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ABSTRACT: Protein/solvent interactions largely influence protein dynam-
ics, particularly motions in unfolded and intrinsically disordered proteins
(IDPs). Here, we apply triplet-triplet energy transfer (TTET) to investigate
the coupling of internal protein motions to solvent motions by determining
the effect of solvent viscosity (η) and macromolecular crowding on the rate
constants of loop formation (kc) in several unfolded polypeptide chains
including IDPs. The results show that the viscosity dependence of loop
formation depends on amino acid sequence, loop length, and co-solute size.
Below a critical size (rc), co-solutes exert a maximum effect, indicating that
under these conditions microviscosity experienced by chain motions matches
macroviscosity of the solvent. rc depends on chain stiffness and reflects the
length scale of the chain motions, i.e., it is related to the persistence length. Above rc, the effect of solvent viscosity decreases with
increasing co-solute size. For co-solutes typically used to mimic cellular environments, a scaling of kc ∝ η−0.1 is observed, suggesting
that dynamics in unfolded proteins are only marginally modulated in cells. The effect of solvent viscosity on kc in the small co-solute
limit (below rc) increases with increasing chain length and chain flexibility. Formation of long and very flexible loops exhibits a kc ∝
η−1 viscosity dependence, indicating full solvent coupling. Shorter and less flexible loops show weaker solvent coupling with values as
low as kc ∝ η−0.75 ± 0.02. Coupling of formation of short loops to solvent motions is very little affected by amino acid sequence, but
solvent coupling of long-range loop formation is decreased by side chain sterics.

■ INTRODUCTION
Solvent motions coupled to internal protein motions are the
basis for dynamic processes in proteins and are essential for
protein folding and function.1−3 Studies on the native state of
proteins revealed different types of dynamic modes. Large-scale
protein motions in myoglobin were shown to be inversely
proportional to solvent viscosity, i.e., they are fully coupled to
solvent dynamics (α-fluctuations) and are thus based on
interactions of the protein with the bulk solvent.1,4 Local
motions, in contrast, were observed to be independent of bulk
solvent viscosity and were assigned to interactions of the
solvation shell with the protein (β-fluctuations).4,5 The
coupling of solvent motions to the dynamics in the unfolded
state of proteins is much less understood, although it is
important for the understanding of the dynamics in unfolded
polypeptide chains like intrinsically disordered proteins (IDPs)
and the early steps in protein folding. Chain motions in
unfolded proteins should be largely influenced by interactions
of the solvent with the amide backbone, which leads to much
larger conformational fluctuations than dynamics in native
proteins, due to the larger flexibility and the increased
conformational space available for an unfolded polypeptide
chain. To understand the contributions of solvent dynamics to
both local and large-scale motions in unfolded proteins, we

investigated the effect of solvent viscosity on the conforma-
tional dynamics in unfolded polypeptide chains of different
length and amino acid sequence, including sequences from
IDPs.
Several studies have addressed the coupling of solvent

motions to polypeptide chain dynamics by investigating the
effect of solvent viscosity on the internal dynamics in unfolded
polypeptide chains, but gave contradictory results. Generally,
the effect of solvent viscosity (η) on dynamic processes with
the rate constant k in solution can be described by
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where η0 is the reference solvent viscosity, typically of water at
room temperature, and k0 is the rate constant at η0. α reflects
the sensitivity of the dynamics to solvent viscosity with the
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limiting values of α = 1 for a 1/η viscosity dependence,
corresponding to a Kramer’s-type behavior,6 and α = 0 for a
reaction that is insensitive to solvent viscosity. Sauer and co-
workers used photoinduced electron transfer (PET) on
poly(Gly-Ser) chains and proposed a 1/η viscosity dependence
(α = 1) for loop formation, independent of loop length.7 Work
on loop formation dynamics using tryptophan triplet
quenching by cysteine, which is not diffusion-controlled, also
assumed a 1/η viscosity dependence for all chains. This value
was used to extrapolate the rate constant for loop formation, kc,
from the viscosity dependence of the measured apparent rate
constants.8,9 An α-value of 1 was also assumed in single
molecule fluorescence correlation spectroscopy experiments on
the effect of solvent viscosity on reconfiguration times in
unfolded proteins.10 On the other hand, diffusion-controlled
triplet-triplet energy transfer (TTET) experiments showed a
1/η viscosity dependence (α = 1) for a long and flexible
poly(Gly-Ser) loop but revealed a weaker viscosity dependence
with α-values as low as 0.75 for a short poly(Gly-Ser) loop11

and for stiffer, proline containing loops.12 Experimental results
on internal dynamics in the synthetic linear polymers 1,2-
polybutadiene, polystyrene, and polyisoprene measured both
by NMR and by time-resolved optical spectroscopy also
showed a weaker viscosity dependencies for local polymer
dynamics with α-values between 0.41 and 0.86, indicating that
local chain motions in these polymers are not fully coupled to
solvent dynamics.13−18 These findings are supported by MD
simulations on the dynamics in short peptides that found α-
values <1, which were interpreted to be due to local steric
barriers for backbone rotations.19 Further, theoretical consid-
erations on the dynamics of loop formation in polymers also
suggested α-values <1 due to a breakdown of the local thermal
equilibrium approximation.20 These results from experiments,
simulations, and theory suggest that local dynamics in unfolded
proteins are not fully coupled to solvent dynamics and thus
may not exhibit a 1/η viscosity dependence.
The different results obtained for the effect of solvent-

viscosity on internal dynamics in unfolded polypeptide chains
may be due to the application of different methods, which are
sensitive to either local or large-scale dynamics, to different
peptide sequences, and/or to the use of different co-solutes to
modulate solvent viscosity. We therefore studied the viscosity
dependence of the dynamics of intrachain loop formation in
polypeptide chains of different length and amino acid sequence
in the presence of various co-solutes. This gives a detailed
picture of the coupling of solvent motions to local and large-
scale internal motions in unfolded proteins and its dependence
on the nature of the co-solutes.
Intrachain loop formation leads to site-specific interactions

within the polypeptide chain and is thus an elementary step in
protein folding that determines how fast conformational space
can be explored in search for energetically favorable
conformations. Our group has previously used TTET between
xanthone (Xan) as the triplet donor and naphthylalanine (Nal)
as the triplet acceptor group to study the dynamics of site-
specific contact formation in unfolded model polypeptide
chains of different lengths11,12,21−23 and in a naturally
occurring protein loop.24 TTET between Xan and Nal is a
fast and diffusion-controlled two electron transfer process
(Dexter mechanism) that is based on van der Waals contact
between Xan and Nal with a reactive boundary of 4.4 Å.25

When the donor and acceptor are attached to a polypeptide
chain, the transfer kinetics directly reflect the rate constant for

formation of a loop (kc) that brings donor and acceptor into
van der Waals distance. The time resolution of this method is
set by the photophysics of triplet formation and triplet transfer,
which both occur in the range of 2−3 ps.26,27 The upper time
limit for processes that can be monitored by TTET is given by
the lifetime of the Xan triplet state, which is about 50 μs in
water.22 Characterization of intrachain loop formation in
unfolded poly(Gly-Ser) and polyserine model polypeptide
chains by TTET revealed different scaling of the rate constant
for loop formation with loop length for local and long-range
loop formation.22 The time constant (1/kc) for formation of
short loops is almost independent of chain length and reaches
a limiting value of 5 ns for flexible poly(Gly-Ser) chains at 22.5
°C. For long poly(Gly-Ser)n chains with n > 8, loop formation
scales with N−1.7 ± 0.1, where N is the number of amino acids in
the loop. A similar behavior was found for loop formation in
stiffer polyserine chains with slightly reduced rate constants
and a two-fold slower limiting rate constant for short chains.22

In addition, very fast loop formation reactions on the hundreds
of picoseconds time scale were detected in a subpopulation of
the molecules, especially for formation of short loops.23 The
factors determining the dynamics in the different regimes for
local and long-range loop formation are still not well
understood, but the observed scaling behavior suggests that
formation of long loops represents a diffusive search of a
Gaussian chain with excluded volume, whereas formation of
short loops contains contributions from chain stiffness.22

Here, we investigated the effect of solvent viscosity on loop
formation dynamics in homopolypeptide chains of different
loop lengths and amino acid sequences to characterize solvent
effects on both local dynamics that occur within the
persistence length of the polypeptide chain and on long-
range dynamics that require large-scale chain motions. In
addition, we investigated viscosity effects on the dynamics of
three fragments from IDPs and of a short natural protein turn
region from hairpin 1 of protein G (GB1 hairpin). By varying
the co-solute, we further tested for differences between the
effect of small and large co-solutes to relate the macroscopic
solvent viscosity to the microscopic viscosity experienced by
chain dynamics both for local and large-scale motions. Varying
the co-solute size further enabled us to assess the effect of large
macromolecular crowding agents on local and large-scale
conformational dynamics to gain information on the effect of a
cellular environment on the dynamics of unfolded proteins and
peptides.

■ MATERIALS AND METHODS
Peptide Synthesis and Purification. All peptides were

synthesized using standard fluorenylmethoxycarbonyl (Fmoc)
chemistry on preloaded resins from Rapp Polymer (Tübingen,
Germany). 9-Oxoxanthen-2-carboxylic acid was synthesized as
described28 and attached to the N-terminus of the peptides
using Fmoc chemistry. Peptides were purified by reversed-
phase HPLC, and purity of all peptides was checked by mass
spectroscopy and analytical HPLC.
Sample Preparation and Characterization. Peptide

concentrations were determined by UV absorbance at 343
nm using a molar absorption coefficient of 3900 M−1 cm−1 for
xanthone in water. Solvent viscosity was changed by adding
various amounts of co-solutes. The maximum weight fractions
for the different co-solutes were as follows: Ficoll (23% w/w),
PEG 20000 (18% w/w), PEG 6000 (35% w/w), PEG 1500
(31% w/w), PEG 1000 (44% w/w), PEG 600 (48% w/w),
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PEG 400 (43% w/w), sucrose (57% w/w), glucose (61%),
glycerol (71% w/w), ethylene glycol (90% w/w), and urea
(41% w/w). Solvent viscosity was measured for each solution
in a HAAKE falling-ball viscosimeter Type C from Thermo
Scientific. Random coil conformation was confirmed for all
peptides at all co-solute concentrations by CD experiments.
This is in accordance to recent experimental results, which
showed the absence of interactions between PEG-based co-
solutes/ethylene glycol and unfolded proteins.29 CD measure-
ments were carried out on an AVIV 62ADS or an AVIV 410
spectropolarimeter (AVIV, Lakewood, NJ, USA). Absorbance
and fluorescence measurements were performed with a
ChronosFD spectrometer (ISS) or an AMINCO Bowman
series 2 spectrofluorimeter (SLM Aminco).
Laser Flash Photolysis Experiments. Transient triplet

absorption decay data were collected using a Laser Flash
Reaction Analyzer (LKS.60) from Applied Photophysics.
Xanthone as the triplet donor was excited selectively by
using a Quantel Nd:YAG-Laser at 354.6 nm with a 4 ns (full
width at half maximum; FWHM) pulse of 50 mJ. Peptide
concentrations for TTET measurements were in the 20−100
μM range. All measurements were performed in 10 mM
potassium phosphate buffer pH 7.0 at 22.5 °C. Transient
triplet absorbance of xanthone was measured at 590 nm, and
the kinetics were analyzed using ProFit (Quantum Soft,
Zürich, Switzerland). Error bars in figures are given by
standard deviation obtained from ProFit.
Conductivity Measurements. Ion movement was studied

by measuring the electrical conductivity of a 50 mM NaCl
solution using a 217 conductometer from Metrohm. All
measurements were performed at 22.5 °C.
DLS Measurements. Hydrodynamic radii were measured

by dynamic light scattering (for ethylene glycol, glycerol,
glucose, sucrose, PEG 400, PEG 600, and PEG 1000) or taken
from Krasilnikov et al.30 (for PEG 1500, PEG 6000 and PEG
20000) and Sauer et al.7 (Ficoll-70). DLS experiments were
carried out on an ALV DLS/SLS-5000 system equipped with a
compact goniometer system (ALV, Langen, Germany). All
hydrodynamic radii were determined from a concentration
dependence and linear extrapolation to zero concentration (c
→ 0).

■ RESULTS AND DISCUSSION
Effect of Solvent Viscosity on Bimolecular TTET from

Xanthonic Acid to 1-Naphthylalanine. A model-free
interpretation of experiments on the effect of solvent viscosity
on loop formation in unfolded polypeptide chains requires a
probing reaction that is fully diffusion-controlled, i.e., exhibits a
1/η viscosity dependence according to eq 2

D
k T

r6
B

h
=

(2)

where D is the diffusion coefficient and rh is the hydrodynamic
radius. We tested the viscosity dependence of the TTET
probing reaction in bimolecular experiments between
xanthonic acid (Xan) and 1-naphthylalanine (Nal). The
bimolecular rate constant for TTET between xanthonic acid
and Nal has a rate constant of kT = 3.0 × 109 M−1 s−1, which
increases to 4.1 × 109 M−1 s−1 when the smaller naphthylacetic
acid is used as the acceptor.22,31 These values are in good
agreement with the expected rate constants for a diffusion-
controlled bimolecular reaction according to Smoluchoswki

theory.32 Determining the rate constant for intermolecular
TTET in the presence of various amounts of glycerol (Figure
1) shows that increasing solvent viscosity slows down the

TTET kinetics and that the bimolecular rate constant is
inversely proportional to solvent viscosity (α = 1.01 ± 0.02, see
eq 1), as expected for a fully diffusion-controlled reaction (see
eq 2). Thus, the TTET process itself does not modulate the
viscosity dependence observed for the dynamics of intrachain
loop formation described in the following.
Effect of Different Co-Solutes on the Viscosity

Dependence of End-to-End Loop Formation in Un-
folded Polypeptide Chains. We synthesized different
polypeptide chains that do not form stable secondary and/or
tertiary structures to study the effect of solvent viscosity on
end-to-end loop formation in unfolded peptides and proteins.
All chains have the general sequence shown in Figure 2 with
Xan attached at the N-terminus and Nal located near the C-
terminus. To test for differences in the effect of solvent
viscosity on local and long-range loop formation reactions, we
investigated the effect of solvent viscosity on loop formation in
poly(Gly-Ser) and polySer homopolypeptide chains with
different loop sizes. We further measured the dynamics of
loop closure in the presence of different viscogenic agents to
test whether the viscosity effect depends on the nature of the
co-solute. Figure 3 compares TTET kinetics in a (Gly-Ser)14
loop in water at 22.5 °C (η = 0.94 cP) with the kinetics at η =
2.5 cP and at η = 10.3 cP, which was achieved by adding either
glycerol or PEG 20000. TTET kinetics were followed by the
transient triplet absorbance decay of Xan at 590 nm after laser
excitation with a 4 ns pulse at 355 nm. The kinetics can be
described by a double exponential function. The major kinetic
phase corresponds to loop formation leading to intramolecular
TTET between Xan and Nal. A small fraction of triplet states
(<10%) decays in a slow reaction with a rate constant that
corresponds to the intrinsic triplet lifetime of Xan. This
reaction is due to molecules that do not undergo TTET during
the donor lifetime, most likely due to formation of oligomers,
since its amplitude decreases in good solvents, e.g., in aqueous
solutions of urea or GdmCl.11,22 Figure 3 shows that the
presence of either glycerol or PEG 20000 slows down loop
formation in the (Gly-Ser)14-peptide compared to water with a
stronger effect observed at 10.3 cP compared to 2.5 cP.
However, at both viscosities, the magnitude of the effect

Figure 1. Effect of solvent viscosity on the rate constant for
intermolecular TTET between xanthonic acid and naphthylalanine
(Nal). Viscosity was modified by adding different concentrations of
glycerol to an aqueous solution of 10 mM potassium phosphate at pH
7.0 and 22.5 °C. The bimolecular rate constants at each viscosity were
determined in TTET experiments under pseudo-first-order conditions
with an excess of Nal.
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depends on the nature of the co-solute. The larger PEG 20000
slows down loop formation much less than glycerol. Figure 4
shows the viscosity dependence of the rate constants for
formation of the (Gly-Ser)14 loop for several co-solutes with
different hydrodynamic radii between 0.18 nm (ethylene
glycol) and 5.1 nm (PEG 20000). A fit of eq 1 to the data
yields the α-values for loop formation, i.e., the sensitivity of the
reaction to solvent viscosity for the different co-solutes (eq 1;
Figure 4). The results show that the viscosity effect exerted by
a co-solute depends on the hydrodynamic radius of the co-
solute. α is as low as 0.1 for large co-solutes and increases with
decreasing co-solute size until a limiting value is reached below
a critical co-solute size, rc (Figure 5). Similar results were
obtained for (Gly-Ser)n loops with n = 1 and 6 and for a Ser2
loop. In all peptides, increasing solvent viscosity slows down
end-to-end loop formation, and in all peptides, the magnitude

of the effect depends on co-solute size (Figures 4 and 5).
Furthermore, α reaches a limiting value, αc, below a certain co-
solute size, rc, for all peptides. These results show that the
macroscopic solvent viscosity and the microscopic viscosity
experienced by the internal dynamics of a polypeptide chain
are only identical for small co-solutes below a critical size (rc).
They further indicate that large co-solutes, like large-
molecular-weight PEGs and Ficoll-70 (see below), that are
typically used to mimic the effect of macromolecular crowding
in cells, have very little effect on the internal dynamics in
unfolded proteins (α = 0.1−0.2). A similar effect was observed
for the rate constant of oxygen escape from the native state of
hemerythrin, which is less affected by large co-solutes
compared to small co-solutes.33

Effect of Chain Length and Amino Acid Sequence on
the Viscosity Dependence of End-to-End Loop For-
mation in Unfolded Polypeptide Chains. Figure 5 shows
that the αc-value for the coupling of solvent motions to chain
motions, i.e., the α-value that is observed for loop formation
below the critical co-solute size, rc, depends on loop size and
amino acid sequence, which shows that αc reflects an intrinsic
chain property. The effect of loop size on αc for poly(Gly-Ser)
and polyserine chains is displayed in Figure 6A. For poly(Gly-
Ser) chains with n > 8 (N > 17), kc decreases with 1/η (αc =
1), indicating that loop closure for long loops is diffusion-
controlled and that large-scale polypeptide chain motions are
directly coupled to solvent motions. For shorter chains with n
< 8 (N < 17), αc is smaller than 1 and decreases with
decreasing loop size, indicating a weaker coupling of solvent
motions to chain motions. The lowest value is found for the
(Gly-Ser)1 loop with αc = 0.75. Similar results were found for
stiffer polyserine loops (Figures 5 and 6A) with slightly larger
αc-values for formation of very short loops but a weaker effect
of loop size on αc compared to poly(Gly-Ser) loops (Figure
6A). Due to limitations in peptide synthesis, we were not able
to study longer polyserine loops with n > 15. It thus remains
unclear whether αc also reaches a limiting-value of 1 for
formation of very long polyserine loops. The different degrees
of coupling of solvent motions to chain motions observed for
formation of short and long loops are in agreement with
conclusions from previous TTET measurement on the effect of
loop-length on the rate constant for loop formation, kc, in
unfolded poly(Gly-Ser) chains (Figure 6B). These experiments
had shown that kc scales with loop size (kc ∼ n−1.7 ± 0.1) for
long loops with N > 17, as expected from polymer theory for a
Gaussian chain with excluded volume effects.22 This suggested
a diffusive search process, which is in agreement with the 1/η
(αc = 1) viscosity dependence observed for long loops in the
present work. Comparison of Figure 6A and B shows that an

Figure 2. Canonical structure of the polypeptide chains used to study loop formation by intramolecular TTET with Xan attached at the N-terminus
and Nal attached near the C-terminus.

Figure 3. Effect of solvent viscosity on the kinetics of loop formation
in a chain with (Gly-Ser)14 between the TTET labels. The effect of a
large co-solute (PEG 20000) and of a small co-solute (glycerol) are
compared at η = 2.5 cP (A) and η = 10.3 cP (B). Conditions were 10
mM potassium phosphate at pH 7.0 and 22.5 °C. The black lines
represent the results from double exponential fits. The fast kinetic
phase (>90% amplitude) represents TTET through loop formation
with the rate constants shown in Figure 4. The slow kinetic phase
(<10% amplitude) has a time constant of about 10 μs, which
corresponds to the intrinsic lifetime of the Xan triplet state and is
probably due to a small fraction of oligomeric or aggregated
peptides.22
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αc-value of 1 is observed when the Gaussian chain limit is
reached. The rate constant for the closure of short loops, in
contrast, becomes virtually independent of loop length (Figure
6B), which shows that different dynamic processes govern local
dynamics compared to large-scale motions. Our results show
that these local loop formation reactions exhibit a weaker
viscosity dependence (αc < 1), indicating that local chain
dynamics exhibit a weaker coupling to solvent motions than
large-scale motions. The αc-values for formation of short loops
are in the same range as those reported for local internal
dynamics in 1,2-polybutadiene (α = 0.82),15 polystyrene (α =
0.76),13 and polyisoprene (α = 0.75)16 measured by time-
resolved optical spectroscopy. Results for the viscosity
dependence of large-scale motions in other polymer chains
have not been reported up to date, and thus, it remains unclear
whether these also exhibit αc = 1 as observed for long and
flexible poly(Gly-Ser) chains.
Correlation between the Critical Co-Solute Size and

the Length-Scale of Molecular Motions. Above a critical
co-solute size (rc), the effect of solvent viscosity on loop

formation in poly(Gly-Ser) and polyserine chains decreases
with increasing size of the co-solute, indicating that the chain
motions do not feel the macroscopic solvent viscosity (Figure
4). Similar effects were observed for free diffusion of T2O
molecules in water in the presence of co-solutes of different
sizes34 and for the effect of co-solute size on translational
diffusion coefficients of various native proteins, polymers, and
fluorescent dyes.35 From these results, it was proposed that the

Figure 4. Effect of solvent viscosity on the kinetics of loop formation in different polypeptide chains as indicated in the individual panels. Solvent
viscosity was increased by adding different co-solutes: (black circle) PEG 20000, (red circle) PEG 6000, (orange circle) PEG 1500, (yellow circle)
PEG 1000, (bright green circle) PEG 600, (dark green circle) sucrose, (bright blue circle) glucose, (light blue circle) glycerol, (gray circle) ethylene
glycol. Conditions were 10 mM potassium phosphate at pH 7.0 and 22.5 °C.

Figure 5. Effect of co-solute size on the sensitivity of loop formation
kinetics to solvent viscosity (α) in the different polypeptide chains
displayed in Figure 4. The hydrodynamic radius (rh) of the co-solutes
was measured by dynamic light scattering.

Figure 6. (A) Effect of chain length and amino acid sequence on (A)
the αc-value, i.e., the α-value that is observed for loop formation below
a critical co-solute size, and (B) the rate constant for loop formation
(kc). For polyserine with N = 3−12 and poly(Gly-Ser), kc-values were
taken elsewhere.22
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microviscosity experienced by a freely diffusing molecule
matches macroviscosity only when the co-solute is smaller than
the moving particle. A correlation between the size of a moving
particle and rc implies a correlation between the length scale of
a moving chain segment in an unfolded chain, i.e., the
persistence length of a chain, and rc. Thus, it should be possible
to gain information on the persistence length by determining
rc. This requires, however, knowledge of the relationship
between rc and the size of the moving object. We therefore
studied the effect of different co-solutes on the viscosity
dependence of free diffusion for Na+ and Cl− ions and for the
triplet labels Xan and Nal to determine rc for moving particles
of different sizes.
The effect of solvent viscosity on the diffusion coefficients of

Na+ and Cl− was determined by measuring electrical
conductivity of a 50 mM sodium chloride solution. The
measured conductivity, κ, can be described by the Nernst−
Einstein equation

z F
RT

D D
2 2

= [ + ]+ (3)

where z is the charge of the ion, F is Faraday’s constant, R is
the gas constant, and T is the absolute temperature in K. D+/−
are the diffusion coefficients of the cation and the anion,
respectively, which change with solvent viscosity according to
eq 2. Since all co-solutes used in this study are uncharged, they
should not induce additional effects on conductivity. Figure
7A,C shows that the α-value for the motion of Na+ and Cl− in
solution does not reach a limiting value even for the smallest
co-solutes, but α comes close to 1 for urea (α = 0.98).
Although we do not exactly know the Stokes radii of the ions
including their hydration shells, this result suggests that the co-
solute does not have to be much smaller than the moving
particle to exert the full viscosity effect on the moving particle.
The triplet probes Xan and Nal are both considerably larger
than Na+ and Cl− and larger than the smallest co-solutes used
in our study. Figure 7B shows the effect of increasing solvent
viscosity on the rate constant for bimolecular TTET kinetics
between Xan and Nal (kT). As for NaCl, the viscosity effect
exerted by the co-solutes depends on the size of the co-solutes.
Large co-solutes have very little effect on kT with an α-value of
0.1 for PEG 20000. However, in contrast to the diffusion of
NaCl, the rate constant reaches a limiting α-value of 1 for co-
solutes below a rh of 0.5 nm (dh = 1.0) nm (Figure 7C). This
value is in the same range as the size of the triplet labels, which
shows that the microviscosity experienced by a moving particle
matches the macroviscosity of the solution when the co-solute
is of the same size or smaller than the moving particle. This
finding is in agreement with the results on translational
diffusion of three globular proteins under self-crowding
conditions, which all showed a 1/η viscosity dependence,36

whereas diffusion coefficients of proteins in the presence of
very large crowders show α < 1.37,38 Also, results from the
diffusion of different size fluorescent probes probed by FCS
suggested that microviscosity matches macroviscosity when the
size of the co-solute is similar or smaller than that of the
diffusing particle.39

If the critical co-solute size, rc, below which microviscosity is
identical to macroviscosity, reflects the dimensions of the
moving chain segments, then rc should depend on chain
stiffness for large-scale chain motions and thus on the
persistence length of the chain. As shown above, the (Gly-
Ser)14 loop can be approximated by a flexible Gaussian chain

with purely diffusive motions for loop formation. This reaction
shows an αc-value of 1, which is reached between the co-
solutes glycerol and glucose (Figures 4 and 5) with
hydrodynamic radii of 0.22 and 0.37 nm, respectively. This
suggests that below a co-solute diameter (dc = 2·rc) of around
0.5−0.7 nm the peptide motions feel the full solvent viscosity.
Comparing this limiting co-solute size to the length of a
peptide bond (0.35 nm) gives a limiting co-solute size that
corresponds to about 2 peptide bonds, which matches the
persistence length expected for poly(Gly-Ser) chains.40 To
further test this model, we determined rc for end-to-end loop
formation in a stiffer (Thr-Ser)7 chain, which is expected to
have a similar end-to-end distance as a (Gly-Ser)14 chain but a
larger persistence length.40,41 Due to the lower solubility of the
(Thr-Ser)7 peptide, two additional arginine residues were
introduced at the C-terminal end. A corresponding (Gly-Ser)14
chain with two additional arginine residues at the C-terminus
was synthesized for comparison and showed a slightly
decreased rate constant for loop formation, as expected for
end-to-end vs interior loop formation.42 However, the

Figure 7. Effect of solvent viscosity on conductivity of (A) a 50 mM
NaCl solution and (B) the rate constant for intermolecular TTET
between Xan and Nal. Solvent viscosity was increased by adding
different co-solutes: (black circle) PEG 20000, (red circle) PEG 6000,
(orange circle) PEG 1500, (yellow circle) PEG 1000, (bright green
circle) PEG 600, (dark green circle) sucrose, (bright blue circle)
glucose, (light blue circle) glycerol, (gray circle) ethylene glycol, and
(unshaded circle) urea. Experiments were carried out in water at 22.5
°C. Panel (C) shows the effect of co-solute size on the sensitivity (α)
of NaCl mobility and intermolecular TTET between Xan and Nal.
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additional C-terminal amino acids affect neither the critical co-
solute size nor the limiting α-value of αc = 1 in the (Gly-Ser)14
peptide (Figure 8). The viscosity dependence of loop

formation in the (Thr-Ser)7 peptide measured in the presence
of different co-solutes shows a limiting αc value of 0.85 for
small co-solutes (Figure 8). This limit is reached between
sucrose and PEG 400 with hydrodynamic radii of 0.50 nm (dh
= 1.00 nm) and 0.58 nm (dh = 1.16 nm), respectively,
corresponding to the length of about three peptide bonds. This
value is larger compared to the limiting size for (Gly-Ser)14; it
is, however, shorter than the persistence length in the range of
five to seven peptide bonds predicted for the poly(Thr-Ser)
chain.40,41 However, the effect of peptide solvent interactions
and intramolecular hydrogen bond formation may reduce the
persistence length in real polypeptide chains in solution.

Effect of Solvent Viscosity on the Dynamics of
Formation of Natural Protein Loops. To compare the
effect of solvent viscosity on the dynamics of loop formation in
homopolypeptide chains to the effect on naturally occurring
protein loops with additional steric effects and intramolecular
interactions introduced by side chains, we investigated several
loop fragments from IDPs. Two loops were derived from carp
muscle β-parvalbumin, which is unfolded in the absence of
Ca2+. Another fragment represents a loop from the DNA-
binding domain of the brinker protein, which is highly
positively charged and unfolded in the absence of DNA. In
addition, we investigated a short loop from the β-hairpin 1 of
protein G (GB1 hairpin). In all cases, two aromatic residues
were replaced by the triplet donor and acceptor groups (Figure
9). The parvalbumin DE-loop comprises residues Phe70 to
Phe85 of parvalbumin and connects helices D and E by
bringing the two phenylalanine residues into van der Waals
contact in the native state (Figure 9). We synthesized a 16
amino acid peptide that corresponds to the parvalbumin DE-
loop and replaced Phe70 by Xan and Phe85 by Nal (Figure 9).
Accordingly, peptides comprising residues F85 to F102 of
parvalbumin (EF-loop), residues C24 to W45 of the brinker
protein and residues Y45 to F52 of the protein G β-hairpin
were synthesized and the N- and C-terminal aromatic residues
replaced by Xan and Nal, respectively. CD measurements
showed that all loop fragments labeled with the triplet probes
are unfolded (Figure S1). TTET kinetics revealed significantly
slower rate constants for loop formation for the DE-loop, the
brinker fragment, and the GB1 fragment compared to
poly(Gly-Ser) and polyserine loops of the same length (Figure
6B), which may in part be explained by the presence of
branched side-chains, which were shown to slightly slow down
local loop formation.22 However, contributions from intra-
molecular side-chain interactions that are absent in polyserine

Figure 8. Effect of co-solute size on the sensitivity of loop formation
kinetics to solvent viscosity (α) in a flexible (Gly-Ser)14 and a stiffer
polypeptide chain (Thr-Ser)7. Conditions were 10 mM potassium
phosphate at pH 7.0 and 22.5 °C.

Figure 9. Structures in the native proteins and sequences of the fragments from parvalbumin, the brinker domain, and the GB1 hairpin. The
investigated sequences are shown in orange, and the amino acids replaced by Xan/Nal are shown in red.
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chains may also contribute to the slower dynamics. The EF-
loop forms faster than the other natural loops of similar size
and shows a similar rate constant for loop formation as
expected from the extrapolation of the polyserine data (Figure
6B). This faster loop formation is probably due to the presence
of four glycine residues in the EF loop (Figure 9), which
accounts for 25% of the loop residues and increases chain
flexibility and dynamics.
Figure 10A displays TTET measurements on dynamics of

the DE-loop in the presence of different co-solutes. The DE-

loop shows a similar behavior to the poly(Gly-Ser) and
polyserine loops with a weaker viscosity dependence for larger
co-solutes and a limiting αc-value that is reached below a
critical co-solute size (Figure 10A,B). However, the αc-value is
significantly smaller (0.86) than for a poly(Gly-Ser) loop with
the same number of amino acids (α = 0.99). It is even smaller
than the αc-value for shorter polyserine loops (Figure 6A),
indicating a weaker coupling of chain dynamics to solvent
motions in the DE-loop compared to both model homo-
polypeptide loops (Figure 6A). This low αc-value suggests that
additional intramolecular side-chain interactions and/or steric
effects of the bulkier and branched side chains in the natural

sequence lead to a weaker coupling of solvent motions to chain
dynamics. The limiting αc-value of 0.86 ± 0.03 for the
parvalbumin DE-loop is reached around dh = 0.8−0.9 nm
(Figure 10), which is slightly smaller than dh for the (Thr-
Ser)14 chain (Figure 8). This lower value is likely due to the
glycine residue at position 10 of the DE-loop, which decreases
chain stiffness and thus also the persistence length.
A similar viscosity dependence of kc as seen for the

parvalbumin DE-loop is observed for the other natural loop
fragments with αc-values of αc = 0.90 ± 0.04 for the GB1turn,
αc = 0.91 ± 0.03 for the EF-loop, and αc = 0.87 ± 0.03 for the
brinker fragment (Figures 10C and 6A), which shows that the
viscosity dependence of loop formation in natural sequences is
only very little affected by loop length and amino acid
sequence. For natural loops, both local and long-range
dynamics are not fully coupled to solvent dynamics. The
slightly larger value of the EF-loop compared to the DE loop
and the brinker fragment suggests that increased chain
flexibility introduced by glycine residues increases the αc-
value. Interestingly, the αc-values for the short GB1 hairpin
loop (αc = 0.90 ± 0.04) and of poly(Gly-Ser) and polyserine
loops of the same length, αc = 0.88 ± 0.02 and 0.89 ± 0.03,
respectively, are identical within error, which indicates that the
viscosity dependence of local chain dynamics is independent of
the amino acid sequence, even when the chains are very
flexible. To further test this finding, we replaced the Thr49 of
the GB1 hairpin, which is located in the turn region, by Gly
and Pro and measured the resulting effect on the rate constant
for loop formation and its viscosity dependence. Since glycine
and proline residues are energetically favorable in β-turns like
the turn region of the GB1 hairpin, these replacements further
enabled us to test whether Pro and Gly also favor the dynamics
of β-turn formation. As expected, the more flexible Gly residue
leads to faster loop formation whereas the stiffer Pro residue
has the opposite effect (Figure 6B). However, both loop
variants show essentially the same viscosity dependence for
loop closure as the wild-type loop (αc = 0.90 ± 0.04 for all
three loops; Figure 6A), which supports the finding that chain
stiffness has little effect on the viscosity dependence of local
chain dynamics.

■ CONCLUSIONS
The aim of this work is to elucidate the effect of solvent
viscosity on local and large-scale conformational dynamics in
unfolded proteins and peptides in order to determine the
extent of solvent coupling for motions over different length
scales. We tested the extent of coupling of solvent viscosity to
chain motions in various unfolded polypeptide chains by
measuring the effect of different co-solutes on the dynamics of
intrachain loop formation. The results reveal several factors
that reduce the coupling of solvent motions to chain motions
and thus yield a fractional power law relationship between the
rate constant for loop formation and solvent viscosity (α < 1 in
eq 1). In fact, a 1/η correlation between loop formation
dynamics and solvent viscosity is a rather special case. It is only
observed for formation of long loops (>17 amino acids) in very
flexible poly(Gly-Ser) chains and only in the presence of small
co-solutes. Loop formation in all other investigated chains
shows α < 1, even in the presence of small co-solutes. Several
previous studies have assumed that internal motions in
unfolded peptides and proteins are fully coupled to solvent
viscosity, i.e., show a 1/η viscosity dependence as observed for
free diffusion.7−9 A weaker viscosity dependence of loop

Figure 10. Effect of solvent viscosity on the kinetics of loop formation
in loops from proteins in 10 mM potassium phosphate at pH 7.0 and
22.5 °C. (A) Effect of solvent viscosity on kc for the parvalbumin DE-
loop. (B) Effect of co-solute size on the sensitivity of loop formation
kinetics to solvent viscosity (α) in the parvalbumin DE-loop. (C)
Comparison of the effect of solvent viscosity on kc for the different
natural loop and turn sequences shown in Figure 9. Solvent viscosity
was modulated by addition of glycerol.
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formation has major effects on the calculated intrachain
diffusion times derived from experimental systems that are not
diffusion controlled.
The size of the co-solute used to modulate viscosity

influences the sensitivity of chain dynamics to macroscopic
solvent viscosity independent of loop length and amino acid
sequence. For all polypeptide chains characterized in this
study, only small co-solutes below a critical hydrodynamic
radius (rc) exert the maximum viscosity effect. Below this rc,
the α-value is constant and reflects the true extent of solvent
coupling to chain motions. Above rc, the effect of solvent
viscosity on loop formation dynamics decreases with increasing
co-solute size, indicating that the macroviscosity of the solvent
does not match the microviscosity experienced by the chain
motions for larger co-solutes. A possible explanation for this
effect is the presence of water cavities in solutions of large co-
solutes that have similar properties as bulk water (caging) and
thus form regions of low microviscosity experienced by the
peptides.43,44 Alternatively, large co-solutes may interact less
strongly with the polypeptide backbone and thus have less
effect on internal chain motions. The results on the effect of
co-solute size on free diffusion of Na+/Cl− and of Xan and Nal
(Figure 7) revealed that the microviscosity matches macro-
viscosity when the co-solute is of similar size or smaller than
the moving particle. Applied to chain motions, this observation
suggests that the critical co-solute size depends on the size of
the moving chain segments and thus reflects the persistence
length of a chain. This interpretation is supported by the
smaller rc-value observed for loop formation of the more
flexible (Gly-Ser)14 loop compared to the stiffer (Thr-Ser)7 and
parvalbumin DE-loop (Figures 8 and 9).
The weak viscosity effect of large co-solutes on the dynamics

of loop formation shows that macromolecular crowders that
are present in living cells have very little effect on the internal
dynamics in unfolded proteins. The α-values for large co-
solutes like Ficoll and PEG 20000, which are commonly used
to mimic macromolecular crowding in cells, are between 0.1
and 0.2 (Figures 4 and 5). These low α-values result in only
minor effects on both local and large-scale dynamics of loop
formation inside cells where viscosities of 2−4 cP were
measured35 and even at very high macroscopic solvent
viscosities. Our findings also explain results from recent
experiments that showed only little differences between in vivo
folding rate constants and in vitro values measured at the
solvent viscosity of water.45 In addition, the minor effect of
large co-solutes on the diffusion coefficient for free diffusion of
small molecules in solutions (Figure 7) suggests that also
bimolecular reactions in cells are only little affected by
macromolecular crowding, which is in agreement with several
experimental studies that showed only little differences
between intermolecular diffusion processes in cells and in
water.46 Our results are further in agreement with the finding
that association rate constants for protein−protein interactions
are less influenced by large co-solutes than by small co-
solutes.47−50

An alternative model for a reduced sensitivity of dynamic
processes to solvent viscosity in the presence of large
macromolecular crowding agents assumes that crowding
decreases the free space available for the moving particles
and thus leads to acceleration of bimolecular reactions and to
chain compaction in unfolded proteins. This compaction
reduces the diffusion distances for intrachain dynamics during
folding.51,52 Such a model seems unlikely to explain our data

on the dynamics of loop formation, since the same co-solutes
give nearly identical α-values for all chains, independent of
loop length and amino acid sequence and also for free diffusion
of molecules (Figures 5 and 7). Furthermore, small co-solutes
like glycerol, sucrose, and glucose have a similar excluded
volume effect on unfolded polypeptide chains as large co-
solutes but show α = 1 for chain dynamics and bimolecular
TTET.
Besides the general effect of large co-solutes, also intrinsic

chain properties lead to reduced α-values even for co-solutes
smaller than rc. Comparison of αc-values for formation of long
and short poly(Gly-Ser) loops reveals different degrees of
solvent coupling to local and large-scale chain motions even in
very flexible chains. Formation of short poly(Gly-Ser) loops
exhibits αc-values as low as 0.75, whereas αc-values of 1 are
observed for long loops with N > 17, which can be
approximated by a Gaussian chain.22 This result supports our
previous finding that local chain motions are limited by
different processes than large-scale motions.22 Large-scale
motions of a flexible polypeptide chain are fully coupled to
solvent motions and are thus compatible with a purely diffusive
process, whereas local motions show weaker coupling to bulk
solvent. The weak coupling of local motions to solvent motions
may have different origins. As observed for the dynamics of
native proteins, large-scale and local chain motions may be
coupled to different solvent modes. This would indicate that
large-scale motions are coupled to motions of the bulk solvent
(α-motions) and thus show a 1/η viscosity dependence,
whereas local motions may contain contributions from
solvation shell dynamics, which were observed to be
independent of solvent viscosity (α = 0)5 in native proteins.
However, only little information is available on the dynamics of
solvation shell water in unfolded proteins. Another possible
origin of αc-values <1 is memory friction. Grote−Hynes theory
predicts αc < 1 for barrier crossing processes when the time
scale of barrier crossing is similar to the time scale of solvent
motions.53 This would suggest that local motions that lead to
loop formation, which mainly require rotation around a few
backbone bonds, are on the same time scale as solvent motions
and thus lead to memory friction, i.e., reduce the sensitivity of
the reaction to solvent viscosity. A similar explanation was
given for the effect of solvent viscosity on the rate constants of
photoisomerization of diphenylbutadiene and the dye molecule
DODCI and for local chain dynamics in various synthetic
linear polymers, which all showed α-values <1.13−18,54,55 These
reduced viscosity dependencies were ascribed to the presence
of barriers for bond rotations and were suggested to be in
accordance with Grote−Hynes theory of memory fric-
tion.13−18,54−56 Based on MD simulations, Best and co-workers
also reported that barriers for local bond rotations in short
peptides lead to a reduced sensitivity of the rotations to solvent
viscosity.19 Although dynamics of loop formation are more
complex than single bond rotations, coupling multiple barriers
for bond rotations during loop formation may result in a
similar effect on the viscosity dependence. A reduced viscosity
dependence of chain motions due to intrinsic barriers can
further explain the reduced effect of solvent viscosity on large-
scale peptide dynamics observed for the formation of large
loops in the longer polyserine chains, in the (Thr-Ser)7 loop,
and in the long natural sequences compared to poly(Gly-Ser)
loops. Increased chain stiffness, steric effects induced by
branched side chains, and side-chain interactions create
additional barriers for chain motions, which reduces the
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sensitivity to solvent viscosity even for long chains. The
accompanying paper addresses the activation parameters for
loop formation in order to characterize the barriers for the
different types of chain motions and to elucidate the molecular
origin of the observed differences in the coupling of solvent
motions to chain dynamics.
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