapidty, such as chymotrypsin inhibitor I [36], lambda repressor [37],
over the course of a few hundred conformations, and does not£d the cold shock protein Csp [38], fold rapidly without any de-
cur by a gradual accumulation of native structure. Similar abryggtable intermediates.
behavior occurs in every folding run we examined. Here, we have studied a model polymer that folds to a unique

The transition state ensemble can be constructed operationgfifve structure through a folding pathway that is characterized by
by collecting the conformations at whigha first enters the gydden, cooperative transitions between several distinct, partially
range0.4 < prua < 0.6 from many independent folding eventsfo|ded intermediates. These intermediates are obligatory steps in
Fig. 5 displays the positional variance of the transition statesygé folding pathway. They are also thermodynamically metastable
156 independent folding events’At= 0.65 with the same color “phases” of the polymer under native conditions, in the sense that
coding as used earlier. (In 134 other evemigia jumps from they correspond to local free energy minima. Thus these interme-
below 0.4 to above 0.6 faster than qusa sampling interval of gjates represent both rare equilibrium fluctuations from the native
10* steps; the first conformations encountered wighy > 0.6in  state as well as transient kinetic species in the folding pathway.
these runs are similar to those shown in Fig. 5, data not shown.) The intermediates we observe are naturally identified with the

“partially unfolded states” (PUFs) found using native state hydro-
Transition state classes gen exchange in cytochrome C [25] and RNase H [26]. These
In our simulations, typical transition state conformations contaifP@/Fs must be thought of as metastable thermodynamic states of
compact, native-like core (shown in blue in Fig. 5), surrounded the protein, since if there were no free energy barrier between par-
fluctuating polymer loops or dangling ends (shown in yellow/redjally unfolded states and the native state, one would fiodrdin-
While the transition state conformations vary from one foldingousdistribution of hydrogen exchange protection dependences
event to another, Fig. 5 shows that they can be grouped into father than the discrete groupings that are observed.
distinct classes: (a) core contacts involving residues 2-22 and 33-The identity of metastable equilibrium states and transient ki-
40, with an internal loop and one short dangling end, (b) caretic intermediates that we find for our model polymer parallels
involving residues 18-37, with two dangling ends, (c) core withe situation in RNase H, in which the kinetic folding interme-
residues 2-18, with one long dangling end, and (d) a combinatiiate has been shown [27] to resemble both a rare partially un-
of the cores in (b) and (c). The transition state of the trajectdojded state observed in equilibrium under native conditions and
shown in Figs. 1 and 2 is in class (a); the transition state for the equilibrium molten globule [28—-30] stabilized under acid con-
eventin Fig. 4 is in class (b). ditions. The intermediates we find also have the qualities of the

A comparison of Figs. 5 and 2 shows that transition state classliten globule-like state that is stabilized under “denaturing” con-
(a) is simply a less ordered version [20] of the intermediate fouditions in lattice models [31]. The connection between kinetic in-



termediates, partially unfolded metastable states, and equilibri@®ents a nucleation event [7,13, 14, 35] that is the critical eventin
molten globules that we find in our model supports the hypothetis folding pathway of this polymer.
that molten globules represent stabilized versions of intermediateThe transition state for our polymer is dominated by the two
states along the folding pathway [32-34]. classes (b) and (c), with (a) and (d) as minor components. The
The intermediates we find are qualitatively different fromxistence of a few distinct transition state classes (and associated
those observed in other theoretical studies. Previous simidermediates) is typical of the lattice heteropolymers we have ex-
tions of other protein-like heteropolymers, using different modelmined (Go model 48-, 64-, and 80-mers, data not shown). These
and/or polymer lengths, found intermediates which are either mindltiple transition state classes (and their corresponding interme-
folded [8,21,22,24] or correspond to the folding of domains [23}iate phases) reflect the existence of parallel folding pathways,
In their studies of 36-mers using a sequence model, Shaknowsictce our polymer may fold through any one of these transition
et al. [21, 22] find intermediates that are characterized as ddfate classes in a given folding event. Parallel unfolding path-
pathway traps that lead to slower folding than in the absencenalys, with structually dissimilar, on-pathway intermediates have
intermediate. For some longer chains, multidomain behavior wasently been observed in barstar [39].
observed [23] in which partially folded intermediates can be ob- The contribution of a given class to the transition state ensem-
served as the equilibrium state under some conditions. Thiruméleai (and the importance of its corresponding intermediate to the
et al. [24] have found misfolded intermediates in an off-latticeolding pathway) can be modified by energetically stabilizing its
model. Based on their studies of 27-mers, Onuéhial. have contacts relative to other classes (V.S.P., Nik Putham, and D.S.R.,
also stressed that intermediates appear as off-pathway trapsuhptiblished results). The existence of several independent path-
slow folding [8]. ways for a given structure, whose statistical weight can be tuned
By contrast, the partially folded, metastable states we fihy altered connectivity or energetic stability, is consistent with ex-
have no non-native structure, and are “on-pathway” intermedigtesiments showing that cyclic permutants of thepectrin SH3
in the sense that folding can proceed directly to the native statemain, while sharing the same native fold, can have different
Our model shows that intermediates are not necessarily a coflding transition states [40].
quence of trapping in a misfolded conformation. We stress that
there is no contradiction between our results and those foundAi$elassical” folding pathway
ing other models and polymer lengths; the fact that our simuléle have characterized the folding pathway of a protein-like het-
tions show partially folded on-pathway and others find misfoldedopolymer on a three-dimensional lattice by directly simulating a
traps in theirs is consistent with the diverse folding pathwaysafllection of folding events. This polymer is “protein-like” in the

different proteins. sense that it rapidly folds to a reproducible, native state from any
of a vast number of unfolded conformations. By determining the
Transition states in theory and experiment foldlng mechanism of such a Slmp'lfled model, we can StUdy in

Rather than a single enthalpically unfavorable conformation, f#fefil the manner in which the Levinthal entropy of the unfolded

transition state for protein folding is necessarily emsembleof ~State is lost as the polymer folds.

conformations, and can only be characterized statistically. Previ- The particular polymer we have studied folda well-defined,

ous theories of protein folding based on simplified models relig@rtially folded, “on-pathway” intermediates, with a transition

on a variety of criteria to infer this ensemble, which led to prétate ensemble described by specific core residues augmented by a

posed transition states with different characteristics: native-likited range of optional contacts. This is consistent with a “clas-

conformations [5], a unique, specific nucleus [7], many delocgical” pathway, [35, 42, 43] which envisions protein folding as an

ized nuclei [8], or a potentially broad ensemble [12]. These varigéfamolecular chemical reaction that proceeds from the unfolded

proposals may reflect an inherent diversity in protein folding paffiate to the native state through a sequence of transiently populated

ways themselves [12]. intermediates. The species along this pathway are to be viewed as
Here we have studied the folding pathway of a longer pogrmodynqmically r_n_etastable phases of the polymer, separated

mer which, unlike those studied in refs. [8, 21-24], must pad%Ccooperative transitions.

through one or more partially folded intermediates before fold-

ing. For our 48-mer, we have determined the transition state MFTHODS.

semble for folding by directly identifying those conformationGo model We adopt the Go model [2] for protein-like heteropolymers,

in each folding event that are equally likely to fold or unfoldvhich has been widely used for both lattice [12, 19] and off-lattice [44]

For the folding of this polymer, the major transition state ogimulations. In this model, the “energy” of each polymer conformation is

curs between the unfolded and intermediate states. The transifi#n to be proportional to the number of (nearest-neighbor) native con-

state of a typlcal fOldlng event consists of a well-defined core tBFtS It possesses, and n.0n-nat|Ve contacts In(?Ur no energetlg cost or gain:

residues that are surrounded by fluctuating polymer loops or d§t$) = —€@, wheree is the energy per native contact. Itis conve-

. . . g nient to measure temperature in unitsspRR. Note that the “energy” of
gling ends. The conformations in the transition state ensemé)i P Pl &y

b I I . f o  rel Sttice polymer can be thought of as an “internal free energy” [12] that
can be naturally partitioned into a few distinct groups of relat dels the intra-polymer and polymer-solvent interactions as well as the

conformations, or “classes,” each containing a specific set of c@§fent (and effective side-chain) entropy for the backbone conformation
residues, with relatively minor variations of these residues withiinterest.

aclass. These classes are closely related to the “specific nucleusBy construction, the native state is the lowest energy conformation
of Shakhnoviclet al.[7]. The formation of this core structure repef the polymer. The Go model is known to exhibit a large energy gap



between native and other unrelated conformations [5], and to fold rapify, Q) plane with low probability can be evaluated using the standard
to its native state [35]. This model embodies the principle of “minimsdchnique of umbrella sampling [48].
frustration” [2, 8, 12], in the sense that the driving force for folding is

the formation of native contacts, and there are no energetic barriers t .
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Native State. A specific compact conformation on a cubic lattice is sg-

lected as the “native” conformation; the folding events discussed here
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