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ABSTRACT. The development of a quantitative kinetic scheme is a central goal in mechanistic studies of
biological phenomena. For fast-folding proteins, which lack experimentally observable kinetic intermedi-
ates, a quantitative kinetic scheme describing the order and rate of events during folding has yet to be
developed. In the present study, the folding mechanism of monorheejgressor is described using the
diffusion-collision model and estimates of intringiehelix propensities. The model accurately predicts

the folding rates of the wild-type protein and five of eight previously studied-<Al&ly variants and
suggests that the folding mechanism is distributed among multiple pathways that are highly sensitive to
the amino acid sequence. For example, the model predicts that the wild-type protein folds through a
small number of pathways with a folding time of 268. However, the folding of a variant (G46A/
G48A) is predicted to fold through a large number of pathways with a folding time qisl2Both

folding times quantitatively agree with the experimental values &C3&xtrapolateda 0 M denaturant.

The quantitative nature of the diffusion-collision model allows for rigorous experimental tests of the theory.

In recent years, many experimental and theoretical studiespaths. This description is consistent with the “new view”
have focused on the problem of describing the mechanismof folding, which emphasizes the multiplicity of folding
of protein folding. An important and elusive goal is the routes rather than a single pathway followed by all molecules
development of folding models that make quantitative (3, 4). Indeed, the model keeps track of a large number of
predictions of protein folding and unfolding rates as a possible intermediates in and can calculate their relative
function of amino acid sequence, buffer composition, and populations at any point in time, starting from a single
temperature. Such a model requires detailed understandinghopulated state.
of the factors that determine folding and unfolding rates. A 5 salient feature of the diffusion-collision model is the
model with this potential is the diffusion-collision model of parametep, the probability that a collision event between
Weaver and Karplusl( 2). Diffusion-collision theory breaks 4, 0 microd’omains will lead to productive foldingg is
a protein down into elements of secondary structure (mi- related to the amount of native structure present in the
crodomains) that diffuse through solution and collide to form isolated microdomain, determined by its intrinsic secondary

progressively larger microdomains until the folding reaction structure content. One limitation of the model is the lack

i mplete. B microdomain n form an I : o
IS comp ete ecause mic o_do ains can form and coa ESCet experimental measurements of the intrinsic stability of
in many possible combinations, there are many possible

the isolated elements of secondary structure. Previous

n . Sovih : Health ( diffusion-collision-based calculations of N-terminal domain
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tions were performed using several hypothetical values of contains all completely unfolded conformations, as well as

B, which was assumed to be the same for all helices. Clearly,those with a single helix formed. The latter are included

individual helices within a protein have different intrinsic because isolated helices are only marginally stable and
stabilities, making this assumption unrealistic. Realistic intercovert with coil conformations on a nanosecond time

calculations of rates require reasonable estimates of thescale. There are 51 additional states that correspond to
intrinsic stability of each helix. various combinations of native helbhelix interactions.

One approach to measure individyahalues would be Interconversion between these states occurs through
to make peptides models of each helix and measure thecoalescence of microdomains to form higher-order confor-
helical content using CD or NMR7]. However, peptides  mations and the breakdown of microdomains into smaller
taken from helices in proteins often show little helical units. The rate of productive collision (coalescence) of two
structure, making accurate determination of fractional helicity microdomains to form a bond, @4/ is calculated using the
difficult. In addition peptide fragments are prone to ag- following equation from diffusion-collision theory2y:
gregation. Fortunately, it is possible to calculate helix
propensities using the algorithm AGADIR-{11), which G, Lv1-p5) )

is based on experimental studies of helical peptides. AGA- "TDh + DAS

DIR combines two long-standing lines of research: (1) helix/

coil transition theory and (2) experimental studies of helix R )(1 _ 5_96 + - 1-63)

formation in peptidesi2, 13. Various parameters repre- _ma 5 5 _ ﬁ
senting the factors contributing to helix stability (intrinsic o 3e(1— 63) - R ax

propensities, side-chain interactions, etc.) have been calcu-
lated by fitting experimental helix contents to helix/coil R V-
theory. AGADIR predicts the helical content of previously == +a *Rvax X NN Ra — Rnin] l)
studied peptides to an accuracy-612% @). This gives a Rinin R — tanhfou(Ryax — Rl
promising means of calculating from the predicted helix 1
content of the isolated-helices. However, there are many ﬁ
interactions potentially involved in helical stability. Specific c
interactions not included in the algorithm that contribute to 4
the helical stability of a particular sequence could lead to V= gﬂ(R?nax_ R
underprediction of the helix content of that sequence.
Additional problems may be caused by the very low helix
- KeTf1 , 1

content of some of thé repressor helices (see below). D=—|[=4+=
Therefore, an experimental measure of the intrinsic stability 67”7(Ra Rb)
of the helices is still preferable, and the AGADIR predictions
should be considered as estimates. Work is currenty Rnn=Ry+ R, Riax= Rmin T linker length
underway to develop an experimental model of monomeric
A repressor in which the tertiary interactions are removed whereD is the relative diffusion coefficieniG andL are
without affecting the intrinsic stabilities of the helices. We sequence-invariant parameters that satisfy boundary condi-
hope to use NMR studies on these peptides to confirm thetions for the diffusion equation in three dimensions. The
AGADIR predictions. diffusing microdomain is modeled as the smallest sphere that

In this paper, the diffusion-collision model has been can contain all of the atoms with a packing ratio of (Y.
applied tos-gs, @ monomeric version of the N-terminal A is the sum of the areas of these two spheres,Ryahd
domain of 1 repressor. This protein folds on a very fast Ro are the radii. 7c is the time constant for helix> coil
(submillisecond) time scald4, 15. Helical contents were transitions, which has been determined experimentally to be
calculated by AGADIR for each helix in the G46A/G48A  approximately 10° s (18—-20), andf is the probability that
variant and have been used to determfhealues in the both microdomains have enough nascent structure to collide
diffusion-collision model. Thesg8 values are used to Productively. This probability is calculated from the product
calculate the formation rates of progressive|y more helical of the individual formation probabilities of the two colliding
conformations. In combination with estimated breakdown microdomains. In our implementation, the formation prob-
rates, overall time dependence of native structure formation abilities (Feo) of the single-helix microdomains are calculated
is calculated and compared with experimentally measured from standard Lifson-Roig helixcoil theory, assuming that
values for the wild-type protein and eight variants whose any helical segment at least 60% of the length of the native
f0|d|ng kinetics have been previous|y determineﬁ)( helix would lead to a productive collision. This calculation

is performed using the homopolymer approximati2t) @nd
MATERIALS AND METHODS average helicities predicted by AGADIR-2s for the five

In our implementation of diffusion-collision theory, the helical segments, as listed in Table 1 for the G46A/G48A
five helical regions ofis_gs identified by NMR (7) are variant. The effect of Ala~ Gly substitutions is calculated
treated as individual microdomains, along with any interact- using single-site perturbative Lifson-Roig theo21) and
ing combination of these helices, which represent multinelical an waa/Weyy ratio of 35 @2). For eight such variants
microdomains. Partially folded conformations in the folding (including the A46G/A48G wild-type sequence), Table 2 lists
process are represented as species with various combinationthe alteredso values obtained for the helices at the site of
of a-helices formed and bonded together by nativelike, substitution. In species with multihelical microdomains, the
tertiary interactions. State 1 is the unfolded state, which formation probability is assumed to be 1, reflecting the

1
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Table 1. Parameters Used in the Diffusion-Collision Model of the
Folding of Ag—gs?

helix residues % helix w Fso linkerlengthto 6+ 1)
1 9-30 41 126 0.35 2
2 33-39 5.3 150 0.04 4
3 44-52 3.1 1.10 0.03 6
4 59-69 49 185 043 3
5 79-85 0.89 0.84 o0.01

aThe boundaries of the five helical regions, shown in the first
column, differ slightly from those reported in the crystal struct@®).(

The added residues are in a helical conformation in the native state

but do not fit the most conservative definitionsehelix. The overall
helix propensities of these regions were calculated using AGAB)R (
Sequences corresponding to the individual helicesidrnss were
submitted to the program, with pH set to 7.0, ionic strength to 0.1 M,

and temperature to 310 K. The % helicity was then averaged over the

residues in the helix. Using Lifson-Roig theory, a unifommvalue
was calculated which predicted the same % helix as AGADIR, with
the nucleation parametef = 0.003. With these values, it was possible
to calculate the probability that 60% of the residues are in a helical
conformation Eeg) for each helix. The last column is the number of
residues from the end of a given helix to the beginning of the next.

These are determined from the boundaries listed in the first column,
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calculated using the structural thermodynamics method of
Freire and co-worker£3, 29. The polar and apolar surface
areas buried by helixhelix contacts were determined from
the crystal structure2§) using the algorithm of Richmond
and Richards 46), incorporated in the ACCESS program
(S. Presnell).v is set to 1€° s1, consistent with observed
rates of bimolecular dissociation without an energy barrier
(27). Determining an appropriate value fiowill be essential

to describe the folding mechanism in detail, as this parameter
uniformly affects all microdomain breakdown rates which

'then determine the extent to which intermediate states

accumulate during the reaction. Table 3 lists parameters used
to calculate association and dissociation rate constants for
typical microdomains ire—gs.

RESULTS

The rates of microdomain coalescence are calculated using
these parameters and eq 1. The resulting B2 rate matrix
represents a linear system of first-order differential equations
which describe the evolution of the system with time. The

except for the linker between helices 4 and 5. This stretch of 10 reSidueStime-dependent solution of these differential equations is

is not helical, but clearly contains nonextended structure in the
C-terminal seven residues of the linker, including a proline in the N-cap
position of helix 5. To account for the potential lack of flexibility in
this linker, the length of the 45 linker was shortened from 10 to 3
residues.

Table 2: Comparison of Folding Times Predicted by the
Diffusion-Collision Model and Those Observed Experimentally

helix predicted  experimental

variant changed news 7t(x10°s) 7t (x10° s)
G46A/G48A 12 12+ 2
M15 1 0.042 25 10@: 13
M20 1 0.033 27 1&2
M37 2 0.0007 21 1&3
M49 3 0.005 25 1z1
M63 4 0.026 25 18:2
M66 4 0.061 21 19@- 40
m81 5 0.0005 110 164
wWT 3 0.0002 260 204 25

a2 The “M#" variants are single Ala> Gly substitutions in the mutant
(G46A/G48A) background, where # is the site of the substitution. For
each variant, the helix which contains the substitution is listed, along
with the newFgo value corresponding to the mutant sequence. The
experimental folding times are taken from previous NMR spedij (

found using a numerical matrix method. The solution for
each state appears as a sum of exponential terms, whose
amplitudes are proportional to the eigenvectors of the rate
matrix and time constants are the corresponding eigenvalues
(5).

These calculated populations for the wild-type and G46A/
G48A sequences are plotted versus time in Figure 1. The
model predicts that very few partially folded species are ever
significantly populated. In wild-type, the substate with all
but helix 3 formed is predicted to become transiently
populated at about 565. In the G46A/G48A variant, several
species are predicted to exist transiently in the firsu4 @f
folding. Other than these species, the only other substates
of either protein that are significantly populated over the
course of the folding reaction are the nonhelical starting
substate and the fully native species. None of the intermedi-
ate states are significantly populated at equilibrium in this
model, thus making them invisible to the NMR techniques
used to measure the folding rates of these protéifs Even
the wild-type kinetic intermediate, which is predicted to be
nearly 70% populated during the reaction, is predicted to

which were reanalyzed using a more sophisticated lineshape simulationhave an equilibrium population of less than 1%, too low to

package 41) and extrapolatedotO M urea. The initial values for the
folding calculation are such that only the completely unfolded state is
populated. The predicted folding times) is the time at which the

significantly affect the NMR analysis. This observation
supports Zwanzig's recent analysis that equilibrium two-state

relative population of the native state reaches 0.6, as describedbehavior does not preclude conformational or kinetic com-

previously 6).

cooperative stabilization of structure resulting from tertiary
interactions. Thes value for a pairwise collision is the
product ofFeg Values [ = Feo;Feo;).

The dissociation rates of the helikelix bonds are
calculated using the transition-state approximation:

1

— ku — Ve*AGim/kBT
T

()

u

plexity (28).

The overall refolding time constant is taken as the length
of required time to attain a native-state population of 0.6.
As shown in Table 2, the model described above accurately
predicts the folding times of the wild-type protein and five
variants by only including the effects of these sequence
changes on the intrinsic helix propensities. The two variants
whose experimentally observed folding times are signifi-
cantly longer that the current model predicts (A15G and
A66G) involve substitutions at completely buried residues
in the protein. These substitutions also destabilize the protein

wherev is the rate of dissociation in the absence of an energy by more than the~0.8 kcal/mol observed for the surface

barrier, kg is the Boltzmann constan is the absolute
temperature, and G is the interaction energy between the
helices that are involved in the bond. This energy is

Ala — Gly substitutions (Daugherty, et al., in preparation).
The longer folding times for these variant might indicate that
tertiary interactions affect the collision rates of microdomains.
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Table 3: Parameters Used to Calculate Forward (Association) and Reverse (Dissociation) Rate Constants for Selected Microdgmains in

reaction 1+ 2<12 1+ 45< 145 12+ 45 1245 123+ 45— 12345 (N)
R: (A) 9.63 9.63 10.5 11.3

R. (A) 6.38 9.37 9.37 9.37

Ruin (A) 16.0 19.0 19.8 20.7

Rinax (A) 23.0 117. 86.3 41.7

D (A%s) 8.53x 100 6.89 x 10w 6.62 x 10w 6.38 x 10%°
G (A? 6.29x 10* 2.07x 10¢ 6.97 x 10° 4.40x 10
L (A) 83.4 11.0 11.3 18.7

AV (A3 3.38x 10¢ 6.68x 10° 2.66x 10° 2.67x 10
A A2 1.68x 1C® 2.27x 108 2.49x 10° 2.71x 10°
B 0.0157 0.352 1 1

ke (s71) 9.4x 10¢ 3.8x 1P 9.5x 1% 14x 1C¢°
AGin 1.9 12. 15. 16.

ki (s7Y) 6.2 x 108 8.4 x 10t 45x 101t 3.7x 102

a2 These parameters are determined from crystal structure data on the DNA-bound 2Bmesifig previously described methods).(

MY to have a wide variety of efficient pathways to chose from.

S %% N The reason for this difference is the stabilization of helix 3

= 061 by the double-alanine substitution. In the wild-type case,

g 0% ducti llisi ith helix 3 hichd ticall

8 .ol productive collisions with helix 3 are rare, which dramatically

& T reduces the rate constants for those collision. In the G46A/

c 10U N G48A case, the relative intrinsic stabilities of the five helices

-.-.2 0.81 are less varied, and the order of collision events becomes

5 %6 more random.

2. 0.4 . .

€ o2 There are several assumptions inherent to the current
00 model that will be tested in future experimental and theoreti-

0 50 100 150 200 250 cal work. First, only native contacts are considered. Clearly,
Time (us) provisions must be made for misfolded structures, which

Ficure 1: The solution of the system of diffusion equations \ould result in off-pathway kinetic “traps™2@). Second,

describing all 52 substates determines the concentration of eachhe jntrinsic helicities of the fiven-helices inle_gs are

state as a function of time. The predicted evolution of the system . S 4
with time is shown for the wild-type sequence (top panel) and the Inférred from the AGADIR program, which is unlikely to

G46A/G48A variant (bottom panel). The traces indicate the transient Produce highly precise estimates for sequences with very
formation of intermediate states during the folding process. For low (<5%) intrinsic helicity. The model is very sensitive

the wild-type sequence, a kinetic intermediate (1) is predicted to tg the intrinsic stability of the least-helical segments. Third,

build up significantly during the folding process. This intermediate P ; _
contains all of the elements of the native structure except helix 3. the effects of Ala~ Gly substitutions are modeled as single

When helix 3 is stabilized by the G46A/G48A substitution (lower Sit€ perturbations in an otherwise homogeneous peptide. It
panel), the intermediate disappears, and the overall folding rate isis unlikely that the intrinsic helix propensity of a sequence
faster. is evenly distributed throughout the peptide, lending a context
dependence on the effect of a Ala Gly substitution.

More likely, th | of th thyl di t . . .
ore likely, the removal of the £ methyl group disrupts Fourth, the linker regions betweenhelices are modeled as

the interface between microdomains and increases the oIS .
breakdown rate. Modeling the tertiary effects of these completgly fI(_éleIe strings Wh'Ch.a”OW random sampling
substitutions presumably requires a more sophisticated treat-Of t?e dlffu5|o|n voflume. In. reﬁ“t)ll.’ ;here may bhe I?cal
ment of interhelical interactions than provided by the current conformational preferences in the linker regions that favor
model. The effect of one substitution (A81G) is considerably microdomain collisions in the native orientation. Fifth, the

overestimated by the model, suggesting that the heiol microdomain breakdown rates are very crudely modeled.
equilibrium is either not appropriately modeled or not Breakdown rates are not critical under the strongly folding

important for the assembly of this region of the molecule. conditions gsed here, b_u't experi.mental rate meas_urements
The loop from helix 4 to helix 5 is the longest in the protein 2'¢ made in the transition region between folding and

and contains nonhelical local structures that would not be Unfolding conditions. To accurately model folding rates
affected by a glycine residue at position 81. If this loop under these conditions, it will be necessary to find reasonable

plays the critical role docking the C-terminal region of the breakd.own rates for the m|crpdoma1m|crodoma|n bonds.

protein onto the rest of the structure, the mutation would In particular, the concentrations of intermediate states are
have subtle kinetic effects. This argument suggests that&Xtremely dependent on the breakdown rates, so the model
further improvements to the model should include the cannot accurately predict the maximum concentration of

propensity of some loop sequences to form other local intermediate states. Despite these e}ssumptions, the impres-
structures such gé-tumns sive correspondence between experimentally observed fold-

The reaction networks calculated using the diffusion- ing times and the diffusion-collision calculations demonstrate

collision model for the wild-type and G46A/G48A sequences that the fundamental theory is sound.

are shown in Figure 2. For the wild-type sequence, the

model predicts that there are few efficient pathways from DISCUSSION

the unfolded state to the native state, shown as thick bars in Predicted Effects of Se¢ént Conditions. Because of the
Figure 2. In contrast, the G46A/G48A protein is predicted prominent role played by diffusion in this model, it is
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Ficure 2: A schematic depiction of the results of diffusion-collision calculations for the wild-f4pgs sequence and the G46A/G48A

variant, showing a subset of the 52 substates which are involved in kinetically relevant diffusion-collision events. The open and filled
circles in the substate symbols represent nonhelical or helical segments, respectively. The bars between circles represent interactions between
helical regions. The darkness of each substate symbol is proportional to the maximum concentration calculated for that species during the
folding process. The thickness of the lines connecting the symbols is proportional to the rate constant for that transition. To emphasize the
predominant pathways for each case, a pruning algorithm was applied that reduced the number of lines in the lower regions of the figures.
Starting from the top (unfolded) state, the eight rate constants to the second layer were calculated. Substates whose formation rate constants
were less than 1% of the maximal rate constant at that level were presumed to be kinetically unimportant and were not included in calculating
rates to the next lower layer. The wild-type protein appears to fold via a few possible routes, all of which go through a common intermediate
lacking helix 3, whereas the G46A/G48A variant is predicted to use a wide variety of folding pathways with no common intermediates.

possible to make some qualitative predictions about the required for two microdomains to “find” each other via
effects of bulk solvent conditions such as temperature and Brownian motion in a viscous medium. As modeled, the
viscosity. Temperature is predicted to have two opposing barrier for the breakdown steps is the unfavorable solvation
effects on the folding rate. First, folding should speed up of the hydrophobic groups that constitute the helelix
because the diffusion constant will increase with temperature.interface. Therefore, the rate-limiting steps for bond forma-
However, the5 parameter will go down as the helices are tion and breakage would appear to be different. However,
destabilized, which should slow folding. These competing a correspondence can be established by relating the “dif-
effects may lead to a shallow and/or nonlinear temperaturefusive” barrier of the forward reaction to the loss of
dependence of folding rate, which has been observed forconfigurational entropy upon bringing two microdomains
some proteins30, 3], including the G46A/G48A variant  together and locking them into place. In this scenario, the
of Xs-ss (Unpublished observations). Another perturbant of rate-limiting step in both directions occurs as the micro-
the diffusion rate, solvent viscosity, should have the strongestdomains are juxtaposed in the native orientation, but the
effect on collisions between very stable microdomains, where favorable interface contacts have not yet been formed.

p approaches 1. Inspection of eq 1 shows that under these Role of Intermediates in Protein Foldingrhere has been
circumstances; simplifies toG/D. However, for collisions considerable debate about the efficiency of folding with or
involving unstable helices, whepis small, the effect of  without intermediates. Some have argued that stable inter-
viscosity is predicted to be less dramati}. ( As discussed  mediates inherently slow foldin@®8, 39; others argue that
below, collisions involving unstable helices are predicted to they are essential for productive folding on a reasonable time

be the rate-limiting steps in the overall folding &§-gs, scale 85). The diffusion-collision predictions shown in
indicating that the overall folding rate should be insensitive Figure 2 suggest that ihs-gs the dominant intermediates
to solvent viscosity. formed precede the most difficult folding steps. For wild-

Transition States and Diffusion-Influenced Reactiomke typels—ss, the docking of helix 3 onto the rest of the structure
concept of a “transition state” for the rate-limiting step in is predicted to be rate limiting. Therefore, there is a
protein folding has been used to explain kinetic folding and significant buildup of an intermediate with all of the bonds
unfolding data for nearly three decad&?)( However, it formed between helices 1, 2, 4, and 5. When helix 3 is
is not clear how to define a transition state in our current stabilized by the G46A/G48A substitutions, the model
model. First, there is no single “pathway” for the protein to predicts that this intermediate disappears and the folding rate
follow, especially for the G46A/G48A variant (Figure 2), increases 20-fold. In the context of the productive/
which means there is not necessarily a unique rate-limiting unproductive intermediate debate, this would be evidence
step. Second, the “barrier” for the forward steps is the time for intermediates that slow folding. However, the predicted
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folding mechanism for the G46A/G48A variant is widely together without first diffusing apart. Such an extension will
distributed among the possible substates, generating a muclibe necessary to extend the model to proteins with weak local
larger number of intermediate states. It could be argued, structural preferences such as plastocyanin, a predominately
therefore, that the double-alanine substitution has merely 5-sheet protein with few strong local conformational prefer-
replaced one essential intermediate with a set of more ences 89).
productive intermediate substates. Implications for Other ProteinsThe N-terminal domain

The diffusion-collision model offers a new perspective on of A repressor appears to be an ideal candidate for a diffusion-
this debate. The essential argument for the productive/ collision description. This model may be useful for other
unproductive intermediate debate is whether the intermediatefast-folding helical proteins. Whether the model can be
is on or off the folding pathway36). The diffusion-collision extended to include mixed/s or all-3 proteins is not clear.
model does not impose any order to the process; there ard_ess is known about the intrinsic stability gf structures
as many potential pathways as there are microscopic subthan a-helices. Additionally, ana-helix involves local
states. Given this inherent complexity of the model, it is interactions between residues close in sequertt8heets
interesting that analysis of the folding calculation seems to can come from strands located distant in sequence. However,
indicate predominant pathways, whose number dependsthe formation off3-sheets can also be influenced by local
sensitively on amino acid sequence. The foldinglgfss conformational preference4@. Another element of struc-
tends to be dominated by the fastest possible route to theture poorly described by the model is tieturn. The
native state, but there are a number of possible pathwayspresence of an independently stable turn between micro-
that are predicted to be close enough in energy that smalldomains would invalidate the assumption that the linker is
sequence changes can force a switch in pathway. Anya freely jointed chain and therefore would limit the diffusion
observed on-pathway intermediates simply reflect the easiesispace of the adjoining microdomains. Therefore even a turn
path to the native state, not necessarily the only one. Underor loop conformation which has weak intrinsic stability might
some conditions, the diffusion-collision model predicts nearly restrict diffusion space enough to be important. Despite these
two-state kinetic transitions for folding in which partially potential limitations, the success of the model in predicting
folded states are never populated to a significant ex@®nt (  folding rates ofis—gs and its variants should encourage
indicating that intermediates are not inherent to the model. attempts to apply the model to other types of proteins.

Funnelsys Pathways.The diffusion-collision model fits Summary. When combined with reasonable estimates of
well with the “new view” of protein folding, dominated by intrinsic helicity, the diffusion-collision model does a
funnel-shaped “energy landscape8; 4). This view posits remarkable job of predicting both the absolute rates of folding
that an unfolded chain finds the native state because there idor As—ss and the relative effects of Ale- Gly substitutions.
a general bias in the energy landscape favoring the formationTo our knowledge, this is the first attempt to calculate the
of native contacts. In the diffusion-collision model, this bias rates for a complete folding reaction of a protein and a series
is incorporated in the rapid formation of nativelike local of variants. The success of these calculations largely reflects
contacts within a microdomain, which are then “frozen” in the progress made in understanding both hetiail transi-
place by productive collisions, which provide stabilization tions and the energetics of protein folding. The strength of
through tertiary interactions. The “bottleneck” of the simple helix—coil theory makeds_gs an ideal candidate for studying
funnels proposed to represent the energy landscape &f diffusion-collision experimentally. Further refinements of
corresponds to a loss of configurational entropy without a the model will address the breakdown rates of microdomains
concomitant increase in favorable contaci€)( In the as well as the effects of environmental changes (e.g.,
diffusion-collision picture, this is represented as the formation temperature, viscosity, chemical denaturantdathematica
of a marginally stable helix, just prior to its adhesion to the notebooks containing all of the parameters and functions used
rest of the protein, restricting the entropy of intervening loop in these calculations are available from the authors.
sequences.
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