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Friction plays a critical role in protein folding. Frictional forces
originating from random solvent and protein fluctuations both
retard motion along the folding pathway and activate protein
molecules to cross free energy barriers. Studies of friction thusmay
provide insights into the driving forces underlying protein confor-
mational dynamics. However, the molecular origin of friction in
protein folding remains poorly understood because, with the
exception of the native conformer, there generally is little detailed
structural informationon theother states participating in the folding
process. Here, we study the folding of the four-helix bundle FF
domain that proceeds via a transiently formed, sparsely populated
compact on-pathway folding intermediate whose structure was
elucidatedpreviously. Because the intermediate is stabilizedbyboth
native and nonnative interactions, friction in the folding transition
between intermediate and folded states is expected to arise from
intrachain reorganization in the protein. However, the viscosity
dependencies of rates of folding from or unfolding to the interme-
diate, as established by relaxation dispersion NMR spectroscopy,
clearly indicate that contributions from internal friction are small
relative to those from solvent, so solvent frictional forces drive the
folding process. Our results emphasize the importance of solvent
dynamics in mediating the interconversion between protein config-
urations, even those that are highly compact, and in equilibrium
folding/unfolding fluctuations in general.
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Protein folding has been modeled successfully as a diffusive
conformational search occurring on a rugged low-dimensional

free energy landscape (1). Kramers’ theory and its extensions (2,
3) predict the rate of diffusive barrier crossing in the inertial
(weak friction) and diffusive (strong friction) limits as well as in
the crossover between the two regimes (4). Simulations and
experiments have confirmed that protein conformational barrier
crossing events in aqueous solution occur in the diffusive limit (5–
7). In this strong friction regime, the rate constant for folding (kf)
is given by
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where ωU and ω≠ reflect the curvatures of the potential energy
surface at the position of the unfolded state and the barrier top,
respectively, ΔGf

≠ is the activation free energy for folding (3),
and γ is the frictional coefficient that explicitly takes into account
the frictional forces that influence the reaction rate (3, 6, 8).
Early experimental investigations have established that the

frictional force slowing protein conformational exchange has both
solvent dependent and independent contributions (9). The sol-
vent-dependent part derives from the friction experienced by
a spherical particle of radius ‘r’ moving in a solvent of viscosity η
that can be related to γ via the Stokes equation, γ = 6πηr. Con-
tributions to friction that are solvent independent, termed internal

friction, are denoted by σ (in viscosity units) and have been mod-
eled in polymer theory as originating from resistance of a polymer
chain to local reconfiguration and from intrachain torsional energy
barriers (10). Solvent and internal friction terms can be collectively
incorporated into the Kramers equation as
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A

ðη+ σÞ exp
 
−ΔG≠

f

RT

!
; [2]

where A is a constant that contains the dynamical terms ωU and
ω≠ (9). This equation has been observed to robustly model the
viscosity dependence of protein conformational changes over
a large range of solvent viscosities (9, 11), especially in cases in
which exchange occurs between compact conformations.
Frictional forces arise from the random motion of solvent and

proteinmolecules (6). These random fluctuations dampenmotion
along the folding pathway but also provide the energy necessary
for protein molecules to cross the folding activation energy bar-
rier. These twin effects of random forces in solution are related by
the fluctuation-dissipation theorem (12). Studies of frictional
forces in solution thus may provide fundamental insights into
reaction dynamics by identifying the relative importance of water
and protein fluctuations in driving folding and other conforma-
tional exchange processes.
Previous experimental measurements on the viscosity depen-

dence of folding rate constants have identified solvent friction to
be important in folding reactions starting from the unfolded en-
semble (7, 13) whereas internal friction from the protein chain is
expected to dominate in the interconversion between compact
protein conformations (8, 11, 14), although this is not always the
case (15, 16). Additional studies have reported the importance of
internal friction for small proteins folding “downhill” near the
speed limit (14, 17). However, the number of proteins analyzed to
date is so small that it is difficult to establish general principles as
to when internal friction likely plays an important role in folding.
A further issue is that many of the studies have been limited by
a lack of structural information on the states involved in the
folding process, the consequences of which are twofold. First,
perturbations in structure caused by the viscogen cannot be
assessed. Second, the frictional forces observed in the exchange
process cannot be interpreted or rationalized from a molecular
standpoint. Moreover, several of these reports have invoked the
isostability approximation (8), wherein denaturants are added to
counteract the stabilizing effects of viscogens. Because additives
may influence the structures of conformers residing along the
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folding pathway, the changes in rate constants as a function of
viscogen may not solely be the result of increased friction.
NMR spectroscopy is an important tool for understanding con-

formational dynamics (18, 19). The pioneering solution NMR
studies of the isomerization of cyclohexane and its derivatives by
Jonas and coworkers (20) are among the most convincing experi-
mental validations of Kramers’ theory in both the inertial and dif-
fusive regimes.More recently, Carr-Purcell-Meiboom-Gill (CPMG)
relaxation dispersionNMR spectroscopy has emerged as a powerful
and robust tool to characterize millisecond timescale dynamics of
proteins in solution (18, 19) and to determine the structures of
transiently and sparsely populated protein excited states with milli-
second lifetimes (21–24). Using CPMG methodology (18) and
chemical shift-based structure prediction algorithms (25, 26), the
structure of an on-pathway “invisible” intermediate in the folding of
both the wild-type (wt) (22) and L24A (27) four-helix bundle FF
domains was determined recently.
Here, we use CPMG relaxation dispersion NMR to evaluate the

viscosity dependence of the rates of interconversion between native
(N) and sparsely populated intermediate (I) states of wt and L24A
FF modules. We show that the viscogens used in our study do not
alter the relative energies of the native, intermediate and transition
states, nor the structures of N and I. The FF folding intermediates
for both wt and L24A FF domains (see later) are compact and
stabilized by long-range nonnative contacts, such as those between
helices 1 and 3, that must be broken en route to the native state (22,
27).Given the collapsed topology of the intermediate and the extent
of intrachain reconfiguration that must occur during folding, we
hypothesized that solvent-independent internal friction would play
an important role in folding. Contrary to our expectations, however,
the internal friction contributions to the folding of wt and L24A FF
domains are small, σ ∼0.2 and 0.4 cP, respectively. The viscosity of
water is∼1 cP, implying that the bulk of the frictional force in the
I–N interconversion originates from solvent motion.

Results and Discussion
Characterizing the wt FF Domain I–N Interconversion as a Function of
Viscosity. Previous relaxation dispersion NMR studies of the wt FF
domain have established a two-site exchange process involving in-
terconversion between a highly populated native state, N (fractional
population pN= 99%under the conditions here), and a sparsely and
transiently formed intermediate, I, that cannot be directly detected
in spectra. On the basis of extracted backbone 1H, 15N, and 13C
chemical shifts, as well as one-bond 1H-15N residual dipolar cou-
plings, an atomic resolution model of state I has been constructed
(Fig. 1) (22). Helices H1 and H2, as well as the intervening H1–H2
loop, are native-like in the wt FF intermediate state, whereas H3 is
nonnative and significantly longer than the native state 310-helix H3.
By contrast, H4 is not well structured in I. It is apparent that non-
native interactions at the H1–H3 and H2–H3 helix interfaces of I
have to be broken while forming the native state.
We used glycerol as a viscogen to probe the viscosity depen-

dencies of the I↔ N interconversion rates of the wt FF domain.
Samples of 15N/1H-labeledwt FF in the absence andpresence of up
to 25% (vol/vol) glycerol were prepared as detailed in SI Materials
and Methods. The viscosity of each sample was determined using
acetate molecules as in situ probes. The relative diffusion co-
efficient of acetate in each sample wasmeasured using pulsed-field
gradient NMR techniques (28) and the viscosity calculated from
the Stokes-Einstein equation (D = kT/6πηr), assuming that the
viscosity of the NMR buffer (Materials and Methods) devoid of
protein is given by the concentration-weighted average ofH2O and
D2O viscosities (29). The viscosity values obtained from acetate
diffusion deviate by less than 10% from bulk viscosity measure-
ments reported in the literature (30). Different metrics of viscosity,
such as the translational diffusion coefficient of the small molecule
acetate and the translational and rotational diffusion coefficients
of the wt FF domain, all scale inversely with viscosity, as expected
from the Stokes-Einstein equation (Fig. S1A).
Fig. 2A shows a 1H,15N heteronuclear single quantum coherence

(HSQC) spectrum of the native state of the 15N-labeled wt FF

domain at pH 5.7 and 25 °C in the absence of glycerol. Resonances
belonging to the intermediate state are not directly visible in the
1H,15N HSQC dataset, but the millisecond exchange between the
intermediate and native states increases the effective transverse
spin relaxation rates (R2,eff) of resonances derived from residues of
the native conformation that are observed, leading to peak
broadening. R2,eff values of probe nuclei may be modulated by
applying a train of equally spaced 180° refocusing pulses at varying
frequencies νCPMG (νCPMG = 1/(4δ), where 2δ is the spacing

Fig. 1. Structures of the native [N; Protein Data Bank (PDB) ID code 1UZC]
(49) and intermediate states (I; PDB ID: 2KZG) (22) of the wt FF domain,
along with the fractional populations of N and I, and the rate constants for
interconversion, 25 °C, as determined in the present study. Helix boundaries
are defined according to TALOS+ (37), as described previously (22). MOLMOL
(50) predicts slightly different helix boundaries.

Fig. 2. NMR spectroscopic methods for analyzing wt FF domain folding
from the intermediate state. (A) 1H,15N HSQC spectrum of the wt FF domain,
with assignments of residues as indicated (46). Aliased cross-peaks in the
dataset are shown as green contours. (B) 15N relaxation dispersion curves
acquired at 18.8 T for Ala53 at four different viscogen concentrations, 25 °C.
Solid lines are global best fits to a two-state exchange model between N and
I at each viscogen concentration.
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between two successive 180° pulses) over a constant time interval
(31, 32). Residue-specific 15N relaxation dispersion curves (Fig. 2B,
circles) profiling the variation ofR2,eff of backbone amide 15N nuclei
with νCPMG are sensitive tomillisecond timescale dynamics andmay
be fit to models of chemical exchange to extract exchange param-
eters (see later).

15N CPMG relaxation dispersion profiles were acquired at
static magnetic field strengths of 11.7 and 18.8 T for six samples
with varying glycerol concentrations. For each sample, the curves
for 7–12 residues at two magnetic fields were fit globally to a two-
site exchange model by numerically propagating the Bloch-
McConnell equations (33), resulting in reduced χ2 values ranging
from 0.5 to 1.1 (Table S1 andMaterials and Methods). Populations
of the intermediate and native states, the rates of interconversion
between the two states, and the absolute values of the chemical
shift differences between N and I (jΔϖINj, ppm or (jΔωINj, rad/s)
were extracted from the fits as a function of viscosity.
At 25 °C, pN= 99%, pI= 1 – pN= 1%, and rate constants of 1,920

s−1 (kIN) and 20 s−1 (kNI) are fitted for the sample with no added
viscogen (Fig. 1), which is well within the experimental window of
the dispersion methodology (34). Robust measures of exchange
parameters are obtained, as discussed in detail in SI Text. Correla-
tions between pI and kex observed in slow exchange, and between pI
and jΔϖINj in fast exchange (34), are not an issuewith analysis of the
present data on the FF domain because residues covering a wide
range of exchange timescales, from slow (kex/jΔωINj < 1) to fast (kex/
jΔωINj > 1), are available to be used in data fitting (Fig. S2 and SI
Text) so that robust exchange parameters are obtained (34). Dis-
tributions of kex values as a function of viscosity are clearly separated
from one another and vary in the manner expected (Eq. 2, Fig. S3).
In addition, errors in the exchange parameters have been obtained
using both a covariancematrixmethod (35) and a bootstrap analysis
(36) (Table S1–S3) and are in excellent agreement.

Glycerol Does Not Alter the Structures or the Relative Energies of N
and I. Fig. 3 A and B shows correlation plots of backbone amide
nitrogen (15N) and proton (1HN) chemical shifts in the absence and
presence of the highest values of added glycerol [25% (vol/vol)].
Because both 15N and 1HN nuclei are sensitive probes of protein
secondary and tertiary structure (37), the small RMSD values of
0.13 and 0.023 ppm, respectively, in the correlation graphs provide
direct evidence that the native structure of the wt FF domain is not
perturbed by addition of glycerol. As an illustration, comparable
chemical shift changes are expected for 1HN nuclei if the temper-
ature of the sample is increased by as little as 5 °C (38). Structural
changes in the intermediate induced by glycerol were probed using
15N chemical shift differences betweenNand I obtained fromfitting
relaxation dispersion data. The good correlation between jΔϖINj
values in the absence (jΔϖIN,bufj) and presence (jΔϖIN,glyj) of
glycerol and the absence of prominent outliers confirms that glyc-
erol does not modify the intermediate structure as well (Fig. 3C).
Having established that glycerol does not alter the intermediate

and folded state structures, we next examined the relative pop-
ulations of the two states as a function of viscosity. Dispersion pro-
files from all the samples fit robustly to two-state exchange models
(Table S1) and Fig. 3D plots the extracted pI values as a function of
glycerol over the three temperatures examined. Notably, pI does not
vary with increasing glycerol concentration, with a maximum de-
viation of pI from the mean of only 0.03%. Taken together, our
results establish that glycerol does not perturb the I↔ N exchange
of the wt FF domain at either an energetic or a structural level.

Small Internal Friction for the wt FF Domain I↔ N Reaction. The
viscosity dependencies of the intermediate (τI = 1/kIN) and native
(τN = 1/kNI) state lifetimes are shown in Fig. 4A. Each curve was
fit to a linear equation of the form (8),

τi =Ciðη+ σÞ; ði= I or NÞ; [3]

to extract the value of σ that derives from internal friction. Here,
we have assumed that Ci (i.e., the exponential term of Eq. 2) is

viscosity independent so that the effect of added viscogen is to
increase the ruggedness of the folding landscape through changes
in η, allowing the separation of η and σ (see below) and the in-
terpretation of the extracted σ values in terms of contributions
from internal friction. The σ for wt FF domain folding at 25 °C
is 0.20 ± 0.12 cP (average of σ values from independent fits of τI,
τN), which is small compared with the viscosity of water (0.9 cP).
Values of σ do not change substantially with temperature over the
range examined, 20–30 °C (σ20 °C = −0.12 ± 0.10 cP, σ30 °C = 0.13 ±
0.13 cP). In addition, the values of σ obtained from fitting the
intermediate and native state lifetimes indicated in Fig. 4A are
within error, as expected from microscopic reversibility.
The small magnitude of σ shows that FF folding from the in-

termediate is driven primarily by water dynamics. Interpreted in
the terminology of the “slaving model” (39), the steep viscosity
dependence of folding rates and the small internal friction imply
that FF folding is slaved to water motion. This result is surprising
because the intermediate state is compact and stabilized by non-
native contacts so that considerable intrachain remodeling must
occur during folding (22).

Effect of Viscogen on the I,N Lifetimes Is Dynamic and Not Structural.
The intermediate- and native-state wt FF domain lifetimes vary
linearly with viscosity (Fig. 4A). This may be interpreted within the
framework of Kramers’ theory (Eqs. 1–3) in terms of an increase in
the friction of the folding energy landscape with solvent viscosity,
as we have done above. Nevertheless, it is possible to observe an
identical viscosity dependence of folding rates if the added visc-
ogen destabilizes the transition state by a small amount without
affecting the roughness of the landscape (i.e., assuming rates of
the form k = Aexp(−ΔG≠/RT), where A does not depend on

Fig. 3. Glycerol does not perturb the structure or energetics of the N and I
states of the wt FF domain. A comparison of backbone (A) 15N and (B) 1HN

chemical shifts (parts per million) of the native wt FF domain measured in
the absence, ϖbuf (x axis), and presence, ϖgly (y axis), of 25% (vol/vol) glyc-
erol. Residue-specific random coil chemical shifts have been subtracted from
the observed ϖbuf and ϖgly values in both panels. (C) 15N jΔϖIN = ϖN − ϖIj
values fitted from relaxation dispersion profiles measured without (x axis,
jΔϖIN,bufj) and with 25% (vol/vol) glycerol (y axis, jΔϖIN,glyj). RMSD values of
data points from y = x (solid line) are indicated in all three panels. (D) In-
termediate-state populations, pI (fractional values), as a function of sample
viscosity at 20 °C, 25 °C, and 30 °C.
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viscosity).Assuming a linear relation for the free energy of activation
ΔG≠(η) of the form ΔG≠ðηÞ=ΔG0;≠ +mviscðη− η0Þ, where ΔG0,≠

and ΔG≠ are the folding activation energies in the absence and
presence of viscogen, η is the solution viscosity, and η0 is the viscosity
of water, it can be shown that an mvisc value of ∼0.5 kcal·
mol−1·cP−1 can explain the viscosity dependencies of kIN and kNI.
The dynamicmodel in which glycerol increases friction along the

folding pathway and the static (structural) model wherein glycerol
interacts with the transition state (Fig. 4B) cannot be distinguished
using only the data we have obtained with glycerol. Mathemati-
cally, the twomodels differ in that added viscogen leads to a change
in either the prefactor (dynamic) or exponential (structural) terms
in Eq. 2. The interpretation of the extracted σ values is thus quite
different depending on which of the two models is relevant. To
investigate the relative applicability of the twomodels in explaining
our results we repeated the viscosity dependence measurements
with a structurally different viscogen, BSA. If different values of σ
are measured from glycerol and BSA, then it is likely that one or
both viscogens affect the transition state, lending support to the
structural model (Fig. 4B, Right). By contrast, similar σ values
provide strong evidence that the effect of viscogen is to slow down
rates by increasing the ruggedness of the energy landscape (by
increasing solvent friction, η; Fig. 4B, Left) because it is highly
unlikely that two very different classes of viscogen would influence
the transition state in the samemanner. If the latter scenario is true
(Fig. 4B,Left), then the values of σ extracted report on the internal
friction contribution to the FF domain folding.
Samples of FF domain were prepared with varying concen-

trations of BSA, with viscosity estimated from the diffusion co-
efficient of acetatemolecules as outlined previously. BSAdecreases

the rotational diffusion coefficient of thewt FF domainmore than it
affects the translational diffusion of acetate (Fig. S1B) (40). How-
ever, because acetate is similar in size to solvent water whereas the
FF module is not, the diffusion of acetate was used as an appro-
priate metric for calculating changes in solvent viscosity with added
protein viscogen (8, 40). 1H,15NHSQC spectra of the wt FF domain
acquired in the absence and presence of 200 mg/mL BSA are vir-
tually superimposable (Fig. S4A), confirming that BSA does not
bind to or structurally alter the FF domain native state. 15N re-
laxation dispersion profiles were acquired with varying amounts of
BSA and fit to two-state exchange models, as described earlier for
glycerol (Materials and Methods). The populations of the in-
termediate state in samples without and with BSA are identical
withinmeasurement error (largest deviation of pI from the average
is 0.02%; Fig. S4B) and the 15N chemical shift differences between
the folded and intermediate states are highly correlated in the
absence and presence of BSA (RMSD= 0.2 ppm; Fig. S4C). Thus,
BSAdoes not perturb the intermediate state structurally or change
the relative energetics between I and N.
Fig. 4C plots the lifetimes of the native and intermediate states

as a function of viscosity. Both curves were fit to Eq. 3 to extract
σ. An average value of 0.29 ± 0.14 cP was obtained, very similar
to the small average σ calculated using glycerol as a viscogen
(0.20 ± 0.12 cP), providing confidence in a model whereby added
viscogen increases the ruggedness of the energy landscape.
Values of σ thus faithfully report on contributions from internal
friction to the I,N interconversion.

Small Internal Friction in the I↔ N Folding Reaction of the L24A FF
Domain. Having established that folding of the wt FF domain from
the intermediate state is driven predominantly by solvent fluctua-
tions, we set out to determine whether the L24AFFmodule, which
folds approximately fourfold slower than the wt FF domain under
the conditions reported here, has a higher internal friction along its
folding pathway. The intermediate states for both wt and L24A FF
domain folding share several features, including native-like second-
ary structures ofH1andH2, nonnative docking of the longer helixH3
ontoH1, andapoorly structuredH4 (22, 27). In addition,mutation of
L24 to the smaller Ala residue leads to a nonnative contact between
Y49 and A24 in the intermediate state, with the Y49 ring flipped
toward the core of the protein (Fig. 5A). The Y49 ring must vacate
the core during folding, contacting the surface-exposed I44 residue in
the native state. The additional restructuring that must occur during
the I-to-N transition for the L24A mutant led us to hypothesize
that internal friction would contribute substantially to L24A FF
folding, at least to a higher extent than for the wt FF domain.
In a preliminary relaxation dispersion study of the L24A FF do-

main, it was found that pI increased from 2%at 25 °C to 4% at 30 °C,
leading to significantly larger dispersion profiles and more accurate
quantification of exchange parameters at 30 °C. We therefore have
conducted studies for the mutant at the higher temperature. The
small-molecule viscogens glycerol, ethylene glycol, sucrose, glucose,
and trehalose all change the intermediate-state population as de-
termined by fitting 15N relaxation dispersion curves to two-state
models of exchange at thehighest viscogen concentrations.However,
BSA does not alter the folded and intermediate states structurally or
energetically (Fig. S5) and therefore was used as a viscogen. The
viscosity dependencies of L24A FF native- and intermediate-state
lifetimes are depicted in Fig. 5B, and σ, determined by fitting the
viscosity dependence of τN to Eq. 3, is 0.43 ± 0.07 cP. This σ value is
marginally larger than the corresponding value for thewtFFdomain;
however, it is still substantially smaller than solvent viscosity so that
the I-to-N transition for the L24A FF domain also is governed by
solvent fluctuations.
The analysis described in the preceding paragraph for the L24A

FF domain and the corresponding interpretation of the rate vs.
viscosity dependence of the folding of the wt FFmodule both have
made use of Eq. 3. As described in the introduction, this relation
has been shown to be valid for viscosities ranging over several
orders of magnitude and, in particular, for systems that exchange
between compact conformations (9, 11). In general, however, it is

Fig. 4. Small internal friction in the folding of the wt FF domain. (A) Vis-
cosity-dependent intermediate- (τI) and native-state (τN) lifetimes as a func-
tion of added glycerol. The solid line is a fit of the data to Eq. 3. Values of σ
obtained from the fit are denoted on the graph. (B) Schematic illustrating
two possible effects of viscogen on the folding potential energy landscape
of the wt FF domain (Center) that may account for the results in (A). In the
model on the right, the transition state (TS) is destabilized by viscogen (red
curve), with little effect on the landscape ruggedness. Shown on the left is
an “instantaneous” snapshot of a landscape in which the effect of viscogen
is to increase ruggedness (red). Note that each point on the energy curve will
change with time because of the stochastic nature of the frictional forces so
that averaged over time, the landscape is less rugged as depicted in black.
For both models, the relative energy differences between I and N remain
unchanged, as observed experimentally. These models may be distinguished
as described in the text. (C) Increase in τI and τN with viscosity, controlled by
addition of variable amounts of BSA. σ values obtained from fits of the data
to Eq. 3 (solid lines) are indicated within the panel.
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not straightforward to separate the effects of internal and solvent
friction on exchange rate constants (41).Many heuristic (9, 42) and
theoretical models (41, 43) have been proposed to explain the
deviation of viscosity-dependent rate constants from predictions
made by Kramers’ theory. Differences in the quality of fits to these
models become discernible only when the data span a large range
of viscosities (8); unfortunately, that is not possible in our NMR
experiments. For example,NMRexperiments in general, including
the dispersion methodology used here, are limited by the tumbling
time of the protein, which increases in proportion to solvent vis-
cosity. Moreover, the relaxation dispersion experiments are sen-
sitive to exchange processes occurring within a fairly narrow kex
window, extending roughly between 200 s−1 < kex < 2,000 s−1 and
are further limited in the present set of studies because exchange
rates decrease as viscosity increases. Hence, our measurements
with glycerol are carried out over a 2.2-fold variation in viscosity,
which is typical for protein-folding studies probing reaction friction
(16). We find that both kIN and kNI scale inversely with viscosity,
with the rates well fit using Kramers’ theory in the high friction
regime (Eq. 1) that contains only a friction term arising from sol-
vent (Fig. S6A). Thus, our conclusions concerning the importance
of water in the FF domain I-to-N interconversion are valid irre-
spective of the particular model used to interpret the viscosity
dependencies of kIN and kNI. Althoughwe prefer usingEq. 3, which
provides a straightforward separation of η and σ, we also have fit
our data to a power lawmodel, τi= τi,oη

α, where τi is the lifetime of
state i. The near-unity values of α obtained, ranging from 0.83–0.87
(Fig. S6B), provide further confirmation that water viscosity pro-
vides most of the friction during the folding of the FF domain.

On the Importance of Water in the I–N Transition. At least two
models can be proposed for rationalizing the dominant role of

solvent friction in the folding of the FF domain. Both are based,
at least in part, on the fact that nonnative contacts formed in the
intermediate state (22, 27) must be broken during folding to the
native conformation. In the case of model 1, partial chain
unfolding that ensues upon breakage of these nonnative inter-
actions results in the formation of an expanded transition state
that is less compact than either I or N. Partial unfolding would
require motion of the polypeptide chain through solvent, leading
to the observed viscosity dependence of kIN, kNI. Small Φ values
(<0.3) have been reported for residues at the beginning of helix
H1, in the H3–H4 loop and in helix H4 of the FF domain in 2-M
urea (44), supporting a model based on a partially unfolded
transition state.
A second plausible model involves breaking or establishing

interactions with water during the I↔ N transition, such as would
be the case in α-helix formation in which intramolecular back-
bone amide hydrogen bonds replace amide hydrogen bonds with
water. Movement of water in or out of the protein during folding
will manifest as a viscosity-dependent reaction rate. Shortening
of helix H3 and formation of helix H4 are both critical for FF
folding, and this rearrangement likely is mediated by solvent.
Water expulsion from a collapsed intermediate state during the
final folding step was observed previously in simulations for an
SH3 domain and provides precedence for this model (45). Note
that neither of the aforementioned models requires the direct
interaction of viscogen with protein, and indeed our NMR data
establish that such interactions are not present (see above).

Concluding Remarks
We have used CPMG-based relaxation dispersion NMR experi-
ments to dissect the contributions of solvent and internal friction to
the folding kinetics of the four-helix bundle FF domain. The vis-
cosity dependencies of the rates of interconversion between states I
and N were measured in the absence of denaturants under con-
ditions in which the added viscogen does not perturb the structures
of the folded and intermediate states and the relative energies of
the folded, intermediate, and transition states. Surprisingly, σ val-
ues for both wt and L24A FF domains are small compared with
the viscosity of water, indicating that I–N exchange is driven
primarily by random water motion. This result emphasizes the
importance of solvent in mediating protein folding and confor-
mational exchange at equilibrium, even in cases involving the in-
terconversion between compact states.

Materials and Methods
Sample Preparation for NMR Spectroscopy. 15N-labeled wt and L24A FF domains
were overexpressed and purified as described previously (44). The buffer for
all NMR samples was 50 mM sodium acetate, containing 100 mM NaCl, 1 mM
EDTA, and 1 mM sodium azide, pH 5.7, 90% H2O/10% 2H2O. Further details
may be found in SI Materials and Methods.

NMR Experiments. 15N relaxation dispersion data were acquired on Varian
Inova spectrometers operating at magnetic field strengths of 11.7 T [ν(1H) =
500 MHz] and 18.8 T [ν(1H) = 800 MHz] and equipped with standard triple-reso-
nance gradient probes. A transverse relaxation optimized spectroscopy–based
constant-time CPMG pulse sequence was used for all measurements (32). Sample
temperature was calibrated with a thermocouple inserted into an NMR tube.
Dispersion experiments were recorded with constant time delays of 30 ms, and
data were collected at 16 different CPMGfield strengths, νCPMG, varying between
33.33 and 1,000 Hz, with two repeat values for error analysis (46). Two-di-
mensional datasetswere acquired in an interleavedmanner by recording data for
all νCPMG values at a particular t1 time before proceeding to the next increment.

Data Analysis. NMR data were processed using NMRPipe (47), whereas
NMRDraw (47) and Sparky (48) were used to visualize the processed NMR
spectra. Peak intensities in relaxation dispersion datasets were extracted using
FuDAandfit to a two-state exchangemodelusing an in-house–written software
package CATIA (http://pound.med.utoronto.ca/software.html), as described
previously (46). Errors in pI, kIN, kNI, and jΔϖINj were estimated from the data-
fitting routine using the covariance matrix method (35) or from a bootstrap
analysis (36) and are reported throughout the manuscript as ±1 SD about the
mean value. Exchange parameters (pI, kex) at each concentration of viscogen

Fig. 5. Small internal friction in the folding of the L24A FF domain. (A) Struc-
tures of the native (27) and intermediate states (PDB ID: 2L9V) (27) of the four-
helix bundle L24A FF domain, the fractional populations of N and I, and kIN, kNI
rate constants, 30 °C, as measured in the present study. Helix boundaries are
depicted according to TALOS+ (37), as described previously (27), whereas MOL-
MOL (50) predicts slightly different boundaries. Y49, which moves out of the
protein core during folding, is shown explicitly. (B) Variation in intermediate- and
native-state lifetimes as a function of viscosity in BSA-containing samples. In-
ternal friction values obtained from fits to Eq. 3 (solid lines) are indicated.
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were extracted by simultaneously fitting all dispersion profiles for which
R2,eff(νCPMG = 33.3 Hz) − R2,eff(νCPMG = 1,000 Hz) > 2 s−1 (average “size” of
dispersions was 7 s−1 and 17 s−1 for wt and L24A FF domains, respectively).
Typically ∼10 (wt FF) or ∼30 (L24A FF) dispersion curves recorded at 11.7 and
18.8 T were included in each analysis. Extracted values of (pI, kex) were then
fixed and all of the other profiles fit to obtain site-specific values of jΔϖINj.
Values of (pI, kex) are somewhat different from those previously reported (22,
27) because protein samples used in the present study were fully protonated,
whereas in previous studies, highly deuterated samples were used.

Details on the acquisition and analysis of NMR diffusion experiments may
be found in SI Text.

ACKNOWLEDGMENTS. We thank Prof. Julie Forman-Kay (Hospital for Sick
Children, Toronto) for providing laboratory facilities for protein purification
and for useful discussions and Dr. Ranjith Muhandiram (University of Toronto)
for assistance in setting upNMR experiments. A.S. is the recipient of a Canadian
Institutes of Health Research (CIHR) postdoctoral fellowship. L.E.K. holds
a Canada Research Chair in Biochemistry. This workwas funded through a CIHR
research grant (to L.E.K.).

1. Onuchic JN, Luthey-Schulten Z, Wolynes PG (1997) Theory of protein folding: The
energy landscape perspective. Annu Rev Phys Chem 48:545–600.

2. Kramers HA (1940) Brownian motion in a field of force and the diffusion model of
chemical reactions. Physica 7(4):284–304.

3. Hänggi P, Talkner P, Borkovec M (1990) Reaction-rate theory: Fifty years after
Kramers. Rev Mod Phys 62(2):251–341.

4. Troe J (1991) On the application of Kramers’ theory to elementary chemical reactions.
Ber Bunsenges Phys Chem 95(3):228–232.

5. Klimov D, Thirumalai D (1997) Viscosity dependence of the folding rates of proteins.
Phys Rev Lett 79(2):317–320.

6. Frauenfelder H, Wolynes PG (1985) Rate theories and puzzles of hemeprotein kinetics.
Science 229(4711):337–345.

7. Plaxco KW, Baker D (1998) Limited internal friction in the rate-limiting step of a two-
state protein folding reaction. Proc Natl Acad Sci USA 95(23):13591–13596.

8. Hagen SJ (2010) Solvent viscosity and friction in protein folding dynamics. Curr Pro-
tein Pept Sci 11(5):385–395.

9. Ansari A, Jones CM, Henry ER, Hofrichter J, Eaton WA (1992) The role of solvent
viscosity in the dynamics of protein conformational changes. Science 256(5065):
1796–1798.

10. De Gennes PG (1979) Scaling Concepts in Polymer Physics (Cornell Univ Press, Ithaca,
NY).

11. Pabit SA, Roder H, Hagen SJ (2004) Internal friction controls the speed of protein
folding from a compact configuration. Biochemistry 43(39):12532–12538.

12. Zwanzig R (2001) Nonequilibrium Statistical Mechanics (Oxford Univ Press, New York).
13. Jacob M, Schindler T, Balbach J, Schmid FX (1997) Diffusion control in an elementary

protein folding reaction. Proc Natl Acad Sci USA 94(11):5622–5627.
14. Cellmer T, Henry ER, Hofrichter J, Eaton WA (2008) Measuring internal friction of an

ultrafast-folding protein. Proc Natl Acad Sci USA 105(47):18320–18325.
15. Jacob MH, et al. (2002) Water contributes actively to the rapid crossing of a protein

unfolding barrier. J Mol Biol 318(3):837–845.
16. Wensley BG, et al. (2010) Experimental evidence for a frustrated energy landscape in

a three-helix-bundle protein family. Nature 463(7281):685–688.
17. Qiu L, Hagen SJ (2005) Internal friction in the ultrafast folding of the tryptophan

cage. Chem Phys 312(1–3):327–333.
18. Palmer AG, 3rd, Kroenke CD, Loria JP (2001) Nuclear magnetic resonance methods for

quantifying microsecond-to-millisecond motions in biological macromolecules.
Methods Enzymol 339:204–238.

19. Mittermaier A, Kay LE (2006) New tools provide new insights in NMR studies of
protein dynamics. Science 312(5771):224–228.

20. Hasha D, Eguchi T, Jonas J (1982) High-pressure NMR study of dynamical effects on
conformational isomerization of cyclohexane. J Am Chem Soc 104(8):2290–2296.

21. Vallurupalli P, Hansen DF, Kay LE (2008) Structures of invisible, excited protein states
by relaxation dispersion NMR spectroscopy. Proc Natl Acad Sci USA 105(33):
11766–11771.

22. Korzhnev DM, Religa TL, Banachewicz W, Fersht AR, Kay LE (2010) A transient and
low-populated protein-folding intermediate at atomic resolution. Science 329(5997):
1312–1316.

23. Neudecker P, et al. (2012) Structure of an intermediate state in protein folding and
aggregation. Science 336(6079):362–366.

24. Bouvignies G, et al. (2011) Solution structure of a minor and transiently formed state
of a T4 lysozyme mutant. Nature 477(7362):111–114.

25. Shen Y, et al. (2008) Consistent blind protein structure generation from NMR chemical
shift data. Proc Natl Acad Sci USA 105(12):4685–4690.

26. Cavalli A, Salvatella X, Dobson CM, Vendruscolo M (2007) Protein structure de-
termination from NMR chemical shifts. Proc Natl Acad Sci USA 104(23):9615–9620.

27. Korzhnev DM, et al. (2011) Nonnative interactions in the FF domain folding pathway
from an atomic resolution structure of a sparsely populated intermediate: An NMR
relaxation dispersion study. J Am Chem Soc 133(28):10974–10982.

28. Altieri AS, Hinton DP, Byrd RA (1995) Association of biomolecular systems via pulsed
field gradient NMR self-diffusion measurements. J Am Chem Soc 117(28):7566–7567.

29. Cho C, Urquidi J, Singh S, Robinson GW (1999) Thermal offset viscosities of liquid H2O,
D2O, and T2O. J Phys Chem B 103(11):1991–1994.

30. Cheng NS (2008) Formula for the viscosity of a glycerol-water mixture. Ind Eng Chem
Res 47(9):3285–3288.

31. Loria JP, Rance M, Palmer AG III (1999) A relaxation-compensated Carr-Purcell-
Meiboom-Gill sequence for characterizing chemical exchange by NMR spectroscopy.
J Am Chem Soc 121(10):2331–2332.

32. Vallurupalli P, Hansen DF, Stollar E, Meirovitch E, Kay LE (2007) Measurement of bond
vector orientations in invisible excited states of proteins. Proc Natl Acad Sci USA 104
(47):18473–18477.

33. McConnell HM (1958) Reaction rates by nuclear magnetic resonance. J Chem Phys 28
(3):430–431.

34. Hansen DF, Vallurupalli P, Lundström P, Neudecker P, Kay LE (2008) Probing chemical
shifts of invisible states of proteins with relaxation dispersion NMR spectroscopy: How
well can we do? J Am Chem Soc 130(8):2667–2675.

35. Taylor JR (1997) An Introduction to Error Analysis: The Study of Uncertainties in
Physical Measurements (Univ Science Books, New York).

36. Efron B, Tibshirani R (1986) Bootstrap methods for standard errors, confidence in-
tervals, and other measures of statistical accuracy. Stat Sci 1(1):54–75.

37. Shen Y, Delaglio F, Cornilescu G, Bax A (2009) TALOS+: A hybrid method for pre-
dicting protein backbone torsion angles from NMR chemical shifts. J Biomol NMR 44
(4):213–223.

38. Cierpicki T, Otlewski J (2001) Amide proton temperature coefficients as hydrogen
bond indicators in proteins. J Biomol NMR 21(3):249–261.

39. Frauenfelder H, Fenimore PW, Chen G, McMahon BH (2006) Protein folding is slaved
to solvent motions. Proc Natl Acad Sci USA 103(42):15469–15472.

40. Barshtein G, Almagor A, Yedgar S, Gavish B (1995) Inhomogeneity of viscous aqueous
solutions. Phys Rev E Stat Phys Plasmas Fluids Relat Interdiscip Topics 52(1):555–557.

41. Schulz JCF, Schmidt L, Best RB, Dzubiella J, Netz RR (2012) Peptide chain dynamics in
light and heavy water: zooming in on internal friction. J Am Chem Soc 134(14):
6273–6279.

42. Jas GS, Eaton WA, Hofrichter J (2001) Effect of viscosity on the kinetics of α-helix and
β-hairpin formation. J Phys Chem B 105(1):261–272.

43. Cerf R (1974) Dynamics of linear polymeric chains. Chem Phys Lett 24(3):317–322.
44. Jemth P, et al. (2005) The structure of the major transition state for folding of an FF

domain from experiment and simulation. J Mol Biol 350(2):363–378.
45. Cheung MS, García AE, Onuchic JN (2002) Protein folding mediated by solvation:

Water expulsion and formation of the hydrophobic core occur after the structural
collapse. Proc Natl Acad Sci USA 99(2):685–690.

46. Korzhnev DM, Religa TL, Lundström P, Fersht AR, Kay LE (2007) The folding pathway
of an FF domain: Characterization of an on-pathway intermediate state under folding
conditions by 15N, 13Cα and 13C-methyl relaxation dispersion and 1H/2H-exchange NMR
spectroscopy. J Mol Biol 372(2):497–512.

47. Delaglio F, et al. (1995) NMRPipe: A multidimensional spectral processing system
based on UNIX pipes. J Biomol NMR 6(3):277–293.

48. Kneller D, Kuntz I (1993) UCSF Sparky: An NMR display, annotation and assignment
tool. J Cell Biochem 53:254.

49. Allen M, Friedler A, Schon O, Bycroft M (2002) The structure of an FF domain from
human HYPA/FBP11. J Mol Biol 323(3):411–416.

50. Koradi R, Billeter M, Wüthrich K (1996) MOLMOL: A program for display and analysis
of macromolecular structures. J Mol Graph 14(1):51–55, 29–32.

Sekhar et al. PNAS | November 20, 2012 | vol. 109 | no. 47 | 19273

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212036109/-/DCSupplemental/pnas.201212036SI.pdf?targetid=nameddest=STXT

