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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 cytochroofeom a highly compact, late-stage intermediate
configuration. Although the folding rate accelerates as the viscosity declines, it tends toward a finite
limiting value~1(° s~ 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 solvent-its viscosity—sets the time scale for the microscopic
of the polypeptide chain and smaller, more local reconfigu- dynamics of folding.
_rations of the backbone and side chains. A.numb(.er of studies  This result is suprising, because many proteins are known
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

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

as the diffusion of a free particle slows in a viscous solvent. foIdmg mstgad appear cIo;er coupled' o the SO"’e!'“? we
This supports the idea that the bulk diffusional steps control have ln\_/estlgated this question b_y stud_ylng a very rapitl( i
the speed of folding. One can argue, however, that the folding#S) folding process that occurs in a highly compact config-
of a polypeptide proceeds on such a small length scale andUration of horse cytochrome We find that the dynamics
with such weak forces that its dynamics cannot be controlled Of this fast folding are largely decoupled from the solvent,
by anything except diffusion. Constant molecular collisions SO that their speed is controlled by interactions internal to
give rise to drag or friction that impedes all motion of the the polypeptide chain. We conclude that the internal reor-
polypeptide and its side chains. These same collision forcesganizations that are governed by intrachain interactions
manipulate the main chain and side chains into the properproceed on a very rapid time scale. They constitute the rate-
native fold. From this perspective, the key result from the limiting stage of folding only when other stages are either
viscosity studies is not that folding is rate-limited by absent or else exceptionally fast.

diffusion; rather, these studies show that the molecular forces  Frictional Control of Folding ReactionsKramers theory

that control folding speed arise almost entirely from the o, ynimolecular reaction rates provides a framework for
solvent. In fact, a simple macroscopic property of the ,ngerstanding diffusion-controlled, barrier-crossing processes
such as protein folding5( 8—11). Kramers theory asserts
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is, what is the source of the frictignthat controls the speed evidence for an internal friction limit to folding speed.
of folding? However, a recent study showed that the folding time of the

In the simplest interpretation, the friction arises because ultrafast-folding Trytophan Cagdi[~ (3 us)™ in water]
bulk motion of the polypeptide chain is impeded by the tends toward a finite value~0.7 us) in the limit of low

So|vent’ which has a dynamic ViSCOSi%. Then’ y is (25_27) This result showed that internal friction can
controlled byys, and from Kramers, we expekit[ 75 1. A detectably influence the fastest folding systems.
number of authors have tested this modet§, 13—16) by Here we show that for very rapid folding from a compact

adding viscogenic cosolutes to refolding buffers and measur-state, the internal interactions of the protein can exert strong
ing the effect on the folding rate of various proteins. These control over folding speed. We have studied the rapid folding
studies present experimental difficulties, because the coso-of a compact non-native form of Pecytochromec. Because
lutes typically shift the stability of the protein’s native state folding from this compact state begins after the collapse from
(1, 2), they may also give rise to discrepancies between thea fully unfolded state, the dynamical effects of internal
microscopic and the macroscopic viscosity of the solvent friction are directly measurable. The compact state is
(17, 18). However, in studies where these effects are carefully prepared from chemically denatured cytochranisy lower-
controlled whiles is varied, the expected inverse viscosity ing the denaturant concentration in the presence of carbon
behavior has been observed in folding rates. In general, themonoxide, which binds tightly to the heme iron and prevents
folding rate shows no deviation from perfect solvent- formation of the native Met80-heme (sulftiron) link (28—
controlled behavior:k* is linear in#s and extrapolates  30). Laser flash photolysis of the CO-iron bond in this

toward zero asjs — 0 (3—6). Thus, the folding ratek; metastable intermediate then triggers folding to the native
behaves as if it would grow without limit as the solvent state. We used transient absorption spectroscopy to observe
viscosity declines. this rapid k ~ 10 s) process. Its solvent viscosity

One must question how this can be correct. Kinetics dependence reveals fast dynamics that respond only weakly
studies probe only the rate-limiting diffusional passage over t0 the solvent properties, indicating that they are controlled
the primary barrier; this diffusion may continue to accelerate Primarily by internal interactions. These dynamics in fact
as 775 decreases, but other fast dynamics that couple lessaccount for most of the temperature dependencecin
strongly to the solvent environment should eventually Suggesting that substantial intrachain interaction energies
become rate limiting and should exert control overat control the configurational diffusion within the compact
sufficiently smalliys. For example, late-stage reconfigurations molecule.
within a compact globule, with a minimal solvent accessible
surface, should show less dependence on solvent viscosity.'\/l'A‘TERIAI—S AND METHODS
The time scale of these internal reconfigurations, evenifvery  \1.co state of Horse Cytochrome tinfolding Fé*-

rapid, would set affinitellimilt tc_)lthehfol(_jing r?te anld thus  cvtochromec at a high denaturant concentration breaks the
causek to deviate rom sm;]p f_’]s_ be awé)r at OVr‘]’ solvent  5yalent link between the heme iron and its native ligand
viscosities, 7s — 0.1 Such limiting behavior has been e gyifur of Met80) and allows exogenous ligands such as
observed in the conformational relaxations of (folded) carbon monoxide to bind to the hen9(31). While F&*-
myoglobin at low solvent viscosityl®) and is anticipated ¢ iochromec undergoes a highly cooperative unfolding
n theoreucgl descriptions of fOId'n_ng)' . transition at very high denaturant concentrations indicative
~ More precisely, theory and experiment in polymer dynam- of an unusually stable protein-f1 kJ/mol), the addition of

ics suggest that both solvent friction and “internal friction” CO results in a dramatic decrease in stability, 8 kJ/
influence the dynamics of chain molecules. Internal friction mol (30), and major deviations from a two-state unfolding
is a generic term for a variety of damping interactions arising transition @8, 29).

primarily within the chain, rather than directly from the  pegajled equilibrium studies of the solvent-induced un-
solvent viscosity 11, 12, 20-23). Although different  {oqing transition of horse Pé-cytochromec in the presence
theoret|_cal mode_ls_ differ in de_talls, it has been suggested ¢ CO, using heme absorbance, circular dichroism (CD), and
that an internal friction contribution tp should cause folding  ,orescence methods. revealed a highly populatetbgs)
rates to depart frori * [ 7 and approach a finite limit at  jiermediate state, M-CO, at moderate denaturant concentra-
sufficiently smalls (3, 11, 15). One cannot experimentally  iqns characterized by a red-shifted heme absorption (Soret)

access the regimgs < 7waer in order tlo, test this directly.  pang near-native far-UV CD spectrum, and weak Trp-59
One can, however, examine whetier" is strictly propor-  f5rescence due to Fster transfer to the heme. Recent
tional to s when s ~ sjuaer OF whether it deviatéssuch as MR data on a uniformly’*N-labeled sample of Pé-
by extrapolating toward a nonzero limiting folding time .y t5chromec in its metastable M-CO state (in the absence
k™t at low 77s. Most such extrapolations show no clear denaturant) showed a well-dispersétt-15N correlation
spectrum with extensive chemical shift perturbations relative
1 Extrapolation toy << yuaer does not imply that we are studying  t0 native Fé"-cytochromec (28).
the rate of protein folding in zero solvent viscosity. Experimentally, Thus, M-CO represents a compact, highly structured state
one can only observe folding dynamics in the high friction limit of ith t, like heli tent but ' tive terti truct
Kramers. The extrapolation is simply a practical method for identifying WItN nativelike ne '?( an ent but non-native teruary structure
the contribution of the protein’s internal friction to the total reaction and heme coordination. At room temperature, the CO
friction. _ _ thermally dissociates and escapes from the protein with a
2 Deviations from Kramersk [0 1/y may also occur if the barrier ; ; P
crossing occurs quickly enough to approach the molecular reorganiza-tlrne constant ~ 1 h at 20°C. An eXte.maI light pulse can
tion time of the solventZ4). This scenario appears unlikely in a protein als_o break the heme_—CO bond, allowing the CO to escape.
folding reaction. This converts M-CO into a structurally equivalent pentaco-
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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 a ‘@ ph'u‘"‘tif,;is @
for structural intermediates in the folding process of reduced collapse "/v _
cytochromec (30, 32), our recent rapid mixing results show 2y alion @ fokding
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 Samplesyophilized 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 O,-free CO at 1 atm, with~1 mM sodium
dithionite added to reduce the heme iron t'F&his forms
the CO complex of unfolded Pecytochromec. 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-:2 M Gdn-HCI.

Viscosity MeasuremenftEhe dilution buffer also contained Gdn-HCI Concentration (M)
cosolutes-glycerol, ethylene glycol, or glucosat concen-  Fgure 1: Folding from a collapsed state. (a) Schematic of the
trations sufficient to raise the dynamic viscosityas much folding process. Unfolded CO-cytochromat high Gdn-HCI (far
as 5-6-fold, and a glucose/oxidase/catalase mixture to left) collapses to the metastable M-CO state upon dilution into
scavenge any remaining,(@34). Solutions for viscosity buffer. Laser flash photolysis dissociates the CO molecule from

: : _ the heme to give the M state, which folds to the native state N (far
studies therefore contained bM cytochromec, 0.5 M Gdn right) at ratek:. (b) The amplitudes Sxt) and S\A(t) of spectral

HCI, a viscogenic cosolute, the enzyme systerd.82uM changes obtained by SVD of transient absorption spectra following
glucose oxidases 3.5uM catalase, and 0.3% glucose), and photolysis and biexponential fit giving relaxation rates. The sample
sodium dithionite. We directly measureg3j the kinematic contained 1.2 M Gdn-HCIT = 20 °C. The first relaxation ™~

viscosity7dp of each mixture at each temperature, using a 12 us) represents spectral changes corresponding to the folding

calibrated Cannon-Fenske viscometer fully immersed in at[]a”s'“?” M~ N. ﬁeldseg%”d d("‘”th rat: 3 s°7) corresponds to
bath, for an accuracy af0.1%. Lavalette and co- the replacement of folded by denaturec protein, as a syringe pump

water ! Yy Sukh X supplies fresh sample to the optical cell. (c) Denaturant concentra-

workers have shown that low molecular weight cosolutes of tions up to~2.5 M Gdn-HCI do not affect folding tim&* at 20

the type used here raise both the microscopic (i.e., as seeriC.

by the protein) and the macroscopic (i.e., bulk) solvent

viscosity. Large polymeric viscogens, such as PEG, may only RESULTS
raise the macroviscosityl {, 18).

Optically Triggered Protein FoldingWe use transient
absorption spectroscopy to study the folding™N. Folding
is triggered by dissociating the CO from-NIO with a laser ) . .-
pulse and is observed through heme absorbance changes iﬂf CC.) cqrresponds to the. rate (.Jf foldlnig)(wnh m|n|ma!
the visible Soret region as the Met80 sulfur rebinds to the contributions from unfolding (Figure 1). Folding requires
heme. The transient spectrometer, described elsewB8re ( both _conflguratlonal_ dlfoSlon_ of the compact, denatured
36), uses a 57 ns laser pulse at 532 nm to photodissociate prote_zln an_d a_chemlcal reaction between the fgrrous h_eme
the CO from the heme iron and collects a series of visible @nd its native ligand, the sulfur atom of Met80. This chemical
absorption difference spectra at time intervals fret0 ns ~ '€action is known to occur at a geminate rigfe- 4 x 10%°
to >1 s following photolysis. We use singular value S - at22°C (andk;~ 10 s™* at 40°C) (37), which far
decomposition (SVD) to analyze the difference spectral exceed; the mlcroseco'nd_ folding rates observed here..Hence,
data: At these low denaturant concentrationg.¢ M Gdn- the folding ratek is not limited by chemical bond formation.
describing the same two relaxations. Relaxation rates arePolypeptide chain that bring Met80 into contact with the
determined through a biexponential fit to the first two SV Pentacoordinate heme.
amplitudes. The first relaxation (rake~ 10P s™1) represents Figure 1 shows typical kinetic traces obtained from the
spectral changes corresponding to the folding transition M transient absorption spectroscopy, where the rapidu)2
— N. The second (with rate- 3 s1) corresponds to the relaxation corresponds to the folding transition-™N. In
replacement of folded by denatured protein, as a syringe a Kramers theory description of a two-state protein folding
pump supplies fresh sample to the optical cell. Uncertainties reaction, the rate of folding depends on both the reaction
in the rates were estimated by the Monte Carlo bootstrap friction y and the height of the activation free energy barrier
method. The estimated error bars tend to increase at highAG,. Studies of viscosity effects on folding must therefore
solvent viscosity, where the slower diffusion of the CO ligand account for the influence of viscogenic cosolutes on the
tends to favor greater geminate recombination and thereforestability of the native state, because similar shiftsAiG,
gives a smaller net photolysis signal. may generate an extra perturbatiorkt¢1—6, 14—16, 38).

Because equilibrium strongly favors the folded N state over
the compact denatured states M andJ® at low denaturant
concentrations, the rate of relaxation following photolysis
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Ficure 2: Viscosity dependence of M- N folding time at 20°C.

The figure shows that data for different viscogeirscluding
glycerol @), ethylene glycol 4), and glucoseH) (all in 0.5 M
Gdn-HCI), as well as for 0:52.4 M Gdn-HCI ©) with no extra
viscogen-all follow the same linear dependence. The inset magni-
fies the low viscosity region, showing data at a variable Gdn-HCI
concentration. Pure water has viscosityl mPa s= 1 cP at 20
°C.
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of a small, ultrafast folding protein (TrpCage Tc3b~ 3
x 1P s1) showed that the folding of that protein departs
slightly from ki O #s. That is, while the folding time
varies linearly with solvent viscosity, it exhibits a positive
intercept, so that the folding rate tends toward a limiting
value ~1.5 x 1(° s! at low solvent friction 25). Some
deviation has also been observed in the very rapid (%D
dynamics ofa-helix formation (5). This implies that other
interactions not coupled to solvent do set a firitdthough
very rapid—limit on folding rates. The present data support
this view: Figure 2 shows that a highly compact metastable
state of cytochrome folds rapidly (~10 us) 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 {1, 20, 21).

The concept of internal friction has a long history. Early
dynamical experiments on polymer chains showed that

Previous authors have used different methods to compensateheological and viscoelastic properties of macromolecules

for these AG, shifts, such as adding denaturant simulta-
neously with the viscogen3) or choosing experimental
conditions where the cosolute does not affA&, (6). In

the present case, Figure 1 shows that the rate of trangition
from the intermediate (M) to the folded (N) state shows no
sensitivity to the overall free energy of foldingG. Figure

1c shows thak: remains unaffected by Gdn-HCI concentra-
tion over the range ©2.4 M, even asAG = Gy — Gy
decreases from 17 kJ/mol to @8). The very weak effect
on ks {with 3 In k/d [Gdn-HCI] ~ (0.02 + 0.05) M1}

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

indicates that any destabilization of the native state (such asbonds to turn through their rotational potential, and this

from Gdn-HCI or other cosolutes) does not affect the
activation free energy of folding\G;; the solvent-exposed

constitutes a dissipative process that adds to the simple
solvent drag.

surface area does not change as the protein passes from the Different models for the internal friction phenomenon

M state to the folding transition stateTherefore, the data
do not require compensation for viscogen effectsAda

predict different consequences for the chain dynamics. De
Gennes suggeste#q) that the relaxation time for a polymer

Three different viscogens (glycerol, glucose, and ethylene chain consists of two contributions= s (1s) + 7 int, Where

glycol) had a similar slowing effect on the folding kinetics,
causing the same linear increasdgirt with solvent viscosity
(Figure 2). This result is consistent with the expectation of
a linear dependenck; * ~ 755, however, a linear extrapola-
tion to low viscosity s — 0, clearly indicates a finite limiting
value ki 1(0) ~ 8.10 4 0.63 us at 20.0+ 0.2 °C. In fact,
Figure 2 shows that this limiting folding rate (0) only
moderately exceeds (by 50%) the rate in watghd: = 1

mPa s). Unlike the folding observed in many other systems,

the dynamics that contr@l here couple weakly to the solvent
friction.

DISCUSSION

Kramers theory for folding predicts that the folding rate
k: will vary inversely with the microscopic frictiog. If the
friction is due to the viscositys of the solvent, then a plot
of k! vs 55 will follow a straight line that extrapolates
through the origink~* = 0) asys— 0. This is the behavior

observed in most previous studies, conducted on relatively

slowly (ms— s) folding proteins. However, a recent study

3 Figure 2 (inset) shows that the increase in the solvent viscosity

due to rising [Gdn-HCI] may even account for the small variation of
ki. 9 In (1/)/3[Gdn-HCI] ~ —0.05 M™%

7s (175) IS the relaxation time associated with solvent-damped
motion of the polymer, while i —which is independent of
ns—reflects the dynamics controlled by internal friction. In
this view, measurements af extrapolated to low;s will
reveal the time scaley; 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 re2@) that relaxation or folding
time may extrapolate to a finite limit at lows is preserved

in some recent theoretical treatments of protein foldid,(
and it appears consistent with previous data on protein
conformational relaxations1g); see below. It is also
consistent with our data.

Ansari and co-workers1@) studied nanosecond confor-
mational dynamics in (folded) myoglobin and found evidence
for a finite relaxation rate at lowss. They proposed an
empirical, additive friction model to incorporate an internal
friction contribution into a Kramers-like model for the
relaxation dynamics:

k= A0+ 79 ' expAGKgT), (1)
Here, o describes a “protein friction” associated with the
conformational relaxation. The total reaction friction is then
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y O o + 75 so thatk extrapolates to a constant (determined
by o) at low »s. Applying eq 1 to their data produced a
substantial value = 4.1 + 1.3 mPa s or aboutx4 larger
than the viscosity of water. However, several attempts to fit
eq 1 to protein folding data have found no clear evidence
for o > 0, even for proteins that fold through compact
transition states. For the folding of proteln the near-
linearity of k; with respect to %fs for 1 mPa s< ns < 3.5
mPa s impliess ~ —0.1 £+ 0.2 mPa s in eq 1, a result that
suggests no protein friction in foldin@). The data of Jacob
et al. also imply a very smat for CspB ). However, for
the M — N folding of cytochromec, the data of Figure 2
clearly extrapolate toward am-intercept (o) that is
significantly different from zero, i.eg ~ 2.1+ 0.3 mPas.

We suggest that the protein friction parametetoes not
provide the best measure of friction effects in folding. First,
it is unclear how to interprets, 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 largeassociated with a rapid
process would not be detected if a slower process with
0 limits the overall folding rate. We argue that the folding
time in the limit of small solvent viscosity (i.e., tygntercept
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 refs3, 6) imply that o ~ 0 in the folding of
proteinL and CspB, they certainly do not suggest tkat
— 0 asys— 0; given the time resolution of those data, one
can only conclude that the rate-limiting step of folding at
low 7s requires at least a few milliseconds. The data do not
rule out a limiting folding rate~10° s™%, 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 scalés.

kffl

Here,zs [ 5s 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 scaleri, characterizes dynamics controlled by internal
friction and insensitive to solvent viscosity. It determines
the finite limiting value ofk;. 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 interierwith little displace-
ment of the surrounding solvent. Depending on the magni-
tude ofys, either set of motions may control the overall time
for folding. As a mathematical description of tkedata, eq
2 is equivalent to the protein friction model of Ansari etal.
both models describk™ as linear inys but with a finite
intercept. However, they differ significantly in interpretation.
Eq 2 characterizes the effect of internal friction not as an

~ Ts + Tint

()

4 One cannot fit the data to an obvious alternative, the additive rate
modelki = 1/ts + 1/tine Wherets ~ 5. This is because the folding rate
remains finite agj— 0, whereas the rate @&/would diverge in this
limit.
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Ficure 3: Temperature and viscosity effects on the folding time
k1. 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-HCI mixtures.) Dotted lines correspond to a fit to eq 2 and 3,
which givesAH = 19 + 7 kJ/mol,AE = 67 + 16 kJ/mol, A~ 1.9
ns/(mPa s)B ~ 8.3 x 107 8s.

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

Because folding rates usually vary with temperature, we
may expectrs in eq 2 to have a free energy of activation
AGs. This will cause the slope d§¢*(y75) vs 55 to decline as
T increases. Figure 3 confirms that this slope does decrease
slightly as the temperature rises from 17 to°8 Remark-
ably, however, the figure also shows that the interdgpt
(ns — 0) = 7y falls roughly 3-fold over this temperature
range, indicating that the internally controlled dynamics
respond to another, relatively large energy scale. In fact,
changes inrin, the intercept oki(»s), appear to account
for most of the temperature dependence of the folding rate
at agueous 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 fors and iy

(T, 1) = A expAH/KsT)
Tint (T) = B expAE/kgT)

The dotted lines in the figure show the results of this four-
parameter fit, which giveAH = 19 + 7 kJ/mol andAE =
67 + 16 kJ/mol, withA ~ 1.88 ns/(mPa s) anl ~ 8.31 x
1028 s. Thus, even in water at 2@, 7 ~ 6.2 us already
exceedsrs ~ 5 us, and the~3—4-fold larger size ofAE
relative toAH confirms thatri,; has a far greater temperature
sensitivity than doess. The solvent insensitive dynamics
essentially control both the time scale for folding in water

(32)
(3b)
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and its temperature dependence. The intrachain interactionenergy surface. Our data support the general view that upon
responsible for internal friction involve a large energy scale the collapse of a polypeptide chain to a compact configu-
in the compact, near-folded configurations. In fully unfolded ration, the energetics of intrachain interactions have a
cytochromec, by contrast, the diffusional motions of the substantial slowing effect on the dynamics of reorganization
polypeptide scale directly with solvent viscosity and show into the folded configuration. They set the folding time scale
little evidence that intrachain interaction energies affect the at a few microseconds, a rate that is far slower than the
dynamics 85). simplest diffusional relaxations~100 ns) of an ideal
It is quite interesting to note that recent theoretical work (noninteracting) unfolded polypeptide of similar lengib).

actually anticipates a strong role for internal friction in Internal friction then sets an upper limit for folding speed
proteins whose folding rate is insensitive to denaturant. The that is quite different from the nanosecond diffusional speed
rate of a typical two-state folding process accelerates as thelimits associated with loop formation, hydrophobic collapse,
denaturant concentration decreases; however, Figure 1Cand similar large-scale solvent-controlled motions of the

shows that the rate of the late folding step studied here is
insensitive to the denaturant concentration for [Gdn-HClI]
2.5 M. Chan and co-worker28, 41) have proposed that
flattening or rollover in plots ofki vs denaturant may
sometimes arise from kinetic trappir@ form of internal
friction—within 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 M
folding time scale as the time required for a conformational
search on the free energy landscape of the prot&in4Q3).

This search time varies inversely with the effective diffusion
constantD*. In a rough landscape modd)* depends in a
non-Arrhenius fashion on the energy scatd the roughness,
D* = D exp[—(e / ksT)? (44). If D* controls the reorganiza-
tion and folding timesri, andk;1(0), we can refit the data

chain @5—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 studiegJ).

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 structurek( 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

of Figure 3 using a non-Arrhenius temperature dependencein compact configurations also imply that internal friction

for Tint

Tn(T) = C explelksT)?] (4)

to obtain the “roughness¢. This produces a virtually
indistinguishable fit to the data, with= 9.1 4+ 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 phenomenaless strongly coupled to the solvent
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 F0s™*. 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

could affect the dynamics of unfolded proteins artificially
confined to sufficiently small volumes, such as by solvent
crowding (L6) or within molecular chaperones.
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