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ABSTRACT: Several studies have found millisecond protein folding reactions to be controlled by the viscosity
of the solvent: Reducing the viscosity allows folding to accelerate. In the limit of very low solvent viscosity,
however, one expects a different behavior. Internal interactions, occurring within the solvent-excluded
interior of a compact molecule, should impose a solvent-independent upper limit to folding speed once
the bulk diffusional motions become sufficiently rapid. Why has this not been observed? We have studied
the effect of solvent viscosity on the folding of cytochromec from a highly compact, late-stage intermediate
configuration. Although the folding rate accelerates as the viscosity declines, it tends toward a finite
limiting value∼105 s-1 as the viscosity tends toward zero. This limiting rate is independent of the cosolutes
used to adjust solvent friction. Therefore, interactions within the interior of a compact denatured polypeptide
can limit the folding rate, but the limiting time scale is very fast. It is only observable when the solvent-
controlled stages of folding are exceedingly rapid or else absent. Interestingly, we find a very strong
temperature dependence in these “internal friction”-controlled dynamics, indicating a large energy scale
for the interactions that govern reconfiguration within compact, near-native states of a protein.

The folding of a protein requires both large-scale diffusion
of the polypeptide chain and smaller, more local reconfigu-
rations of the backbone and side chains. A number of studies
in recent years have attempted to determine which types of
motions actually constitute the rate-determining step of
folding (1-7). These studies have addressed this question
by examining the effect of solvent viscosity on the rate of
folding: They have typically found that the folding time
increases in direct proportion to the solvent viscosity, just
as the diffusion of a free particle slows in a viscous solvent.
This supports the idea that the bulk diffusional steps control
the speed of folding. One can argue, however, that the folding
of a polypeptide proceeds on such a small length scale and
with such weak forces that its dynamics cannot be controlled
by anything except diffusion. Constant molecular collisions
give rise to drag or friction that impedes all motion of the
polypeptide and its side chains. These same collision forces
manipulate the main chain and side chains into the proper
native fold. From this perspective, the key result from the
viscosity studies is not that folding is rate-limited by
diffusion; rather, these studies show that the molecular forces
that control folding speed arise almost entirely from the
solvent. In fact, a simple macroscopic property of the

solventsits viscosityssets the time scale for the microscopic
dynamics of folding.

This result is suprising, because many proteins are known
to fold via highly compact transition states. Within such
compact states, from which solvent is largely excluded, one
might expect interactions within the polypeptide and between
side chain atoms to influence the dynamics much more
strongly than does the surrounding solvent. Why does the
folding instead appear closely coupled to the solvent? We
have investigated this question by studying a very rapid (∼10
µs) folding process that occurs in a highly compact config-
uration of horse cytochromec. We find that the dynamics
of this fast folding are largely decoupled from the solvent,
so that their speed is controlled by interactions internal to
the polypeptide chain. We conclude that the internal reor-
ganizations that are governed by intrachain interactions
proceed on a very rapid time scale. They constitute the rate-
limiting stage of folding only when other stages are either
absent or else exceptionally fast.

Frictional Control of Folding Reactions.Kramers theory
for unimolecular reaction rates provides a framework for
understanding diffusion-controlled, barrier-crossing processes
such as protein folding (5, 8-11). Kramers theory asserts
that the ratekf for a heavily damped process depends on
both the activation free energy∆Ga and a reaction friction
parameterγ, throughkf ∝ γ-1 exp(-∆Ga/kBT). This predicts
that the folding rate for a polypeptide should scale inversely
with the frictionγ. This prediction is supported by computer
simulations (10, 12). However, the theory does not specify
the physical origin of the friction. One key physical question
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is, what is the source of the frictionγ that controls the speed
of folding?

In the simplest interpretation, the friction arises because
bulk motion of the polypeptide chain is impeded by the
solvent, which has a dynamic viscosityηs. Then, γ is
controlled byηs, and from Kramers, we expectkf ∝ ηs

-1. A
number of authors have tested this model (1-6, 13-16) by
adding viscogenic cosolutes to refolding buffers and measur-
ing the effect on the folding rate of various proteins. These
studies present experimental difficulties, because the coso-
lutes typically shift the stability of the protein’s native state
(1, 2), they may also give rise to discrepancies between the
microscopic and the macroscopic viscosity of the solvent
(17, 18). However, in studies where these effects are carefully
controlled whileηs is varied, the expected inverse viscosity
behavior has been observed in folding rates. In general, the
folding rate shows no deviation from perfect solvent-
controlled behavior:kf

-1 is linear in ηs and extrapolates
toward zero asηs f 0 (3-6). Thus, the folding ratekf

behaves as if it would grow without limit as the solvent
viscosity declines.

One must question how this can be correct. Kinetics
studies probe only the rate-limiting diffusional passage over
the primary barrier; this diffusion may continue to accelerate
as ηs decreases, but other fast dynamics that couple less
strongly to the solvent environment should eventually
become rate limiting and should exert control overkf at
sufficiently smallηs. For example, late-stage reconfigurations
within a compact globule, with a minimal solvent accessible
surface, should show less dependence on solvent viscosity.
The time scale of these internal reconfigurations, even if very
rapid, would set a finite limit to the folding rate and thus
causekf to deviate from simpleηs

-1 behavior at low solvent
viscosities, ηs f 0.1 Such limiting behavior has been
observed in the conformational relaxations of (folded)
myoglobin at low solvent viscosity (19) and is anticipated
in theoretical descriptions of folding (11).

More precisely, theory and experiment in polymer dynam-
ics suggest that both solvent friction and “internal friction”
influence the dynamics of chain molecules. Internal friction
is a generic term for a variety of damping interactions arising
primarily within the chain, rather than directly from the
solvent viscosity (11, 12, 20-23). Although different
theoretical models differ in details, it has been suggested
that an internal friction contribution toγ should cause folding
rates to depart fromkf

-1 ∝ ηs and approach a finite limit at
sufficiently smallηs (3, 11, 15). One cannot experimentally
access the regimeηs , ηwater in order to test this directly.
One can, however, examine whetherkf

-1 is strictly propor-
tional toηs whenηs ≈ ηwater or whether it deviates2 such as
by extrapolating toward a nonzero limiting folding time
kf

-1 at low ηs. Most such extrapolations show no clear

evidence for an internal friction limit to folding speed.
However, a recent study showed that the folding time of the
ultrafast-folding Trytophan Cage [kf ≈ (3 µs)-1 in water]
tends toward a finite value (∼0.7 µs) in the limit of low ηs

(25-27). This result showed that internal friction can
detectably influence the fastest folding systems.

Here we show that for very rapid folding from a compact
state, the internal interactions of the protein can exert strong
control over folding speed. We have studied the rapid folding
of a compact non-native form of Fe2+-cytochromec. Because
folding from this compact state begins after the collapse from
a fully unfolded state, the dynamical effects of internal
friction are directly measurable. The compact state is
prepared from chemically denatured cytochromec by lower-
ing the denaturant concentration in the presence of carbon
monoxide, which binds tightly to the heme iron and prevents
formation of the native Met80-heme (sulfur-iron) link (28-
30). Laser flash photolysis of the CO-iron bond in this
metastable intermediate then triggers folding to the native
state. We used transient absorption spectroscopy to observe
this rapid (kf ∼ 105 s-1) process. Its solvent viscosity
dependence reveals fast dynamics that respond only weakly
to the solvent properties, indicating that they are controlled
primarily by internal interactions. These dynamics in fact
account for most of the temperature dependence inkf,
suggesting that substantial intrachain interaction energies
control the configurational diffusion within the compact
molecule.

MATERIALS AND METHODS

M-CO State of Horse Cytochrome c.Unfolding Fe2+-
cytochromec at a high denaturant concentration breaks the
covalent link between the heme iron and its native ligand
(the sulfur of Met80) and allows exogenous ligands such as
carbon monoxide to bind to the heme (29, 31). While Fe2+-
cytochromec undergoes a highly cooperative unfolding
transition at very high denaturant concentrations indicative
of an unusually stable protein (∼71 kJ/mol), the addition of
CO results in a dramatic decrease in stability, by∼38 kJ/
mol (30), and major deviations from a two-state unfolding
transition (28, 29).

Detailed equilibrium studies of the solvent-induced un-
folding transition of horse Fe2+-cytochromec in the presence
of CO, using heme absorbance, circular dichroism (CD), and
fluorescence methods, revealed a highly populated (∼75%)
intermediate state, M-CO, at moderate denaturant concentra-
tions, characterized by a red-shifted heme absorption (Soret)
band, near-native far-UV CD spectrum, and weak Trp-59
fluorescence due to Fo¨rster transfer to the heme. Recent
NMR data on a uniformly15N-labeled sample of Fe2+-
cytochromec in its metastable M-CO state (in the absence
of denaturant) showed a well-dispersed1H-15N correlation
spectrum with extensive chemical shift perturbations relative
to native Fe2+-cytochromec (28).

Thus, M-CO represents a compact, highly structured state
with nativelike helix content but non-native tertiary structure
and heme coordination. At room temperature, the CO
thermally dissociates and escapes from the protein with a
time constantτ ∼ 1 h at 20°C. An external light pulse can
also break the heme-CO bond, allowing the CO to escape.
This converts M-CO into a structurally equivalent pentaco-

1 Extrapolation toη << ηwater does not imply that we are studying
the rate of protein folding in zero solvent viscosity. Experimentally,
one can only observe folding dynamics in the high friction limit of
Kramers. The extrapolation is simply a practical method for identifying
the contribution of the protein’s internal friction to the total reaction
friction.

2 Deviations from Kramers’k ∝ 1/γ may also occur if the barrier
crossing occurs quickly enough to approach the molecular reorganiza-
tion time of the solvent (24). This scenario appears unlikely in a protein
folding reaction.
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ordinate state M, which then folds rapidly to the native (N)
state. In contrast to previous studies that found no evidence
for structural intermediates in the folding process of reduced
cytochromec (30, 32), our recent rapid mixing results show
clear deviations from two-state folding/unfolding kinetics
both at low and at high denaturant concentrations consistent
with a four-state mechanism featuring both early and late
folding intermediates (Maki, K., Latypov, R. F., Cheng, H.,
Luck, S. D., S. A. P., S. J. H., and H. R., to be submitted).
The results confirm that a nativelike state, M, occurs even
in the absence of CO.

Preparation of the M-CO Samples.Lyophilized horse
cytochromec (Sigma Chemical Co.) was dissolved into 6
M Gdn-HCl and 0.1 M Tris, pH 7.0, and deoxygenated by
a flow of O2-free CO at 1 atm, with∼1 mM sodium
dithionite added to reduce the heme iron to Fe2+. This forms
the CO complex of unfolded Fe2+-cytochromec. Diluting
this mixture into a CO-saturated buffer collapses the protein
into the M-CO state, in which the CO ligand remains in the
iron site, displacing the Met80 sulfur. Final denaturant
concentrations were 0.5-2 M Gdn-HCl.

Viscosity Measurements.The dilution buffer also contained
cosolutessglycerol, ethylene glycol, or glucosesat concen-
trations sufficient to raise the dynamic viscosityηs as much
as 5-6-fold, and a glucose/oxidase/catalase mixture to
scavenge any remaining O2 (34). Solutions for viscosity
studies therefore contained 50µM cytochromec, 0.5 M Gdn-
HCl, a viscogenic cosolute, the enzyme system (e0.32µM
glucose oxidase,e3.5µM catalase, and 0.3% glucose), and
sodium dithionite. We directly measured (33) the kinematic
viscosityηs/F of each mixture at each temperature, using a
calibrated Cannon-Fenske viscometer fully immersed in a
water bath, for an accuracy of(0.1%. Lavalette and co-
workers have shown that low molecular weight cosolutes of
the type used here raise both the microscopic (i.e., as seen
by the protein) and the macroscopic (i.e., bulk) solvent
viscosity. Large polymeric viscogens, such as PEG, may only
raise the macroviscosity (17, 18).

Optically Triggered Protein Folding.We use transient
absorption spectroscopy to study the folding Mf N. Folding
is triggered by dissociating the CO from M-CO with a laser
pulse and is observed through heme absorbance changes in
the visible Soret region as the Met80 sulfur rebinds to the
heme. The transient spectrometer, described elsewhere (35,
36), uses a 5-7 ns laser pulse at 532 nm to photodissociate
the CO from the heme iron and collects a series of visible
absorption difference spectra at time intervals from∼10 ns
to >1 s following photolysis. We use singular value
decomposition (SVD) to analyze the difference spectral
data: At these low denaturant concentrations (e2.4 M Gdn-
HCl), each data set contains two SVD components, each
describing the same two relaxations. Relaxation rates are
determined through a biexponential fit to the first two SV
amplitudes. The first relaxation (ratekf ∼ 105 s-1) represents
spectral changes corresponding to the folding transition M
f N. The second (with rate∼ 3 s-1) corresponds to the
replacement of folded by denatured protein, as a syringe
pump supplies fresh sample to the optical cell. Uncertainties
in the rates were estimated by the Monte Carlo bootstrap
method. The estimated error bars tend to increase at high
solvent viscosity, where the slower diffusion of the CO ligand
tends to favor greater geminate recombination and therefore
gives a smaller net photolysis signal.

RESULTS

Because equilibrium strongly favors the folded N state over
the compact denatured states M and M-CO at low denaturant
concentrations, the rate of relaxation following photolysis
of CO corresponds to the rate of folding (kf) with minimal
contributions from unfolding (Figure 1). Folding requires
both configurational diffusion of the compact, denatured
protein and a chemical reaction between the ferrous heme
and its native ligand, the sulfur atom of Met80. This chemical
reaction is known to occur at a geminate ratekg ≈ 4 × 1010

s-1 at 22 °C (andkg ≈ 1011 s-1 at 40 °C) (37), which far
exceeds the microsecond folding rates observed here. Hence,
the folding ratekf is not limited by chemical bond formation.
Instead,kf characterizes the rate of reconfigurations of the
polypeptide chain that bring Met80 into contact with the
pentacoordinate heme.

Figure 1 shows typical kinetic traces obtained from the
transient absorption spectroscopy, where the rapid (12µs)
relaxation corresponds to the folding transition Mf N. In
a Kramers theory description of a two-state protein folding
reaction, the rate of folding depends on both the reaction
friction γ and the height of the activation free energy barrier
∆Ga. Studies of viscosity effects on folding must therefore
account for the influence of viscogenic cosolutes on the
stability of the native state, because similar shifts in∆Ga

may generate an extra perturbation tokf (1-6, 14-16, 38).

FIGURE 1: Folding from a collapsed state. (a) Schematic of the
folding process. Unfolded CO-cytochromec at high Gdn-HCl (far
left) collapses to the metastable M-CO state upon dilution into
buffer. Laser flash photolysis dissociates the CO molecule from
the heme to give the M state, which folds to the native state N (far
right) at ratekf. (b) The amplitudes SV1(t) and SV2(t) of spectral
changes obtained by SVD of transient absorption spectra following
photolysis and biexponential fit giving relaxation rates. The sample
contained 1.2 M Gdn-HCl,T ) 20 °C. The first relaxation (kf

-1 ≈
12 µs) represents spectral changes corresponding to the folding
transition Mf N. The second (with rate∼ 3 s-1) corresponds to
the replacement of folded by denatured protein, as a syringe pump
supplies fresh sample to the optical cell. (c) Denaturant concentra-
tions up to∼2.5 M Gdn-HCl do not affect folding timekf

-1 at 20
°C.
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Previous authors have used different methods to compensate
for these∆Ga shifts, such as adding denaturant simulta-
neously with the viscogen (3) or choosing experimental
conditions where the cosolute does not affect∆Ga (6). In
the present case, Figure 1 shows that the rate of transitionkf

from the intermediate (M) to the folded (N) state shows no
sensitivity to the overall free energy of folding,∆G. Figure
1c shows thatkf remains unaffected by Gdn-HCl concentra-
tion over the range 0-2.4 M, even as∆G ) GM - GN

decreases from 17 kJ/mol to 0 (28). The very weak effect
on kf {with ∂ ln kf/∂ [Gdn-HCl] ≈ (0.02 ( 0.05) M-1}
indicates that any destabilization of the native state (such as
from Gdn-HCl or other cosolutes) does not affect the
activation free energy of folding,∆Ga; the solvent-exposed
surface area does not change as the protein passes from the
M state to the folding transition state.3 Therefore, the data
do not require compensation for viscogen effects on∆G.

Three different viscogens (glycerol, glucose, and ethylene
glycol) had a similar slowing effect on the folding kinetics,
causing the same linear increase inkf

-1 with solvent viscosity
(Figure 2). This result is consistent with the expectation of
a linear dependence,kf

-1 ∼ ηs; however, a linear extrapola-
tion to low viscosity,ηs f 0, clearly indicates a finite limiting
value kf

-1(0) ≈ 8.10 ( 0.63 µs at 20.0( 0.2 °C. In fact,
Figure 2 shows that this limiting folding ratekf (0) only
moderately exceeds (by 50%) the rate in water (ηwater ) 1
mPa s). Unlike the folding observed in many other systems,
the dynamics that controlkf here couple weakly to the solvent
friction.

DISCUSSION

Kramers theory for folding predicts that the folding rate
kf will vary inversely with the microscopic frictionγ. If the
friction is due to the viscosityηs of the solvent, then a plot
of kf

-1 vs ηs will follow a straight line that extrapolates
through the origin (kf

-1 ) 0) asηs f 0. This is the behavior
observed in most previous studies, conducted on relatively
slowly (msf s) folding proteins. However, a recent study

of a small, ultrafast folding protein (TrpCage Tc5b,kf ≈ 3
× 105 s-1) showed that the folding of that protein departs
slightly from kf

-1 ∝ ηs. That is, while the folding timekf
-1

varies linearly with solvent viscosity, it exhibits a positive
intercept, so that the folding rate tends toward a limiting
value ∼1.5 × 106 s-1 at low solvent friction (25). Some
deviation has also been observed in the very rapid (10-7 s)
dynamics ofR-helix formation (15). This implies that other
interactions not coupled to solvent do set a finitesalthough
very rapidslimit on folding rates. The present data support
this view: Figure 2 shows that a highly compact metastable
state of cytochromec folds rapidly (∼10 µs) but that this
rate varies only weakly with solvent viscosity. Because the
folding dynamics appear largely decoupled from the solvent
viscosity, interactions internal to the compact molecule must
control the diffusional reconfigurations that occur. Such
interactions are known in the polymer dynamics literature
as internal friction (11, 20, 21).

The concept of internal friction has a long history. Early
dynamical experiments on polymer chains showed that
rheological and viscoelastic properties of macromolecules
can be interpreted in terms of two contributions to the
frictional force: solvent friction and an additional internal
friction (20, 21, 39, 40). There exist a number of possible
mechanisms by which a polymer chain could experience drag
forces that do not simply result from the bulk viscosity of
the solvent (20, 21). These can include potential energy
barriers to backbone rotations, long-range (i.e., sequence
distant) interresidue interactions, and the accessibility of free
volume in a noncontinuum solvent. For example, any
reconfiguration of a polymer chain requires the backbone
bonds to turn through their rotational potential, and this
constitutes a dissipative process that adds to the simple
solvent drag.

Different models for the internal friction phenomenon
predict different consequences for the chain dynamics. De
Gennes suggested (20) that the relaxation time for a polymer
chain consists of two contributions,τ ) τs (ηs) + τ int, where
τs (ηs) is the relaxation time associated with solvent-damped
motion of the polymer, whileτ intswhich is independent of
ηssreflects the dynamics controlled by internal friction. In
this view, measurements ofτ extrapolated to lowηs will
reveal the time scaleτint for the internal friction-controlled
dynamics. Although we are not aware of a detailed modern
theory for internal friction effects in protein folding, the
general suggestion from ref (20) that relaxation or folding
time may extrapolate to a finite limit at lowηs is preserved
in some recent theoretical treatments of protein folding (11),
and it appears consistent with previous data on protein
conformational relaxations (19); see below. It is also
consistent with our data.

Ansari and co-workers (19) studied nanosecond confor-
mational dynamics in (folded) myoglobin and found evidence
for a finite relaxation rate at lowηs. They proposed an
empirical, additive friction model to incorporate an internal
friction contribution into a Kramers-like model for the
relaxation dynamics:

Here, σ describes a “protein friction” associated with the
conformational relaxation. The total reaction friction is then

3 Figure 2 (inset) shows that the increase in the solvent viscosity
due to rising [Gdn-HCl] may even account for the small variation of
kf. ∂ ln (1/η)/∂[Gdn-HCl] ≈ -0.05 M-1.

FIGURE 2: Viscosity dependence of Mf N folding time at 20°C.
The figure shows that data for different viscogenssincluding
glycerol (b), ethylene glycol (4), and glucose (9) (all in 0.5 M
Gdn-HCl), as well as for 0.5-2.4 M Gdn-HCl (O) with no extra
viscogensall follow the same linear dependence. The inset magni-
fies the low viscosity region, showing data at a variable Gdn-HCl
concentration. Pure water has viscosity) 1 mPa s) 1 cP at 20
°C.

k ) A(σ + ηs)
-1 exp(-∆G/kBT), (1)
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γ ∝ σ + ηs so thatk extrapolates to a constant (determined
by σ) at low ηs. Applying eq 1 to their data produced a
substantial valueσ ) 4.1 ( 1.3 mPa s or about 4× larger
than the viscosity of water. However, several attempts to fit
eq 1 to protein folding data have found no clear evidence
for σ > 0, even for proteins that fold through compact
transition states. For the folding of proteinL, the near-
linearity of kf with respect to 1/ηs for 1 mPa se ηs e 3.5
mPa s impliesσ ≈ -0.1 ( 0.2 mPa s in eq 1, a result that
suggests no protein friction in folding (3). The data of Jacob
et al. also imply a very smallσ for CspB (6). However, for
the M f N folding of cytochromec, the data of Figure 2
clearly extrapolate toward anx-intercept (-σ) that is
significantly different from zero, i.e.,σ ≈ 2.1 ( 0.3 mPa s.

We suggest that the protein friction parameterσ does not
provide the best measure of friction effects in folding. First,
it is unclear how to interpretσ, which has units of
macroscopic viscosity (mPa s), as a measure of a microscopic
phenomenon. Second, kinetic studies probe only the rate-
limiting step, so that even a largeσ associated with a rapid
process would not be detected if a slower process withσ )
0 limits the overall folding rate. We argue that the folding
time in the limit of small solvent viscosity (i.e., they-intercept
of Figure 2) gives a clearer indicator of the internal friction
contribution to the dynamics, as it has a fairly simple
interpretation as the speed of the rate-limiting step when the
bulk diffusional motions of the chain (such as loop or sheet
formation) become extremely rapid. For example, although
the data of refs (3, 6) imply that σ ≈ 0 in the folding of
proteinL and CspB, they certainly do not suggest thatkf

-1

f 0 asηs f 0; given the time resolution of those data, one
can only conclude that the rate-limiting step of folding at
low ηs requires at least a few milliseconds. The data do not
rule out a limiting folding rate∼105 s-1, as appears in Figure
2.

To emphasize this limiting time scale in the folding data
of Figure 2, we consider the folding time as the sum of two
separate time scales.4

Here,τs ∝ ηs describes the time scale for solvent-controlled
reorganizations of the polypeptide. It is responsible for the
Kramers-like response to bulk solvent viscosity. The second
time scaleτint characterizes dynamics controlled by internal
friction and insensitive to solvent viscosity. It determines
the finite limiting value ofkf. For example, folding from the
M state may require a reorganization of solvent-exposed
regions of the molecule, followed by a substantial recon-
figuration within the compact interiorswith little displace-
ment of the surrounding solvent. Depending on the magni-
tude ofηs, either set of motions may control the overall time
for folding. As a mathematical description of thekf data, eq
2 is equivalent to the protein friction model of Ansari et al.s
both models describekf

-1 as linear inηs but with a finite
intercept. However, they differ significantly in interpretation.
Eq 2 characterizes the effect of internal friction not as an

internal viscosity but as a time scale for solvent-independent
dynamics. Experimental estimates forσ may vary inconsis-
tently from one protein to another (see above), but when
analyzed in terms of a limiting time scaleτint (rather than an
internal viscosityσ), none of these results rule out nonzero
values ofτint in the range of nanoseconds to microseconds.

Because folding rates usually vary with temperature, we
may expectτs in eq 2 to have a free energy of activation
∆Gs. This will cause the slope ofkf

-1(ηs) vs ηs to decline as
T increases. Figure 3 confirms that this slope does decrease
slightly as the temperature rises from 17 to 30°C. Remark-
ably, however, the figure also shows that the interceptkf

-1

(ηs f 0) ) τint falls roughly 3-fold over this temperature
range, indicating that the internally controlled dynamics
respond to another, relatively large energy scale. In fact,
changes inτint, the intercept ofkf

-1(ηs), appear to account
for most of the temperature dependence of the folding rate
at aqueous solvent viscosities (near 1 mPa s).

We can more quantitatively analyze this behavior by fitting
the data of Figure 3 to eq 2 and assuming an explicitly
ArrheniusT dependence forτs andτint:

The dotted lines in the figure show the results of this four-
parameter fit, which gives∆H ) 19 ( 7 kJ/mol and∆E )
67 ( 16 kJ/mol, withA ≈ 1.88 ns/(mPa s) andB ≈ 8.31×
10-18 s. Thus, even in water at 20°C, τint ≈ 6.2 µs already
exceedsτs ≈ 5 µs, and the∼3-4-fold larger size of∆E
relative to∆H confirms thatτint has a far greater temperature
sensitivity than doesτs. The solvent insensitive dynamics
essentially control both the time scale for folding in water

4 One cannot fit the data to an obvious alternative, the additive rate
modelkf ) 1/τs + 1/τint whereτs ∼ η. This is because the folding rate
remains finite asηf 0, whereas the rate 1/τs would diverge in this
limit.

kf
-1 ≈ τs + τint (2)

FIGURE 3: Temperature and viscosity effects on the folding time
kf

-1. Solvent viscosities vary strongly with temperature, but the
indicated viscosities refer to the dynamic viscosity of the sample
solvent, directly measured at the indicated temperature. Temperature
changes have a more substantial effect on the intercept than on the
slope. (For clarity, the figure shows only data collected in glycerol/
Gdn-HCl mixtures.) Dotted lines correspond to a fit to eq 2 and 3,
which gives∆H ) 19 ( 7 kJ/mol,∆E ) 67 ( 16 kJ/mol,A ≈ 1.9
ns/(mPa s),B ≈ 8.3 × 10-18 s.

τs(T, ηs) ) Aηsexp(∆H/kBT) (3a)

τint (T) ) B exp(∆E/kBT) (3b)
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and its temperature dependence. The intrachain interactions
responsible for internal friction involve a large energy scale
in the compact, near-folded configurations. In fully unfolded
cytochromec, by contrast, the diffusional motions of the
polypeptide scale directly with solvent viscosity and show
little evidence that intrachain interaction energies affect the
dynamics (35).

It is quite interesting to note that recent theoretical work
actually anticipates a strong role for internal friction in
proteins whose folding rate is insensitive to denaturant. The
rate of a typical two-state folding process accelerates as the
denaturant concentration decreases; however, Figure 1C
shows that the rate of the late folding step studied here is
insensitive to the denaturant concentration for [Gdn-HCl]<
2.5 M. Chan and co-workers (23, 41) have proposed that
flattening or rollover in plots ofkf vs denaturant may
sometimes arise from kinetic trappingsa form of internal
frictionswithin the polypeptide chain as the native state
becomes extremely stable at low denaturant. That is, a
rollover of the Chevron plot for a fast folding reaction may
indicate the beginning of glassy dynamics, with accompany-
ing strong internal friction effects. (A rollover in the rate-
limiting folding step can usually be attributed to accumulation
of transient intermediates.)

This suggests that we may consider the observed Mf N
folding time scale as the time required for a conformational
search on the free energy landscape of the protein (42, 43).
This search time varies inversely with the effective diffusion
constantD*. In a rough landscape model,D* depends in a
non-Arrhenius fashion on the energy scaleε of the roughness,
D* ) D exp[-(ε / kBT)2] (44). If D* controls the reorganiza-
tion and folding times,τint andkf

-1(0), we can refit the data
of Figure 3 using a non-Arrhenius temperature dependence
for τint

to obtain the “roughness”ε. This produces a virtually
indistinguishable fit to the data, withε ) 9.1 ( 1.1 kJ/mol
andC ≈ 6.2 ps.

CONCLUSIONS

The rate of diffusional motion of an unfolded polypeptide
chain through its solvent places one physical limit on the
speed of protein folding. Reducing the solvent viscosity
should therefore accelerate the process of folding but only
until other phenomenasless strongly coupled to the solvents
begin to limit the folding rate. We have shown that in the
limit of low solvent viscosities, the folding of a compact,
late-stage folding intermediate of a 104 residue protein
deviates from a simple Kramers-like dependence on solvent
viscosity. The folding rate instead tends toward a solvent-
viscosity-independent, although strongly temperature-de-
pendent, limit of about 105 s-1. Thus, while slower folding
steps often exhibit a straightforward dependence on solvent
friction, implying they are controlled directly by bulk
diffusion in the solvent, the fastest folding dynamics in a
compact system appear to decouple from the solvent at low
viscosities. The observed reorganization rate, and its strong
temperature dependence, provide a window into fundamental
time and energy scales associated with diffusion of the
polypeptide chain through the lower valleys of the free

energy surface. Our data support the general view that upon
the collapse of a polypeptide chain to a compact configu-
ration, the energetics of intrachain interactions have a
substantial slowing effect on the dynamics of reorganization
into the folded configuration. They set the folding time scale
at a few microseconds, a rate that is far slower than the
simplest diffusional relaxations (∼100 ns) of an ideal
(noninteracting) unfolded polypeptide of similar length (45).
Internal friction then sets an upper limit for folding speed
that is quite different from the nanosecond diffusional speed
limits associated with loop formation, hydrophobic collapse,
and similar large-scale solvent-controlled motions of the
chain (45-52). For proteins that fold at sufficiently high
rates, internal friction appears capable of influencing folding
rates at ordinary aqueous solvent viscosities, as suggested
in some theoretical studies (23).

The fast time scale of these dynamics appears to explain
why previous studies of protein folding at millisecond time
scales failed to detect clear evidence for viscosity-indepen-
dent, or internal friction-controlled, dynamics. Because most
bulk diffusional motions, including contact formation and
chain collapse, occur on time scales of at least tens or
hundreds of microseconds, the present data suggest that
internal friction effects will limit only the fastest protein
folding rates. Shorter peptides appear to encounter little
internal friction in forming elemental structures (12, 15), but
simulations (23) suggest that longer chains may exhibit
internal frictional effects in their dynamics. For rapidly
folding proteins, refolding in solvents of varying viscosity
could cause a shift in the relative importance of different
folding pathways, if some pathways couple more strongly
to the solvent than do others. Strong internal friction effects
in compact configurations also imply that internal friction
could affect the dynamics of unfolded proteins artificially
confined to sufficiently small volumes, such as by solvent
crowding (16) or within molecular chaperones.
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