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ABSTRACT: Internal dynamics of proteins are essential for 5107
protein folding and function. Dynamics in unfolded proteins are of triplet
particular interest since they are the basis for many cellular acc/eptor
processes like folding, misfolding, aggregation, and amyloid
formation and also determine the properties of intrinsically
disordered proteins (IDPs). It is still an open question of what
governs motions in unfolded proteins and whether they encounter
major energy barriers. Here we use triplet—triplet energy transfer
(TTET) in unfolded homopolypeptide chains and IDPs to
characterize the barriers for local and long-range loop formation.
The results show that the formation of short loops encounters 3.1-102 351073
major energy barriers with activation energies (E,) up to 18 kJ]/mol ~ contact state 1/T (K™)
(corrected for effects of temperature on water viscosity) with very

little dependence on amino acid sequence. For poly(Gly-Ser) and polySer chains the barrier decreases with increasing loop size and
reaches a limiting value of 4.6 &+ 0.4 kJ/mol for long and flexible chains. This observation is in accordance with the concept of
internal friction encountered by chain motions due to steric effects, which is high for local motions and decreases with increasing
loop size. Comparison with the results from the viscosity dependence of loop formation shows a negative correlation between E, and
the sensitivity of the reaction to solvent viscosity (@) in accordance with the Grote—Hynes theory of memory friction. The Arrhenius
pre-exponential factor (A) also decreases with increasing loop size, indicating increased entropic costs for loop formation. Long-
range loop formation in the investigated sequences derived from IDPs shows increased E, and A compared with poly(Gly-Ser) and
polySer chains. This increase is exclusively due to steric effects that cause additional internal friction, whereas intramolecular
hydrogen bonds, dispersion forces, and charge interactions do not affect the activation parameters.
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Bl INTRODUCTION These interactions contain contributions from both the
polypeptide backbone and the amino acid side chains and

Structural and dynamic properties of unfolded polypeptide
m Prop PR YPep may be local and nonlocal. Thus, different kinds of barriers

chains are important for many cellular processes like protein

folding, misfolding, aggregation, and amyloid formation. may oppose internal chain motions and thus create internal
Furthermore, the cellular function and the coupled folding friction, which was first proposed by Kuhn and Kuhn.' They
and binding reaction of intrinsically disordered proteins further postulated that effective barrier heights for backbone
(IDPs) are linked to the structure and the internal dynamics chain motions and thus effective internal friction for chain
of the unfolded state. It is still an open question whether the motions should decrease with increasing chain length since
dynamics in unfolded polypeptide chains are limited by bond rotations become more likely.” On the other hand,
significant energy barriers (>kT) and whether barriers are increasing chain length leads to an increasing number of
different for local and large-scale motions. Internal polymer possible intramolecular interactions in unfolded polypeptide
dynamics were postulated to encounter barriers caused by chains and may thus result in larger barrier heights and

backbone bond rotations.! In agreement with this model,
barriers for local bond rotations between 10 and 20 kJ/mol
were reported for synthetic polymer chains in NMR and
fluorescence anisotropy studies” " and were also observed in
MD simulations on the local bond rotations in short peptides.”®
Larger-scale dynamics in polypeptide chains may encounter
additional barriers due to breakage/formation of intra-
molecular interactions like hydrogen bonds, electrostatic
interactions and van der Waals interactions/dispersion forces.

additional internal friction for polypeptide chain motions.
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Experiments on the synthetic linear polymers polysterene,” 1,2-
polybutadiene,”*° and polyisoprene®’ as well as MD
simulations on local dynamics in short peptides®'® further
suggested that the observed barriers for local chain dynamics
influence the coupling of chain dynamics to solvent motions
and cause a weaker than 1/# viscosity dependence for these
dynamics in accordance with the Grote—Hynes theory of
memory friction."""?

Previous experimental studies addressing the barrier heights
for polymer chain dynamics mainly focused on the local
dynamics of bond rotations’™’ and on local segmental
motions."*~"* However, for the dynamics of unfolded proteins
and protein folding, larger-scale motions leading to nonlocal
intramolecular interactions through loop formation are
important. We therefore determined effective activation
energies and Arrhenius pre-exponential factors for both local
and long-range chain motions in unfolded polypeptide chains
by applying triplet—triplet energy transfer (TTET). We
measured the dynamics of loop formation in polypeptide
chains of different lengths and amino acid sequence. As
described in the accompanying paper, TTET between a
xanthone (Xan) donor and a naphthylalanine (Nal) acceptor is
a fast and diffusion-controlled two electron transfer process
that requires van der Waals contact between the triplet donor
and acceptor (Dexter mechanism). It thus yields absolute rate
constants for contact formation between the triplet donor and
acceptor, which corresponds to the rate constant for loop
closure (k.). We applied TTET between Xan and Nal attached
at specific sites on polypeptide chains to investigate the
temperature dependence of loop formation in the same
polypeptide chains, for which we determined the viscosity
dependence in the accompanying paper. The results enable us
to dissect the previously described effect of loop size and chain
flexibility on the dynamics of loop formation'® into
contributions from activation energy, i.e., effective barrier
heights and from chain entropy. The investigated chains
include homopolymers consisting of either flexible poly-
(glycine-serine) ((Gly-Ser),) or stiffer polyserine (Ser,) chains
of different length. In addition, we investigated fragments from
the two IDPs parvalbumin and brinker domain and a short
turn fragment from the GBI hairpin to test whether steric
effects and/or intramolecular interactions introduced by side
chains create additional barriers for loop formation (for
sequences and structures, see the accompanying paper).
Comparing the results to the effect of solvent viscosity on
loop formation described in the accompanying paper further
enabled us to test the correlation between the effective
activation energy for loop formation and its sensitivity to
solvent viscosity. Our results reveal significant effective barriers
for loop formation up to E, = 18 kJ/mol for formation of short
loops, which decrease with increasing chain length in
homopolypeptide chains until a limiting lower value of about
E, = 4.6 + 0.4 kJ/mol is reached for long and flexible chains.
Additional steric effects introduced by side chains create
additional barriers, whereas intramolecular interactions do not
lead to an increase in the effective barrier height. Comparing
the results to the viscosity dependence of loop formation
shows that the effective barrier height correlates with a reduced
sensitivity of the reaction to solvent viscosity, as predicted for
simple barrier crossing reactions by the Grote—Hynes
theory."'
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B MATERIALS AND METHODS

All peptides were synthesized, purified, and labeled as
described in the accompanying paper. TTET experiments
were performed as described in the accompanying paper.
Transient triplet absorption decay data were collected using a
Laser Flash Reaction Analyzer (LKS.60) from Applied
Photophysics with a themostated cell holder. The temperature
stability was 0.1 °C. All measurements were performed in 10
mM potassium phosphate buffer, pH 7.0. The transient triplet
absorbance of xanthone was measured at 590 nm. Typically 6—
10 kinetic traces were averaged and analyzed using the
software ProFit (Quantum Soft, Ziirich, Switzerland). Error
bars in the figures are given by standard deviation obtained
from ProFit.

B RESULTS AND DISCUSSION

Temperature Dependence of the Probing Reaction. A
suitable experimental system to measure the effect of the
temperature on the dynamics of loop formation in unfolded
polypeptide chains requires a probing reaction that is fully
diffusion-controlled and thus does not contribute to the
observed activation parameters. We therefore determined the
activation energy for TTET between the triplet donor
xanthonic acid (Xan) and the triplet acceptor 1-naphthylala-
nine (Nal). The bimolecular rate constant for intermolecular
TTET between Xan and Nal was shown to be k; = 3.0 X 10°
M s7! and increases to kr = 4.1 X 10° M™' s7' when the
smaller naphthylacetic acid is used as an acceptor,'®"” which is
in agreement with the expected rate constants for a diffusion-
controlled bimolecular reaction. The reaction was further
shown to be fully viscosity dependent (k; ~ 1/n; see the
accompanying paper), as expected for a diffusion-controlled
process. The activation energy for TTET was determined in
bimolecular TTET experiments between Xan and Nal at
different temperatures. Figure 1 shows an Arrhenius plot for
the temperature dependence of the rate constant for
intermolecular TTET from Xan to Nal (k;) measured under
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Figure 1. Arrhenius plot of the temperature dependence of
bimolecular TTET from Xan to Nal. Both uncorrected (O) and
viscosity-corrected (@) data are shown. An a value of 1 was used for
viscosity correction, as observed in the viscosity dependence of
bimolecular TTET (see the accompanying paper). A linear fit gives E,
=19.5 + 0.4 and 2.6 + 0.4 kJ/mol for the uncorrected and viscosity-
corrected data, respectively.
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pseudo-first-order conditions, which yields an apparent
activation energy (E¥P) of 19.5 + 0.4 kJ/mol according to
the Arrhenius equation

(1)

Since solvent viscosity changes with temperature, the
experimentally determined bimolecular rate constants, kg,
were corrected for the effect of temperature on water viscosity
(n) by normalizing the rate constants to the reference
temperature of 22.5 °C (1, = 0.94) using the relationship

kobs = kT(l]
Mo )

We applied the experimentally determined 1/# viscosity
dependence, ie., o = 1, for the reaction as reported in the
accompanying paper, to obtain the viscosity-corrected rate
constants for TTET, kg, at the different temperatures. This
correction yields an activation energy (E,) of 2.6 + 0.4 kJ/mol
which corresponds to RT (Figure 1) and is in accordance with
a thermally activated diffusion-controlled process. This result
together with the observed 1/# viscosity dependence shows
that the TTET process itself is diffusion-controlled and thus
does not contribute to the temperature dependence of the
dynamics of intrachain loop formation described in the
following.

Temperature Dependence of Loop Formation in
Unfolded Polypeptide Chains. We performed intramolec-
ular TTET experiments to determine the effect of temperature
on the rate constant for loop formation (k.) in unfolded
polypeptide chains of different lengths and amino acid
sequences. The triplet donor Xan was attached at the N-
terminus, and the triplet acceptor Nal was attached near the C-
terminus of the polypeptide chains (see Figure 2 of the
accompanying paper). All polypeptide chains are unfolded as
judged by circular dichroism (CD) spectra (see the
accompanying paper). From the temperature dependence of
loop formation we determined the activation energies (E,) and
the Arrhenius pre-exponential factor (A) in an Arrhenius plot
according to eq 1. The rate constants measured at the different
temperatures (k,,,) were corrected for the effect of temper-
ature on solvent viscosity by applying eq 2 to yield the
viscosity-corrected rate constants for loop formation, k,
normalized to the reference viscosity 7, = 0.94 cP. For each
peptide the experimentally determined a values were used for
correction (see the accompanying paper).

Effect of Chain Length and Backbone Flexibility on
the Activation Parameters for Loop Formation. The
effect of chain length and backbone flexibility on the activation
parameters for loop formation was tested in poly(Gly-Ser) and
polyserine homopolypeptide chains. Figure 2A shows the effect
of temperature on the TTET kinetics between Xan and Nal for
a long and flexible poly(glycine-serine) loop ((Gly-Ser),,)
measured by the decay in Xan triplet absorbance at 590 nm
after excitation with a 4 ns laserflash at 355 nm. The TTET
kinetics become faster with increasing temperature, which
shows that loop formation is accelerated. The resulting
Arrhenius plots for the uncorrected (ky,) and viscosity-
corrected (k) rate constants for loop formation (see eq 2) are
shown in Figure 2B and compared to the respective Arrhenius
plots for the short and flexible (Gly-Ser); loop and the short
but stiffer Ser, loop. All Arrhenius plots are linear, indicating
the absence of changes in heat capacity for the reaction as

k= A BT
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Figure 2. Effect of temperature on loop formation in various
polypeptide chains as indicated. The rate constant for loop formation
was measured in intramolecular TTET experiments between Xan and
Nal (A). Panel B shows Arrhenius plots of the rate constant of loop
formation (k.) for different polypeptides. Both uncorrected (open
circles) and viscosity-corrected rate constants (filled circles) are
shown. The experimentally determined & values (see the accompany-
ing paper) were used for viscosity correction. The uncorrected
activation energies (E,) are 21.6 + 0 kJ/mol for (GS)y,, 27.9 + 0.6
kJ/mol for (GS);, and 31.4 + 0.3 kJ/mol for S,. The viscosity-
corrected activation energies and pre-exponential factors are shown in
Figure 3.

expected for chain dynamics in a fully solvated polypeptide
chain. The linearity of all Arrhenius plots over the entire
temperature range further shows that the same rate-limiting
process determines loop formation at all temperatures for a
given peptide.'*™*° Comparison of the results from the
Arrhenius plots reveals that the activation energy for loop
formation depends on the amino acid sequence and chain
length. Formation of the shorter (Gly-Ser) loop has a larger
activation energy (E, = 14.2 + 0.6 kJ/mol) than formation of
the longer (Gly-Ser),, loop (E, = 5.0 = 0.6 kJ/mol).
Comparison of loops with identical length shows that
formation of the stiffer Ser, loop has a higher activation
energy (E, = 18.1 + 0.5 kJ/mol) than formation of the more
flexible (Gly-Ser); loop.

The Arrhenius pre-exponential factor (A) also depends on
chain length and on amino acid sequence. Formation of the

https://doi.org/10.1021/acs.jpcb.3c04072
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shorter (Gly-Ser), loop has a higher pre-exponential factor (A
= (4.6 £ 0.3) X 10" s7") than formation of the longer (Gly-
Ser),, loop (A = (1.2 + 0.3) x 10® s7"), and formation of the
stiffer Ser, loop has an even higher pre-exponential factor (A =
(1.1 £ 0.2) x 10" s7"). Comparing the effect of chain length
on E, and A for all investigated poly(Gly-Ser) and polyserine
loops confirms these findings (Figure 3A and B).
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Figure 3. Effect of chain length and amino acid sequence on (A) the
activation energy (E,) and (B) Arrhenius pre-exponential factor (A)
for loop formation in different polypeptide chains as indicated. For
comparison, the effect of chain length and amino acid sequence on

the rate constant for loop formation (k) for all polypeptide chains is
shown in panel C.

Figure 3A shows that the activation energy for loop
formation decreases with increasing chain length and reaches
a limiting value of E, = 4.6 + 0.4 kJ/mol for long poly(Gly-Ser)
chains with N > 17. Formation of polyserine loops is associated
with a higher E, than poly(Gly-Ser) loops of the same length
(Figure 3A). The effect of chain length and amino acid
sequence on E, can be explained based on the polymer
properties of polypeptide chains. Formation of short loops
occurs within the persistence length of the chain, where chain
stiffness opposes loop formation mainly due to steric
constraints. This leads to high barriers that create a large
internal friction for the formation of short loops. This model is
supported by the higher barriers observed for the formation of
short polyserine loops compared to the more flexible poly(Gly-
Ser) loops of identical length (Figure 3A). Chain stiffness
decreases with increasing loop length, and thus, also the
activation energy decreases up to a limiting loop length, which
is reached when the chain behaves like a Gaussian chain with
excluded volume. The decrease in E, with loop size is slightly
smaller for poly(Gly-Ser) chains (E, ~ N™"5*%3) compared to
polyserine (E, ~ N™'***%%% Figure 3A). The Gaussian limit is
reached at N > 17 for the poly(Gly-Ser) chains, which is
identical to the loop size above which the rate constant for
loop formation scales with N™'73*%%2 compatible with the
scaling of a Gaussian chain with excluded volume'® (Figure
3C). In this Gaussian chain limit, loop formation exhibits a 1/5
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viscosity dependence (@ = 1 in eq 2) as expected for purely
diffusive chain motions during loop closure (see the
accompanying paper). However, despite a 1/5 viscosity
dependence, the activation energy for formation of long
loops does not reach RT but shows a limiting value of 4.6 +
0.4 kJ/mol. This result shows that the conformational search
for the formation of long loops is not completely barrierless.
However, long loops in flexible chains can form through
motions that encounter only minor barriers compared to local
chain motions and thus experience less internal friction than
local loop formation. This result is in accordance with the
predictions from Kuhn and Kuhn, who proposed that internal
friction due to local barriers for polymer chain motions should
decrease with increasing chain length."” The barriers observed
for the formation of long and flexible poly(Gly-Ser) loops are
within the range of barrier heights of 2—6 kJ/mol observed for
single bond rotations in the peptide backbone in microwave
spectra’’ and predictions based on theoretical considera-
tions.”

Contributions from Chain Entropy to the Kinetics of
Loop Closure. The Arrhenius pre-exponential factor (A)
decreases with increasing loop length in both the poly(Gly-
Ser) and the polyserine homopolypeptide chains (Figure 3B).
A contains contributions from the activation entropy, AS%,
and from the maximum rate constant for loop formation in the
absence of free energy barriers, ky, according to

A= kye®"/R (3)
Since k for loop formation is not known, we did not attempt
to determine absolute values for AS¥. However, since the
elementary bond rotations underlying the dynamics of loop
formation should be identical for all chain lengths in each
homopolypeptide series, it can be assumed that k; is identical
within the polyserine and poly(Gly-Ser) chains, respectively.
Thus, the Arrhenius pre-exponential factor within each
homopolypeptide series mainly reflects differences in entropic
costs for loop formation. Figure 3B shows that A decreases
with increasing loop length, which shows that the loss in
conformational entropy upon loop formation increases with
loop length due to the increased total conformational space.
The scaling of the loss in conformational entropy with loop
length is similar for short poly(Gly-Ser) and polyserine chains
with A ~ N394 and A ~ N737%1 respectively. (Figure 3B)
However, for long poly(Gly-Ser) chains the scaling factor
decreases and can be described by A ~ N7'¥ as expected for
the entropy loss upon loop formation for a Gaussian chain with
excluded volume.”® This change in the scaling factor occurs at
the same loop size (N = 17) at which the activation energy
reaches its limiting value of 4.6 + 0.4 kJ/mol (Figure 3A),
where loop formation becomes fully viscosity-dependent (k. ~
1/n) and where k_ scales with N~173*%92 (Figure 3C)."® This
suggests that internal motions in poly(Gly-Ser) chains are well-
described by a Gaussian chain with excluded volume above a
segment size of about 17 amino acids and supports the
assumption that the decreasing pre-exponential factor with
increasing loop size mainly reflects the increased loss in
conformational entropy. Comparing the different homopol-
ymers shows that A is smaller for the more flexible poly(Gly-
Ser) loops, which sample a larger conformational space
compared to polyserine loops of identical length. A similar
behavior has previously been observed for the formation of
very short host—guest loops with the sequence Ser-Xaa-Ser
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(Xaa = Pro, Ser, Gly), which showed a larger pre-exponential
factor for the stiffer proline residue in the central position and
a smaller pre-exponential factor for the more flexible glycine
residue compared to serine.'” However, the dynamics for
elementary chain motions, kj, are most likely different for
glycine and proline compared to those of all other amino acids,
which also contributes to A (eq 3).

Effect of Temperature on Chain Stiffness. The effect of
temperature on the rate constants for the formation of loops of
different lengths gives additional information on the effect of
temperature on chain stiffness. At the reference temperature of
22.5 °C the dynamics of loop formation can be described by
the dynamics of a Gaussian chain above a loop size of about 17
amino acids for the poly(Gly-Ser) loops. Below this loop size,
chain stiffness contributes to the dynamics of loop closure, and
formation of very short loops is only weakly dependent on loop
size for the poly(Gly-Ser) loops and virtually independent of
loop size for the polyserine chains. Comparing the effect of
loop size on the experimentally observed rate constant for loop
formation (k) at different temperatures shows that the
limiting loop size, at which the Gaussian limit is reached, is
reduced with increasing temperatures both for the poly(Gly-
Ser) (Figure 4A) and for the polyserine loops (Figure 4B)
indicating that chain stiffness decreases with increasing
temperature. A similar effect was observed in the presence of
6 M GdmCl, which is a good solvent for the polypeptide chain
and leads to increased chain flexibility compared to water.'®
The effect of temperature on the length dependence of the rate
constant for loop formation (k) contains contributions from
the effect of temperature on chain stiffness and also from
changes in solvent viscosity. The activation energy is higher for
the formation of shorter loops, and thus, loop formation is
more strongly accelerated with increasing temperature for
short loops compared to long loops. On the other hand,
shorter loops show a weaker viscosity dependence (see the
accompanying paper) and thus decreasing solvent viscosity
with increasing temperature has a smaller effect on the
formation of shorter loops. Parts C and D of Figure 4 show the
effect of chain length on the viscosity-corrected rate constants
for loop formation (k.), which reflects the effect of the
temperature on the intrinsic chain properties. Temperature has
only a little effect on internal, large-scale chain motions within
the Gaussian chain limit, but it reduces chain stiffness by
accelerating local dynamics within the persistence length, due
to their high activation energies. Figure 4 further shows that
the scaling of k,, with the loop size for poly(Gly-Ser) chains in
the Gaussian limit is also slightly affected by temperature
(Figure 4F). The scaling of k,, with loop size can be described
by equation 4

1
1k, + 1/(ko'Nm)

kobs -

(4)

where m reflects the scaling exponent, ky, is the length
independent rate constant for formation of short loops, and k,
is the maximum rate constant for zero loop size extrapolated
from the Gaussian limit. The viscosity-corrected Arrhenius
plots for the effect of temperature on ky, give activation
parameters of E, = 17.7 + 1.8 kJ/mol (A = (2.6 + 1.9) x 10"
s7!) and 17.0 + 1.3 kJ/mol (A = (8.0 + 4.4) x 10" s7') for
the poly(Gly-Ser) and polyserine chains, respectively (Figure
4E). The scaling exponent, m, decreases from —1.82 + 0.06 at
275.65 K to —1.66 + 0.05 at 315.65 K (Figure 4F), which
indicates decreasing contributions from the excluded volume
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Figure 4. Effect of temperature on the scaling of rate constant for loop
formation (k) with chain length for poly(Gly-Ser) (A) and polySer
(B) chains. Panels C and D show the respective viscosity-corrected
rate constants (k.), which reflect the effect of temperature on intrinsic
chain properties. Panel E shows uncorrected and viscosity-corrected
Arrhenius plots for the length-independent limiting rate constant for
loop formation (ky,) that is reached for the formation of short loops
(eq 4)."® The Arrhenius fit according to eq 1 yields values of E, = 30.3
+ 1.6 kJ/mol, A = (4.4 +£2.9) x 10 s ' and E, = 17.7 + 1.8 kJ/mol,
A = (2.6 £ 1.9) x 10" 57!, respectively, for the uncorrected and
viscosity-corrected Arrhenius plots for poly(Gly-Ser) and respective
values of E, = 31.7 + 1.7 kJ/mol, A = (3.3 £ 2.2) X 102 s™' and E, =
17.0 + 1.3 kJ/mol, A = (8.0 + 4.4) x 10'° s™" for polySer. Panel D
displays the effect of temperature on the scaling exponent for the
effect of loop size on kg, (eq 4).

effect to the scaling exponent due to weaker intramolecular
interactions with increasing temperature. This result is in
accordance with theoretical work by Flory, who showed that
the excluded volume of a polymer chain contains contributions
from intramolecular interactions, which decrease with
increasing temperature.”* Even at the highest temperature
applied in this study (315.65 K) the scaling exponent does not
reach the value of —1.5, which is expected for an ideal chain at
O-temperature. This result shows that the ©-point for
poly(Gly-Ser) chains lies at even higher temperatures.
Barriers and Entropic Costs for the Formation of
Natural Protein Loops. To test for contributions from
interactions and steric effects introduced by side chains, we
determined the activation parameters for loop formation in
several unfolded polypeptide chains of different length and
amino acid sequence that were derived from natural proteins
and compared them with the properties of the poly(Gly-Ser)
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and polyserine chains that only form backbone—backbone and
backbone—serine hydrogen bonds. We studied two peptides
derived from carp parvalbumin (EF loop and DE loop), a
fragment from the DNA-binding domain of the brinker protein
and the turn region of hairpin 1 from protein G (GB1 hairpin;
for sequences and protein structures, see the accompanying
paper). Carp parvalbumin and the brinker domain are IDPs
that are unfolded in the absence of their binding partners, Ca>*
and DNA, respectively. Loop formation in all natural
sequences shows higher activation energies and larger
Arrhenius pre-exponential factors compared to the poly(Ser)
and poly(Gly-Ser) chains of the same length (Figures 3 and S).
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Figure S. Arrhenius plots for the viscosity-corrected rate constant of
loop formation (k.) for different polypeptide chains and IDP
fragments, as indicated. The Arrhenius parameters obtained from
the fits are shown in Figure 3.

This indicates that side-chain interactions or side-chain sterics
create additional barriers for loop formation and lead to a more
restricted conformational space compared to poly(Gly-Ser)
and polyserine chains. The viscosity-corrected activation
energies for loop formation are very similar for all four protein
fragments with values between 12.4 + 0.7 kJ/mol for the
parvalbumin EF loop and 15.7 + 0.8 kJ/mol for the GBI turn
(Figures 3 and 5), although the fragments vary in size between
6 amino acids (GB1 turn) and 21 amino acids (brinker
fragment) and have different amino acid compositions. The
lowest activation energy for loop formation is found for the
parvalbumin EF loop, which is likely due to the large fraction
of glycine residues (4 Gly; 25%) that are equally distributed
throughout the sequence. This fraction of Gly residues is larger
compared to the GBI turn (no Gly), the DE loop (1 Gly; 7%),
and the brinker fragment (2 Gly within the N-terminal three
residues; 9.5%). This interpretation is in agreement with our
earlier results on the effect of single glycine and proline
residues on the activation energy for loop formation in Ser-
Xaa-Ser host—guest peptides, which showed that Gly at
position Xaa decreases and Pro increases the activation energy
for loop closure compared to Ser.” The similar activation
energies for all peptides further show that electrostatic
interactions do not contribute significantly to the barriers for
loop formation. The brinker fragment is part of the DNA
binding region of the brinker domain and is highly positively
charged (+7), containing 4 Arg and 3 Lys residues out of 21
amino acids (33%), which should lead to electrostatic
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repulsion. However, loop formation in the brinker fragment
(E, = 13.3 £ 1.0 kJ/mol) and in the parvalbumin DE (net
charge = 0: 3—/3+; E, = 14.3 + 0.7 kJ/mol) and EF loops (net
charge = —3: 5—/2+; E, = 12.4 + 0.7 kJ/mol) shows similar
activation energies. This suggests that electrostatic repulsion
due to a large number of positively charged amino acids, which
is typically observed for the major class of DNA and RNA
binding IDPs, does not have a major influence on the barriers
for loop formation. Comparison of the two fragments from
parvalbumin further reveals that electrostatic attraction
between opposite charges does not affect the barriers for
internal chain motions. In summary, these results show that
side-chain interactions and/or steric effects induced by large
and bulky side chains create additional barriers and thus
introduce additional internal friction for segmental chain
motions in long chains compared to poly(Gly-Ser) and
polyserine chains. This additional internal friction introduced
by larger side chains depends only very little on the chain
length and amino acid sequence.

Figure 3B shows that the Arrhenius pre-exponential factor,
A, decreases with increasing loop size for the natural loop
sequences, as expected for an increased conformational space
that is sampled during loop closure for longer chains. However,
the pre-exponential factors for formation of the natural loops
are much larger than the pre-exponential factors for poly(Gly-
Ser) and polyserine loops of the same length, which suggests
that sterics or interactions introduced by side chains reduce the
conformational space available for the polypeptide chain. This
reduced conformational space accelerates the conformational
search and opposes the effect from increased barrier heights on
the rate constant for loop closure. It is unlikely that the
increased pre-exponential factor is due to accelerated internal
dynamics (larger k,) in the protein-derived peptides, which
contain large and bulky side chains.

Contributions from Intramolecular Interactions and
Side-Chain Sterics to the Activation Parameters for
Loop Formation. The barriers for loop formation may
contain contributions from the formation and breakage of
intramolecular interactions. It was shown that poly(Gly-Ser)
chains form intramolecular hydrogen bonds in water,”>>°
which leads to chain compaction and indicates the presence of
intramolecular backbone hydrogen bonds as a general feature
of unfolded polypeptide chains in water.”> Breakage and
formation of these intramolecular hydrogen bonds and of
backbone/water hydrogen bonds during chain motions were
proposed to add to internal friction by creating barriers.”” To
test whether the residual barrier for loop formation in long and
flexible chains (E, = 4.6 + 4 kJ/mol) and the additional
barriers observed in the natural protein loops arise from weak
intramolecular interactions or from steric effects, we
determined the effect of denaturants on the activation
parameters. Denaturants like GdmCl and urea weaken non-
covalent intramolecular interactions and thus represent a better
solvent for polypeptide chains than water. For long poly(Gly-
Ser) chains it was shown that GdmCl competes for
intramolecular backbone hydrogen bonds which leads to
more expanded polypeptide chains.”® Thus, in the presence of
high concentrations of denaturants, the contributions from
intramolecular backbone hydrogen bonds and weak side-chain
interactions to the activation energy should be eliminated or at
least reduced. Figure 6 compares viscosity-corrected Arrhenius
plots for the (Gly-Ser), and (Gly-Ser),s peptides with the
parvalbumin DE and EF loops and the GBI hairpin in water
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Figure 6. Effect of the presence of 8 M urea or 6 M GdmCl on the
Arrhenius plots for the viscosity-corrected rate constant of loop
formation (k.) for different polypeptide chains, as indicated. The
Arrhenius parameters obtained from the fits are shown in Figure 7.

and in the presence of 6 M GdmCl or 8 M urea. For all
peptides loop formation slows down in the presence of
denaturants, in accordance with our earlier results on polySer
and poly(Gly-Ser) chains.”® However, neither GdmCl nor urea
leads to a decrease in the activation energy for any of the loops
studied. Rather, E, for loop formation slightly increases in the
presence of 6 M GdmCl or 8 M urea for all loops (Figure 7).
Except for the EF loop, the increase in E, is slightly more
pronounced in the presence of GdmCI compared to urea. This
result suggests that breakage and formation of intramolecular
backbone hydrogen bonds and of weak side-chain interactions
does not create barriers for segmental chain motions and does
not lead to additional internal friction, independent of chain
length and amino acid sequence. Also, in accordance with the
results discussed above, electrostatic interactions do not create
barriers for chain dynamics. A 6 M GdmCl solution represents
high salt conditions and leads to screening of charges, which
should reduce barriers created by electrostatic repulsion or
attraction. However, the activation energies for loop formation
are even slightly higher in the presence of 6 M GdmCl
compared to 8 M urea and water. The weaker increase in E, by
urea compared to GdmCl is in agreement with the weaker
denaturing power of urea compared to GdmCl, which indicates
that weak binding of the denaturants to the polypeptide chain
leads to the observed slight increase in E,.

The Arrhenius pre-exponential factor is also only slightly
affected by the presence of GAmCI or urea (Figure 7). It is
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Figure 7. Effect of the presence of 8 M urea or 6 M GdmCl on the
Arrhenius activation energy (E,) and the Arrhenius pre-exponential
factor (A) for loop formation in different polypeptide chains, as
indicated.

slightly increased in 6 M GdmCI compared to water, whereas 8
M urea has very little or no effect on A, except in the EF loop,
where urea leads to an increase in A. This result is surprising
since FRET experiments showed that GdmCI leads to an
increase in the average end-to-end distance in a (Gly-Ser),,
loop.”> The slight increase in A suggests that the shift in
population to more expanded conformations induced by
GdmCl does not lead to a larger conformational space
available for the chain during loop closure. This result rather
indicates that, although more extended conformations are
preferred in the presence of GdmCl, the overall accessible
conformational space becomes even slightly smaller. Alter-
natively GdmCl may increase k, in the Arrhenius prefactor (eq
3), by increasing chain flexibility.

The effect of denaturants on the activation parameters shows
that weak intramolecular interactions do not contribute to the
observed activation energies for loop closure. Consequently,
the major origin of barriers leading to internal friction is local
steric effects in the polypeptide backbone induced by large and
bulky side chains that hinder backbone rotations. To test this
model we determined the activation parameters for loop
formation in a homopolypeptide chain consisting of threonine
and serine (Thr-Ser),. Thr has a larger side chain compared to
Ser and Gly and contains both an —OH group, as Ser, and an
additional methyl group at the Cg-atom. Thus, it is sterically
more demanding than Gly or Ser which should introduce
additional steric effects on chain motions. Figure S shows the
Arrhenius plot for the formation of the (Thr-Ser), loop, which
gives a viscosity-corrected activation energy of E, = 10.9 + 0.3
kJ/mol and an Arrhenius pre-exponential factor of A = (1.3 +
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0.2) X 10° s™". Both values are significantly larger compared to
the respective values for polyserine and poly(Gly-Ser) of the
same length and only slightly smaller than those of the natural
loop sequences (Figure 3), which confirms the conclusion that
steric effects introduced by bulky side chains are the major
origin for barriers in segmental motions both for local and
long-range segmental motion in polypeptide chains and lead to
additional internal friction.

Correlation between the Activation Energy of Loop
Formation and Its Sensitivity to Solvent Viscosity. The
effect of solvent viscosity on loop formation shows that the
formation of long loops is determined by a purely diffusive
search driven by coupling of solvent motions to chain motions
leading to a 1/7 viscosity dependence (@ = 1). The formation
of short loops in poly(Gly-Ser) and in polyserine chains and
loop formation in all natural sequences, in contrast, displays a
weaker coupling of solvent motions to chain motions (& < 1).
NMR and fluorescence studies on local dynamics around
individual bonds in synthetic polymers”~” and MD simulations
on local bond rotations in short peptides® showed that the
presence of energy barriers decreases the sensitivity of a
reaction to solvent viscosity in accordance with predictions
from the Grote—Hynes theory.'" This suggests that also the
reduced sensitivity of loop formation to solvent viscosity (a <
1) in polypeptide chains may be due to the barriers reported in
the work presented here. However, loop formation in the
unfolded state occurs in an ensemble of rapidly interconverting
conformations and it is not clear whether the Grote—Hynes
theory also applies for these more complex dynamics. Figure
8A shows the correlation between the activation energy and
the a value for the series of poly(Gly-Ser) loops. In accordance
with the Grote—Hynes theory, the decrease in a value is
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Figure 8. Correlation between the activation energy (E,) for loop
formation and the sensitivity of the reaction to solvent viscosity (a)
for different polypeptide chains and IDP fragments, as indicated. The
solid and dashed lines represent results from linear fits to the
poly(Gly-Ser) and polySer data, respectively. The fits yielded slopes of
da/dE, = —(2.6 + 0.3) X 1072 (kJ/mol)™* (r = —0.98) and da/dE, =
—(1.1 £ 0.3) x 1072 (IJ/mol) ™" (r = —0.98) for poly(GS) and polyS,
respectively.
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correlated with the increase in activation energy with a
correlation coefficient of r = —0.98 and a slope of da/dE, =
—(2.6 £ 0.3) x 107> (kJ/mol)™" (Figure 8A). The polyserine
loops show a weaker dependence of a on E, compared to the
flexible poly(Gly-Ser) loops, but there is also a correlation
between « and E, for the polyserine series (r = —0.98) with
da/dE, = —(1.1 £ 0.3) X 107> (kJ/mol)~" (Figure 8B). The
values for the longer natural loops fall close to the correlation
plot for polyserine, but the short GB-turn shows a slightly
weaker effect of E, on a (Figure 8C). These results show that
also more complex local and long-range dynamics of loop
formation display Grote—Hynes behavior, although they are
not limited by crossing of a single barrier. The different slopes
in the correlation between E, and « for poly(Gly-Ser), the less
flexible polySer chains, and the long natural loops show that
the extent by which increasing barrier height decreases
coupling of solvent motions to chain motions depends on
amino acid sequence. Polyserine and longer natural sequences
show a similar correlation between a and E, that argues for
local backbone dynamics as the major determinant for the
effect of E, on the coupling of chain motions to solvent
motions. The GBI hairpin does not fall onto the correlation
plot between a and E, for polySer and the IDPs. It shows a
slightly stronger coupling of solvent motions to the dynamics
of loop formation, given its high activation energy. We tested
whether changes in local backbone flexibility in the GBI
hairpin have an effect on the correlation between a and E, by
replacing Thr49 of the GBI hairpin by either Pro or Gly, which
are the two most common amino acids in hairpin turns. As
shown in the accompanying paper, Pro at position 49 slows
down loop formation, whereas Gly leads to faster loop
formation. However, the sensitivity to solvent viscosity is
identical for all three loops with a values of 0.9 (see the
accompanying paper). The temperature dependence of loop
formation in the three GBI variants reveals that both the T —
P and the T — G variants of the GB1 hairpin show higher
activation energies for loop formation than the wild-type turn
with respective values of 164 + 0.7 and 15.4 + 0.7 kJ/mol,
compared to 13.6 = 0.4 kJ/mol for the wild-type turn (Figures
3A and $5). This effect is surprising, since Gly was shown to
decrease the activation energy for loop formation in short
serine-based host—%uest peptides, whereas Pro increases the
activation energy. > The increased activation energy is
accompanied by an increased pre-exponential factor, both for
the T — P and the T — G replacement with values of (2.0 +
0.6) x 10" s7!' and (2.5 + 0.8) x 10 s7, respectively,
compared to (8.6 + 1.5) X 10° s™' for the wild-type turn
(Figure 3B). Based on their effect on energetically favorable
phi/psi angles Gly should lead to an increased loss in
conformational space upon loop formation and thus to a
lower pre-exponential factor, whereas Pro should lead to a
reduced loss in conformational space upon loop formation,
which thus results in the observed larger pre-exponential
factor. The increased pre-exponential factor for the T — G
variant may be due to effects on kj, which should be larger
around the more flexible Gly.

The three GBI turn variants have identical a values but
differ in their activation energies for loop formation, which
shows that the correlation between the sensitivity to solvent
viscosity and the activation energy depends on the local
structural and dynamic features of the polypeptide chain.
Surprisingly, both the more flexible Gly and the stiffer Pro lead
to an even weaker effect of activation energy on the sensitivity
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to solvent viscosity compared to that of the wild-type GB1
turn.

B CONCLUSIONS

Our results reveal that loop formation in unfolded proteins
encounters energy barriers that create internal friction, which
opposes chain motions. The height of the effective barriers
depends on the loop size and amino acid sequence. Local
dynamics that lead to the formation of short loops encounter
viscosity-corrected barriers of up to E, = 18 kJ/mol. This
activation energy is almost independent of amino acid
sequence and is in the same range as barrier heights observed
for local internal dynamics in several synthetic polymers
determined by NMR and fluorescence relaxation experi-
ments.”~” This similarity suggests that the formation of short
loops within the persistence length of the polypeptide chain is
mainly limited by barriers of local bond rotations, which
creates high internal friction for loop formation. In poly(Gly-
Ser) and polyserine homopolymers the effective activation
energy for loop formation decreases with increasing loop
length and reaches a limiting value of E, = 4.6 + 0.4 kJ/mol for
long and flexible poly(Gly-Ser) peptides that behave like
Gaussian chains. This decrease in internal friction with
increasing polymer length was predicted by Kuhn and Kuhn'
and demonstrates the presence of pathways with low effective
barriers for loop formation in long and flexible chains within
the Gaussian limit. However, the residual barrier of E, = 4.6
kJ/mol is larger than RT, which shows that, even in the
Gaussian limit, loop formation is not completely barrierless.
The results on loop formation in IDP fragments show that long
and bulky side chains introduce additional barriers and thus
create additional internal friction for the formation of long
loops compared to poly(Gly-Ser) and polyserine chains.
GdmCl and urea do not affect the barriers for long-range
loop formation in the investigated IDP fragments indicating
that the increased internal friction is purely due to steric effects
and does not contain contributions from rearrangement of
weak intramolecular interactions like H-bonds, dispersion
forces, or electrostatic interactions, which were postulated to
create internal friction in polypeptide dynamics.””*”*" The
higher activation energies and the resulting stronger temper-
ature dependence for loop formation in IDPs compared to
long poly(Gly-Ser) and poly(Ser) chains (Figure 3) result in a
reduction of the contributions from steric interactions to k.
with increasing temperature and lead to increased chain
flexibility and thus to reduced relative internal friction at high
temperatures. These results in combination with high
activation energies found for native state dynamics suggest
that chain motions at any stage during the protein folding
process encounter significant energy barriers, which is not in
agreement with a downhill folding scenario that has been
proposed for some proteins.

Activation energies for internal chain dynamics have also
been reported for an IDP domain of a nucleoprotein from
Sendai virus measured by NMR."* These studies reported fast-
time-scale motions in the range of 1 ns, which were assigned to
local bond rotations within the Ramachandran space, which is
in accordance with fluorescence studies on a-synuclein, which
also revealed rotational dynamics of fluorophores on the time
scale of 1 ns."> These bond rotations show low activation
energies of about 5 kJ/mol throughout the chain.'* These
values are, however, not viscosity-corrected. The NMR studies
reported additional motions on the 5—25 ns scale, which is
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comparable to the time scale we observed for the formation of
short loops (Figure 3C). These motions were assigned to
segmental chain dynamics and exhibited non-viscosity-
corrected activation energies of 20—25 kJ/mol,"* which is
similar to the values we observed for the local dynamics of loop
formation before viscosity correction (Figure 3).

The decreasing activation energy with increasing loop size in
poly(Gly-Ser) and polySer chains is opposed by a concomitant
decrease in the pre-exponential factor due to an increasing loss
in conformational entropy upon loop formation. The scaling of
the loss in conformational entropy with increasing loop size is
stronger in the region of the persistence length of the chain
with A ~ N79*% and A ~ N737*%! for poly(Gly-Ser) and
polyserine, respectively, and reduces to A ~ N™'* for long
poly(Gly-Ser) loops, as expected for a Gaussian chain with
excluded volume. Loop formation in chains derived from IDPs
exhibits a higher pre-exponential factor for loop formation
compared to poly(Gly-Ser) and polyserine loops. In all chains
investigated in this study, high concentrations of urea and
GdmCl, which lead to a loss of intramolecular interactions,
exhibit only minor effects on A. This indicates that
intramolecular interactions introduced by side chains do not
significantly reduce conformational space. Rather, steric effects
introduced by large and bulky side chains in the IDPs lead to a
decreased loss in conformational entropy upon loop formation.

The effect of temperature on the scaling of the rate constant
for loop formation with loop size, N, shows that chain stiffness
is reduced with increasing temperature for both the poly(Gly-
Ser) and polySer chains (Figure 4) and that the scaling of k.
with loop size decreases from k. ~ N™"209 3¢ 275 65 K to k.
~ N7H62005 ¢ 315,65 K for poly(Gly-Ser) indicating that
excluded volume effects decrease with decreasing strength of
intramolecular interactions, in accordance with theoretical
work from Flory.”*

Comparison of the results presented here with the results
from the accompanying paper reveals an inverse correlation
between the sensitivity of loop formation to solvent viscosity,
a, and the effective activation energy, which is in accordance
with the Grote—Hynes concept of memory friction.'"'* The
same negative correlation was observed for local bond
rotations in experimental studies on synthetic homopoly-
mers”™ and in computer simulations on short peptides.”'’
This result shows that memory friction observed for local bond
rotations also applies to more complex chain dynamics that
include rotations of a large number of backbone bonds.
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