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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 Forster 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 agreement with
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
internal friction | intrinsically disordered proteins

he 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
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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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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 Forster
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-pus 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 Forster
radius (correlation curves shown for Férster 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, R 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 ps for the 18-residue segment investigated here).

Forster 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 ps and 10 ps (18). The different
distance dependencies for the rates of FRET (x1/°) and contact
formation (xe™) 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-
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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; Forster 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.
24), we observed three peaks: one at E = (0.9, which corresponds to
the folded state of the protein; one with £ 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, R; 4, 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

number of events

5 ‘-’/

0.0 0.5 1.0 0 1 2 3 4 5 6
Transfer efficiency GdmCl concentration (M)

0 0.

Fig. 2. Single-molecule FRET experiments on protein L stability and unfolded-
state dimensions. (A) Examples of FRET efficiency (E) histograms at different
Gdmdl 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 GdmdCl. (B) RMS distance between residues 7 and 64,
R764, as estimated from the transfer efficiencies (S/ 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 two measurements at the same denaturant concentration. The gray-filled
circle represents the value of R7 g4 from the MD simulation (31), with the error
bar corresponding to the SD of R;¢4 when computed from 10-ps 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, f,, according to
the relative areas of peaks corresponding to folded and unfolded states in
FRET efficiency histograms (red) and f,, obtained from PET experiments (blue)
(Fig. 4 and S/ 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-ps atomistic MD simulation of
unfolded protein L in explicit solvent by Piana et al. (31) using the
Amberl2 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 (S 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. 34) 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 ST Appendix). The distance relaxation
time corresponding to the reconfiguration of the chain, z, (16)
(Fig. 2C), is obtained from the fluorescence intensity relaxation
time, z¢p, 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, z, 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, 7, 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-ps 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)

T =75+ 7. [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, 7, 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, 75, and to the mean square interdye distance, R?
(ie., 7y Rzns), and 7; is a time scale that arises from internal
friction. Following a previously established procedure (10, 12),
we separated 7, and z; for all denaturant concentrations (Fig. 3
and SI Appendix). The resulting 7; (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 7; with the value measured via the solvent vis-
cosity dependence at a lower denaturant concentration. At 2 M
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Fig. 3. Probing unfolded-state dynamics by FRET-FCS. (A) Autocorrelation of
acceptor fluorescence, gaa(z); donor fluorescence, gpp(z); and cross-correlation
of acceptor and donor fluorescence, gap(z), at 3 M GdmdCl; black lines show a
global fit of the three correlations, with the reconfiguration time, z,, as a
shared fit parameter. (B) FRET-FCS correlations gaa(z), 9pp(z), and gap(z) based
on the MD trajectory of unfolded protein L (31) (S/ Appendix). (C) z, from the
global fit of gaa(t), gpp(r), and gap(t) (red-filled circles); the internal friction
contribution, z;, (purple line), is obtained by subtracting from the polynomial
interpolation curve of 7, (red line) the solvent component, z; (cyan line). The
gray-filled circle at 0 M GdmCl represents the reconfiguration time of the chain
from the MD simulation (S/ 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) z, at 2.2 M (empty squares) and 6.0 M GdmClI
(empty circles) as a function of solution viscosity, #; linear extrapolation to zero
viscosity (Eg. 1) allows z; (empty cyan circle and square in main panel) and z;
(empty purple circle and square in main panel) to be estimated.

GdmCl, the viscosity dependence of 7, yields z; (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 Forster 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, Oxall) 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
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amplitude, c,, and relaxation time, 7,, are linked to the observed
rate coefficients of forming and breakln% the complex, k., and
k", respectively, by z,=1/(k%* +k®) and c,=f, k"b5 /KOs,
where f,, is the fraction of unfolded proteln (50) (SI Appendvc and
SI Appendix, Fig. S3). To separate the contributions of k,” b and
k_°" it is thus necessary to quantify both ¢, and z,, 1deally under
condltlons where the protein is completely unfolded, so that f,
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,°%, for the quench-
ing efficiency, ¢*, 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 Oxall 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 z, 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., 7, ~ 7;). When the solvent component, z, 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 z; 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),

o= (% )051%@ [2]

where Ry4; 64 is the RMS distance between the quencher and the dye
at equilibrium, R, is the effective contact radius at which quenching
occurs, and z; at the respective GdmCI concentration is taken from
the analysis of the FRET-FCS experiments (Fig. 3C). R4764 can be
estimated by rescaling the mean square distance obtained from
single-molecule FRET experiments assuming Gaussian chain statis-
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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 Gdmdl 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 complete mixing is observed, corresponding to a
time after mixing of ~4 ms. (B) PET-FCS measurement of unfolded protein L in
0.2 M Gdmdl within the microfluidic device, with fit (blue line). (C) Contact
formation time, obtained by correcting the observed rate, k,°**, for the Gdmcl-
dependent quenching efficiency, ¢* (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.

tics: The resulting value of Ry764 = 2.4 + 0.2 nm is in very good
agreement with the one from the all-atom simulation, R}7%, =
2.3*1 nm. The contact radius, R,, 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 R, = 0.83 + 0.10 nm, which is
close to previous estimates (R. = 0.7 + 0.3 nm) (45, 50, 56). Again,
we can directly compare with the MD simulation: Using R, from the
fit of the experimental data, the contact formation time for the PET
distance Ry 64 yields 77 (R, = 0.83) = 2707130 ns, in agreement with
the measured data. [Here the contact is estlmated as occurring
between the C* 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 R... Note,
however, that for the contact times between the indole ring of W47
and the C* of G64, steric hindrance effects are negligible for large
contact radii (R, > 0.8 nm) and become significant only for small
values (R. < 0.6 nm) (SI Appendix, Fig. S8).] Alternatively, we can
estimate R, by adjusting it to match the contact time from the MD
simulations with the value measured at the lowest denaturant
concentration, resulting in R?”* = 0.9 + 0.2 nm, again in the pre-
viously reported range (45, 50, 56). Interestingly, changing R, from
1.0 nm [upper limit for the Oxall-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
[ $in (R, = 0.4 nm) = 6.8 ps]. This observation may explain, at least
in part, the surprisingly slow decays previously reported for
contact formation experiments in unfolded protein L (~5 ps)
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 C* of T57 of 6.3 ps. The similarity of this time to the 6.8 ps
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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 R, 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 Forster 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, 7;, 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 ps) 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 a (ProTa), 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 (z, = 116fgg ns) (12, 16) and
simulation (z, = 180*J) ns) agree. The experimentally observed
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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 (z;) to
the total reconfiguration time (z,,,) is independent of the length,
|m-n|, of the chain segment probed, whereas the solvent-domi-
nated contribution (z,) decreases with decreasing chain length (12,
36). As a result, the relative contribution of z; 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 ProToa: Whereas 7,,,, remains high for all segment lengths in
unfolded protein L and Csp, indicating a large contribution of
internal friction, 7,,, exhibits a steady decrease with decreasing
segment length in ProTa, 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 7; for unfolded protein L and Csp and the
prediction of the Rouse model without internal friction for ProTa
(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 ProTa 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

14 Y ]
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Fig. 5. Dependence of the relative reconfiguration time, 7., ,/z,, on the
relative length of the chain segment, |m-n|/N, based on the MD simulations
(31) of unfolded protein L (orange), Csp (red), and ProTa (blue). The segment
length, |m-n|, (where n is either 1 or N) and the reconfiguration time, 7.,
(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, z,, of the particular protein, re-
spectively. The gray line shows the prediction of the RIF model with the
value of z; 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 ProTa, they are almost an
order of magnitude shorter, matching the difference in global chain
reconfiguration times. The much faster dihedral hopping in ProTa
(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
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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.
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Supporting Information

Material and Methods

Protein preparation and labeling. A pPET47b(+)-based plasmid for the expression of the protein
L FRET mutant (C7-C64) with an N-terminal His6-tag and a subsequent recognition site for
HRYV 3C protease was obtained from Celtek Genes (Franklin, USA). Two more protein L
variants, the protein L PET mutant (C64) and control mutant (F47-C64) were generated using
site-directed mutagenesis. All three variants were expressed recombinantly in E. coli
BL21(DE3). 2 L cultures were grown in LB medium to ODsoo = 0.8 and then induced with 1
mM IPTG for 4 hours at 37°C. After harvesting by centrifugation, the cells were resuspended
in Lysis Buffer (100 mM NaH2PO4 and 10 mM Tris, 6 M GdmCl, 10 mM imidazole, pH 8).
Hise-tagged protein L was purified from the soluble fraction of the lysate using Ni Sepharose
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Bound protein was eluted with a gradient
of 10 to 170 mM imidazole in Lysis Buffer. The pooled fractions containing protein L were
subjected to one-step refolding and cleavage of the His6-tag. Refolding of protein L was
achieved by dialysis against Cleavage Buffer (100 mM NaH2PO4, 100 mM NaCl, 1 mM DTT,
pH 7.4) after adding HRV 3C Protease (produced in-house) at a protein-to-protease molar ratio
of'about 100 to 1. The cleavage reaction was stopped by adding GdmCI to a final concentration
of 4.8 M. The Hise¢-tag containing peptide and uncleaved protein were separated from protein
L using a 5 ml HisTrap column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Protein
L in the flow-through fractions was reduced with 50 mM DTT, concentrated and subjected to
gel filtration using a Superdex 75 10/300 GL column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) in 100 mM NaH2PO4, 6 M GdmClI, pH 7.1. The protein L FRET variant was
labeled with Alexa Fluor 488 maleimide (Molecular Probes, Eugene, USA) at a dye/protein
molar ratio of 0.7/1 for 2 h at room temperature, and subsequently with Alexa Fluor 594
maleimide at a dye/protein molar ratio of 2/1 over night at 4 °C. The protein L PET variants
were labeled with ATTO-Oxall maleimide (ATTO-TEC GmbH, Siegen, Germany) at a
dye/protein molar ratio of 3/1 for 3 h at room temperature. Unreacted dyes were removed by
gel filtration using a Superdex 75 10/300 GL column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) in 100 mM NaH2POs, 6 M GdmCI, pH 7.1. The correct molecular mass of
all labeled protein samples was verified by electrospray ionization mass spectrometry.

Single-molecule fluorescence spectroscopy. Single-molecule fluorescence measurements were
performed with a MicroTime 200 confocal microscope (PicoQuant, Germany) equipped with
an Olympus UplanApo 60x/1.20W objective (Olympus). For single-molecule FRET
measurements, a diode laser (LDH-D-C-485, PicoQuant, Germany) was synchronized with a
20 MHz supercontinuum laser (SC-450-4, Fianium, UK) filtered by a z582/15 band pass filter
(Chroma) for pulsed interleaved excitation (PIE) (66) of labeled molecules. For FRET-FCS
measurements, the same diode laser was used in continuous-wave mode to excite the donor
dye. Photons emitted from the sample were collected by the objective, and scattered light was
suppressed by a filter (HQ500LP, Chroma Technology) before the emitted photons passed the
confocal pinhole (100 um diameter). The emitted photons were then distributed into four
channels, first by a polarizing beam splitter and then by a dichroic mirror (585DCXR, Chroma)
for each polarization. Donor and acceptor emission was filtered (ET525/50m or HQ650/100m,
respectively, Chroma Technology) and then focused on a 1-SPAD avalanche photodiode
(PicoQuant). The arrival time of every detected photon was recorded with a HydraHarp 400
counting module (PicoQuant). For PET-FCS measurements, a Helium Neon laser at 632.8 nm
(05-LHP-925, Melles Griot) was employed to excite ATTO-Oxal 1. The collected photons were
separated into two channels by a polarizing beam splitter (zt 633 RDC, Chroma), filtered with
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a band pass filter (ET685/50, Chroma) and an IR-filter (HC 720/SP, Semrock), and detected by
1-SPAD avalanche photodiodes (PicoQuant). All experiments were performed on molecules
freely diffusing in solution.

FRET experiments were performed by exciting the donor dye with a laser power of
100 uW (measured at the back aperture of the objective). For pulsed interleaved excitation (66)
of donor and acceptor, the power used for exciting the acceptor dye was adjusted to match the
acceptor emission intensity to that of the donor (between 50 and 70 uW). Single-molecule
FRET efficiency histograms were acquired from samples with protein concentrations between
50 pM and 100 pM. Trigger times for excitation pulses (repetition rate 20 MHz) and photon
detection events were stored with 16 ps resolution.

For FRET-FCS, samples of labeled protein with a concentration of 1 nM were excited
by the diode laser in continuous-wave mode at 100 uW. All measurements were performed in
50 mM sodium phosphate buffer, pH 7.0, 143 mM 2-mercaptoethanol (for photoprotection),
0.001% Tween 20 (for surface passivation) and GdmCl at the reported concentrations. Note
that the FRET-FCS experiments reported here (i.e. above 0.5 M GdmCl) exhibit the pronounced
anticorrelated component in the donor-acceptor crosscorrelation characteristic of donor-
acceptor distance fluctuations, indicating that other contributions to the correlation function,
such as PET quenching of the Alexa dyes, are negligible, as expected for this sequence
separation (67).

Microfluidic mixing experiments. Microfluidic devices were fabricated using replica molding
in poly(dimethylsiloxane) (PDMS) as described previously (51). The microfluidic device was
mounted in a custom-made holder that allows the pressure driving the flow to be regulated
individually for each channel. In the experiment (see Fig. 4A), we applied 13.8 kPa to the center
inlet and 13.8 kPa to the side inlets, resulting in rapid dilution of the protein in high denaturant
entering from the central inlet channel with buffer from the side inlet channels at a mixing ratio
of 1:10. We acquired data at a position after the mixing region corresponding to 4 ms after
mixing.

Ensemble time-correlated single-photon counting. High-resolution fluorescence lifetime
decays were acquired with a custom-built instrument (68) in magic-angle configuration (69),
using a supercontinuum laser source (SC-450-4, 20 MHz, Fianium, Southampton, U.K.) for
excitation, resulting in a width of 80 ps for the instrument response function (full width at half-
maximal intensity). Bimolecular quenching experiments were performed in 100 mM sodium
phosphate buffer (pH 7.2) with 143 mM 2-mercaptoethanol, 0.001% (v/v) Tween 20, 25 nM of
Atto-Oxall, and the concentrations of tryptophan, GdmCl, and glycerol as specified.

Data Analysis

FRET efficiency and fluorescence lifetime histograms. Fluorescence bursts from individual
molecules were identified by combining successive photons separated by inter-photon times of
less than 150 ps and retaining the burst only if the total number of photons detected after donor
excitation was greater than 50. Transfer efficiencies for each burst were calculated according
to E=n4/(na+np), where np and n4 are the numbers of donor and acceptor photons, respectively,
corrected for background, acceptor direct excitation, channel crosstalk, differences in detector
efficiencies, and quantum yields of the dyes (70). The precision of the measured transfer
efficiencies as estimated from multiple independent measurements is typically £0.02 transfer
efficiency units and thus comparable to or smaller than the data points reported in the figures,
unless error bars are shown explicitly. Changes in refractive index caused by denaturant were



measured with a digital Abbe refractometer (Kriiss, Germany) and were used to correct the
Forster radius (Ro) for each sample.

Multiparameter detection allows us to exclude possible interfering artifacts, such as
insufficient rotational averaging of the fluorophores or quenching of the dyes (71). The
dependence of the fluorescence lifetimes on transfer efficiencies determined for each burst was
compared with the behavior expected for fixed distances and for a chain sampling a broad
distribution of distances. For a fixed distance, r, the mean donor lifetime in the presence of
acceptor is given by oa(r) = o (1-E(r)), where o is the donor lifetime in the absence of the
acceptor, and E(r) = 1/(1+r%R¢®). For a dynamic chain with a dye-to- dye distance distribution,

P(r), the average donor lifetime is 7, _j t1(t)dt / j' t)dt with I =7 J' 00 gy

where [(7) is the time-resolved fluorescence emission 1ntensity followmg donor excitation.
Subpopulation-specific anisotropies were determined for both donor and acceptor, and values
were found to vary between 0.23 and 0.19 for the donor and between 0.11 and 0.09 for the
acceptor, consistent with values observed in ensemble measurements, and sufficiently low to
assume as a good approximation for the orientational factor x = 2/3.

Quantifying distances from transfer efficiencies. Histograms of transfer efficiencies were
fitted with three empirical peak functions, using a normal distribution for the donor-only and
unfolded populations; the folded state was fitted to a log-normal distribution to account for the
asymmetry of peaks at high transfer efficiency. Mean values of transfer efficiency, <E>,

corresponding to the unfolded population, were related to distance information by solving
numerically

E)=[E(r)P(r)dr, (Eq. S1)

where P(r) is the distance distribution of an appropriate polymer model that accounts for the
intramolecular distances sampled by the chain. We used three different distributions:
- the random walk (Gaussian) chain:

3/2
3 3r?
Gausv (}") 4727' (27Z'R2 j €Xp [_ 2R2 j 9 (Eq SZ)

where R is the root-mean-square value of the interdye distance;
- the self-avoiding-walk (SAW):

0.28 2.43
P ()= dmp? 2278 (%) exp(_1.zo6[%j J , (Eq. S3)

R3

- and the Worm-like chain:

B, (=2 exp (Eq. S4)



where Z is a normalization factor, /¢ is the contour length, and /, the persistence length of the
chain. Eq. S1 was then solved either for R or /.

Finally, to account for the length of dye linkers and compare the experimental data with
simulations, the root-mean-squared interdye distance R was rescaled according to R = |m-
n|%%/ |m-n+21°> with [ = 4.5 (43, 72). The same scaling law was used to estimate the intra-chain
root-mean-square distance for the PET construct, R4764=R764 (64-47)"5/ (64-7)*°. Tt is
interesting to compare the polymer models with the corresponding distance distributions from
the MD simulation. In Fig. 2, although the variances of the distributions may differ by up to
30%, the ratio of the second moments from the polymer model and MD distributions are 1.01
for the GC and WLC and 0.96 for the SAW, whereas the ratio of the fourth moments is 0.86
for the GC, 0.83 for the WLC, and 0.78 for the SAW. Overall, simple polymer models capture
the global properties of the internal distances sampled in the MD simulations well (see Fig. S1)
but can of course not describe deviations due to specific local structure formation that can occur
in atomistic models.

Reconfiguration times from FRET-FCS

Autocorrelation curves of acceptor and donor channels and cross-correlation curves between
acceptor and donor channels were computed from the measurements and analyzed as described
previously (10, 12, 61). The data were fitted over a time window of 4 us according to

t—t, -1, t—t,

1
g,j(f)=1+ﬁ(1—CAB€ Y+cge ) +ce ), L j=A4.D (S5)

where N is the mean number of molecules in the confocal volume, c4s, ccp, crare the amplitudes
related to photon antibunching (AB), chain dynamics (CD), and triplet blinking of the dyes (T),
and 74, 7cp, tr are the corresponding relaxation times. Assuming that chain dynamics can be
described as a diffusive process in the potential of mean force derived from the sampled distance
distribution P(r) (16), we convert zcp to the reconfiguration time of the chain, z: (61). Since
atomistic simulations are available only in the absence of denaturant, we employ the Gaussian
chain model to obtain suitable distance distributions for all GAmCI concentrations investigated.
Note that zcp and z- differ by only 5 to 10 % in the present case because the average distance is
close to the Forster radius under all conditions (61). The analysis of FRET-FCS measurements
was restricted to above 0.5 M GdmCl because of a static quenching component that becomes
detectable at lower denaturant concentrations, as indicated by a correlated amplitude of the
donor-acceptor crosscorrelation observed in microfluidic mixing experiments.

Separating internal friction and solvent components of the reconfiguration time.

According to the Rouse and Zimm model with internal friction (12, 36, 46), the reconfiguration
time of the chain can be described as a sum of two components, zzand 7 (see Eq. 1). To separate
these two components, we adopted the following procedure. First, we studied the solvent
viscosity dependence of 7 at 6M GdmCl (Fig 3C, inset, purple). By linear extrapolation of 7,
to #s=0, we identified a considerable contribution of internal friction even at this high
denaturant concentration, corresponding to z(6 M) = 28+5 ns and (6 M) = 35+7 ns, similar in
magnitude to the spectrin domains (10) and ubiquitin (72) under similar conditions. To quantify
7y over the entire denaturant range, we rescaled 7(6M) by the values of R?# corresponding to
each GdmCI concentration (10, 12) (Fig. 3C, blue line). Finally, to obtain an estimate of the
internal friction contribution for all denaturant concentrations, we subtracted the rescaled =
from a polynomial interpolation of the measured reconfiguration times (Fig. 3C, orange line).
We optimize the estimate by allowing the solvent and internal friction components in the model
to be adjusted within the bounds of the propagated experimental errors and assuming that the
internal friction remains constant above 6M GdmCl. As a consistency check, we studied the
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viscosity dependence at 2M GdmCl (Fig 3C, inset, magenta). We found 7 (2 M) =~ 40+10 ns
and 7z (2 M) = 10+£5 ns, in line with the predictions from the Rouse model (see Fig. 3C).

Bimolecular dynamic quenching of Trp and ATTO Oxall from fluorescence lifetimes. The
recorded fluorescence lifetime decays were fitted with single-exponential decays convolved
with the instrument response function (IRF) obtained from the measurement of scattered laser
light (50). The buffer contained 100 mM potassium phosphate pH 7.2, 143 mM 2-
mercaptoethanol, and 0.001% Tween 20. A dye concentration of 25 nM was used for Oxall.

PET-FCS measurements of bimolecular quenching between Trp and ATTO Oxall. The
static quenching rate of Oxall by Trp was obtained via bimolecular PET-FCS measurements
of Oxall in the presence of a fixed concentration of Trp at varying GdmCI concentration. The
dynamic quenching rate was obtained from the change in fluorescence lifetime of Oxall in the
presence and absence of Trp at different concentrations of GdmCI, as reported in Fig. S6A. The

fluorescence lifetime of Oxall, 7z, ,,, at a given Trp concentration, ¢, , is related to the

dn —1/ Toxat1(€1,) =1/ 7001, (0) - A theoretical estimate of the

dynamic quenching rate via k.,
bimolecular collision rate can be obtained from the Smoluchowski theory for diffusion-limited
reactions:

k" =4zN ,(D +R

coll

1T Dowatt Ry + Ropr)) = (5%2)- 10°M's™t (Eq. S6)

where we used D, =6.6:10°cm’® s and D,,,,, = 2.8:10° cm’ 5! for the diffusion constants

Oxall
of Trp and Oxall, respectively (50). Based on MD simulations (56), the center-to-center
distance between Oxall and Trp, R,,, + R was previously estimated to be 0.7+0.3 nm (50).

Oxall ?

At a Trp concentration of 6.5 mM, k"«=(0.033 +0.013) ns™', very close to the value of k"

observed in the absence of denaturant (Fig. S6B). Since the measured value is within the
uncertainty of k”« (Fig. S6B, shaded band), the dynamic quenching rate is assumed to be a

good experimental estimate for diffusion-limited contact formation rate between Oxall and

Trp. However, with increasing GdmCl concentration, k®7 deviates from the trend expected if

only the increase in solution viscosity is taken into account (Fig. S6B, dashed line), suggesting
that GAmCl alters the quenching mechanism (possibly by restricting the accessibility of the two
molecules due to preferential interactions with Oxall and Trp) and thus leads to an
underestimate of the collision rate. We therefore obtain the value of the diffusion-limited
collision rate independent of denaturant effects by rescaling the value observed at zero
denaturant, k27 (0M), by the change in viscosity, i.e. k2 (coumer) = kon (OM)7(0)/7(Coumer) -

coll coll

The bimolecular collision rates £’¢™ in the presence of 6.5 mM Trp were extracted by
analyzing the amplitudes, c,, and relaxation times, 7, , of the PET-FCS curves as described in

the main text (see section Contact formation dynamics from PET-FCS). Bimolecular collision
times for the static and dynamic quenching processes can be obtained as the reciprocals of the
corresponding rates, 1/ k" and 1/ k", respectively (Fig. S7E). Notably, the static quenching

oll oll ?
time is greater than the dynamic quenching time at all denaturant concentrations, indicating that
static quenching is not diffusion-limited. From the ratios of £ and k®” or k®"", respectively,

coll coll coll ?
we estimate the corresponding quenching efficiencies, ¢ or ¢, of the reaction-limited contact

formation process measured with PET-FCS experiments as a function of GdmCl concentration
(see Fig. S7F). As discussed above, £ is likely to reflect not only the simple diffusional
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collisions of dye and quencher but to contain contributions from shielding effects of GdmCI.
We thus use ¢, which is based on the viscosity-corrected rates, k", to estimate the efficiency

of static quenching. Note, however, that ¢ and ¢ differ by less than 0.1 in the accessible GdmCI

concentration range. This approach results in a value of ¢ = 50% in the absence of denaturant,

compatible with the values between 33% and 50% reported previously for similar oxazine
dyes (50). The quenching efficiency decreases monotonically with increasing GdmCl
concentration, reaching a value of ~20% at 3.5 M GdmCl (see Fig. 4G inset and SI).

We conducted analogous experiments in the presence of various concentrations of
glycerol to investigate the impact of viscosity on the contact formation time and on the
quenching efficiency. Based on the analysis of the measured amplitudes and quenching times,
we found that the contact formation time is directly proportional to the change in solution
viscosity in this case, suggesting that no further correction needs to be included for the
quenching efficiency.

PET-FCS measurements of protein L W47C64 in the microfluidic mixer. For PET-FCS
experiments in the microfluidic mixer, we took measurements ~4 ms after mixing, compared
to folding times of ~25 ms to ~2 s for protein L in the GdmCI concentration range used
here (73), corresponding to a fraction of unfolded protein between 92 and 100 %. The stability
curve of the Oxall-labeled protein, obtained by dividing the values of c¢; measured at
equilibrium by those observed in the microfluidic device (where the protein is completely
unfolded), shows a midpoint of ~1.8 M GdmCl, very similar to the FRET-labeled variant
(1.5 M). The similarity of the stability curves (Fig. 2C) provides additional confirmation that
the protein is unfolded at the position where we observe it in the microfluidic device. A small
decay component on the microsecond timescale is present even if the quenching Trp is
exchanged to Phe in the protein sequence, and its amplitude increases linearly with increasing
laser power. Therefore, this contribution is independent of chain dynamics and most likely due
to residual triplet state blinking of Oxall.

PET-FCS measurements of protein L W47C64 as a function of viscosity. Measurements of
the contact formation rate in the presence of viscogens are challenging because increasing
concentrations of viscogen decrease the amplitude of the correlation, affecting both the ratio
k+°%/ kb (see previous section) and the fraction of unfolded protein, fu (by stabilizing the
folded state). Measurements at high viscosity impair microfluidic mixing experiments owing to
high backpressures that limit the concentration range of denaturant that we can investigate.
Above 3.5 M GdmCl, correlation amplitudes are too small because GdmCl destabilizes the
static complex; below 1.5 M GdmCl, correlation amplitudes are small because the protein is
predominantly folded. Therefore, as a compromise between these two limits, we performed the
measurements at 2M GdmCl with glycerol as a viscogen. Since the information contained in
the quenching amplitude about fu cannot be disentangled from the ratio of the k+°*%/ k- without
additional information, we resorted to a different strategy: given the similar stabilities of the
FRET and PET constructs (see Fig. 2), we investigated how viscogens affect the unfolded
fraction of the FRET construct. fu was quantified from the areas of the transfer efficiency peaks
corresponding to the unfolded and folded population in single-molecule FRET experiments.
We then performed measurements of the PET construct at the same concentrations of glycerol
used in the FRET experiments, and by correcting for changes in fu, we extracted 7 as a function
of viscosity. A linear fit of the viscosity dependence (36) yields 7, =z’ + 7/, where 7’ =25+ 20

ns and 7! =180+ 40 ns (see Fig. S14).

Analysis of the MD simulations. Trajectories for protein L, Csp, and ProTa were simulated
with the Amber 12 force field and the TIP4P-D water model by Piana et al. (31). Atomic
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coordinates for the protein were saved with a 1-ns time resolution for a total length of 86 ps for
protein L, 84 us for Csp, and 10 us for ProTa. Positions of C* atoms were used to compute
distances within the chain, " (see Fig. S1); positions of the backbone atoms were used to

calculate the dihedral angles, ¢ and . Formation of backbone hydrogen bonds and assignment
of secondary structure were obtained using the DSSP algorithm implemented in
CAMPARI (74). Salt bridges were identified using cutoff distances of 0.80 nm between the C”
of Asp or the C° of Glu and the N of Lys or the C° of Arg. Interactions between hydrophobic
side chains were identified using cutoff distances of 0.90 nm between the C” of Val, Ile, Leu,
Phe, Tyr, and Trp. Cutoff distance were chosen as in reference (14) to facilitate direct
comparison. However, the choice of the cutoff distance mainly affects the number of salt
bridges and hydrophobic interactions detected and has a relatively small effect on the average
relaxation time, indicating that the relaxation times are robust with respect to the cutoff.
Relaxation times of distances, dihedral angles, and hydrogen bonds were obtained by
integrating the corresponding time correlation functions, C(7), according to
Iy
_[ (C(r)—C(7,))/(C(0)-C(z,))dr . 7 was chosen as the lag time at which the amplitude of
0
the correlation function decayed to 1/e* (Fig. S2) to focus on the dominant timescale of
unfolded-state relaxation and to reduce the variability of the results due to a variation in
integration time and slower dynamic components. Since these values are very similar across
correlations of different quantities for the same protein (distances, hydrogen bonds, dihedral
angles etc.), the largest 7 of all correlations was chosen for each protein as the upper limit of
integration. The chain reconfiguration time, 7, of the distance, », between residues was

calculated from the time correlation function of the distance, C.(7)= <r(t+ r)r(t))t / <r(t)2>

The relaxation time for dihedral angles, 75, was calculated by integrating the average of the
correlation curves for the ¢ and y angles, C,(r)=(g(t+7)p(1)), / <¢75(t)2 >t and

C,(r)= <l//(t + Z')l//(t)>t / <1//(t)2>t . The relaxation time of hydrogen bonds was obtained from

the correlation function C,,(7) = (u(s +7)u(t)), / <u(t)2>l, where u(?) is a function specific to

each amino acid and is equal to zero if no hydrogen bonds are formed and equal to 1 if hydrogen
bonds are formed at time z. The hydrogen bond map was constructed by averaging the number
of hydrogen bonds between each amino acid pair per nanosecond along the trajectory.
Similarly, the relaxation times of salt bridges and hydrophobic interactions were obtained from

the correlation functions C,(r)=(h(t+ r)h(t)>t/<h(t)2>t and C,(r)=(s(t+ r)s(t)>t/<s(t)2>
where A(f) and s(¢) are functions specific to each amino acid pair and are equal to zero if no

hydrophobic interaction (h) or salt bridge (s) is formed, and equal to 1 if the salt bridge or
hydrophobic interaction is occurring at time .

B
t

The contact formation time was calculated as 7, = IS (t)dt , where S(2) is the survival
0

probability of the unquenched state (75):

S(Z)—<exp(—oj kOH(RC—rM’M(T))dT] fq> ( fq> Eq. (S7)

f
0
fy

k(747.64) =k0¢9(RL, —r47’64) describes the distance dependence of the quenching rate between

positions 47 and 64 (where Trp and Oxall are located), approximated by the Heavyside step
function, @; ko is chosen sufficiently large to recover z to be diffusion-limited (i.e., independent
7



of k); f, = 6’(7/47,64 (¢)- RC) is a correction for the (small) fraction of conformations that are in

contact at time fo; the contact formation radius, R., is the only adjustable parameter. The contact
formation time map (Fig. S11 D-F) was constructed assuming Rc = 0.8 nm and computing
contact formation times for all pairs of amino acids within the chain.

For Csp and protein L, errors for all calculated quantities were assigned by repeating
the analysis on 10-us segments of the trajectories and calculating mean and standard deviation
of the quantity of interest. For ProTa, since the MD simulation is shorter than 10 us, the
trajectory was split in two, and mean and standard deviation of the quantities of interest were
computed for each half. Asymmetric error bands reflect the difference between the value
obtained by analyzing the whole trajectory (reported value) or averaging over shorter segments
(center of the error interval).

nsFCS correlations from MD simulations. Autocorrelations for the donor and acceptor
channels and crosscorrelations were calculated from the simulations (see Fig. 3B) following the
approach described previously (67, 76). The photophysics of FRET are described with a kinetic
model with three states, corresponding to the ground state (DA), the excited state of the donor
(D*A), and the excited state of the acceptor (DA*). The time evolution of the state populations,
p(?), is then given by the rate equation dp/ds = Kp(¢), where p is normalized (1'p = 1). K is

_karD - kexA kD kA
K=| &k,  —k,—k,r) 0 |, Eq. (S8)
kexA kF (7") _kA

where kexp and kexa are the excitation rates for the donor and acceptor; kp and ka are the
relaxation rates to the ground state; and kr (r) is the energy transfer rate given by kr () = kp
(Ro/r)°. The distance, r, is obtained from the MD trajectory as a function of time. Since the
simulations have a time resolution of only 1 ns, each time step is subdivided into 10 substeps,
where the distance is assumed to be constant. With the detection matrices, Vb and Va, which
contain the radiative rate constants for the monitored transitions,
0 k, O 0 0 k,
V,={0 0 OLV,={0 0 0|, Eq. (S9)
0 0 O 0 0 O

the fluorescence intensity correlations can be computed as (i = A, D, j = A, D)

1T veKerpSS

- .
Vipss )(1 V/pss )
To account for spectral cross-talk, direct excitation, and the presence of a donor-only species,
the correlation is rewritten as a sum of weighted contributions:

g;(r)= ( 7 Eq. (S10)

¢,B,,B, &' ,(x)+c,B, B, g/ ()

(Cdqui +c¢, By, )(CdBd,_/ +c, By, ) ’

G;(v)=1+aq, Eq. (S11)

where f'and d are the FRET and donor-only populations, respectively. The brightness values
are computed as previously (67), with Bup=1, Brp=1-E, Bfa=y(E+ a) + B (1 - E), and Bi.4
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= f. The ratio of detection efficiencies of donor and acceptor is y = 1.13, the direct excitation
of the acceptor is a = 0.048, and the crosstalk of donor emission detected in the acceptor
channel is £ = 0.066. The relative abundances, cs and ¢y, are estimated from the corresponding
transfer efficiency histogram to be ~50%. The overall amplitude, a;, is used as an adjustable
parameter.



Tables.

wild type MEEVTIKANL IFANGSTQTA EFKGTFEKAT SEAYAYADTL
50 60 04
KKDNGEWTVD VADKGYTLNI KFAG

1 10 20 30 40

FRET variant MAHHHHHHSAALEVLFQ/GP MEEVTICANL IFANGSTQTA EFKGTFEKAT SEAYAYADTL
(C7-Ce4) 50 60 64
KKDNGEWTVD VADKGYTLNI KFAC

1 10 20 30 40

PET variant MAHHHHHHSAALEVLFQ/GP MEEVTIKANL IFANGSTQTA EFKGTFEKAT SEAYAYADTL
(Ce4) 50 60 64
KKDNGEWTVD VADKGYTLNI KFAC

1 10 20 30 40

control variant MAHHHHHHSAALEVLFQ/GP MEEVTIKANL IFANGSTQTA EFKGTFEKAT SEAYAYADTL
(F47-Co4) 50 60 64
KKDNGEFTVD VADKGYTLNI KFAC

Table S1. Amino acid sequences of protein L used in this study compared with the wild type
sequence. Cys residues (in red) were introduced for labeling with fluorescent dyes (Alexa 488
and Alexa 594 for FRET based experiments, OXA11 for PET-FCS experiments). For the FRET
construct, labeling positions were selected based on previous single-molecule FRET
experiments on protein L (37, 38) with the aim of optimizing the separation between folded and
unfolded state transfer efficiencies. For measuring contact formation by PET (49), we prepared
a single-cysteine variant, G64C, and labeled it with ATTO Oxall, which is quenched when a
complex with the natural tryptophan, W47 (green), is formed. The same Trp residue that acts
as a quencher of Oxall in the PET construct was used in previous contact formation
experiments based on triplet quenching of Trp by Cys (W47-T57C) (18); however, we
increased the probe-quencher separation from 10 to 18 amino acids to reduce the relative
influence of the Oxall linker on the observed dynamics. In the control construct for the PET
experiments, Trp is replaced by Phe.
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Figure S1. Comparison of distance distributions in MD simulations and polymer models.
Distribution of distances between residues m and # (given in upper right corner of each panel)
from the MD simulation of unfolded protein L (31) compared to the distance distributions for
a Gaussian chain (blue), a self-avoiding-walk (red) and a worm-like chain (purple) with the
same root-mean-square distances as the distributions from the simulations to illustrate the level
of agreement between atomistic simulations and polymer models.
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Figure S2. Correlation curve for the distance r7,64, the corresponding distance trajectory,
and secondary structure assignment from the MD simulation of unfolded protein L. (a)
To extract the dominant timescale of chain reconfiguration, the analysis was restricted to the
time range corresponding to amplitudes greater than 1/e%. (b) Trajectory of the distance 77,64. (c)
Assignment of secondary structure according to the DSSP algorithm (77) (H: a-helix, B:
isolated B-bridge, E: extended/strand, G: 3-helix, I: 5-helix, T: hydrogen-bonded turn, S: bend).
Slow dynamics on the timescale of several microseconds reflects the formation of short
elements, especially bends, turns, and strands.
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Figure S3. Analysis of PET-FCS curves for unfolded protein L. (A-B) Amplitude, ¢4, and
relaxation time, 7y, of the quenching component as measured in the microfluidic device (light
blue filled circles) and in equilibrium experiments (dark blue filled circles). Lines are
polynomial fits of the data used for interpolation. (C-D) Reciprocal of the observed relaxation
rates of forming and breaking the Trp-ATTO Oxall complex, k+°* and k-°>, respectively, as

obtained from ¢, and 7. Lines are obtained from the polynomial fits of ¢4 and 7.
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Figure S4. Folding rate measured in the microfluidic mixing device. Transfer efficiency
histograms of protein L measured along the observation channel of the microfluidic device at
different times (i.e. positions) after the solution is rapidly diluted from 3 M GdmCl to 0.3 M

GdmCl with buffer solution (50 mM sodium phosphate pH 7.0). The fraction of folded protein
increases with a rate of 21 £3 s7!.
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Figure S5. PET-FCS of unfolded protein L. (A) PET-FCS curves of unfolded protein L
between -1 us and 1 ps at different GAmCI concentrations. The fast correlated decay on the
nanosecond timescale reports on the quenching process, and the amplitude is directly linked to
the fraction of unfolded protein and to the stability of the complex. (B) PET-FCS of the control
construct of protein L, where the quenching Trp is replaced by Phe (Table S1). The amplitude
of the resulting correlation is less than 10% of the amplitude observed in 3.0 M GdmCl.
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Figure S6. Bimolecular dynamic quenching experiments. (A) ATTO Oxall fluorescence
lifetime in the presence (black filled circles) and absence (red filled circles) of 6.5 mM Trp as
a function of GdmCI concentration. The solid line is a third-order polynomial used for
interpolation. (B) Bimolecular collision rates, k7 and k%", from fluorescence lifetime-based

dynamic quenching experiments (circles) compared to the theoretical estimate k¢’ based on

Eq. S6, including changes in solvent viscosity (dashed line). The gray band shows the range of
the theoretically expected bimolecular collision rate, based on the uncertainty of the contact
radius between Oxall and Trp (see Eq. S6 and SI Text, PET-FCS measurements of bimolecular
quenching between Trp and ATTO Oxall). (C) Solvent viscosity (1) dependence of the
bimolecular quenching rate for the formation and dissociation of the static complex, 1/ k"™

coll

and 1/k;““, respectively, in 100 mM sodium phosphate buffer. The inverse of the rate of

complex formation is directly proportional to solvent viscosity, whereas the rate of complex
dissociation is much less sensitive to viscosity.
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Figure S7. Denaturant dependence of bimolecular PET quenching. (A) Representative
PET-FCS curves for bimolecular quenching of free ATTO Oxall by 6.5 mM Trp as a function
of GdmCl concentration. (B-C) Quenching amplitude, ¢4, and decay time, 7, as a function of
GdmCl concentration. Above 3.5 M GdmCl, ¢; becomes too small to be fit reliably. (D)
Observed dissociation time of the static Oxall-Trp complex, 1/k;“, as a function of
denaturant. (E) Comparison between the bimolecular collision times measured via dynamic
quenching, 1/ k7, (blue filled circles) and static quenching, 1/, (gray filled circles). (F)

coll

Efficiency of static quenching, ¢, estimated from the ratio k™ /k%" using the measured values

(solid line), or ¢+ using £ at 0 M GdmCl corrected for the change in solution viscosity
(dashed line; cf. dashed line in Fig. S6b).
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Figure S8. Dependence of the contact formation time, 1/, , on the contact radius, R,

between the quenching probes for protein L. (A) Contact times between W47 and G64 as
calculated from the MD simulation of unfolded protein L (31) according to Eq. S7 for the
distance between the C* atoms of tryptophan and glycine (red filled circles), and between the
center of mass of the tryptophan indole ring and the glycine C* (blue filled circles). Contact
times thus exhibit a stronger dependence on Rc than expected from Eq. 2 (green line). (B)
Fraction of configurations with distances below Rc for the two cases shown in (A) (red and
blue) compared to a Gaussian chain (green). The fraction based on the distance between the
tryptophan indole ring and the glycine C* approaches the trend expected for a Gaussian chain.
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Figure S9. Secondary structure content from MD simulations of unfolded proteins.
Relative occurrence of trajectory snapshots containing a specific percentage of residual
secondary structure as assigned by the DSSP algorithm (74, 77). Similar values are observed
for unfolded Csp (red), protein L (orange), and ProTa (blue). Inset: average percentage of
residual secondary structure estimated from the entire trajectory.
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Figure S10. Hydrogen bond formation in unfolded proteins from MD simulations. (A)
Occurrence of backbone hydrogen bonds as a function of sequence separation for unfolded Csp
(red), protein L (orange), and ProTa (blue) based on the MD simulations (31) and identified
using the DSSP algorithm (77). (A, inset) Average percentage of backbone hydrogen bonds
present in each snapshot of the MD simulations (relative to all backbone hydrogen bonds
identified by DSSP). (B) Map of the occurrence of hydrogen bonds between two amino acids
in the MD trajectory (increasing probability from white to dark grey; same scale for all panels).
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Figure S11. Formation of salt bridges in unfolded proteins from MD simulations. (a)
Comparison of the average number of salt bridges per snapshot for ProTa, protein L, and Csp,
assuming a cutoff distance of 0.8 nm (see SI Materials and Methods). Note that no salt bridges
are detected in the simulation of ProTa. (b) Maps of salt bridges formed during the simulation,
colored according to the corresponding relaxation time, 7s», of the correlation function Csb (see
SI Materials and Methods). Black circles correspond to salt bridges found in the native
structure. (c) Distributions and mean values of 7 for protein L and Csp.
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Figure S12. Formation of hydrophobic interactions in unfolded proteins from MD
simulations. (a) Comparison of the average number of hydrophobic interactions between
amino acid pairs per snapshot for ProTa, protein L, and Csp, using a cutoff distance of 0.9 nm
(see SI Materials and Methods). (b) Maps of hydrophobic interactions between amino acids
pairs, colored according to the corresponding relaxation time, 7, of the correlation function Ch
(see SI Materials and Methods). Black circles correspond to hydrophobic interactions in the

native structure. (¢) Distributions and mean values of z for ProTa., protein L and Csp.
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Figure S13. Dynamics of unfolded proteins from MD simulations. (A, B, C) Comparison of
relaxation times extracted from the MD simulations (see SI) for the formation of backbone
hydrogen bonds between a specific amino acid and the rest of the chain (black line), for the
rotation of dihedral angles (purple line), and for the reconfiguration of intrasegment distances
of 5-residue segments (approximately a Kuhn segment) for unfolded Csp (red), protein L
(orange), and ProTa (blue). Vertical gray lines correspond to the position of glycine residues
in the sequence. (D,E,F) Maps of contact formation times for unfolded Csp, protein L, and
ProTa.
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Figure S14. Viscosity dependence of contact formation. Viscosity dependence of the contact
formation time, 7, in unfolded protein L at 2 M GdmCl as estimated from PET experiments. A
linear fit to the data results in 1/k, =1/kin/n,+1/k. with 1/kl =180+40ns and

1/k’ =25+20 ns, consistent with Eq. 2 when using R47,64 =4.9 nm (Fig. 2B), Rc = 0.8 nm,

and 7: = 42 ns (see main text). The shaded area corresponds to the 90% confidence interval of
the fit.
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