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ABSTRACT: A protein chain must move relative to the solvent molecules and explore many conformations
when it folds from the extended unfolded state to the compact native state. Experimental and theoretical
approaches suggest that diffusional processes in fact contribute to the kinetics of protein folding. We
describe here how variations of the solvent viscosity can be employed to uncover the diffusional
contributions to a folding reaction and assess the use of transition state theory and Kramers’ rate theory
for the analysis of protein folding reactions.

Experiments by Pohl in the late 1960s (1) suggested that
proteins can fold to the native state in apparently simple one-
step reactions in the time range of only a few minutes. Then,
however, Levinthal pointed out that even small proteins
would need an astronomic time for folding, if they had to
search randomly through all possible conformations to find
the native conformation (2). Although overly simplistic, his
calculation deeply influenced the field and motivated the
search for partially folded intermediates that could direct
folding rapidly to one route or a few productive routes. By
using fast reaction techniques, the Tanford (3-5) and
Baldwin groups (6, 7) discovered that the refolding reactions
of several small proteins were in fact multiphasic processes.
Soon it became clear, however, that this complexity was in
large part due to the parallel fast and slow refolding of protein
molecules with different prolyl isomers (8-10). Later,
multimixing kinetic studies (11, 12) and, in particular, the
combination of amide NH protection and NMR spectroscopy
(13, 14) showed that partially folded intermediates indeed
exist. Some of these studies benefited from the presence of

incorrect prolyl isomers, which retard the final step of folding
and thus increase the time window for characterizing the
transient folding intermediates (14, 15).

To understand a protein folding reaction, information is
needed not only about the intermediates but also about the
activated states that control the rates of individual steps. The
physical properties of activated states cannot easily be
obtained for proteins that rapidly form intermediates before
the rate-limiting step (as in U1 h I f N reactions). It is
very difficult to discriminate between the changes that occur
between the unfolded state U and the intermediate I and those
between I and the activated state X that controls the reaction
from I to N. This has been clearly illustrated by alternative
analyses of the kinetics of refolding of ubiquitin (16).

In the past years, several small proteins have been found
to fold very rapidly in single Nh U two-state reactions (17-
24). These proteins provide excellent systems with which
to investigate protein folding at a very elementary level and,
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in particular, to characterize the activated states of folding
in the absence of the complications that originate from the
presence of intermediates. In particular, protein engineering
has been used with great success to probe such folding
reactions (24, 25).

RATE THEORIES FOR FOLDING REACTIONS

Which formalism or theory should be used to analyze the
time courses of protein folding reactions? Many single-
domain proteins unfold and refold in monoexponential
processes. Therefore, the simplest approach is to model
folding as a chemical reaction in which the substrate
molecules must cross a potential energy barrier to be
transformed to the product. Virtually all treatments of
chemical kinetics have in common the fact that the reaction
rate depends on the height of this energy barrierEA and on
a probability factor that accounts for the number of states
that are accessible for the molecule in the ground and
activated states. Thermal motion is required to cross an
energy barrier; i.e., the reaction ratek is proportional to a
Boltzmann factor of the type exp(-EA/RT), as in the
Arrhenius relation (eq 1)

whereA is simply a proportionality constant. In transition
state theory (TST), it is assumed that the state with the
highest energy (the activated state) represents a quasi-
thermodynamic state (the transition state) that is in an
equilibrium with the reactant state (eq 2).

In eq 2,kB andh are Boltzmann’s and Planck’s constants,
respectively, and∆Gq is the Gibbs free energy of activation.
TST is often used because the reaction rate in the absence
of a barrier can be calculated from the preexponential factor
and because all thermodynamic activation parameters (in-
cluding the activation entropy∆Sq) can be calculated from
the measured rate and its temperature dependence (eqs 2 and
3). TST was developed for reactions of small molecules in
the gas phase, which move along a simple linear reaction
coordinate from the substrate to the product, and it has been
questioned whether it is well-suited to describing reactions
that occur in solution and involve the simultaneous breakage
and formation of many weak intra- and intermolecular
interactions, as in protein folding. Absolute rates calculated
for chemical reactions from TST are unrealistically high, and
therefore, a correction factor, the transmission coefficientr
(0 < r e 1), is often included in eq 2. Because of these
problems, it is difficult to derive reliable values for∆Gq and
∆Sq from measured rate constants.

Kramers’ theory provides an alternative formalism specif-
ically for reactions in solution. In this theory, a chemical
reaction is modeled as a diffusive passage over a potential
energy barrier. The mathematical formulation of the theory
in Kramers’ original paper (26) is difficult to read, but
excellent discussions of his theory are provided in refs27-
30. Landauer and Swanson extended the theory to the
multidimensional case (31). A reaction theory that accounts

for diffusional motion should be well-suited to treating
protein reactions in aqueous solvents. In fact, Kramers’
theory forms the basis for the diffusion-collision model for
protein folding (32), and it was used to describe protein-
ligand interactions that are coupled with conformational
changes of the protein (33-36).

For a reaction from the substrate S over the activated state
X to the product P (Sf X f P), Kramers’ relation can be
written as in eq 4 (29)

wherek is the rate constant for the reaction from S to P,∆U
is the height of the potential energy barrier, andτSX is the
time constant of the reaction in the absence of the barrier.
τSX depends on the frequency of the system in the ground
state S and the frequency of escape from the activated state
X, which reflects the local mobility of the system while being
in the activated state (for a review, see ref29). In viscous
solvents such as water, this mobility should depend on the
friction with the solvent, which is usually modeled by the
macroscopic viscosityη. Whether a reaction in solution
follows Kramers’ relation can thus be assessed by experi-
ment. In the simplest case, the time constantτ (τ ) k-1) of
a reaction that involves diffusional motion over a potential
energy barrier should depend linearly on the solvent viscosity
η as in eq 5.

VISCOSITY DEPENDENCE OF PROTEIN
FOLDING REACTIONS

In the 1970s and 1980s, the viscosity dependence of
protein folding reactions was investigated (i) to identify
domain docking reactions in the folding of large proteins
(37-39) and (ii) to test Karplus and Weaver’s diffusion-
collision model (40). Folding reactions of proteins with
several domains, such as theR subunit of tryptophan
synthase, aspartokinase homoserine dehydrogenase, and
octopine dehydrogenase, were indeed found to depend on
solvent viscosity (37-39, 41). This suggests that these
folding reactions are controlled by the movement of domains.
In contrast, the folding rate of ribonuclease A remained
unchanged when the solvent viscosity was increased by
adding the viscogenic agents sucrose and glycerol. Tsong
and Baldwin concluded from this result that segmental
diffusion, as assumed in the diffusion-collision model and
as measured for peptides by fluorescence energy transfer
(42), does not contribute to the rate-limiting process in the
folding of this protein (40). It is possible that in these
experiments the viscosity dependence was masked by the
stabilizing effect of the viscogen. Recently, Goldberg and
Baldwin showed that the unfolding and refolding reactions
of pancreatic ribonuclease S depend on viscosity and that
the viscosity-dependent step of refolding occurs after the
encounter complex between S-peptide and S-protein has
formed (43, 44).

The discovery that several small proteins fold extremely
fast in the absence of intermediates sparked renewed interest
in the role of diffusional processes in the kinetics of protein
folding, and in 1997, we found that both refolding and
unfolding of the cold shock protein CspB fromBacillus

k ) A exp(-EA/RT) (1)

k ) (kBT/h) exp(-∆Gq/RT) (2)

k ) (kBT/h) exp(∆Sq/R) exp(-∆Hq/RT) (3)

k ) τSX
-1 exp(-∆U/RT) (4)

τ ∼ η (5)
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subtilis were decelerated in the presence of sucrose or
ethylene glycol (45). Equation 5 predicts that for a folding
reaction that involves diffusional barrier crossing the relative
time constants of both unfolding,kNU

-1/kNU,0
-1, and refolding,

kUN
-1/kUN,0

-1, should increase linearly with the relative
solvent viscosityη/η0 (the subscript 0 refers to the measure-
ments in the absence of the viscogenic agent) with a slope
of 1. Such simple relationships were not observed in the
initial experiments with CspB. Rather, this slope was smaller
than unity for refolding and larger than unity for unfolding.

Viscogenic additives, such as ethylene glycol, glycerol,
or sucrose, increase not only solvent viscosity but also protein
stability (46). For a two-state protein folding reaction, an
increase in the stability constant (Kstab ) [N]/[U] ) kUN/
kNU) is necessarily correlated with an increase of the rate
constant of refoldingkUN relative to the rate constant of
unfolding kNU. In refolding, this stabilizing effect thus
antagonizes and weakens the viscosity effect; in unfolding,
however, it adds to and thus enforces a potential viscosity
effect, just as observed for CspB (45). We circumvented this
problem by measuring the viscosity dependence of the
folding kinetics under conditions of identical stability (“iso-
stability” conditions), i.e., by adding a denaturant to neutral-
ize the stabilizing effects of the viscogenic agents. After this
correction, unfolding and refolding indeed exhibited identical
dependencies on viscosity with slopes close to 1 when the
relative viscosity was varied between 1 and 2.5. The
isostability approach was originally introduced by Matthews
and co-workers when they investigated domain pairing in
the folding of theR subunit of tryptophan synthase (39). It
was also used recently by Plaxco and Baker when they
characterized the viscosity dependence of the folding of a
fragment of the IgG-binding protein L. They found that, as
for CspB, the relative time constant of folding of the L
fragment increased linearly with the relative viscosity (23).
In these studies (23, 45, 47), as well as in the folding of
tryptophan synthase (39), the extent of retardation was found
to be independent of the chemical nature of the viscogenic
agent. Bhattacharyya and Sosnick accounted for the stabiliz-
ing effect of the viscogen by comparing the folding kinetics
of the monomeric and dimeric forms of a protein (48).

The isostability approach was questioned by Ladurner and
Fersht (49). They argued that the increase in stability by the
viscogenic agents should not be counterbalanced by adding
guanindinium chloride or urea, because the denaturants and
the viscogenic agents might affect protein stability by
different mechanisms. They found experimentally that the
rate of refolding of chymotrypsin inhibitor 2 (CI2) was
increased in the presence of sucrose and concluded from this
finding that the refolding of this protein cannot involve
diffusional motion. Unfortunately, the unfolding kinetics and
the dynamics of equilibration near the transition midpoint
were not measured.

The validity of the isostability approach could be con-
firmed experimentally because conditions exist under which
the viscogenic agent ethylene glycol has no effect on protein
stability (47). Like sucrose or glycerol, ethylene glycol
strongly stabilizes proteins at room temperature. This stabil-
ity, however, strongly decreases with increasing temperature,
because these polyols increase the enthalpy and thus the
cooperativity of thermal unfolding. This has been shown in
a calorimetric study by Gekko (50) for hen lysozyme, and it

holds true also for CspB. Ethylene glycol strongly stabilizes
this protein against denaturant-induced unfolding at 25°C
(45), but near 50°C, the stability of CspB is independent of
the ethylene glycol concentration between 0 and 50% (47).
Therefore, a potential viscosity dependence of the CspB
folding kinetics is no longer superimposed by a stabilizing
effect of the viscogenic agent near this temperature. More-
over, 50°C is close to the midpoint of the thermal unfolding
transition, and therefore, the kinetics of the Nh U
equilibration reaction could be measured as a function of
viscosity in the absence of a denaturant by using a very fast
pressure-jump method (51). The microscopic rate constants
of unfolding and refolding,kNU and kUN, could thus be
determined under identical solvent conditions and with high
precision from the combined equilibrium and kinetic data.
It was found that the microscopic rate constantskNU andkUN

depended linearly on viscosity with slopes near unity (47).
These results, obtained at 50°C under conditions where the
viscogenic additive does not change the stability of the
folding protein molecules, confirmed that the folding of CspB
is very well described by Kramers’ model. They also validate
the conclusions drawn from the previous more indirect
experiments at 25°C in which the increases in protein
stability had to be balanced by adding a denaturant (23, 39,
45).

The dual effects of the polyols on solvent viscosity and
protein stability highlight a general difficulty in the inter-
pretation of experimental results. Ideally, one would like to
vary a singlephysical propertyof the solvent, such as
viscosity, to examine the validity of a particular model, such
as Kramers’ model in this case. Experimentally, however,
only the compositionof the solvent can be varied, and
inevitably, this leads to multiple changes in the properties
of the solvent. Polyols increase not only viscosity but also
protein stability. They also modulate the polarity and surface
tension. Both properties can affect the protein folding
kinetics. Here experiments with different viscogens such as
ethylene glycol and sucrose are helpful because they differ
strongly in their effects on surface tension. The effects of
changes in protein stability and solvent polarity can be
examined in control experiments with nonviscogenic cosol-
vents that change these properties, such as Hofmeister salts
and methanol (45). Typically, they affect unfolding and
refolding differently (e.g., they accelerate unfolding and
decelerate refolding), unlike viscosity, which dampens the
dynamic motions in the activated state region and thus
decelerates unfolding and refolding to the same extent.

At relative viscosities between 1 and 3, the increases in
the folding and unfolding times of several proteins scale
linearly with viscosity (23, 45), and the retardation is
independent of the chemical nature of the viscogen, provided
that the viscogen is small, relative to the protein. These are
strong arguments in support of a diffusional, Kramers type
model for protein folding. It provides the simplest explana-
tion for the observed retardations in folding. The dependence
on viscosity becomes stronger in the presence of high
concentrations of ethylene glycol or sucrose (45, 47). This
is difficult to interpret, because it is not known whether the
measured macroscopic viscosity and the microscopic viscos-
ity at the protein-solvent interface are linearly related over
the entire range of viscogen concentrations.
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VISCOSITY DEPENDENCE AND EXPERIMENTAL
ACTIVATION ENERGIES

The viscosity of water depends on temperature, and it
decreases by about 20% when the temperature is increased
by 10 °C. Therefore, the temperature dependence of a
diffusional reaction originates from two sources: (i) from
the true activation energy∆U and (ii) from the decrease in
the solvent viscosity with temperatureW (cf. eqs 6 and 7).
The apparent activation energyEA, as derived from an
Arrhenius plot, is thus larger than the true activation energy
∆U. For a reaction that obeys Kramers’ relation, the rate
increases 1.24-fold between 25 and 35°C because the
viscosity of water decreases by the same factor. The “true”
activation energy∆U of both unfolding and refolding is
therefore 16.4 kJ/mol smaller than the apparent (Arrhenius)
activation energyEA.

The values for the activation heat capacities of unfolding
and refolding do not require correction because the viscosity
of water depends almost linearly on temperature. An analysis
between 10 and 70°C indicates that the nonlinearity in the
temperature dependence of the viscosity of water would add
only 0.1 kJ K-1 mol-1 to the activation heat capacities of
unfolding and refolding. This value is smaller than the
confidence limits of the experimental activation heat capaci-
ties.

Denaturant-dependent folding kinetics must also be cor-
rected for viscosity effects, because the solvent viscosity
increases with the concentration of denaturants, such as urea
and guanidinium chloride (GdmCl), in a nonlinear fashion
(52). The viscosity correction remains small ate2 M
denaturant, but becomes more pronounced at high denaturant
concentrations (Figure 1). Therefore, unfolding, which is
assessed at high denaturant concentrations, is affected more
strongly than refolding, which is assessed at low denaturant
concentrations, and the kineticmvalue of unfolding increases
slightly relative to the kineticm value of refolding. Figure 1
shows the urea- and GdmCl-dependent unfolding and refold-
ing kinetics of CspB before and after the correction for the
viscosity effect. This correction leads to a decrease in the
fractionalm value of refolding from 0.90 to 0.87 (GdmCl)
and from 0.86 to 0.81 (urea). In other words, the activated
state becomes slightly “less native” after this correction, and
thus, the value more closely resembles the value that is
derived from the fractional changes in the activation heat
capacities. This confirms a suggestion made earlier by Plaxco
and Baker (23). The slight nonlinearity in the unfolding data
between 3 and 7 M GdmCl in Figure 1B is much less
apparent after the correction for the viscosity effect. It is
possible that some of the observed nonlinearities in kinetic
chevron plots at high GdmCl concentrations originate from
the increase in solvent viscosity.

It seems hard to reconcile the picture of a dynamic,
viscosity-dependent folding process with the experimental
finding that the activated state of folding of CspB is unusually
native-like, as judged by its heat capacity and by themvalue
analysis (18, 53, 54). Both these criteria suggest that the

activated molecules resemble the native molecules in their
interactions with the aqueous solvent. It is important to note
that them values and the heat capacities of activation are
pseudoequilibrium properties, which yield a time- and
ensemble-averaged picture of the activated state. The viscos-
ity dependence gives a different type of information. It
reports on the dynamics that are necessary to explore and
proceed through the particular part of the energy landscape
that represents the region of the activated state. It is not clear
how large such motions must be to become sensitive to
friction with the solvent molecules. Possibly, they range over
the same order of magnitude as the size of the viscogenic
molecules.

The viscosity effects on protein folding are still difficult
to understand at the molecular level. Part of this difficulty
arises, because a concept (such as viscosity) that is well-
defined for macroscopic systems is used to describe phe-
nomena at the molecular level at protein-solvent interfaces.
In this context, it is interesting to note that even limited
conformational changes in native proteins can be sensitive
to solvent viscosity. This has been shown for carboxypep-
tidase A (33) and for myoglobin (34, 36). In both cases, the

EA ) ∆U + W (6)

W ) R
∂(ln η)

∂(1/T)
(7)

FIGURE 1: Correction of the (A) urea-dependent and (B) GdmCl-
dependent unfolding and refolding kinetics of CspB for the increase
in viscosity. The apparent rate constantsλ are shown as a function
of denaturant concentration before (O, broken lines) and after (b,
continuous lines) correction. Fits of the data based on a two-state
mechanism (53) are shown for theλ values and for the microscopic
rate constants. The curves were corrected by using the equation ln
λcorr ) ln λ + ln(η/η0), whereλ is the measured rate constant,λcorr
is the apparent rate constant after the viscosity correction, andη
and η0 are the viscosities in the presence and in the absence,
respectively, of the denaturant. The relative viscosities of urea and
GdmCl were taken from ref52. The analysis of the urea data
depicted in panel A gave the following values:mNU ) 0.16 M-1

andmUN ) -0.96 M-1 before correction andmNU ) 0.22 M-1 and
mUN ) -0.92 M-1 after correction. The analysis of the GdmCl
data depicted in panel B gave the following values:mNU ) 0.28
M-1 andmUN ) -2.6 M-1 before correction andmNU ) 0.38 M-1

andmUN ) -2.5 M-1 after correction. The kinetics were measured
in 0.1 M sodium cacodylate at pH 7.0 and 25°C. The data depicted
in panel A were taken from ref53, and the data depicted in panel
B were measured by D. Perl (unpublished results).
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viscosity dependence is assumed not to originate from the
binding reaction itself, but from the coupled conformational
rearrangements of the protein-ligand complexes.

COMPARISON OF KRAMERS’ AND TST
THEORIES FOR PROTEIN FOLDING

Both TST and Kramers’ theories are descendants of the
original Arrhenius relation (eq 1), and therefore, both contain
an exponential factor which carries the information about
the height of the activation energy barrier. This barrier is
related to the slope when lnk is plotted as a function of
1/RT. In TST, this slope is equal to the activation enthalpy
∆Hq (for controversies about this interpretation, see ref29).
In Kramers’ theory, the slope, as derived from an Arrhenius
plot, carries contributions from both the energy barrier∆U
and the temperature dependence ofη (eqs 6 and 7). In
Kramers’ formalism, the true activation energy∆U is thus
always smaller than the Arrhenius activation energyEA. As
outlined above, in aqueous solutions near 25°C, this
difference (W) amounts to about 16 kJ/mol.

The rates of chemical reactions, and particularly of protein
folding reactions, depend not only on the height of the energy
barrier but also on a statistical factor that accounts for the
difference in the number of microscopic states that can be
sampled by the system in the ground and activated states.
In TST, this factor is exp(∆Sq/R) (cf. eq 3), which is thus
immediately related to the activation entropy. It can, in
principle, be calculated from eq 8 when∆Hq is known from
the temperature dependence of the rate constant.

In Kramers’ theory, the statistical factor is ascribed to the
frequency factors for the ground and activated states (29,
31), which are located in the preexponential term. These
frequency factors are less appealing, because, unlike∆Sq in
TST, they are not immediately related to the standard
parameters that are used in equilibrium thermodynamics. This
might have been one reason for the reluctancy to use
Kramers’ theory.

TST therefore appears to be much more attractive for
answering questions about the entropy changes during the
course of a protein folding reaction. It is, however, important
to keep in mind that the∆Sq values, as calculated from eq
8, are unreliable, because the∆Gq values that are computed
by TST are ambiguous and because the temperature depen-
dence of the viscosity contributes to the apparent activation
enthalpies (eq 6). Both theories are thus unable to provide
quantitative values for entropic barriers. Basically, this
difficulty relates to the fact that, unlike heat, entropy cannot
be measured directly.

Another problem that is common to both theories and to
all experimental work is the fact that only the overall changes
in the activation parameters can be determined. It is
impossible to measure the changes in chain entropy∆Sconf

separately from those in solvent entropy,∆Ssolv. Therefore,
it is still very difficult to relate experimental data with
theoretical folding scenarios that are based on funnel type
models. In these models, the width of the funnel is usually
defined by∆Sconf and the depth by the free energy minus
T∆Sconf (55).

INTERNAL AND EXTERNAL FRICTION

Not all protein folding reactions are viscosity-dependent.
This could be true for several reasons, with the first obviously
being that Kramers’ model is inadequate. As outlined above,
we and others (23, 27, 28, 30) consider this to be less likely.
A folding reaction could also be independent of solvent
viscosity when the movements of the protein chain in the
activated state region are so small that they do not require
the displacement of solvent molecules. This is also quite
unlikely, because even conformational changes in folded
proteins, such as those linked with ligand binding, are
retarded when the viscosity of the solvent is increased (33-
36).

It is more likely that a protein folds independently of
solvent viscosity when the internal friction of the protein
chain in the activated state region is much higher than the
friction with the solvent molecules. This internal friction is
certainly not constant. It starts from a presumably low value
as in unstructured peptides (see ref42) and then increases
during folding. For proteins such as protein L (23) and CspB
(45, 47), the internal viscosity seems to be still lower than
the viscosity of the surrounding solvent when the activation
barrier is crossed, and thus, it is not relevant as a rate-
determining factor. This is probably the exception rather than
the rule. In many protein folding reactions, the internal
friction increases early in folding, in particular when
intermediates are formed, and becomes higher than the
friction with the solvent when the activated state region is
traversed. In this case, folding will be independent of the
viscosity of the solvent, as found forR-lactalbumin (45).

This adds another aspect to the picture of kinetic traps in
folding. Such traps occur not only when high energy barriers
are encountered but also when the protein chain becomes
stuck because of a strong increase in internal viscosity.
Proteins with low internal viscosity avoid such kinetic traps.
A rapid collapse of the protein chain early in folding may
be an advantage because it rapidly reduces the number of
possible conformations. On the other hand, it can reduce the
folding rate because the diffusional motions that are neces-
sary to reach the native conformation are more difficult in a
restricted space (see also the discussion in ref56).

Intuitively, the concept of an internal friction or internal
viscosity appears to be attractive, but how can it be
understood at the molecular level? Internal friction could
originate from the sliding of chain segments relative to one
another, similar to the relative sliding of layers of solvent
molecules in viscous liquids. This might be a good repre-
sentation of low internal friction when the protein chain can
move rather freely. When, however, the protein becomes
more densely packed, the chain segments can no longer slide
smoothly along energy trajectories with many very small
bumps, but they jump between discrete conformational
substates, which are separated by sizable energy barriers. In
such a case where the internal friction dominates over the
friction with the solvent, the internal viscosity effect and the
size of the energy barrier may become correlated, because
they both orignate from the hindered movement of chain
segments relative to one another in the activated state region.
Therefore, it might not be adequate to simply replace the
solvent viscosity in the preexponential factor of Kramers’
relation with the internal viscosity. Further theoretical and

∆Sq ) (∆Hq - ∆Gq)/T (8)
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experimental work is needed to understand internal friction
and to extend Kramers’ model to describing folding reactions
in which hindered diffusion contributes to both the preex-
ponential factor and the barrier height.

The solvent is very important for folding, but its role is
not clear at the energetic and structural level. Most proteins
fold only in aqueous environments, and the folding dynamics
and energetics are determined not only by the changes in
the intraprotein interactions but also by the changes in the
protein-solvent and solvent-solvent interactions. For a
deeper understanding of protein folding, it would be neces-
sary to dissect and quantitate these contributions individually.
Experimentally, this is almost impossible because protein
and solvent form a single thermodynamic system. Theoretical
modeling of the folding process in an aqeous buffer is a
formidable task because it is not yet possible to calculate
the changes that occur in complex solvents when a protein
chain folds in this solvent.

THEORETICAL APPROACHES TO MODELING
PROTEIN FOLDING AS A DIFFUSIONAL
PROCESS

Kramers’ formalism was used by Karplus and Weaver
when they developed the diffusion-collision model for
protein folding (32), and on the basis of this model, the
folding kinetics of myoglobin (57, 58) and of theλ repressor
headpiece (59) were analyzed. A Kramers type approach has
also been used by Wolynes and co-workers to model the
folding kinetics of a simplified on-lattice 27-mer protein as
a diffusive reaction (55, 60). Klimov and Thirumalai
calculated the folding rates for a small off-lattice protein
model by using the Langevin equation and found that
Kramers’ theory provided a quantitative fit of their numerical
results (61). Thus, both theory and experiment suggest that
diffusional processes determine the elementary folding of
very small proteins as well as the coalescence of domains
in the folding of large proteins. The recent review by Alm
and Baker (56) provides an excellent discussion of the
interrelation between theory and experiment in protein
folding.

OUTLOOK

TST and Kramers’ theory both have strengths and weak-
nesses. Kramers’ theory should provide a good model for
protein folding reactions because it is based on diffusional
motion in a viscous solvent and thus accounts for the chain
dynamics that are required for exploring and crossing the
activation barrier. It can be tested by experiment, and it
specifies how experimental activation energies must be
corrected for the temperature dependence of viscosity to
obtain the true activation enthalpies.

TST was developed for the reactions of small molecules
in the gas phase. It is assumed that the molecules cross the
activated state only once and that the ground and activated
states exist in a pseudothermodynamic equilibrium. These
assumptions are probably not met by protein folding reactions
in solution. TST has remained attractive because all activa-
tion parameters, including the entropy of activation, can be
calculated from the kinetic data. The absolute values for∆Sq

and for ∆Gq from a TST treatment of folding data are
unreliable, but nevertheless, differences (∆∆Gq and∆∆Sq),

caused, for example, by a mutation, can be useful and
interpretable in cases where the mutation does not change
the structure of the ground and activated states. For such an
analysis, it must be ascertained that the mutation leaves the
overall folding mechanism unchanged and does not affect
parameters such as the activationmvalues and the activation
heat capacities. Analyses based on both theories are thus
valuable and not mutually exclusive. TST can be used with
the appropriate caution, but there is little doubt that Kramers’
theory is better suited to modeling experimental kinetics and
to simulating the folding kinetics of protein models.
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