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Fast protein folding kinetics
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Proteins are complex molecules, yet their folding kinetics is often
fast (microseconds) and simple, involving only a single exponential
function of time (called two-state kinetics). The main model for
two-state kinetics has been transition-state theory, where an
energy barrier defines a slow step to reach an improbable struc-
ture. But how can barriers explain fast processes, such as folding?
We study a simple model with rigorous kinetics that explains the
high speed instead as a result of the microscopic parallelization of
folding trajectories. The single exponential results from a separa-
tion of timescales; the parallelization of routes is high at the start
of folding and low thereafter. The ensemble of rate-limiting chain
conformations is different from in transition-state theory; it is
broad, overlaps with the denatured state, is not aligned along a
single reaction coordinate, and involves well populated, rather
than improbable, structures.

he kinetics of protein folding is often remarkably simple. For

many proteins, both folding (from the denatured state D to
the native state N) and unfolding processes are single-
exponential functions of time (1-5). Combined with the obser-
vation that the ratio of the forward to reverse rate constants
equals the equilibrium constant, folding is often described in
terms of a two-state mass-action model,

D < N,

and a corresponding Arrhenius diagram (Fig. 1). The main ideas
underlying such Arrhenius diagrams are the following: (i) a
single reaction coordinate exists from D to N; (ii) relatively
distinct molecular structures appear in sequential order along
the reaction coordinate, e.g., D — TS — N; and (iii) the
single-exponential behavior arises from a bottleneck called the
transition state (TS) (6), which also appears in Kramers’ theory
for reactions in solution (7), resulting from a slow step to an
improbable structure. Barriers originated to explain why chem-
ical and physical processes are slower than a “speed limit” such
as kgT/h = 0.16 psec, where kg is Boltzmann’s constant, T is
temperature, and £ is Planck’s constant.

But for protein folding, this macroscopic description does not
give microscopic insight. Mass-action symbols such as D and TS
define macrostates, or ensembles of chain conformations. What
chain conformations, i.e., microstates, constitute those ensem-
bles? Two main issues exist. First, barriers explain “slowing
down” relative to an upper speed limit, but the challenge for
proteins is to explain why folding is so fast, not why it is slow.
Hundreds to thousands of bonds must rotate for a typical
denatured conformation to become native, fine details of pack-
ing must be satisfied, and each rotation probably requires 1-100
psec, yet some proteins can fold in as little as 10 usec (2, 4). The
key to understanding the mechanism of protein-folding kinetics
is in explaining how this happens so quickly.

Second, because the many denatured conformations are so
different from each other, a single microscopic reaction coor-
dinate, or trajectory, cannot lead to the folded state. Folding
kinetics has been studied by microscopic theory and simulations
(8-18). This type of modeling shows that protein folding can be
described in terms of funnel-shaped energy landscapes (19-21)
(see Fig. 1b). The depth represents the interaction free energy
of the chain in fixed configurations, and the width represents the
chain entropy. At deeper levels, the landscape represents lower-
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energy, more native-like structures; the funnel shape results
because the more native-like the energy, the fewer the confor-
mations (22). The funnel concept shows how a single native
structure can emerge rapidly from an astronomical number of
different denatured starting conformations, but funnel pictures
are often shown without a barrier. It has been suggested that if
all the steps were energetically downhill, folding kinetics would
not be two-state (8, 17). In short, TS theory rationalizes two-state
kinetics but not the speed, whereas funnel cartoons rationalize
the speed but not the two-state kinetics. How can we understand
both behaviors?

Experiments are not yet able to observe the microscopic
folding processes. Experiments “see” only ensemble-averaged
properties. Atomically detailed computer simulations give valu-
able insights (23-25), but they explore only a relatively small
sampling of the conformational space. Currently, questions of
the full microscopic folding kinetics can only be addressed by
using low-resolution models of the type used here. Here, we
generate and solve the master equation for the folding of the 2D
lattice model. We use a G0 potential (26). Go models are widely
used for studying two-state protein folding (27-30), because such
models have two-state kinetics for folding and unfolding, unique
lowest-energy native states, and exponentially growing confor-
mational searches with chain length. Restricting the conforma-
tions to a 2D lattice reduces the conformational space so that the
complete solution is tractable, without compromising any of the
general properties of proteins described above (see Methods). To
obtain the kinetics, we follow the eigenvector method of Banavar
and colleagues (31). We find the exact solution of the master
equation for folding in terms of its eigenvalues and eigenvectors
to reveal the details of the rate-limiting transitions. From this
model, we reach three conclusions about the microscopic basis
for fast-folding kinetics.

Methods

We use a 2D lattice formulation of the Go model. The confor-
mation-to-conformation transition rate is given by k; =
exp(—B6 — mr), where 6 is the number of bond angles that differ
between structures i and j, and r is the sum of the squares of the
displacements of each bead of the chain. The parameters B
and 7 correspond to the energies for dihedral angle rotation and
diffusion through the solvent, respectively. Values of B = (.5 and
n = 0.1 give transition probabilities similar to those in traditional
Monte Carlo dynamics move sets. The transition rates are
multiplied by a Metropolis factor: the lesser of exp(—Hj) or 1,
where Hj; is the difference in energy between the first and second
conformations. In a GO model this energy is determined solely
by the number of native contacts.

The evolution of the ensemble with time is governed by a
master equation (31, 32): dp(t)/dt = Kp(t), where p is a vector
that contains the population of each conformation at each
instant, and K is a matrix that contains the transition probability
(per unit time) between each conformation. The elements of this
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(a) Transition-state explanation of single-exponential processes, such as protein folding, involves a rate-limiting step, shown as an obligatory

thermodynamic barrier. (b) Theory and simulations show that energy landscapes for protein folding are funnel-shaped and have no apparent microscopic

energetic or entropic barriers.

matrix are the weighted k; values described above. The dynam-
ical evolution of this entire ensemble can be solved exactly in
terms of the eigenvectors and eigenvalues of the matrix K by
using readily available numerical algorithms (33). (The results in
this article are based on a chain of nine residues, which leads to
a tractable 750-by-750 matrix for the master equation.) The
smallest nonzero eigenvalue corresponds to the rate constant for
the onset of the native state. Its corresponding eigenvector
represents all the relative contributions of the microscopic
transitions that contribute to the slowest rate-limiting step.
Hence, this eigenvector defines the TS macrostate.

Results

Fast Folding Results from Parallel Microscopic Routes. Fig. 2 com-
pares series vs. parallel kinetic processes. Fig. 2 Right shows the
bottleneck principle: if microscopic steps are in series, one step
is rate-limiting. An example would be a high-energy protein
conformation. In this model, the folding flux (number of pro-
teins folded per unit time) would be slower than the slowest
microscopic step, the flux through the bottleneck step. In
contrast, Fig. 2 Left shows that in a parallel process, the folding
flux is faster than the fastest microscopic step. Fig. 3 shows that
in the fast early steps, our simulations most closely resemble the
parallel model. If the rate of a microscopic step is k; from
conformationi toj and p; is the population of i, then the flux from
i toj is pik;. But if multiple routes go to j, the flux toj is higher,
Zpiki;, because of the parallelization of routes.

A previous argument [the Levinthal paradox (34)] suggested
that the folding search for the native structure should be slowest
at the earliest stages, because the chain has so many high-energy
(open, denatured) conformations to explore. Our model
shows the opposite: the chain wastes the least amount of its
folding time in the high-energy states. The large numbers
conspire to speed up folding, not to slow it down. Fig. 3 shows
this also in another way. The energy level-to-level rates are faster
than the conformation-to-conformation rates, because the level-
to-level transitions include many parallel routes. Hence, we
believe that early stages of folding are not well described by the
term “search,” for the same reasons that water moving down a
hillside is more akin to a highly directed flow, and less like a
search.
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The Separation of Timescales Results from Diminishing Multiplicities
of Routes Down the Landscape. Zwanzig (16) has noted that
single-exponential behavior can result from a separation of
timescales. In our model, the single-exponential dynamics does
not result from a microscopic barrier (i.e., a barrier along only
one specific trajectory). Rather, we observe that the separation
of timescales results from the funnel-shaped route structure.
This route structure is a property of the whole landscape, not of
a single trajectory. In funnel landscapes, the bottleneck is
relatively low where the funnel becomes narrow.

Consider two different conformations: one is high-energy,
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Fig. 2. Series vs. parallel models of kinetics. (Right) When microscopic steps
arein series, the macroscopic flux is limited by the microscopic bottleneck rate.
The hypothetical numbers illustrate the fluxes through different microscopic
steps. (Left) But if parallel microscopic routes exist, the macroscopic flux is
greater than the largest microscopic flux.
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Fig.3. Therate of folding is faster than almost all the microscopic transitions
between conformations, supporting the parallel model. The large arrow
shows the overall folding rate. The histogram to the right shows the distri-
bution of microscopic transition fluxes. The small arrows on the left show the
level-to-level transition rates between energy levels: 0-1 indicates transitions
at the top of the energy funnel, 1-2 is the next level down, etc. The level-to-
level fluxes are high because many microroutes contribute to them.

nonnative and the other is low-energy, nearly native. The
unfolded conformation has a much higher probability per unit
time of making a new native contact to proceed downhill,
simply because it can happen so many different ways. In
contrast, the near-native conformation is slower to make a new
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Fig.4. (Left) Thetransition-state modelinvolves macrostates (R, reactant; TS,
transition state; P, product) that are small, localized ensembles of microstates.
Each microscopic structure is a member of only one macrostate. (Right) The
present model shows that the macrostates for two-state protein folding (D),
the denatured state, or TS, the transition state under folding conditions)
are broad ensembles that encompass all the nonnative chain conformations.
A given chain conformation is not a unique member of only one macrostate.
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native contact, because the vast majority of conformations
accessible to it are uphill and more unfolded. It has few routes
downhill. Zwanzig has called such near-native conformations
“gateway” structures (16). When folding is initiated, fast
rearrangements take place to reach the gateway conforma-
tions, then slow steps from there to the native state. Gateway
conformations act like transition states in the sense that they
are obligatory and rate-limiting, but they differ in a funda-
mental way from transition states: they are not rare, im-
probable, or high in free energy. Rather, the gateway confor-
mations are among the most heavily populated of the
nonnative conformations because they are the funnelnecks
for the microroutes.

Hence two-state kinetics need not be caused by a structure of
low population that is reached slowly. It can also be caused by a
state having few exit routes that is reached quickly.

Transition-State Conformations Overlap with Denatured Conforma-
tions. What are the rate-limiting conformations in the funnel
model? Four macrostates in the model are relevant: N, the single
native conformation; D,, the Boltzmann-weighted denatured
ensemble under the unfolding conditions from which folding is
initiated; Dy, the Boltzmann-weighted nonnative ensemble under
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Fig.5. (a) Chevron plotshowing predicted relaxation rate (k = k¢ + k) versus
strength of native contacts. The histograms show the distribution of confor-
mations (most native-like to the left) under different folding conditions for
the denatured ensemble Ds (b) and the apparent transition state 7S¢ (c). Under
increasingly native-like conditions, both ensembles Ds and TSt become more
native-like. Hence, the left (folding branch) of the chevron curve shows
rollover, a deviation from linearity. Under strong native conditions, the Ds
ensemble is more native-like than the 7S¢ ensemble.
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particular folding conditions; and 7S¢ (the apparent transition
state under folding conditions), the eigenvector of conforma-
tions that fold to the native state having the lowest eigenvalue
relaxation time.

In transition-state theories, the macrostates, such as reactants,
intermediates, transition states, or products, are all identifiable
as distinct ensembles of microstates (specific atomic structures)
that occur along a single reaction coordinate. Along any such 1D
coordinate, a state A is cither “before” or “after” some other
state B. Applied to proteins, it implies the transition state is
between, and distinct from, the denatured state (D) and the
native state (N): D — TS — N.

That description is macroscopic, however. In chemical rate
theory, the observed kinetics (macroscopic behavior) has a
microscopic explanation in terms of structure: the bottlenecks
are specific atomic structures along a sequence of structures
from reactant to product. For chemical reactions, macro- and
microdescriptions coincide. But for folding, the present model
microdescription of folding bears little resemblance to the
macrodescription. No single trajectory, reaction coordinate or
specific sequence of the microstates exist. Fig. 4 Right is a cartoon
showing how the T'S¢ ensemble could be so broad that it includes
many of the same conformations that are in D, and Ds. Indeed,
this finding is observed in our simulations (Fig. 5). No individual
chain conformation is exclusively in one state D,, Dy, or TSy,
without being in the others at the same time. These ensembles
differ only in the statistical weights of the individual conforma-
tions. The heterogeneity of the rate-limiting steps has also been
observed in other simulations (23, 35, 36). The folding process
is the evolution of a single ensemble, not a time sequence of
distinct ensembles, such as the pouring of D into TS followed by
the pouring of 7S into N.

In TS theory models, the transition state is between the
reactant and the product. For folding, this placement would
mean D — TS — N, but this is not what we observe here. The
ensembles Dy, Dy, and TS change with external conditions. If we
rank-order these macrostates in terms of their structural simi-
larity to the native state, Fig. 5 shows that, under strong native
conditions, the order would be 7'S; — Dy — N. This nonsensical
result is a consequence of using a single reaction coordinate at
the microscopic level and a series model to represent a process
that is intrinsically parallel.

We conclude that the TS is broad, but caveats exist. First, even
in this model, different conformations have different weights.
Ways exist to cluster the most important conformations into
macrostates (37) that resemble more traditional ways of viewing
transition states. Second, the breadth depends on conditions;
weak folding conditions lead to a broader transition state. Our
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conclusion that the TS is late in folding may be limited by the
short chain lengths accessible in our model. Indeed, the present
model is perhaps best regarded as representing the early fast
stages of secondary-structure formation and some assembly,
which may represent nucleation events, because larger com-
plexes are not explored here.

A principal test of a two-state folding model is whether it
predicts the “chevron” (V-shaped) dependence of the folding
rate on the driving force (denaturant or temperature) that is
observed in experiments (38—41). Fig. 5 shows that this model
does so. Moreover, some experiments show small downward
curvature on the left (folding) branch of the chevron plot, called
“rollover” (42, 43). This downward curvature is also predicted by
the model. What is the basis for this curvature? Classical theories
expect no curvature, based on assuming that the TS doesn’t
change with external conditions. In that light, the curvature has
been explained as resulting from intermediate states (43) or
broad transition states (44). Fig. 5 shows the microscopic inter-
pretation that the gateway conformations change with denatur-
ant or temperature. TSyreaches a limiting native-like distribution
under strong native conditions.

Discussion

Some proteins fold and unfold rapidly with single-exponential
(two-state) kinetics. Some explanations have been based on
transition-state assumptions that (i) macrostates (D, TS, and N)
are distinct nonoverlapping collections of identifiable mi-
crostates, (if) there is a single reaction coordinate, so the terms
“forward” and “backward” have meaning, and (iii) the rate of
folding does not exceed the rate of some microscopic (energetic
or entropic) bottleneck step.

The present work offers a different interpretation at the
microscopic level. (i) The macrostates, the denatured and ap-
parent transition states, encompass all the nonnative conforma-
tions, but each macrostate is a different distribution of micro-
scopic populations. (if)Multiple microscopic routes exist in the
high-dimensional conformational space, so a single microscopic
reaction coordinate is not sufficient. (iif) Folding is faster than
an intrinsic slowest rate, not a slowing down relative to an
intrinsic fastest rate. (iv) The folding flux can be greater than
individual microscopic fluxes. In this model, the apparent rate
limit that gives single-exponential behavior arises because the
multiplicity of parallel routes diminishes at the bottom of the
folding funnel, not as the result of a microscopic barrier.
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