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Internal friction is an important contribution to protein dynamics at all
stages along the folding reaction. Even in unfolded and intrinsically
disordered proteins, internal friction has a large influence, as demon-
strated with several experimental techniques and in simulations.
However, these methods probe different facets of internal friction
and have been applied to disparate molecular systems, raising
questions regarding the compatibility of the results. To obtain an
integrated view, we apply here the combination of two complemen-
tary experimental techniques, simulations, and theory to the same
system: unfolded protein L. We use single-molecule Förster resonance
energy transfer (FRET) to measure the global reconfiguration dynamics
of the chain, and photoinduced electron transfer (PET), a contact-based
method, to quantify the rate of loop formation between two residues.
This combination enables us to probe unfolded-state dynamics on dif-
ferent length scales, corresponding to different parts of the intramo-
lecular distance distribution. Both FRET and PET measurements show
that internal friction dominates unfolded-state dynamics at low dena-
turant concentration, and the results are in remarkable agreementwith
recent large-scale molecular dynamics simulations using a new water
model. The simulations indicate that intrachain interactions and dihe-
dral angle rotation correlate with the presence of internal friction, and
theoretical models of polymer dynamics provide a framework for inter-
relating the contribution of internal friction observed in the two types
of experiments and in the simulations. The combined results thus pro-
vide a coherent and quantitative picture of internal friction in unfolded
proteins that could not be attained from the individual techniques.

single-molecule FRET | nanosecond FCS | PET quenching | Rouse model with
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The dynamics and folding of proteins are often modeled as a
diffusive process on a free-energy surface (1–3). In contrast

to simpler rate processes in the condensed phase (4), however,
protein dynamics are often much slower than expected from
solvent friction alone. This behavior indicates that solvent mol-
ecules are not the only cause of friction, but that other sources
(commonly referred to as “internal,” in contrast to the “external”
action of the solvent) control protein relaxation (5–12). Internal
friction has been reported for native-state dynamics (9) and
folding kinetics, especially for proteins folding in the microsec-
ond range (6, 13), but even for proteins folding in milliseconds
(11), suggesting the presence of a solvent-independent frictional
component in the transition-state ensemble (10, 13, 14).
The simplest mechanistic explanation for internal friction in

native proteins and transition states is that in these rather compact
configurations, a large fraction of the protein atoms is not fully
exposed to the solvent, and is therefore dominated by collisions
and interactions with other parts of the protein (9), involving
predominantly small-amplitude motions, where little solvent is
displaced (15). It thus came as a surprise when recent experiments
and simulations demonstrated that internal friction can dominate
even the dynamics of unfolded and intrinsically disordered pro-
teins and peptides (10, 12, 16–22), which are more expanded and

accessible to solvent. In both experiments (10, 12, 16, 17) and
simulations (19–21), unfolded proteins often exhibit the charac-
teristic signature of internal friction: a pronounced deviation from
direct proportionality of their reconfiguration times to solvent
viscosity. The underlying molecular mechanisms, however, have
remained unclear. Recent single-molecule experiments indicate a
correlation of internal friction with chain compaction, suggestive
of attractive intrachain interactions slowing dynamics (12, 23).
However, the magnitude of internal friction was found to be only
weakly dependent on chain segment length and bisection of an
unfolded protein, pointing to a molecular origin that is rather
independent of local sequence-specific effects (12). Molecular
dynamics (MD) simulations have proven particularly important
for connecting experimental observations to molecular details and
for investigating protein dynamics in low-viscosity regimes that are
experimentally inaccessible (19–21, 24, 25). Based on these stud-
ies, different molecular contributions to internal friction have been
proposed, including hydrogen bonds (19), nonnative salt bridges
(14), concerted dihedral rotations involving crank-shaft motions of
the polypeptide backbone (21), and differences in native-state
topology (24). Deviations from direct proportionality of relaxation
times and solvent viscosity can also be due to inertial effects or
solvent memory in dihedral angle hopping (20, 25, 26).
A way of testing our understanding of internal friction in un-

folded proteins is the use of experimental data from complemen-
tary techniques that probe chain dynamics on different length and
time scales. For instance, single-molecule experiments based on
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Förster resonance energy transfer (FRET) combined with nano-
second fluorescence correlation spectroscopy (nsFCS) on several
unfolded proteins have revealed reconfiguration dynamics of 30- to
100-residue chain segments on time scales between about 10 ns and
100 ns (10, 12, 16, 27). In contrast, loop formation detected in
contact-based measurements between Cys and Trp in a 10-residue
segment within unfolded protein L was reported to occur on much
slower time scales, between 1 μs and 10 μs (18). The different
distance dependencies for the rates of FRET (∝1/r6) and contact
formation (∝e−r) and the resulting sensitivity to distance changes
on different length scales provide an excellent opportunity for
probing the effect of internal friction on different parts of the
intramolecular distance distribution (28), corresponding to more
extended versus compact conformations within the unfolded-state
ensemble (Fig. 1). Comparing such experiments directly with sim-
ulations has been very challenging, both because of the high
computational demands for all-atom explicit solvent simulations of
unfolded proteins on the required time scales and because of the
lack of force fields that provide a realistic description of the
unfolded state and do not lead to overly compact chains. Recent
advances in computational power (29, 30) and force field de-
velopment (31–35) have started to change this situation.
Here, we use the combination of single-molecule FRET-based

and contact-based experiments on protein L and compare them
with recent long-time scale atomistic simulations from Shaw and
coworkers (31) and with the predictions of a polymer model that
includes internal friction effects (36) to elucidate whether in-
ternal friction observed on different time and length scales can
be explained with a consistent theoretical view.

Results
Conformational Ensemble of Unfolded Protein L. The quantitative
interpretation of nanosecond relaxation times obtained by the
combination of FRET with nsFCS (FRET-FCS) requires in-

formation about the conformational distribution sampled by the
chain. We labeled the double-Cys variant K7CG64C of protein L
with Alexa 488 and Alexa 594 as donor and acceptor fluorophores,
respectively (SI Appendix and SI Appendix, Table S1; Förster radius:
5.4 nm), and used single-molecule FRET to estimate the dimensions
of the unfolded state at different guanidinium chloride (GdmCl)
concentrations. In the resulting FRET efficiency histograms (Fig.
2A), we observed three peaks: one at E ≈ 0.9, which corresponds to
the folded state of the protein; one with E between 0.5 and 0.8,
corresponding to the unfolded state; and one at a transfer efficiency
of E ≈ 0, from molecules without active acceptor dye. The areas of
the corresponding transfer efficiency peaks yield the relative pop-
ulations of folded and unfolded states (Fig. 2C). With increasing
GdmCl concentration, the unfolded state is increasingly populated,
and its peak shifts from higher to lower transfer efficiency (Fig. 2B),
reflecting chain expansion, as observed previously for protein L (37–
39) and many other proteins (23, 40, 41).
The RMS internal distance between the labeling sites, R7,64, in

the unfolded state (Fig. 2B) and the underlying distance distribu-
tion can be inferred from the transfer efficiency by using polymer
models (23) [e.g., a Gaussian chain (23, 42, 43)], a self-avoiding walk,
or a worm-like chain (23) (SI Appendix). The distance distributions

Fig. 1. Investigating the conformations and dynamics of protein L using FRET
and PET. FRET is most sensitive in a range of distances close to the Förster
radius (A; ∼5.4 ± 3 nm, shaded in red), whereas PET is only effective at dis-
tances smaller than the contact radius (C; <1 nm, shaded in blue). The distance
dependencies of the transfer efficiency and the relative electron transfer rate
are shown as red and blue lines in A and C (ranging from 1 to 0), respectively,
superimposed on the distance distributions of the segments probed by FRET
(C7–C64) and PET (W47–C64) from an 86-μs MD simulation of unfolded protein
L (31) (gray histograms). Decays of correlations for chain reconfiguration (B)
and contact formation (D) are based on the MD simulation (31). (B) Typical
reconfiguration times for a sequence separation of 57 amino acids occur on a
time scale of 10–100 ns and show a very weak dependence on the Förster
radius (correlation curves shown for Förster radii of 5.0, 5.2, 5.4, 5.6, 5.8, and
6.0 nm, respectively). (D) In contrast, contact formation is very sensitive to the
contact radius (from left to right, Rc is 1.0, 0.8, 0.6, and 0.4 nm, respectively),
and therefore can differ by orders of magnitude depending on the probes
used (from 100 ns to 10 μs for the 18-residue segment investigated here).

Fig. 2. Single-molecule FRET experiments on protein L stability and unfolded-
state dimensions. (A) Examples of FRET efficiency (E) histograms at different
GdmCl concentrations (folded state: high E; unfolded state: intermediate E;
population with inactive acceptor dye: low E, shaded in gray). Vertical dashed
lines identify the change in the mean transfer efficiency of the unfolded state
between 0 and 4.7 M GdmCl. (B) RMS distance between residues 7 and 64,
R7,64, as estimated from the transfer efficiencies (SI Appendix) at different
denaturant concentrations, fitted to a simple binding model (shaded area
corresponds to a 90% confidence interval). Error bars represent the SD from at
least twomeasurements at the same denaturant concentration. The gray-filled
circle represents the value of R7,64 from the MD simulation (31), with the error
bar corresponding to the SD of R7,64 when computed from 10-μs segments of
the trajectory. (Inset) Distribution of distances sampled in the MD simulation
between residues 7 and 64 compared with three polymer distributions
[Gaussian chain (blue), worm-like chain (purple), and self-avoiding walk (red)]
that correspond to the same mean transfer efficiency as computed from the
MD trajectory. Vertical lines indicate the RMS distances of the distributions
(virtually indistinguishable). (C) Fraction of unfolded protein, fu, according to
the relative areas of peaks corresponding to folded and unfolded states in
FRET efficiency histograms (red) and fu obtained from PET experiments (blue)
(Fig. 4 and SI Appendix for comparison). Error bars represent the SD from at
least two measurements at the same denaturant concentration. Shaded areas
represent the 90% confidence interval of the fit.
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from the polymer models agree well with the corresponding dis-
tributions calculated from the 86-μs atomistic MD simulation of
unfolded protein L in explicit solvent by Piana et al. (31) using the
Amber12 force field (44) in combination with the recently de-
veloped TIP4P-D water model (31) (Fig. 2B and SI Appendix, Fig.
S1). Given the similarity of the shapes of the distance distributions
of the polymer models (SI Appendix, Fig. S1), we use the Gaussian
chain, the simplest model, for quantifying chain dimensions over
the entire range of GdmCl concentrations (Fig. 2B).

Reconfiguration Dynamics and Internal Friction from Single-Molecule
FRET. FRET-FCS reports on protein dynamics that result in dis-
tance fluctuations between the dyes (10, 12, 16, 27). The correla-
tion curves for unfolded protein L (Fig. 3A) exhibit the characteristic
correlated signal in the autocorrelation functions and anti-
correlated signal in the cross-correlation function that are di-
agnostic of distance fluctuations between donor and acceptor
(details are provided in SI Appendix). The distance relaxation
time corresponding to the reconfiguration of the chain, τr (16)
(Fig. 2C), is obtained from the fluorescence intensity relaxation
time, τCD, by describing the chain dynamics in terms of diffusion
on the potential of mean force obtained by Boltzmann inversion
of the distance distribution inferred from the transfer efficien-
cies (Fig. 2B, Inset and SI Appendix). With increasing denaturant
concentration, τr first decreases from 95 ± 15 ns at 0.5 M GdmCl
to 45 ± 7 ns at 4 M GdmCl, and then increases again, reaching
60 ± 9 ns at 7 M GdmCl, a behavior similar to that of other pro-
teins of comparable size and sequence composition (10, 12, 16, 27).
Remarkably, τr calculated directly from the MD trajectory of un-
folded protein L yields a value of ∼110 ns for the dominant dy-
namic component (Fig. 3B and SI Appendix, Fig. S2), which is very
close to the experimental value, lending further support to a re-
alistic representation of unfolded-state dynamics in the simula-
tions using the TIP4P-D water model (31). However, the MD-
based correlation function reveals residual dynamics up to time
scales of several microseconds (SI Appendix, Fig. S2), indicating
that complete convergence is not achieved even in this 86-μs sim-
ulation. Such slow modes in the relaxation time may reflect the
population of local structural elements (hydrogen-bonded turns,
bends, and extended segments) (SI Appendix, Fig. S2). Our ex-
perimental data do not provide direct evidence for dynamics on this
time scale, but a low-amplitude component cannot be ruled out
owing to experimental uncertainty. Based on photoinduced elec-
tron transfer (PET) experiments at low excitation rates, for which
the potentially interfering triplet contribution in the microsecond
range of the correlation function is particularly low (45), we esti-
mate an upper bound of 10–15% for the contribution of micro-
second dynamics, consistent with the simulations.
We have previously shown that in the framework of simple

polymer models, such as the Rouse model with internal friction
(RIF) or Zimm model with internal friction (ZIF) (36, 46), the
reconfiguration time of the chain can be decomposed into two
additive components (12)

τr = τs + τi. [1]

[We restrict our data analysis to the RIF model; an analysis
based on the ZIF model was previously shown to yield virtually
indistinguishable results (12, 36).] Here, τs is the reconfiguration
time in the absence of internal friction (described by the stan-
dard Rouse model), which is thus directly proportional to the
solvent viscosity, ηs, and to the mean square interdye distance, R2

(i.e., τs ∝ R2ηs), and τi is a time scale that arises from internal
friction. Following a previously established procedure (10, 12),
we separated τs and τi for all denaturant concentrations (Fig. 3
and SI Appendix). The resulting τi (Fig. 3C, purple line) increases
from 28 ± 18 ns at 6 M GdmCl to ∼90 ns under native condi-
tions. We tested the robustness of the extrapolation procedure by
directly comparing τi with the value measured via the solvent vis-
cosity dependence at a lower denaturant concentration. At 2 M

GdmCl, the viscosity dependence of τr yields τi (2 M) ≈ 42 ± 7 ns,
close to the extrapolated RIF estimate. In summary, in the absence
of denaturant, the contribution of internal friction dominates
the dynamics of unfolded protein L by an order of magnitude
compared to the solvent friction component.

Contact Formation Dynamics from PET-FCS. Our observations thus
far are based on the long-range coupling between FRET donor
and acceptor, with greatest sensitivity to distance changes in the
range of the Förster radius (5.4 nm). To understand how internal
friction affects dynamics as monitored by contact formation be-
tween two groups within the chain, and thus with greatest sen-
sitivity to distance changes in the subnanometer range, we
investigate loop formation (47, 48) by means of PET-FCS mea-
surements (49, 50). Specifically, we monitor static fluorescence
quenching by the formation of a nonfluorescent complex be-
tween a fluorophore (here, Oxa11) and the quencher (Trp) (49,
50) in an 18-residue segment within protein L (SI Appendix,
Table S1). This process results in an approximately exponential
decay in the fluorescence correlation curve, where the corresponding

Fig. 3. Probing unfolded-state dynamics by FRET-FCS. (A) Autocorrelation of
acceptor fluorescence, gAA(τ); donor fluorescence, gDD(τ); and cross-correlation
of acceptor and donor fluorescence, gAD(τ), at 3 M GdmCl; black lines show a
global fit of the three correlations, with the reconfiguration time, τr, as a
shared fit parameter. (B) FRET-FCS correlations gAA(τ), gDD(τ), and gAD(τ) based
on the MD trajectory of unfolded protein L (31) (SI Appendix). (C) τr from the
global fit of gAA(τ), gDD(τ), and gAD(τ) (red-filled circles); the internal friction
contribution, τi, (purple line), is obtained by subtracting from the polynomial
interpolation curve of τr (red line) the solvent component, τs (cyan line). The
gray-filled circle at 0 M GdmCl represents the reconfiguration time of the chain
from theMD simulation (SI Appendix). Error bars represent an average relative
error of 15%, as estimated from the SD of multiple independent measure-
ments. Confidence intervals (90%) of the fit are represented as shaded areas of
the corresponding color. (Inset) τr at 2.2 M (empty squares) and 6.0 M GdmCl
(empty circles) as a function of solution viscosity, η; linear extrapolation to zero
viscosity (Eq. 1) allows τs (empty cyan circle and square in main panel) and τi
(empty purple circle and square in main panel) to be estimated.
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amplitude, cq, and relaxation time, τq, are linked to the observed
rate coefficients of forming and breaking the complex, k+

obs and
k−

obs, respectively, by τq = 1=ðkobs+ + kobs− Þ and cq = fukobs+ =kobs− ,
where fu is the fraction of unfolded protein (50) (SI Appendix and
SI Appendix, Fig. S3). To separate the contributions of k+

obs and
k−

obs, it is thus necessary to quantify both cq and τq, ideally under
conditions where the protein is completely unfolded, so that fu
does not affect the amplitude. Here, we used a microfluidic mixing
device that allows us to dilute the protein rapidly from fully de-
naturing (3 M GdmCl) to native conditions (0.3 M GdmCl) or
intermediate GdmCl concentrations with millisecond dead time
(51), enabling the observation of unfolded-state dynamics for all
conditions before the protein folds. Measurements of the FRET-
labeled protein in the microfluidic device confirmed that the
protein was predominantly unfolded at times less than 5 ms after
dilution of the denaturant (SI Appendix and SI Appendix, Fig. S4).
The PET-FCS curves (Fig. 4B) exhibit a pronounced decay on the
∼100-ns time scale, which is absent in the control protein missing
the Trp residue (SI Appendix, Fig. S5).
The diffusion-limited contact formation rate, k+, can be

obtained by correcting the observed rate, k+
obs, for the quench-

ing efficiency, ϕ*, which corresponds to the probability of
forming the quenched state from the encounter complex (Fig.
4C, Inset and SI Appendix, Figs. S6 and S7). At denaturant
concentrations approaching zero, we found a diffusion-limited
contact formation time of 1/k+ ≈ 200 ns. Notably, the formation
of this contact is slower by a factor of ∼10 (taking into account
the contribution of tail effects and the difference in contact radii)
compared with values reported for disordered peptides of similar
length [Gly-Ser or Ala-Gly-Gln repeats (48, 52, 53)], already
providing an indication for the presence of internal friction in
unfolded protein L. With increasing denaturant concentration,
1/k+ decreases and approaches 100 ns at 3.5 M GdmCl (Fig. 4C).
[We restricted our analysis of contact-based dynamics to below
3.5 M GdmCl, because above this concentration, the complex
between Oxa11 and Trp is not sufficiently stable and, conse-
quently, the amplitude from contact quenching becomes too
small for a reliable analysis (SI Appendix and SI Appendix, Figs.
S3 and S5).] This trend resembles the one observed for the
reconfiguration time of the chain with FRET-FCS in the same
denaturant range (Fig. 3C), but the contact formation time for
this 18-residue segment is almost twofold greater than τr for the
57-residue segment. Can the contribution of internal friction
identified in the FRET-FCS experiments explain the observed
rate of loop formation?

Reconciling Reconfiguration Times and Contact Formation Times.Our
FRET-FCS data (Fig. 3C) suggest that at low denaturant con-
centration (<3 M GdmCl), unfolded protein L is well within the
regime where internal friction dominates its global reconfigura-
tion dynamics (i.e., τr ≈ τi). When the solvent component, τs, is
rescaled (12, 36, 54) from the 57-residue segment probed by
FRET to the 18-residue segment length probed by PET, the
relative contribution of τi becomes even more dominant because
its absolute value is independent of segment length in the RIF
model, accounting for more than 90% of the reconfiguration
time of this segment. In this limit, the interresidue dynamics
predicted by the RIF and ZIF models reduce to the simple dif-
fusive case, and the contact formation time can be estimated
using the Szabo–Schulten–Schulten (SSS) theory (55) in terms of
1D diffusion in a potential of mean force (36),

τIFc =
�π
6

�0.5 R47,64

Rc
τi, [2]

where R47,64 is the RMS distance between the quencher and the dye
at equilibrium, Rc is the effective contact radius at which quenching
occurs, and τi at the respective GdmCl concentration is taken from
the analysis of the FRET-FCS experiments (Fig. 3C). R47,64 can be
estimated by rescaling the mean square distance obtained from
single-molecule FRET experiments assuming Gaussian chain statis-

tics: The resulting value of R47,64 = 2.4 ± 0.2 nm is in very good
agreement with the one from the all-atom simulation, Rsim

47,64 =
2.3+0.1−0.3 nm. The contact radius, Rc, depends on the specific proper-
ties of the dye-quencher pair and is used here as an adjustable
parameter in the fit of the data.
Eq. 2 provides a remarkably good account of the experimental

results (Fig. 4C), and the fit yields Rc = 0.83 ± 0.10 nm, which is
close to previous estimates (Rc = 0.7 ± 0.3 nm) (45, 50, 56). Again,
we can directly compare with the MD simulation: Using Rc from the
fit of the experimental data, the contact formation time for the PET
distance R47,64 yields τsimc ðRc = 0.83Þ= 270+150−100 ns, in agreement with
the measured data. [Here, the contact is estimated as occurring
between the Cα atoms of W47 and G64. Contributions from the dye
linker (that is not included in the simulation), the tryptophan side
chain, and related local steric hindrance affect the value of Rc. Note,
however, that for the contact times between the indole ring of W47
and the Cα of G64, steric hindrance effects are negligible for large
contact radii (Rc > 0.8 nm) and become significant only for small
values (Rc ≤ 0.6 nm) (SI Appendix, Fig. S8).] Alternatively, we can
estimate Rc by adjusting it to match the contact time from the MD
simulations with the value measured at the lowest denaturant
concentration, resulting in Rsim

c = 0.9 ± 0.2 nm, again in the pre-
viously reported range (45, 50, 56). Interestingly, changing Rc from
1.0 nm [upper limit for the Oxa11-Trp pair (45)] to 0.4 nm [contact
radius for the Trp-Cys pair (57)] in the analysis of the simulations
leads to a roughly 100-fold increase in the relaxation time
[τsimc ðRc = 0.4  nmÞ= 6.8 μs]. This observation may explain, at least
in part, the surprisingly slow decays previously reported for
contact formation experiments in unfolded protein L (∼5 μs)
based on Trp-Cys quenching (18, 30). Indeed, for the 10-residue
segment studied by Waldauer et al. (18), the MD simulation (31)
yields a diffusion-limited contact time for the indole ring of W47
and the Cα of T57 of 6.3 μs. The similarity of this time to the 6.8 μs

Fig. 4. Probing unfolded-state dynamics by PET. (A) Electron micrograph of the
microfluidic mixing device (51) used for transiently populating unfolded protein L
at low denaturant concentrations. Fully denatured protein in 3 M GdmCl in the
sample inlet (left channel) is mixed with buffer from the side inlets (top and
bottom channels) to measure the dynamics of the fully unfolded protein in the
right observation channel at low denaturant concentrations. The cyan-filled circle
identifies the first position where completemixing is observed, corresponding to a
time after mixing of ∼4 ms. (B) PET-FCS measurement of unfolded protein L in
0.2 M GdmCl within the microfluidic device, with fit (blue line). (C) Contact
formation time, obtained by correcting the observed rate, k+

obs, for the GdmCl-
dependent quenching efficiency, ϕ* (Inset). The line shows the fit with Eq. 2. Error
bars represent an average relative error of 13%, as estimated from the SD of
multiple measurements at a single GdmCl concentration. The corresponding value
of 1/k+ based on the MD simulation of unfolded protein L (31) with a contact
radius of 0.83 ± 0.10 nm is shown as an empty circle with an error bar corre-
sponding to a variation in the contact radius of 0.10 nm.
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obtained from the simulations for the 17-residue segment probed in
our PET experiments, despite the difference in sequence length, is
at variance with the prediction for a simple polymer model (Eq. 2),
and is likely to reflect the pronounced sensitivity of contact for-
mation to the detailed properties of the chain, such as local
structure formation or steric accessibility (53, 58) (SI Appendix,
Figs. S2, S8, and S13). We also note that our results indicate a
weaker viscosity dependence than the data of Waldauer et al. (18).
In summary, the contribution of internal friction obtained

from the measurement of reconfiguration times based on FRET
is in agreement with the contact formation experiments using
PET, and both are in accord with the all-atom simulations.
However, the strong sensitivity of contact formation experiments
to Rc is an important factor to be taken into account.

Discussion
There is growing consensus regarding the importance of internal
friction for the dynamics of unfolded proteins and peptides both
from experiments and simulations (12, 19–21, 24, 59, 60), but
apparent discrepancies in the time scales observed with different
experimental methods have remained (12, 16, 18), raising the
question of their consistency. Here, we used two complementary
single-molecule techniques, FRET and PET, which are sensitive
to distance changes on very different length scales: the former
near the Förster radius (∼5 ± 3 nm) and the latter in the sub-
nanometer regime of contact formation (Fig. 1 A and C). This
combination thus allows us to probe unfolded-state dynamics and
the contribution of internal friction for different parts of the
intramolecular distance distribution. By comparison with all-atom
MD simulations and based on theoretical models that describe the
contribution of internal friction either within the framework of
Rouse/Zimm-type polymer dynamics or in terms of diffusion in a
potential of mean force corresponding to the distance distribution
(36, 55, 61), a coherent picture emerges from our results.
In the Rouse/Zimm picture of polymer dynamics, internal fric-

tion results in an additive component in the observed reconfigu-
ration time (26, 36, 46), which we determined from FRET-FCS
experiments (Fig. 3; Eq. 1). The internal friction time, τi, can then
be incorporated in a simple model describing contact formation,
the SSS approximation (55), in the limit of large internal friction
(36). The resulting time scales for contact formation are in good
agreement with our observations from the PET experiments (Fig.
4C). The consistency of the results based on the different experi-
mental methods suggests that even though the two methods are
sensitive to the dynamics on different length scales, simple models
of polymer dynamics provide a unified description of these mea-
surements and account for the diversity of the observed time scales.
We complement these results with a detailed analysis of a re-

cent atomistic simulation of unfolded protein L. Availability of a
long (86 μs) simulated trajectory enables a detailed comparison of
FRET with contact formation experiments, which requires suffi-
cient sampling of infrequent contact formation events. The sim-
ulations agree well with the experimentally observed dimensions
and dynamics of unfolded protein L (within 10%; Figs. 2–4), but
do they show evidence for the presence of internal friction? Sev-
eral observations suggest that this is indeed the case. The first
indication comes from a comparison with other proteins for which
simulations with the same force field and water model, as well as
experimental data, are available. Prothymosin α (ProTα), for ex-
ample, is a highly charged, and thus very expanded, intrinsically
disordered protein (62) that exhibits very low internal friction,
leading to an experimentally observed reconfiguration time of 45 ±
9 ns for the C56C110 segment (12) and 24 ± 4 ns for the C1C56
segment (63). The simulations of Piana et al. (31) recapitulate the
expanded chain and its rapid dynamics, yielding a reconfiguration
time for both segments of ∼27 ± 20 ns. In contrast, a more
compact unfolded protein for which a similarly high contribution
of internal friction as for protein L was observed is the cold
shock protein (Csp) from Thermotoga maritima. Again, the rela-
tively slow dynamics from experiment (τr = 116+60−40 ns) (12, 16) and
simulation (τr = 180+70−90 ns) agree. The experimentally observed

correlation between compactness of unfolded proteins and the
extent of internal friction (12) is thus also found in the simulations.
Even more revealing is the dependence of chain dynamics on

the segment length of the chain. In the framework of the RIF and
ZIF models, the absolute contribution of internal friction (τi) to
the total reconfiguration time (τm,n) is independent of the length,
jm-nj, of the chain segment probed, whereas the solvent-domi-
nated contribution (τs) decreases with decreasing chain length (12,
36). As a result, the relative contribution of τi increases for shorter
segments, and internal friction can thus be quantified from the
segment length dependence of chain relaxation, which has pre-
viously been used in experiments and simulations (12, 21). Fig. 5
illustrates this behavior for the MD simulations of protein L, Csp,
and ProTα: Whereas τm,n remains high for all segment lengths in
unfolded protein L and Csp, indicating a large contribution of
internal friction, τm,n exhibits a steady decrease with decreasing
segment length in ProTα, consistent with the prediction for a chain
with very low internal friction (12, 21). The behavior observed in
the simulations resembles the predictions of the RIF model with a
large contribution of τi for unfolded protein L and Csp and the
prediction of the Rouse model without internal friction for ProTα
(Fig. 5), further supporting a pronounced difference in internal
friction in the simulations.
Finally, given this consistency of experiments and simulations,

what can we deduce about the molecular origin of internal friction?
Persistent secondary structure and tertiary contacts are virtually
absent in the simulations of all three proteins (∼3–4%) (SI Ap-
pendix, Fig. S9). This finding is in agreement with the low sec-
ondary structure content of unfolded Csp under native conditions,
as determined by kinetic synchrotron radiation circular dichroism
experiments (43), and suggests that native-like structural elements
are not required for internal friction. Short-range nonnative hy-
drogen bonds (sequence separation less than six residues) are
similarly prevalent in all three simulations (SI Appendix, Fig. S10),
and are thus also unlikely to make a large contribution. However,
protein L and Csp clearly differ from ProTα in their greater
abundance of transient nonnative sequence-distant hydrogen
bonds, salt bridges, and hydrophobic contacts (SI Appendix, Figs.
S10–S12), which is not unexpected in view of the pronounced

Fig. 5. Dependence of the relative reconfiguration time, τm,n/τr, on the
relative length of the chain segment, jm-nj/N, based on the MD simulations
(31) of unfolded protein L (orange), Csp (red), and ProTα (blue). The segment
length, jm-nj, (where n is either 1 or N) and the reconfiguration time, τmn,
(averaged between the two segments of equal lengths; details are provide
in SI Appendix) are normalized by the total number of amino acids, N, or
for the end-to-end reconfiguration time, τr, of the particular protein, re-
spectively. The gray line shows the prediction of the RIF model with the
value of τi from nsFCS measurements of unfolded protein L extrapolated to
zero denaturant (Fig. 2). For comparison, the two extreme cases of the RIF
model are also shown: the Rouse chain without internal friction (cyan line)
and the limit of infinite internal friction (dashed black line).
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differences in chain expansion observed in both simulations (31,
64) and experiments (12, 62) (Fig. 2). The correlation between
chain dimensions, intrachain interactions, and internal friction
observed in the simulations implies that intrachain interactions
could also be the missing link for the experimentally observed
correlation between unfolded-state compaction and internal fric-
tion (12, 23). To investigate this hypothesis further, we now turn to
protein dynamics as revealed by the simulations.
Interestingly, for each of the three proteins, the respective av-

erage relaxation times are comparable for forming and breaking
sequence-distant hydrogen bonds, salt bridges, and hydrophobic
contacts; for dihedral angle rotations; and for the reconfiguration
of short segments of approximately five residues (SI Appendix, Figs.
S11–S13). This observation supports a coupling between intrachain
interactions and dihedral angle rotations, which are required for
large conformational rearrangements of the chain and have been
implicated in internal friction based on previous simulations (20,
21, 26). However, there are marked differences between the be-
havior of the unfolded proteins with high and low internal friction,
respectively: For unfolded protein L and Csp, all relaxation times
are in the range of about 100–200 ns; for ProTα, they are almost an
order of magnitude shorter, matching the difference in global chain
reconfiguration times. The much faster dihedral hopping in ProTα
(SI Appendix, Fig. S13) would imply that dihedral relaxation, per se,
is not the dominant source of internal friction (20) but that inter-
actions within the chain impede dihedral transitions. This conclu-
sion is supported by the absence of internal friction in some
unfolded proteins at high concentrations of denaturant (12) (at
least to within experimental uncertainty), where intrachain inter-
actions are weakened but dihedral barriers are not expected to be
much different. However, even in the presence of nonnative in-
teractions, relaxation dynamics in the vicinity of glycine residues
are accelerated (SI Appendix, Fig. S13), and lowering the dihedral
barriers in a compact unfolded state was found to reduce internal
friction (21). It is tempting to identify the nonnative interactions
between sequence-distant segments of the chain as leading to Cerf-
type friction [as proposed by de Gennes (65)], as opposed to the
Kuhn-type friction that results from crossing dihedral barriers (46,
65), but the coupling between dihedral dynamics and nonnative
interactions suggests that the two mechanisms may not be sepa-
rable. Future simulations and experiments addressing the length
scaling of internal friction and the dependence of the two contri-
butions on chain compaction may help to address this question in
more detail.
How does the origin of internal friction suggested here differ

from mechanisms proposed for transition states of folded pro-
teins? As a protein approaches its native state, the influence of
nonnative interactions is expected to decrease. Interestingly,
however, an important contribution of nonnative salt bridges to
internal friction has been identified in the folding transition state

of a designed protein (14), which may resemble the charge in-
teractions in unfolded protein L and Csp (SI Appendix, Fig. S11).
Dihedral rearrangements have been implicated as a mechanism
of internal friction in protein folding, especially for helical pro-
teins, where such local transitions are particularly important for
the dynamics in the transition-state region (24, 25). A lack of
solvent relaxation on the time scale of dihedral barrier crossing
can also result in low sensitivity of dynamics to solvent viscosity,
and thus contribute to the signature commonly ascribed to in-
ternal friction (20, 25). For a fully folded protein, most of the
protein atoms are excluded from the solvent, and internal fric-
tion can be assumed to result from collisions with other protein
atoms instead of solvent molecules (9). The relative contribu-
tions of different interactions and mechanisms to internal fric-
tion are thus likely to depend on the progress of the folding
reaction and the proximity to the native state.
In summary, the combination of two complementary single-

molecule techniques with atomistic simulations provides a consis-
tent picture of protein dynamics in the unfolded state, reveals a
significant contribution of internal friction, and quantifies its
magnitude. The results not only reconcile the different time scales
observed in FRET and contact formation experiments but also
illustrate that the recent advances in force field development now
enable more realistic simulations of unfolded and intrinsically
disordered proteins, in terms of both chain dimensions and dy-
namics. Notably, the results based on simple polymer models for
the distance distributions and dynamics in the unfolded state agree
well with the results using the distributions from recent all-atom
simulations, supporting the use of simple models for the analysis of
experimental and simulation data. The close integration of multi-
ple experimental techniques with theory and simulations used here
overcomes limitations of each individual approach. The increasing
convergence of time scales in experiments and simulations and the
continued improvements in force fields benchmarked with exper-
imental data will enable an increasingly reliable interpretation of
experimental observables based on molecular simulations. This
synergy is an important step toward quantifying the molecular
contributions to internal friction and the resulting influence on
processes such as interactions of intrinsically disordered proteins
and protein folding dynamics.

ACKNOWLEDGMENTS. We thank D. E. Shaw Research, especially Stefano
Piana-Agostinetti and Rebecca Bish-Cornelissen, for providing access to their MD
trajectories. We thank Amedeo Caflisch, Andreas Vitalis, and Marco Bacci for
assistance in the trajectory analysis with CAMPARI. We thank Robert Best,
Alessandro Borgia, Hagen Hofmann, Kresten Lindorff-Larsen, Hannes Neuweiler,
Stefano Piana, Markus Sauer, and Attila Szabo for helpful discussions and
comments on the manuscript. This work was supported by the Swiss National
Science Foundation and a Starting Investigator Grant of the European Research
Council (to B.S.). D.E.M. acknowledges support from the Robert A. Welch
Foundation and the US National Science Foundation.

1. Bryngelson JD, Onuchic JN, Socci ND, Wolynes PG (1995) Funnels, pathways, and the
energy landscape of protein folding: A synthesis. Proteins 21(3):167–195.

2. Dill KA, Chan HS (1997) From Levinthal to pathways to funnels. Nat Struct Biol 4(1):
10–19.

3. Camacho CJ, Thirumalai D (1993) Kinetics and thermodynamics of folding in model
proteins. Proc Natl Acad Sci USA 90(13):6369–6372.

4. Hänggi P, Talkner P, Borkovec M (1990) Reaction-rate theory: 50 years after Kramers.
Rev Mod Phys 62:251–341.

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

6. 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.

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. Qiu LL, Hagen SJ (2004) Internal friction in the ultrafast folding of the tryptophan
cage. Chem Phys 307:243–249.

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. Borgia A, et al. (2012) Localizing internal friction along the reaction coordinate of
protein folding by combining ensemble and single-molecule fluorescence spectros-
copy. Nat Commun 3:1195.

11. Wensley BG, et al. (2010) Experimental evidence for a frustrated energy landscape in
a three-helix-bundle protein family. Nature 463(7281):685–688.

12. Soranno A, et al. (2012) Quantifying internal friction in unfolded and intrinsically
disordered proteins with single-molecule spectroscopy. Proc Natl Acad Sci USA
109(44):17800–17806.

13. Hagen SJ (2010) Solvent viscosity and friction in protein folding dynamics. Curr
Protein Pept Sci 11(5):385–395.

14. Chung HS, Piana-Agostinetti S, Shaw DE, Eaton WA (2015) Structural origin of slow
diffusion in protein folding. Science 349(6255):1504–1510.

15. Frauenfelder H, Wolynes PG (1985) Rate theories and puzzles of hemeprotein ki-
netics. Science 229(4711):337–345.

16. Nettels D, Gopich IV, Hoffmann A, Schuler B (2007) Ultrafast dynamics of protein col-
lapse from single-molecule photon statistics. Proc Natl Acad Sci USA 104(8):2655–2660.

17. Neuweiler H, Johnson CM, Fersht AR (2009) Direct observation of ultrafast folding
and denatured state dynamics in single protein molecules. Proc Natl Acad Sci USA
106(44):18569–18574.

18. Waldauer SA, Bakajin O, Lapidus LJ (2010) Extremely slow intramolecular diffusion in
unfolded protein L. Proc Natl Acad Sci USA 107(31):13713–13717.

19. 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.

20. de Sancho D, Sirur A, Best RB (2014) Molecular origins of internal friction effects on
protein-folding rates. Nat Commun 5:4307.

21. Echeverria I, Makarov DE, Papoian GA (2014) Concerted dihedral rotations give rise to
internal friction in unfolded proteins. J Am Chem Soc 136(24):8708–8713.

E1838 | www.pnas.org/cgi/doi/10.1073/pnas.1616672114 Soranno et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616672114/-/DCSupplemental/pnas.1616672114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1616672114


22. Sizemore SM, Cope SM, Roy A, Ghirlanda G, Vaiana SM (2015) Slow internal dynamics
and charge expansion in the disordered protein CGRP: A comparison with amylin.
Biophys J 109(5):1038–1048.

23. Schuler B, Soranno A, Hofmann H, Nettels D (2016) Single-molecule FRET spectroscopy
and the polymer physics of unfolded and intrinsically disordered proteins. Annu Rev
Biophys 45:207–231.

24. Zheng W, De Sancho D, Hoppe T, Best RB (2015) Dependence of internal friction on
folding mechanism. J Am Chem Soc 137(9):3283–3290.

25. Zheng W, de Sancho D, Best RB (2016) Modulation of folding internal friction by local
and global barrier heights. J Phys Chem Lett 7(6):1028–1034.

26. Portman JJ, Takada S, Wolynes PG (2001) Microscopic theory of protein folding rates.
II. Local reaction coordinates and chain dynamics. J Chem Phys 114:5082–5096.

27. Hofmann H, et al. (2014) Role of denatured-state properties in chaperonin action
probed by single-molecule spectroscopy. Biophys J 107(12):2891–2902.

28. Zerze GH, Mittal J, Best RB (2016) Diffusive dynamics of contact formation in disor-
dered polypeptides. Phys Rev Lett 116(6):068102.

29. Shaw DE, et al. (2009) Millisecond-scale molecular dynamics simulations on Anton.
Proceedings of the Conference on High Performance Computing Networking, Stor-
age and Analysis (Association for Computing Machinery, New York).

30. Voelz VA, Singh VR, Wedemeyer WJ, Lapidus LJ, Pande VS (2010) Unfolded-state
dynamics and structure of protein L characterized by simulation and experiment.
J Am Chem Soc 132(13):4702–4709.

31. Piana S, Donchev AG, Robustelli P, Shaw DE (2015) Water dispersion interactions
strongly influence simulated structural properties of disordered protein states. J Phys
Chem B 119(16):5113–5123.

32. Best RB, Zheng W, Mittal J (2014) Balanced protein-water interactions improve
properties of disordered proteins and non-specific protein association. J Chem Theory
Comput 10(11):5113–5124.

33. Vitalis A, Pappu RV (2009) ABSINTH: A new continuum solvation model for simula-
tions of polypeptides in aqueous solutions. J Comput Chem 30(5):673–699.

34. Nerenberg PS, Jo B, So C, Tripathy A, Head-Gordon T (2012) Optimizing solute-water
van der Waals interactions to reproduce solvation free energies. J Phys Chem B
116(15):4524–4534.

35. Huang J, et al. (2017) CHARMM36m: An improved force field for folded and in-
trinsically disordered proteins. Nat Methods 14(1):71–73.

36. Cheng RR, Hawk AT, Makarov DE (2013) Exploring the role of internal friction in the
dynamics of unfolded proteins using simple polymermodels. J Chem Phys 138(7):074112.

37. Sherman E, Haran G (2006) Coil-globule transition in the denatured state of a small
protein. Proc Natl Acad Sci USA 103(31):11539–11543.

38. Merchant KA, Best RB, Louis JM, Gopich IV, Eaton WA (2007) Characterizing the
unfolded states of proteins using single-molecule FRET spectroscopy and molecular
simulations. Proc Natl Acad Sci USA 104(5):1528–1533.

39. Voelz VA, et al. (2012) Slow unfolded-state structuring in Acyl-CoA binding protein
folding revealed by simulation and experiment. J Am Chem Soc 134(30):12565–12577.

40. Haran G (2012) How, when and why proteins collapse: The relation to folding. Curr
Opin Struct Biol 22(1):14–20.

41. Borgia A, et al. (2016) Consistent view of polypeptide chain expansion in chemical de-
naturants from multiple experimental methods. J Am Chem Soc 138(36):11714–11726.

42. Schuler B, Lipman EA, Eaton WA (2002) Probing the free-energy surface for protein
folding with single-molecule fluorescence spectroscopy. Nature 419(6908):743–747.

43. Hoffmann A, et al. (2007) Mapping protein collapse with single-molecule fluores-
cence and kinetic synchrotron radiation circular dichroism spectroscopy. Proc Natl
Acad Sci USA 104(1):105–110.

44. Case DA, et al. (2012) AMBER 12 (University of California, San Francisco).
45. Doose S, Neuweiler H, Sauer M (2009) Fluorescence quenching by photoinduced

electron transfer: A reporter for conformational dynamics of macromolecules.
Chemphyschem 10:1389–1398.

46. Khatri BS, McLeish TCB (2007) Rouse model with internal friction: A coarse grained
framework for single biopolymer dynamics. Macromolecules 40:6770–6777.

47. Hagen SJ, Hofrichter J, Szabo A, Eaton WA (1996) Diffusion-limited contact formation
in unfolded cytochrome c: Estimating the maximum rate of protein folding. Proc Natl
Acad Sci USA 93(21):11615–11617.

48. Krieger F, Fierz B, Bieri O, Drewello M, Kiefhaber T (2003) Dynamics of unfolded
polypeptide chains as model for the earliest steps in protein folding. J Mol Biol
332(1):265–274.

49. Neuweiler H, Schulz A, Böhmer M, Enderlein J, Sauer M (2003) Measurement of
submicrosecond intramolecular contact formation in peptides at the single-molecule
level. J Am Chem Soc 125(18):5324–5330.

50. Doose S, Neuweiler H, Sauer M (2005) A close look at fluorescence quenching of
organic dyes by tryptophan. Chemphyschem 6:2277–2285.

51. Wunderlich B, et al. (2013) Microfluidic mixer designed for performing single-mole-
cule kinetics with confocal detection on timescales from milliseconds to minutes. Nat
Protoc 8(8):1459–1474.

52. Neuweiler H, LöllmannM, Doose S, Sauer M (2007) Dynamics of unfolded polypeptide
chains in crowded environment studied by fluorescence correlation spectroscopy.
J Mol Biol 365(3):856–869.

53. Buscaglia M, Lapidus LJ, Eaton WA, Hofrichter J (2006) Effects of denaturants on the
dynamics of loop formation in polypeptides. Biophys J 91(1):276–288.

54. Makarov DE (2010) Spatiotemporal correlations in denatured proteins: The de-
pendence of fluorescence resonance energy transfer (FRET)-derived protein re-
configuration times on the location of the FRET probes. J Chem Phys 132(3):035104.

55. Szabo A, Schulten K, Schulten Z (1980) First passage time pproach to diffusion con-
trolled reactions. J Chem Phys 72:4350–4357.

56. Vaiana AC, et al. (2003) Fluorescence quenching of dyes by tryptophan: Interactions
at atomic detail from combination of experiment and computer simulation. J Am
Chem Soc 125(47):14564–14572.

57. Lapidus LJ, Eaton WA, Hofrichter J (2001) Dynamics of intramolecular contact for-
mation in polypeptides: Distance dependence of quenching rates in a room-tem-
perature glass. Phys Rev Lett 87(25):258101.

58. Toan NM, Morrison G, Hyeon C, Thirumalai D (2008) Kinetics of loop formation in
polymer chains. J Phys Chem B 112(19):6094–6106.

59. Alexander-Katz A, Wada H, Netz RR (2009) Internal friction and nonequilibrium un-
folding of polymeric globules. Phys Rev Lett 103(2):028102.

60. Schulz JCF, Miettinen MS, Netz RR (2015) Unfolding and folding internal friction of
β-hairpins is smaller than that of α-helices. J Phys Chem B 119(13):4565–4574.

61. Gopich IV, Nettels D, Schuler B, Szabo A (2009) Protein dynamics from single-molecule
fluorescence intensity correlation functions. J Chem Phys 131(9):095102.

62. Müller-Späth S, et al. (2010) From the Cover: Charge interactions can dominate the
dimensions of intrinsically disordered proteins. Proc Natl Acad Sci USA 107(33):
14609–14614.

63. König I, et al. (2015) Single-molecule spectroscopy of protein conformational dy-
namics in live eukaryotic cells. Nat Methods 12(8):773–779.

64. Wuttke R, et al. (2014) Temperature-dependent solvation modulates the dimensions
of disordered proteins. Proc Natl Acad Sci USA 111(14):5213–5218.

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

Soranno et al. PNAS | Published online February 21, 2017 | E1839

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

CH
EM

IS
TR

Y
PN

A
S
PL

U
S


