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Although protein folding is often described by motion on a funnel-shaped overall topology of the

energy landscape, the many local interactions that can occur result in considerable landscape roughness

which slows folding by increasing internal friction. Recent experimental results have brought to light that
this roughness also causes unusual diffusional behaviour of the backbone of an unfolded protein, i.e. the
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relative motion of protein sections cannot be described by the normal diffusion equation, but shows
strongly subdiffusional behaviour with a nonlinear time dependence of the mean square displacement,
(r®(t) oc t* (o < 1). This results in significantly slower configurational equilibration than had been assumed

hitherto. Analysis of the results also allows quantification of the energy landscape roughness, i.e. the root-

www.rsc.org/pccp

Introduction

Proteins are involved in virtually all biological processes and
perform a multitude of functions, including scaffolding, sensing,
signalling, transport, energy conversion and catalysis of chemical
reactions. The particular function which a protein has is defined
by its three-dimensional shape, which in many cases is deter-
mined fully by its primary structure (the exact sequence of amino
acids from which the protein has been built following the
instructions stored in the genetic code)." Whereas the translation
of the genetic code, i.e. the controlled synthesis of the protein on
the ribosome, is reasonably well understood, many questions
remain about the process by which the newly synthesised protein
folds into its highly organised functional three-dimensional
structure. As originally pointed out by Levinthal,” because of the
large number of possible conformations which are accessible even
to a small protein, it is impossible for protein folding to occur
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mean-squared depth of local minima, yielding a value of 4-5kgT for a typical small protein.

by a random search through conformational space. Instead, there
must be some inherent “instructions” or principles which efficiently
guide the folding protein towards its native functional state in spite
of the complexity of the process. Full elucidation of these principles
remains the basic aim of protein folding research.

In recent years, the concept of motion on a (multidimensional)
energy landscape®® has been used increasingly to describe the
dynamics of protein folding and smaller structural changes
occurring during the normal function of the protein, such as
ligand binding. This landscape is given by the energy of the
protein as a function of the many coordinates describing the
protein’s conformation, which include the backbone dihedral
bond angles, but also the side chain coordinates which play an
important role especially for more compacted states. Under
folding conditions, the landscape has an overall funnel-like
topology,” which directs the folding protein to the native structure,
Fig. 1A.1 However, this funnel-shaped surface is not smooth,
but highly corrugated (other terms used in this context are

# In this Perspective article, the term “energy landscape” is referring to the full
multidimensional landscape, i.e. the energy of the protein as a function of all
coordinates. It should be noted that the concept of a folding funnel on such a
multidimensional landscape is more a way of focussing thought about the
process of folding than a detailed model which can be directly related to
experimental or computational results. This is in contrast to low-dimensional
landscape funnels which can be calculated from computational results using only
a few relevant well-defined coordinates, such as e.g. the polypeptide end-to-end
distance, the fraction of native contacts, or the root-mean square deviation of
residue positions from the native structure. Unfortunately, any pictorial cartoon
of the full folding landscape is also limited to two dimensions.
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“rugged” or “rough”) due to the multitude of potential local
interactions which affect the energy of the protein and can
temporarily trap it in a non-native local conformation. The
relevant interactions include attractive and repulsive backbone
and side chain interactions, but other effects, such as dihedral
rotational energies or the energetic cost of creating voids within
the protein, also contribute. The wide range of interaction
strengths encountered in proteins and cooperative effects lead
to a hierarchy of well depths on different energy and length
scales,” as schematically indicated in Fig. 1B. The folding
process can be described as motion on this multidimensional
rough surface towards the bottom of the funnel. Since the
surface is corrugated, motion on the surface is not uniform
in time as barriers of different heights need to be crossed.
Furthermore, the exact pathway taken by the protein depends
not only on the starting position on the landscape, i.e. its initial
conformation, but will also be subject to statistical fluctuations
due to the existence of different escape routes from any local
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minimum, and hence each protein takes one of a multitude of
potential routes during folding, as indicated in Fig. 1A. Thus,
there is no microscopic folding mechanism in the sense of a
reaction mechanism as used in chemistry.

The heights of the barriers between local wells, i.e. the rough-
ness of the energy landscape, determine the effective speed of
motion through conformational space, and hence the time scale
of folding or other structural changes. In this context, the notion
of “internal friction” is often used to describe the contribution of
the energy landscape roughness to the slowing of conformational
changes,® " which occurs in addition to the friction arising from
solvent viscosity. The term “internal friction” may be somewhat
misleading, since the interactions defining the rough energy
landscape are not exclusively intra-protein, but also include
protein-solvent interactions, which have been shown to be of
great importance for protein dynamics and function.*'* Hence,
energy landscape roughness, and therefore “internal friction”,
may depend on solvent conditions. In fact, denaturants have
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been shown to reduce the strength of intra-peptide interactions
and thereby reduce energy landscape roughness and internal
friction,"** whereas there are indications that an increase of
temperature leads to increased roughness due to the increasing
strength of the hydrophobic effect.?*™*”

Seemingly in contrast to this kinetic complexity of folding
on a rough funnel-shaped energy landscape, many proteins
have been shown experimentally to follow two-state folding,
i.e. the relaxation between the manifold of unfolded conforma-
tions and the much better-defined folded state upon a fast
change of equilibrium conditions follows an exponential time
dependence. In terms of energy landscape theory, this is
expected if the free energy profile along some suitable reaction
coordinate(s) is dominated by two minima separated by a barrier.
It should be noted that the free energy profile is, in effect, a
projection of the multidimensional energy surface that also takes
into account entropy, Ze. the number of conformations for a
particular value of the reaction coordinate. Therefore, the barrier
arises from an intricate interplay of entropy and energy and may
not relate to an individual actual barrier on the multidimensional
energy landscape.>® The free energy profile may display some
roughness, but this is not the same as the roughness of
the underlying full multidimensional energy landscape and
depends on the choice of reaction coordinate,>*° since each
point on the free energy profile corresponds to an average over
the many conformations yielding this particular value of the
reaction coordinate. Nevertheless, the roughness of the multi-
dimensional energy landscape affects the speed of conforma-
tional changes and hence determines the speed of motion
along the reaction coordinate, and thus the pre-exponential
factor for the folding rate constant. According to Kramers’
theory, it also will influence the speed of motion through the
transition state,"* which has been experimentally observed to
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Fig. 1 Multidimensional rugged energy landscape, shown schematically for
two (A) or one (B) of the many coordinates required to specify a protein’s
conformation. (A) Two-dimensional cartoon of the folding funnel; shown is
the energy, E, plotted against two conformational coordinates, x; and x,;#
the black lines on the energy surface indicate different possible folding
pathways. (B) One-dimensional representation of the energy landscape
under folding or unfolding conditions, respectively, showing local minima
with short (solid arrows) or long (dotted arrows) trapping times. The inset of
(B) shows the hierarchy of well depths on different energy and length scales.
It should be noted that, although shallower wells may exist, only wells with
depths comparable to or greater than thermal energies, kgT, where kg is
Boltzmann’s constant and T the absolute temperature, are of relevance,
since only these lead to significant trapping.

decrease at higher temperatures, most likely due to stronger
internal friction as a result of increased energy landscape
roughness.”®*” Motion on a rough energy landscape has also
been directly implicated in the observation of “‘strange” (i.e. non-
exponential) kinetics of protein folding in the absence of a
significant barrier.>*>'

In this Perspective, we first review previous experimental
approaches which aim to elucidate the speed of motion over
the rough protein energy landscape. Most of these experiments

This journal is © the Owner Societies 2015
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observe the diffusive motion of specific residues, and have
yielded significant insight into the dynamics of the polypeptide
backbone. However, in only a few cases was an attempt made to
quantify landscape roughness from the results. Similarly,
mechanical unfolding experiments on single proteins have been
used to obtain a quantitative characterisation of the roughness.
We then describe a recently reported alternative approach for the
experimental characterisation of backbone dynamics and energy
landscape roughness.”> Most interestingly, these results show
that the polypeptide backbone does not follow normal diffu-
sional behaviour, but undergoes subdiffusional motion due to a
wide range of trapping times arising from the hierarchy of local
energy minima on the rough energy landscape. Analysis of the
experimental observations allows a quantitative determination
of the roughness. Finally, we discuss some potential consequences
of the observed anomalous diffusional behaviour of the backbone
for protein folding and give an outlook on future work which
will make use of the new method.

Backbone dynamics investigated by
loop formation experiments
Principle of the method

Motion over the rough energy landscape of unstructured pep-
tides lacking deep traps, in particular intrachain diffusion§
resulting in loop formation, has been studied extensively on the
nano- to microsecond time scale, mainly using fluorescence
and triplet quenching.*® Loop formation is of high interest in
the context of protein folding since it is a pre-requisite for the
formation of native contacts, and thus often is regarded as the
first step of folding.

The principle of the loop formation method is shown in
Fig. 2. A reporter group within a peptide or protein is excited by
a short laser flash and the decay of the excited singlet or triplet
state is followed by time-resolved spectroscopy. In the presence
of another group on the backbone which quenches this excited
state upon contact formation,q the lifetime of the excited

§ In this Perspective article, to avoid confusion, we reserve the word ‘““diffusion”
exclusively for diffusion of molecules or molecular groups in three-dimensional
real space, and do not apply it to the concept of motion in multi-dimensional
configurational space or motion along a one-dimensional reaction coordinate,
which often also are described as ‘‘diffusional motion”.

9 The distance dependence of the quenching reaction has to be carefully
considered for the analysis of the experimental results and for correct interpreta-
tion of the measured quenching rates. In the context of investigating loop
formation during protein folding, the ideal reporter state and quencher should
be chosen so that quenching occurs only upon van-der-Waals contact, which is
the case for fluorescence quenching by hydrogen atom transfer or exciplex
formation. Dexter-type energy transfer and electron-transfer induced quenching
occur over only slightly larger distances, and so can still yield direct information
on protein loop formation. Foerster-type energy transfer, which is the basis for
fluorescence resonance energy transfer (FRET) experiments, on the other hand,
can occur over larger distances of several tens of Angstroms or more. Thus, FRET-
detected single molecule correlation experiments are likely to yield a more
general measure for (long-range) backbone reconfiguration dynamics rather than
directly providing loop formation dynamics; on the other hand, they allow the
direct measurement of end-to-end distance distributions.

This journal is © the Owner Societies 2015

View Article Online

PCCP

h&l Tk, Tk [Ksonc

oop

Fig. 2 Principle of the loop formation method for observing backbone
dynamics. The polypeptide backbone is in equilibrium between all acces-
sible conformations at all times; this includes looped conformations in
which the reporter group (R) and the quencher (Q) are in contact (right),
but it is reasonable to assume that in most conformations they are at a
significant distance from each other (left). A short laser pulse (hv) excites R
to the reporter state (R*, shown in red); excitation in looped conformations
normally leads to immediate de-excitation, and thus is not included here
for simplicity. The reporter state decays back to the ground state with its
intrinsic decay rate constant, ko, typically on the nano- to microsecond
time scale. Loop formation with rate constant koo, leads to contact with
the quencher and deactivation of R* with rate constant Kquencn: the
reduced lifetime of the reporter state thus allows quantification of kigep.

reporter state is reduced if significant intra-chain loop formation
occurs on the relevant time scale. Thus, analysis of the observed
quenching dynamics allows the observation of loop formation
dynamics, which not only is directly relevant for the formation of
secondary and tertiary structures, but also provides more general
information on polypeptide backbone dynamics. The time
scale of the method is limited by the intrinsic lifetime of the
reporter state in the absence of quenching, which is typically on
the 1-10 microsecond time scale.

Ligand rebinding experiments in heme proteins after photo-
lysis of CO work on a similar principle, although the reporter state
(i.e. the ligand-free heme) does not get permanently deactivated
by loop formation, but only by CO-rebinding, so that the time
window is extended to the sub-ms-range.**

In a related approach, single molecule fluorescence correla-
tion techniques®® are employed with short-lived fluorescence
reporter states whose fluorescence is quenched when in contact
with a quencher group®® or by fluorescence resonance energy
transfer (FRET) if a suitable acceptor is nearby.'>” In these
experiments, conformational or loop formation dynamics are
measured using the time correlation of fluorescence photons
from single proteins instead of ensemble quenching kinetics.
The intrinsic fluorescence lifetime on the ns-time scale defines
the lower limit of the time window accessible by these experi-
ments, whereas translational diffusion of the single molecule
out of the observation volume on the sub-ms-time scale gives
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the maximum upper limit, although often triplet dynamics
limit the applicable time window to the microsecond range.
Only recently, this time window could be extended to 100 ms by
observing repeated returns of single molecules to the observa-
tion volume.*®

Unstructured peptides

Single exponential decay of the reporter state due to loop
formation was found on the time scale of tens of nanoseconds
to microseconds in oligopeptides lacking significant intra-peptide
interactions or secondary structure,’***® which was taken as
indication for fast conformational equilibration of such peptides
on these time scales.”” More complex and non-exponential
quenching dynamics were observed on the ns- and sub-ns time
scale®®*® due to incomplete conformational averaging on such
short time scales, so that the motion of the backbone is limited to
local basins of the rough energy landscape.

These experimental results on unstructured peptides pro-
vide quantitative information on the intrinsic dynamics of the
polypeptide backbone in the absence of strong local traps
caused by side chain interactions, i.e., for motion on a relatively
smooth potential energy landscape. In particular, the experi-
mentally observed dependence of loop formation dynamics on
the length of the backbone, N, is in agreement with theoretical
considerations; the rate constant for loop formation, kjop, was
found to be almost independent of the chain length for peptides
with only a few residues due to chain stiffness and/or residual
interactions (vide infra) and to approach kigep ~ N~ "°-N " for
longer peptides,®®*04374%:48750:53:56 \which is in agreement with
the simplest models for polymer loop formation dynamics,
although more advanced theories and modelling tend to pre-
dict a slightly stronger power dependence.’”*>®® Significant
effects of the amino acid content on the polypeptide dynamics
of heteropeptides were only observed for the highly flexible
glycine and the stiff proline,**™**°*° whereas somewhat larger
variations were found for homopeptides.*’** Loop formation
between interior residues is somewhat slower than loop for-
mation between the backbone ends, which was ascribed to the
decreased flexibility of interior residues and excluded volume
effects,"®" although other effects, such as residual structure,
may also play a role.®>®" Interestingly, the loop formation rates
for B-peptides were found to be similar to those for a-peptides
with the same number of residues in spite of their larger contour
length, which was ascribed to the increased conformational
flexibility of B-peptides arising from the additional methylene
group in the backbone.”® On the other hand, glycosylated
peptides have slower loop formation dynamics.®>

As noted above, the speed of peptide segment diffusion is
governed by two main effects, namely solvent friction, i.e. the
viscosity of the solvent through which the peptide chain moves,
and internal friction, ie. retardation of peptide segment motion
arising from peptide internal interactions, which is directly related
to the roughness of the local energy landscape. The influence of
solvent friction manifests itself in the viscosity dependence of the
loop formation rate of unstructured peptides,®:*%:42:47:49,33,33,62
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in particular the different rates found in H,O and D,O which
have significantly different viscosity.**>*

On the other hand, a significant contribution from internal
friction, ie. significant residual interactions, was suggested
even for short unstructured peptides by the temperature depen-
dence of kjo0p, Which is more pronounced than expected from
solvent viscosity alone.*®*>°%® In agreement with this conclu-
sion, the presence of denaturants was found to lead to faster
backbone diffusion in spite of higher solvent viscosity'® and to
a more ideal dependence of the loop formation rate on peptide
length;*>*° both of these observations point to the suppression
of interactions such as hydrogen bonding or the hydrophobic
effect by the denaturant. However, the same effect also leads
to an increase in the equilibrium chain dimensions upon
addition of denaturant,"****® resulting in overall slower loop
formation,*!*24%:46:48:49,55 and some models suggest that this,
rather than internal friction, is the main effect of denaturants
on the loop formation dynamics of the simplest peptides with
only weakly interacting side chains.®® The presence of back-
bone hydrogen bonds in unstructured peptides, resulting in
faster loop formation due to a restricted conformational space,
has recently been confirmed by molecular dynamics (MD)
simulations®® and experiments on modified peptides unable
to form such hydrogen bonds.®* Finally, molecular crowding at
a level comparable to that found in the cellular environment was
shown to not significantly affect loop formation rates for
unstructured peptides; this is due to the reduced conformational
space available to the peptide in a highly crowded environment,
which counteracts the slower translational diffusion in such
an environment.”?

These experiments also yield empiric values for the effective
intrapeptide diffusion constant for relative motion of peptide
segments, if the mean square end-to-end distance, (r*), can be
modelled or measured directly. At room temperature, values
of ~4 A% ns™! were found in the absence of denaturant,'®*3
increasing to ~8-27 A* ns™" in the presence of high concentra-
tions (several M) of denaturant."?*”

Peptides with secondary structure and proteins

Two-exponential quenching dynamics of the reporter state were
found on the time scale of 10-100 ns in alanine-based a-helical
model peptides,®®® which gave elegant access to helix—coil
transition dynamics under equilibrium conditions; the results
were found to be in good agreement with helix—coil relaxation
dynamics observed under non-equilibrium conditions.®”"”> The
conformational dynamics of the unfolded peptide sections, on
the other hand, were found to be similar to those observed in
the unstructured peptides discussed above.®®

In a similar manner, the same techniques could be applied
to small proteins, naturally occurring peptides or protein frag-
ments. 4223437647386 ypder conditions of marginal stability,
these experiments yield the backbone dynamics of the unfolded
state, as well as the dynamics of the folding reaction under
equilibrium conditions, if these occur within the accessible time
window. The folding dynamics observed in these experiments
are close to the results of more traditional non-equilibrium

This journal is © the Owner Societies 2015
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methods,”®”*%*%* in agreement with the fluctuation-dissipation
theorem. More interestingly, loop formation or backbone
reconfiguration dynamics of the unfolded state could be
determined under solvent conditions that favour folding in
marginally stable proteins,'®'7*>7%8%8% in proteins unfolded
by introducing mutations,'®®*7%#* in intrinsically denatured
proteins, %77 788088586 o1 in 3 rapid mixer setup which
allows observation of an unfolded protein ensemble under
folding conditions before folding occurs after changing solvent
conditions.”®>*%° These experiments show that in the absence
of denaturant the unfolded state of a real protein often has
significantly slower intrapeptide diffusion and consequently
loop formation than simple oligopeptides of similar size,
indicating increased internal friction due to side chain inter-
actions. This conclusion is further confirmed by the viscosity
dependence of the loop formation dynamics in unfolded proteins,
which extrapolates to a significant loop formation time for zero
solvent viscosity,®>>78%8 gimilar to the viscosity dependence
of the folding rate of fast folding proteins'®'*® or that of
protein conformational changes;’ interestingly, proteins which
fold on time scales of milliseconds or slower normally do
not show such behaviour and thus seem to be dominated by
solvent friction, although recently some exceptions have been
reported.®” Furthermore, it was found that the activation energy
of loop formation is significantly higher than expected from
the temperature dependence of solvent friction alone.”*”’
The addition of denaturants speeds up backbone motion and
loop formation to much larger extent than for simple model
peptides,’* > in spite of the increased viscosity and the larger
chain dimensions adopted under such conditions.**:**:22:80:86.88
Both of these observations yield further confirmation of the
presence of internal friction and transient structure due to
side chain interactions which are greatly reduced in the presence
of denaturants.

Diffusion constants of fully unfolded protein segments in
the presence of denaturant were found to be of similar size
as the values for unstructured peptides mentioned above, i.e.
2-20 A? ns™*, but diffusion slows down significantly under
conditions where the protein collapses or even adopts structure
with marginal or significant stability.'>™"7"9"37737785 A gimilar
conclusion was drawn from the temperature-dependent dynamics
of the hydrophobic collapse of an unfolded protein.>*

Thus, important information on polypeptide backbone
motion on the rough energy landscape has been gained with
these methods. However, it should be noted that the time scale
accessible by quenching methods is limited by the lifetime of
the reporter state, which is typically of the order of micro-
seconds. Single molecule fluorescence correlation techniques
extend this time window, but still are limited to sub-
millisecond time scales. Furthermore, the polypeptide back-
bone normally is in conformational equilibrium in these
experiments, so that only lower lying sections of the energy
landscape are accessed. This constitutes another limitation of
the loop formation methods, since it has been shown that
internal friction may vary significantly over the landscape or
along the reaction coordinate.?>>?%°
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Energy landscape roughness

A few of the reports described above attempted to estimate the
roughness of the energy landscape underlying the observed
diffusional motion, ie. the root-mean-squared depth of local
minima. All of these estimates are based on Zwanzig’s theory of
the slowing of motion in a rough potential,®® although it is not
clear a priori to what extent this one-dimensional treatment is
applicable to motion on a multi-dimensional energy landscape
or how the roughness of the underlying multidimensional energy
landscape affects diffusion of polypeptide backbone segments in
three-dimensional space; recently, some doubt has been raised
about the applicability of one-dimensional models for describing
certain aspects of polymer conformational changes.”®®" Further-
more, it is difficult to estimate the relevant diffusion constants in
the absence of roughness which are required for estimating the
effect of roughness from experimentally observed diffusion con-
stants.”® For unstructured peptides, a roughness of ~1.7ksT (Where
kg is the Boltzmann constant and T the temperature) was suggested
from the slower diffusion of the peptide end groups compared to
free molecules of similar size.* Similarly, the slow backbone
diffusion of protein L in the absence of denaturant, when com-
pared to diffusion of the overall protein, predicted a roughness of
~2.6ksT.*° Finally, a decrease of the energy landscape roughness
by ~1.3ksT upon addition of denaturant at high concentrations
was found for cold shock protein.*®

These values are in broad agreement with estimates obtained
from experimental results of protein folding kinetics. Thus, a
lower limit of 0.8kzT for the energy landscape roughness was
estimated for the B-hairpin peptide trpzip2 from the different
kinetics found with different probes.”* A roughness of 0.8ksT was
suggested for the five-helix bundle protein ¢ g5 by an analysis of
the fast (“molecular”) phase of its folding kinetics using Langevin
simulations,?® whereas a roughness of 1.9kzT is suggested by
the reduced diffusion coefficient estimated from similar data®*
when applying Zwanzig’s theory.*> Comparative studies on a three-
helix-bundle protein family indicated a variation of roughness
by up to 2kgT within this protein family.®”

Measuring energy landscape
roughness using mechanical unfolding

The unfolding of single molecules by the application of an
external force provides an alternative experimental approach to
measuring the roughness of a protein’s energy landscape. In these
experiments, two contact points on a single protein are pulled
apart using optical tweezers or an atomic force microscope (AFM),
resulting in force-induced unfolding of the protein, the dynamics
of which are determined by the properties of the rough energy
landscape. In particular, significant roughness slows the
motion over the landscape®® and causes a non-Arrhenius
temperature dependence of the time scale of force-induced
unfolding.’>°® Thus, performing force spectroscopy measure-
ments at different temperatures allows one to quantify the
energy landscape roughness.
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So far, this approach has been used only in a few studies.’”
Results on filamin could be interpreted as arising from an
energy landscape roughness of 4k5T,”® whereas that of bacterio-
rhodopsin transmembrane helices was reported to be 4-6kT.>°
In a similar approach, the roughness of the energy landscape of
bimolecular protein complexes along their unbinding reaction
coordinate has been found to be slightly larger, of the order
of 3-8ksT.**°

This experimental approach provides access to regions of
the energy landscape far from those accessed in equilibrium
experiments. However, the energy landscape is modified by
application of the external force, which may also affect the
roughness. Moreover, the quantitative analysis is based on the
theory of diffusion in a one-dimensional rough potential,®’
with the protein extension in the direction of the external force
taken as the relevant reaction coordinate. Although this
approach is valid if relaxation of all other coordinates is fast
compared to changes of the reaction coordinate, it may not
be fully justified here, given the wide range of coordinates
defining the multidimensional energy landscape which may
alter the roughness along the particular reaction coordinate
chosen.?****° Thus, a priori it is not quite clear how motion in
the other dimensions of the multidimensional energy landscape
affects the analysis,®°® e.g. by providing alternative unfolding
pathways. Finally, the analysis assumes that the underlying energy
landscape, including its roughness, does not change with
temperature, which may not be well justified, considering the
importance of hydrogen bonding and the hydrophobic effect
for protein folding.”® In particular, there is experimental evi-
dence suggesting an increase of energy landscape roughness
with increasing temperature, which has been ascribed to the
temperature dependence of the hydrophobic effect.**®” Con-
sequently, an alternative interpretation of the experimentally
observed temperature dependent force spectroscopy data,
namely temperature softening of the protein, is preferred by
some authors working in the field.”®

In a different single-molecule AFM approach, Brujic et al
ascribed the experimentally observed distribution of force-induced
unfolding times of ubiquitin to an exponential distribution of
the unfolding barrier with a width of 5-10k7."** They suggested
this distribution of the unfolding barrier to arise from different
protein conformations, thus yielding a measure of the energy
landscape roughness.

Backbone dynamics investigated by
geminate recombination of disulfide
bonds

Principle of the method

A different method for investigating polypeptide backbone
dynamics was described a few years ago, namely the geminate
recombination of a photolysed aromatic disulfide bond which
initially holds the polypeptide in a non-native conforma-
tion."®>'%® This method was originally applied to helical model
peptides and unusual geminate recombination dynamics were
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Fig. 3 Principle of the geminate disulfide recombination method for
observing backbone dynamics. The peptide or protein is held in a non-
native cyclic conformation by an aromatic disulfide bond which can be
photolysed by a short laser pulse (hv), resulting in the formation of
thiyl radicals (shown in red) which can be detected by their strong
absorbance near 500 nm. Following photolysis, the backbone begins to
relax towards its equilibrium conformation, e.g. the folded structure under
folding conditions, as shown here. Upon contact formation, the radicals
can recombine with rate constant ke, Which restores a constrained
conformation, or separate again. Since separation and re-encounter of
the radicals is governed by the motion of the backbone to which they are
tethered, the dynamics of this geminate recombination give access to the
backbone dynamics.

observed which showed that polypeptide backbone segments
do not undergo free three-dimensional diffusion as assumed in
most previous studies. However, although the authors of these
original studies realised that their results contained important
information on the conformational dynamics of the poly-
peptide backbone, no detailed interpretation or conclusions
were reported. More recently, the method was applied to a small
protein and, surprisingly, the same unusual geminate recombi-
nation dynamics were found in this case,* indicating that the
results reflect general properties of the protein backbone. More-
over, the authors of the later report were able to show that the
observations result from anomalous subdiffusive motion of
backbone segments and provide quantitative information on
the energy landscape roughness.

Fig. 3 shows the principle of the method: a peptide or protein
is constrained to a non-native conformation by an aromatic
disulfide bond between two residues which are far apart in the
native structure. This bond can be photolysed on the picosecond
time scale using a UV-laser flash, which triggers the polypeptide
backbone’s relaxation towards its equilibrium conformation,
i.e. the native structure under folding conditions or the large
conformational space occupied by the denatured protein under
unfolding conditions. However, the thiyl radicals created upon
bond photolysis are highly reactive, and can geminately recom-
bine when they come back into contact. Initially, they are close to
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each other and therefore have a high probability of re-encounters
and recombination, but over time they are increasingly separated,
so that the rate of geminate recombination of the surviving
radicals decreases with time. Since motion of the radicals is
slaved to the motion of the backbone to which they are tethered,
these re-encounter and recombination dynamics are governed by
the motion of the backbone. Therefore, observation of the
radicals’ recombination dynamics provides an alternative experi-
mental method for observing backbone dynamics.

The disulfide recombination method is highly complementary
to the equilibrium methods described above. It allows the
observation of backbone motions far from equilibrium, if the
initial constrained conformation is non-native, and thus gives
access to high-lying regions of the energy landscape, unlike the
equilibrium loop formation experiments described above,
which are limited to conformations with an energy of at
most a few kgT. Furthermore, there is no intrinsic limit to the
time scale accessible by the disulfide recombination method.
Unfortunately, non-aromatic thiyl radicals have intrinsically
slow recombination dynamics,'®* so that they cannot be used
in this method. However, synthesis protocols for the incorpora-
tion of aromatic disulfides into custom-synthesised peptides'®>
or proteins'®® are available.

Results

The disulfide recombination method for observing backbone
dynamics was first applied to the o-helical model peptides 1-3
shown in Scheme 1,°*'% which were synthesised by standard
methods using the modified amino acids 4 and 5. CD
spectroscopy confirmed that before oxidation of the thiol
groups to form the disulfide bond these peptides have

% j
1
Ac-Y'AAAAKAAAAKAAAAKY'-NH,
S S
[ | 2
Ac-Y"AAAAKAAAAKAAAAKY"-NH,
S S
[ | 3
Ac-AAY"AAKAAAAKAAAAY"K-NH,
A = alanine
K = lysine
SH
SH
NH
J: HOOC
HOOC” ~NH, NH,
4(HSY") 5 (HSY™)

Scheme 1 Model peptides with aromatic disulfide bond crosslink.
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Fig. 4 Time dependence of the transient thiyl radical absorbance
observed after photolysis of the aromatic disulfide bond in peptide 1 (blue,
measured at 620 nm),°2 peptide 2 (cyan, 500 nm),*°? peptide 3 (magenta,
500 nm)*®* and N-PGK>? in the absence of urea (black, 560 nm, ps- to
ns-time scale), in 2 M urea (dark grey, 488 nm, ns- to ms-time scale) and
8 M urea (light grey, 488 nm, ns- to ms-time scale), normalized to the value
at short times. The inset shows the transient absorbance spectrum of
peptide 1 at a time of 100 ps after photolysis 12

significant helicity,'®> as expected from their high alanine

content. Formation of the disulfide bond leads to a significant
reduction of the helical content, verifying that the disulfide cross-
link forces the peptides to adopt non-native backbone
conformations.

Photolysis of peptides 1-3 with short UV laser flashes induces
the ultrafast formation of transient absorbance with spectral
maxima at 620 nm and 500 nm for peptide 1 (Fig. 4) and peptides
2 and 3, respectively. These wavelengths are characteristic for the
respective thiyl radical absorbance,'”” ' reflecting the different
chemical nature of the thiol groups in the modified amino acids 4
and 5, with significant charge transfer expected to occur from
the sulfur radical to the para-amino group in 4. Formation of
this transient absorbance confirms that ultrafast disulfide
bond breaking occurs upon UV flash photolysis, as had been
observed previously for model disulfide compounds.'®>*°1
The transient absorbance disappears over a wide range of time
scales (1 ps-10 ps) due to geminate recombination of the
disulfide bonds (Fig. 4). The side chain amino group of 4,
which is in para-position to the thiol, significantly reduces the
reactivity of the thiyl radical and thus yields slower geminate
recombination in peptide 1 compared to 2 and 3. This mirrors
results found for model disulfides and was ascribed to the
formation of an intramolecular charge transfer complex between
the amino group and the thiyl radical.*®”*%%112

More recently, Milanesi et al. developed a method for trap-
ping proteins in non-native conformations using compound 6
(Scheme 2), which consists of an aromatic disulfide flanked by
two maleimide groups.'®® Under unfolding conditions, this com-
pound can be used to link two cysteines which are remote in the
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Scheme 2 Principle of cross-linking of a protein with an aromatic
disulfide.'®

native structure, thus preventing the protein from adopting
its native conformation and constraining it to a non-native
conformation even upon return to folding conditions, see
Scheme 2. This strategy was used to incorporate an aromatic
disulfide into the N-terminal domain of phosphorglycerate
kinase from Geobacillus steareothermophylus (N-PGK, 174 amino
acids).'°® CD-, NMR- and fluorescence spectroscopy were used to
show that at low denaturant concentrations the crosslinked
protein adopts a molten-globule like non-native conformation
with significantly reduced tertiary structure, albeit almost native
secondary structural content.>”'°® Chemical reduction of the
crosslink restores the native behaviour, suggesting that UV
photolysis of the crosslink also should trigger relaxation towards
the native structure.

Transient absorbance measurements®> confirmed fast dis-
ulfide bond photolysis in cross-linked N-PGK by short UV
laser flashes, as shown by the appearance of the typical thiyl
radical absorbance in the region 500-600 nm found in helical
peptides 1-3 and model compounds.’®>'®*1% In this case,
recombination of the radicals could be followed over an even
wider range of time scales, covering nine orders of magnitude,
from 1 ps to 1 ms, Fig. 4.

The wide range of time scales over which geminate recom-
bination| is observed in these experiments is partly due to the
increasing separation of the radicals. They are generated
in close vicinity of each other by the photolysis reaction, but
then get separated due to motion of the backbone towards
the equilibrium conformation. This reduces the chances of a
re-encounter which is a necessary pre-requisite for recombina-
tion, and hence the probability of recombination of the surviv-
ing radicals decreases with time. A useful quantitative measure
of the time-dependent probability for a re-encounter and

|| Non-geminate recombination can be ruled out based on the concentration of
radicals and reasonable values of the diffusion constant of the peptides/N-PGK.
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Fig. 5 Time dependence of the instantaneous rate constant for recombina-
tion, kinst(t), for peptide 1 (blue),*°? peptide 2 (cyan), 2 peptide 3 (magenta)'®®
and N-PGK>? in the absence of urea (black, ps- to ns-time scale), in 2 M urea
(dark grey, ns- to ms-time scale) and 8 M urea (light grey, ns- to ms-time
scale). Solid lines are the results of power law fits; also given are the fit
results. Experiments were restricted to a shorter time scale and less data
(resulting in lower signal-to-noise) were collected for peptides 2 and 3
because of the fast recombination found in these peptides, so that power
law fits to these data yielded less reliable results.

recombination of a surviving radical pair is the instantaneous
rate constant for recombination, k;,s(t), which is given by**

de(f)/dr  dA(r)/dt
o) AQ)

where ¢ is the time after photolysis and c(¢) is the surviving
radical concentration, which is directly reflected in the mea-
sured transient absorbance A(f).

Fig. 5 shows the time dependence of ki,(f) for the helical
model peptides and N-PGK, calculated from the transient
absorbance results given in Fig. 4. It can be seen that these
results show a highly unusual power law, kin(t) ~ ¢t~ %2003
over the whole time window. This is found for the simple
helical model peptide 1 which lacks tertiary structure as well
as the protein N-PGK which in its native state has well-defined
secondary and tertiary structure. The results for peptides 2 and
3 have higher uncertainty because of the faster recombination
and hence smaller transient absorbance, but are compatible
with the same power law kin(t) ~ ¢t °°% Moreover, the same
power law is even found in the absence of significant secondary
or tertiary structure (N-PGK at 8 M urea). This universality of
the power-law time dependence of ki,(t), which holds over

kinst (l) = ’ (1)

** Conceptually, the strongly non-exponential radical concentration c(¢) could
be described using an exponential with a time dependent rate constant k(z),
ie. c(t) ~ exp(—k(t) x t) and king(t) is closely related to k(t). If k(¢) has a power law
time dependence, k(¢) ~ t 7, kinst(t) = (1 — p) k(2), i.e. except for a trivial numerical
factor the two quantities have the same time dependence. However, even for a
time-dependent ¢(¢) which corresponds to a non-power law k(¢), kinse(¢) is a direct
measure for the fraction of radical pairs that is at the contact distance, and thus
for the time dependence of the re-encounter probability of the two radicals.
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nine orders of magnitude in time and is independent of the
primary sequence or secondary or tertiary structure is most
intriguing, since it points towards an intrinsic property of the
polypeptide backbone. Notably, it was observed not only experi-
mentally, but was also confirmed in MD simulations."*?

Theory of diffusion-controlled
geminate recombination

Extensive numerical simulations were undertaken in an attempt
to identify the origin of the experimentally observed unusual
power law behaviour of the instantaneous rate constant, kine(t).>>
As described in detail in the following section, it was shown that
the observed power law time dependence of king(t) is not compa-
tible with normal three-dimensional diffusion of the radicals. This
is true even when accounting for the well-characterised properties
of the polypeptide backbone to which they are bound, such as
tethering, excluded volume or chain stiffness, all of which affect
the available conformational space and hence the equilibrium
radical-radical distance distribution. Thus, polypeptide backbone
segments do not move by normal diffusion, which often has
been assumed in the analysis of similar experiments, such as
the loop formation experiments described above. On the other
hand, a wide distribution of trapping times can be shown to
yield the observed recombination dynamics, but also leads to
so-called subdiffusional motion and it was concluded that the
relative motion of polypeptide backbone segments is strongly
subdiffusive. This behaviour is a consequence of the roughness
of the conformational energy landscape and the experimental
results presented above allow quantification of this roughness.

Normal diffusion

The term “normal diffusion” is used to describe diffusional
motion which in the absence of any constraints (“free” diffusion)
is described by the “normal” Fick’s law diffusion equation

9 p(.1) = DYplx. 1), @)
where p(x, t) is the probability density of finding a particle at
position x at time ¢, D the diffusion coefficient and V the Nabla
(differential) operator. This equation results in a linear increase
of the mean square displacement of a diffusing particle with
time, 1 (r*(£)) o« t.

Geminate recombination of radicals which initially are in
close contact and undergo geminate recombination controlled
by normal diffusion has been widely investigated, both theore-
tically'** and experimentally.'**'** The time-dependent survival
probability, P(¢), of such radicals is affected by the initial pair
separation, 7o, at which the radicals are generated, their relative

i1 In the presence of a potential U(x) which acts on the diffusing particle, this
equation has to be extended to yield the Smoluchowski equation

gp(x‘ 1) = DV?p(x, 1) + DV(p(x,))VU(x)/kpT)

Although in this case the mean square displacement will not increase linearly
with time, the motion is still referred to as “normal diffusion”.
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diffusion constant, D, the contact distance, ¢, at which recom-
bination occurs, and a second-order rate coefficient, k..., which
describes the probability of recombination at ¢. P(t) can be
expressed in analytical closed form:''*

el 1F27(1/70) erfe (1+27)

K—1
t/70 +—2 —t/10:|}

Here, K = 14/0, A = keeclkp, kp = 4noD, and 1, = 6°/D; erfc(x) is the
complementary error function. This theoretical prediction has
been shown experimentally to be valid for the geminate recom-
bination of aromatic thiyl radicals in solution.''"'

The instantaneous rate constant k;,s(t) = —(dP(¢)/dt)/P(¢) can
be easily calculated from this expression. Fig. 6 (black lines)
shows the time dependence of P(t) and k;,(t) for typical values
of ry, 0 and k... taken from experimental results for aromatic
disulfides*"'*> and a value of the diffusion constant D which
is typical of those found for polypeptide backbone segments
in loop formation experiments, see above. It can be seen that
kinse(t) switches from an initial power law kine(t) ~ ¢ °° to
kinse() ~ ¢t~ 1% this switch occurs on the ns-time scale, corre-
sponding to diffusion over a length scale given by ¢. This time
dependence results from the fact that initially only diffusion
of the radicals in one dimension (away from each other) is of
significance, whereas after sufficient separation diffusion in all
three dimensions becomes relevant. It should be noted that
this behaviour is independent of the exact parameters chosen,
which were varied over a wide range without affecting these
power laws and the fact that switching occurs within a few
orders of magnitude in time.** Thus, the assumption of simple
free three-dimensional diffusion of the radicals is not compatible
with the observed power law kinq(f) ~ ¢ >°* over nine orders of
magnitude in time. Clearly, the properties of the polypeptide
backbone to which the radicals are bound affect their diffusion
beyond slowing them down, which was accounted for by taking
the value of D of backbone segments.

The most obvious effect of the polypeptide backbone on the
radical diffusional dynamics is its tethering effect which pre-
vents the radicals from escaping from each other. This effect is
usually included by assuming relative motion in a harmonic
potential which correctly describes the Gaussian end-to-end (or
residue-to-residue) distance distribution expected for a random
coil tether.?”**® For N-PGK and peptides 1-3, the parameters of
this harmonic potential were chosen to yield an equilibrium
root mean square distance, L, of the radicals on the order of
35-45 A, as expected for radicals separated by 11 and 17 amino
acid residues, respectively.’> Geminate recombination of radicals
diffusing in such a harmonic potential was studied using finite-
element simulations,*® since no closed analytical solution is
available for this problem. Fig. 6 (red lines) shows the results of
such simulations for the same reaction and diffusion para-
meters as used above, but including a harmonic potential
corresponding to L = 45 A. For short times, these simulations
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Fig. 6 Simulation of geminate recombination of thiyl radicals assuming normal diffusion: (A) time dependence of the survival probability P(t); (B) time
dependence of the instantaneous rate constant of recombination ki.s(t), calculated from P(t). Black lines assume freely diffusing radicals and are based
on eqn (3); the other lines are the results of finite element simulations for diffusion in a harmonic potential (red) or in potentials accounting for the effects
of backbone chain stiffness*® (blue) or excluded volume“® (green). Parameters: ro = o = 7.2 A, kree = 1.1 x 102 cm® mol™ s, D=4 A2 ns™%; L = 45 A

(harmonic potential); [, = 12 A (stiff chain); d, = 5.5 A (excluded volume).

yield exactly the same results for P(¢) and ki, () as simulations
assuming fully free diffusion, since the harmonic potential
allows for virtually free diffusion at short radical distances,
when the tether is not stretched. Only after diffusion over a
length scale comparable to L, when the surviving radicals begin
to approach their maximum separation, do the results deviate.
Unlike freely diffusing radicals, which can escape from each
other to infinite distances, tethered radicals recombine with a
yield of 100%. Furthermore, the instantaneous rate constant for
recombination adopts a time-independent value after conforma-
tional equilibration on the time scale of 10-100 ns, which corre-
sponds to diffusion over L, in agreement with the loop formation
results discussed above. Thus, inclusion of the tethering effect
yields an even larger disagreement between the experimentally
observed and the simulated time dependence of k;,¢(), indicating
that other properties intrinsic to the polypeptide backbone are
the cause of the unusual recombination dynamics observed
here. Again, these general conclusions were verified for a wide
range of parameters.*

The simulations assuming a harmonic potential only account
for the tethering effect of the polypeptide backbone linking the
two radicals but do not take into consideration other important
properties of the backbone, such as chain stiffness and excluded
volume effects. Chain stiffness is caused by the finite bending
rigidity of the backbone and causes a preferential propagation
of the backbone in the direction of the initial section over a
number of residues. The correlation length of the backbone
propagation direction is referred to as the persistence length,
I, for which values in the range from 2 to 15 A have been
reported for polypeptides.*®*'” Excluded volume, on the other
hand, refers to the trivial fact that a residue cannot occupy the
volume already occupied by another and can be quantified by a
hard-sphere diameter, d,, which has a value of a few A. Both of
these effects reduce the number of conformations where two
residues are in close contact, and thus modify the Gaussian

772 | Phys. Chem. Chem. Phys., 2015, 17, 762-782

distribution of residue-to-residue distances which is expected
for a truly random coil polymer linker; several such modified
distributions have been suggested in the literature based
on experimental results or theoretical considerations.**49>>118
All of these distributions include terms accounting for the
tethering effect. For investigating the effect of chain stiffness
and excluded volume on the geminate recombination of thiyl
radicals, extensive numerical simulations were undertaken where
the harmonic potential was replaced by modified potentials
corresponding to the distributions expected from these effects.**
Fig. 6 shows two examples, using the potential suggested by
Lapidus et al.*® accounting for chain stiffness with a persistence
length, ,,, of 12 A (blue line), and that suggested by Buscaglia
et al.*® accounting for excluded volume with a hard-sphere
diameter, d,, of 5.5 A (green line), respectively. Although inclu-
sion of these effects modifies the motion of the radicals and
hence their geminate recombination dynamics, the effects
are only of a minor nature. The initial time dependence of
P(t) and kins(t) is identical to that observed for free diffusion or
diffusion in a harmonic potential. Deviations are only observed
after times corresponding to diffusion over the relevant length
scales of the effects, [, and d,, respectively. However, even then
the general behaviour of the instantaneous rate constant ki,(?) is
not changed - it switches from an initial power law kine(£) ~ ¢t
to kins(t) ~ t ' on the ns-time scale and then becomes
independent of time on the time scale of 10-100 ns. Thus, also
the inclusion of chain stiffness and excluded volume does not
resolve the discrepancy between the experimentally observed
power law king(f) ~ ¢ >** over nine orders of magnitude in time
and the simulations assuming normal diffusion. Again, these
general conclusions were verified for a wide range of parameters.*

Thus, it was concluded that normal diffusional behaviour of
polypeptide segments, which is characterised by a linear increase
of the mean square displacement, (r*(¢)) oc t in the absence of
other constraints, cannot account for the experimental results
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reported above, even if expected effects of the polypeptide
backbone, such as tethering, excluded volume and chain stiff-
ness, are taken into account.

Subdiffusion

Anomalous diffusion is characterised by a nonlinear time
dependence of the mean square displacement,$ (r*(t)) oc ¢
Recently, such behaviour has been observed experimentally, for
example for biomolecules inside cells or in membranes''® or
for the motion of sticky particles on a surface.'*® Typically, the
anomalous diffusion parameter o has a value of less than 1, and
the motion then is referred to as “subdiffusion”. Intraprotein
subdiffusional motion has been found, both for local motions
on the pico- to nanosecond time scale’*"'** and for larger con-
formational changes on the millisecond to second timescale.">*"**
Subdiffusional motion can be caused by a variety of effects, such as
crowding,""® the presence of randomly distributed inhomogeneous
traps with a wide distribution of trapping times,"2>*****” or - in the
case of polymer segments - the chain connectivity of the polymer
backbone, ie. the fact that a polymer segment cannot move
independently of the other segments even if no direct interaction
between non-neighbouring residues is taken into account.'**™**
The last effect has been studied widely using the Rouse or
Zimm models which simulate the dynamic behaviour of a
polymer using beads connected by harmonic springs.'**** 1t
was shown theoretically and by numerical simulations that
for the simple “free-draining” Rouse model, which ignores any
hydrodynamic effects, the mean square displacement increases as
(r*(0) oc t°2, or £*>* if self-avoidance of the chain is included."** ™!
The somewhat more realistic “nondraining” Zimm model accounts
for solvent-induced hydrodynamic interactions between the
segments and yields (r*(¢)) oc t%”."*° Segments of single- and
double-stranded DNA have been shown to follow such subdif-
fusive motion over several orders of magnitude in time."**'%’
This subdiffusive behaviour in the Rouse or Zimm models is
predicted to occur only over the limited time interval between
the shortest and the longest Rouse relaxation times."*® In the
ESI, T we present explicit results which show that the finite Rouse
model**"**139 predicts subdiffusive behaviour, (r*(t)) oc °7,
but this behaviour extends over not more than two orders of
magnitude in time for peptides 1-3 and not more than at most
four orders of magnitude for N-PGK (130 ps-15 ns for peptides
1-3 and 120 ps-1.5 ps for N-PGK). At shorter times, residue
diffusion is expected to follow normal diffusion, whereas at
longer times full equilibration between all conformations has
taken place, so that the mean square displacement of residues

i+ Theoretically, free subdiffusion (i.e. subdiffusion in the absence of an external
potential) can be shown to be described by an extension of the normal diffusion
equation, eqn (2):
4 _ pl-a 2
5P 0) = oD "D,V p(x, 1)
or
where D, is a generalized diffusion coefficient with dimension [D,] = A* ns™ and
oD, " is the Riemann-Liouville operator:
I 0}' (et

0

l—a g -
oD, *f(x,1) = e dr T
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with respect to each other does not change any further. The
inclusion of internal friction, which recently has been high-
lighted to be of significant importance for the dynamics of
unfolded polypeptides, see above, significantly reduces the width
of the relaxation time spectrum of the Rouse model, particularly
for relatively short polymers, such as the ones discussed here.?*'*°
Although to the best of our knowledge, the subdiffusive behaviour
of a Rouse chain in the presence of internal friction has not been
investigated explicitly, the narrowed relaxation time spectrum is
expected to lead to a correspondingly narrower time interval over
which subdiffusive behaviour is expected. Moreover, the N-PGK
residues to which the thiyl radicals are tethered are separated by
only 11 residues, so that their relative diffusion is expected to
lead to equilibration on a significantly shorter time scale than
that estimated from the Rouse relaxation time of the whole
polypeptide.®>'*! Thus, it is not expected that the subdiffusive
behaviour of a polypeptide backbone arising from its chain
connectivity could be the main cause of the experimentally
observed unusual power law, kine(t) ~ ¢t °°%, which extends over
much wider time scales.

On the other hand, subdiffusive intraprotein backbone
diffusion can also be caused by other effects, such as inhomo-
geneous trapping due to the multitude of local interactions
which give rise to the rugged potential energy landscape with
its hierarchy of well depths,'**'*>'*3 a5 shown schematically
in Fig. 1B. The time-dependent survival probability, P(t), of
geminately recombining radicals which undergo subdiffusive
motion because of a wide range of local trapping times can be
given in analytical form."** The underlying theoretical treatment
assumes particles undergoing a random walk with a fixed jump
size, but an exponential distribution of jump activation energies
E;, g(E;) ~ exp(—uE;j/ksT), which results in a wide distribution of
jump times if o is small. It should be noted that in the context of
backbone segment diffusion, the jump activation energies E;
correspond to the depths of the local wells on the rough energy
landscape which temporarily trap the backbone in particular
conformations (Fig. 1). It can be shown that this random walk
leads to subdiffusive behaviour with (r*(t)) oc t*. Notably, for
o = 1, the distribution of jump activation energies has a width
corresponding to kg7, so that the distribution of trapping times
is narrow and normal diffusional behaviour is recovered.
For simulating geminate recombination dynamics under sub-
diffusive conditions, radicals are assumed to recombine with a
certain probability whenever they come into contact at contact
distance o.

This theoretical treatment was used to simulate the time
dependence of P(f) and kine(t) under subdiffusive conditions,*?
analogous to the simulations for normal diffusion described in
the previous section. Fig. 7 shows typical results, using the same
parameters as used for the free normal diffusion simulations in
Fig. 6, but varying the subdiffusional parameter « between 1,
corresponding to normal diffusion, and 0.1, which simulates
strongly subdiffusive behaviour with a width of the jump activa-
tion energy distribution of 10kgT. As expected, for o = 1 these
simulations predict the same time dependence of geminate
recombination as simulations assuming normal diffusion
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Fig. 7 Simulation of geminate recombination of thiyl radicals assuming subdiffusion: (A) time dependence of the survival probability P(t); (B) time
dependence of the instantaneous rate constant of recombination ki (t), calculated from P(t). Also included are the results for normal free diffusion (dashed
blue lines). The inset in (B) shows the power of the kins(t) time dependence, obtained from power law fits for short and long times, respectively, against the
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(dashed blue lines in Fig. 7), with the instantaneous rate
constant kine(f) decaying ~¢ %> at short times and ~¢ > at
long times. For lower values of o, these two phases of the time
dependence of king(?) still can be approximated by power laws,
but the power for the fast phase decreases from —0.5 to —1,
whereas that for the slow phase increases from —1.5 to —0.95
for o = 0.3 and then decreases again slightly. Most interestingly,
for o = 0.3, the two phases become essentially indistinguishable
and the simulations predict king () ~ ¢ *°° for the whole time
window over which the simulations were performed, encom-
passing ten orders of magnitude in time. Similar results were
found for a wide range of parameters.*

Thus, the experimentally observed power law time depen-
dence king(t) ~ t *** over nine orders of magnitude in time can
be reproduced almost perfectly with simulations assuming a
wide range of local trapping times which leads to subdiffusive
motion of the peptide segments to which the radicals are bound,
whereas normal diffusion is not able to reproduce this power
dependence even when accounting for the tethering, chain
stiffness and excluded volume effects of the polypeptide back-
bone. This provides compelling evidence that the relative motion
of polypeptide backbone segments is strongly subdiffusive, with
a subdiffusional parameter a of around 0.3.

It should be noted that these simulations assume free diffu-
sion of the radicals, ie diffusion in the absence of chain
connectivity or any effects caused by the backbone other than
trapping in local conformations on the rugged energy landscape.
As described above, chain connectivity may lead to subdiffusive
behaviour, but only over a limited range of times. Chain stiffness
and excluded volume effects can be simulated by the introduc-
tion of suitable interaction potentials, but these potentials have
no major effect on the overall recombination dynamics for
normal diffusion; it is assumed here that the same is true for
subdiffusive motion. Similarly, tethering does not affect radical
recombination under normal diffusion control at short times,
but it leads to a time-independent value of ki, (f) after
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conformational equilibration, see Fig. 6. The same effect is
expected for the case of subdiffusively moving radicals which
are tethered by a polypeptide. However, whereas for normal
diffusion the time scale of equilibration is directly determined
by the size of accessible space (i.e., the length of the tether) and
the effective diffusion constant, for subdiffusion caused by a
wide range of trapping times, an additional parameter becomes
important, namely the longest trapping time.§§ Full equilibration
only can occur on time scales exceeding this longest trapping
time. It also should be noted that a subdiffusively moving particle
spends a larger fraction of time close to its initial position than a
particle undergoing normal diffusion, which leads to significantly
slower equilibration over the accessible space.'*®'** In the ESI,}
we present the results of random-walk simulations which confirm
that normal diffusion over the length of the tether (35-45 A)
occurs on the 10-100 ns time scale when assuming a diffusion
constant as determined from the equilibrium loop formation
experiments described above. In contrast, subdiffusive motion in
the presence of a wide distribution of trapping times leads to
much slower motion of the polypeptide segments; a separation
of the radicals by only a few A is predicted even after 1 ms for
strongly subdiffusive motion (x = 0.3), see Fig. S2 (ESIt). Thus, it
is not surprising that no such equilibration is observed in the
experimental data of Fig. 5, which extend only to the millisecond
time scale.

Subdiffusive protein backbone motion

Comparison of the data shown in Fig. 5 with the simulations
described in the preceding section shows that the diffusive

§§ In any real system, a maximum trapping time exists which is given by depth of
the deepest trap(s) of the energy surface on which the particle moves. This is
ignored in the current simulations which assume an exponential distribution of
jump activation energies. Subdiffusive behaviour turns into normal diffusion on
the time scale of the longest trapping times.
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motion of a polypeptide backbone cannot be described by the
normal diffusion equation, eqn (2). On the other hand, the
assumption of strongly subdiffusive behaviour arising from a
wide range of local trapping times yields perfect agreement of
the simulation results with experimental data over the full time
range of the experiments. The experimental results include data
from helical model peptides as well as a real protein, so that it can
be concluded that subdiffusive behaviour is an inherent property
of a polypeptide, independent of primary sequence or secondary
and tertiary structure. Furthermore, it was observed to pertain
over a wide range of time scales, encompassing at least nine
orders of magnitude in time, from picoseconds to milliseconds,
for the protein investigated here.

On first sight, the results of the geminate disulfide recom-
bination experiments appear to be in conflict with the results of
the equilibrium loop formation experiments described above.
Most of the publications in this field report single exponential
dynamics for loop formation in unstructured peptides or denatured
proteins on the nano- to microsecond time scale; this is often taken
as evidence that complete conformational equilibration occurs on
this time scale by normal diffusion of backbone sections, since
theoretical considerations predict close-to-single exponential loop
formation dynamics under this condition.>” Such diffusional equili-
bration also predicts a time-independent instantaneous rate con-
stant for geminate recombination, kin«(t), after diffusion over the
length of the peptide chain has occurred, Fig. 6. In contrast, the
experimental results shown in Fig. 5 clearly show ki,«(¢) decreasing
with time on the time scale of several microseconds in the helical
model peptide, or the 1 ms-time scale in the denatured protein,
indicating that full equilibration has not been achieved yet.

This apparent contradiction suggests that the observation of
single exponential loop formation dynamics may not be a sensi-
tive indicator for full conformational equilibration taking place on
the experimental time scale. To the best of our knowledge, no
theory of polymer loop formation dynamics from an equilibrium
conformational distribution exists for subdiffusive conditions.
However, particle diffusion in the presence of a distribution
of traps only shows anomalous behaviour if a random initial
distribution of starting sites is assumed, whereas an equili-
brium initial distribution, where the particle is more likely to
start in a site corresponding to a deep trap, yields normal
diffusion, ie. (r*(¢)) oc £.*>'**' This indicates that equilibrium
initial conditions partly cancel the effect of subdiffusive motion or
the underlying hierarchy of traps, which might explain the close-
to-single exponential dynamics observed in equilibrium loop
formation experiments even if full equilibration is not achieved
on the experimental time scale. Similarly, MD simulations of
peptide loop formation, which do reproduce the experimental
power law kin: ~ ¢ *°* if the ends initially are in close proximity,
yield almost exponential dynamics for equilibrium initial condi-
tions.””® In this context, it is also important to bear in mind
that the time scales accessible in the equilibrium loop forma-
tion experiments are limited by the intrinsic lifetime of the
reporter state or single molecule diffusion dynamics. Finally,
deviations from exponential dynamics on time scales of 100 ns
or slower have in fact been reported in many of the loop formation
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experiments.
often be ascribed to experimental artefacts inherent in the
method, such as contributions from photoproducts other than
the reporter state, or to sample heterogeneity, impurities or
intermolecular effects. However, these additional dynamic
components further limit the conclusions that can be drawn
on complete conformational equilibration of polypeptides on
the nano- to microsecond time scale. Thus, it seems highly
likely that the limitations of the equilibrium loop formation
methods may prevent the observation of the slower time scales
of conformational equilibration which are shown by the results
in Fig. 5, and therefore also hide the need of considering
anomalous diffusion explicitly. On the other hand, comparison
of loop formation dynamics obtained with different probes has
been suggested to show time- and length-scale dependent intra-
peptide diffusion,>®>'*° an effect which is identical to subdiffu-
sion. It should also be noted that, in spite of these potential
problems, the numerous results and conclusions obtained from
the loop formation experiments have contributed significantly to
our understanding of polypeptide backbone dynamics.

Intraprotein subdiffusional motion has been experimentally
observed before. Neutron scattering data indicated strongly
subdiffusive motion of protein atoms and water molecules in
the protein hydration layer on the picosecond time scale.'*' MD
simulations yielded evidence for subdiffusive dynamics of back-
bone and side chain dihedral angles on the pico- to nanosecond
time scale."” MD simulations also showed subdiffusive behaviour
of the distance fluctuations between electron donor and acceptor
groups in a protein on the picosecond time scale."*> On the same
protein, single molecule fluorescence experiments confirmed the
relative donor-acceptor motion to be subdiffusive on the milli-
second to second timescale.'**'** Most interestingly, the subdif-
fusive parameter o found in these experiments has a value of
0.31,"** which is in good agreement with the value required to
simulate the data in Fig. 5. All of these observations were obtained
on proteins in equilibrium and thus related to small scale
fluctuations. The experimental data obtained using geminate
recombination of a disulfide bond, Fig. 5, yield the same
conclusion of subdiffusive motion of the polypeptide backbone,
but pertain to the full time scale from pico- to milliseconds, and
thus span the time gap between the previous results. Moreover,
they relate to peptides and proteins which are not in equilibrium
and are undergoing large scale conformational changes.

As discussed above and in more detail in the ESI, intra-
protein subdiffusional motion has been suggested by theoretical
polymer models. The simple Rouse model predicts the mean
square displacement of polymer segments to follow (r*(f)) oc £°,
although this behaviour extends only over a limited time range —
two orders of magnitude in time for peptides 1-3, and at most
four orders of magnitude in time for N-PGK. Moreover, the
simulations shown in Fig. 7 indicate that a subdiffusive para-
meter of 0.5 is not sufficient to explain the experimentally
observed power law king(t) ~ ¢t *°* over nine orders of magni-
tude in time. The more realistic Zimm model predicts even
less subdiffusive behaviour, (r>(t)) oc t>%7, over an even shorter
time range. Thus, whereas chain connectivity may make a small
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contribution towards the subdiffusive behaviour of the poly-
peptide backbone, it can be ruled out as the main cause of the
observed unusual geminate recombination dynamics. On the
other hand, a hierarchy of traps on the conformational land-
scape which provide a wide distribution of trapping times can be
shown to yield strongly subdiffusive behaviour over the ps- to
ms-time range and at the same time predicts geminate recom-
bination dynamics which are in excellent agreement with the
experimental observations. This conclusion is further supported
by the fact that the existence of traps with a wide distribution of
depths/trapping times is sufficient to predict kin(t) ~ t %,
even in the absence of any diffusional separation of the radicals,
as shown by the simple inhomogeneous trap model for geminate
recombination which is described in detail in the ESL{ In this
model, the radicals become trapped in close vicinity of each
other immediately after bond photolysis and recombine directly
upon escape from this trap. Our calculations show that a trap
depth distribution with a width of several kgT is sufficient to
yield king(t) ~ ¢ %°* over a wide time range, see Fig. 8. Thus, the
unusual geminate recombination dynamics are not necessarily a
direct consequence of subdiffusional motion, but subdiffusion
and recombination dynamics seem to both result from the wide
distribution of traps on the energy landscape. It is also interest-
ing to note that polypeptides appear to undergo significantly
more subdiffusive motion than single- or double-strand DNA, for
which good agreement with the Zimm model predictions has
been found.'**'%”

The fact that the motion of protein backbone sections is
highly subdiffusional is of considerable interest in the context
of discussing protein folding mechanisms. Subdiffusive motion,
characterised by a non-linear time dependence of the mean-
square displacement (r*(¢)) oc ¢*, results in preferential motion
through the nearby space and delays exploration of accessible
space which is farther away.'**'*> This suggests that proteins
with low contact order, in which many native contacts are
formed by residues which are close to each other in the primary
sequence, should fold more easily and rapidly than proteins with
high contact order. It is intriguing to note that such a correlation
between the contact order and folding times has indeed been
reported, at least for small proteins.’®® On the other hand,
subdiffusive motion makes it less likely that native contacts
between residues which are far from each other in the primary
sequence are formed as an early step of folding. Formation of
such native contacts is much more likely to be preceded by
formation of secondary structure or other native contacts which
restrict the space accessible to the residues.

The subdiffusive nature of backbone motion will need to be
considered in more detail for theoretical investigations of protein
folding. Because of the high complexity of proteins, these
necessarily make use of some simplifications; for example,
thermally driven motion in a one-dimensional idealised potential
along some folding coordinate is often used for modelling the
folding rate constant using Kramers’ theory.'*”"**! In a simplified
approach, energy landscape roughness in these simulations is
approximated by increased friction. However, this may not
correctly account for all aspects of the subdiffusional backbone
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Fig. 8 Results of simulations using the simple trap model for geminate
recombination which ignores diffusional motions of the radicals, but
assumes a Gaussian distribution of trap depths with variance o¢? (see ESIt
for details). (A) Time dependence of the instantaneous rate constant of
recombination King(t), for ko = 1 ps, Eg = 0, oe/ksT = 0.2, 0.5, 2, 5, 7, 10.
The dashed lines show the power law ~t~%°* The insets show the
distributions for o = 0.5kgT and 5kgT, respectively. (B) Powers of the time
dependence of kinst(t) vs. the width of the trap depth distribution, from
power law fits over different time intervals.

motion in three-dimensional real space, such as the efficient
search through nearby space and less efficient exploration of
larger distances, as well as dynamic effects, such as a dependence
of effective friction on the time scale of the motion.”® More
advanced approaches, such as the fractional Fokker-Planck
equation™®'*”"*? or the generalized Langevin equation with
fractional Gaussian noise®****'>* which describe subdiffusional
motion in a potential, may be required for simulating protein
conformational changes.

Energy landscape roughness

The experimental results shown in Fig. 5 not only confirm
subdiffusional motion of the polypeptide backbone, but together
with the simulations in Fig. 7 also provide an alternative method
for measuring the roughness of the protein’s energy landscape.
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Subdiffusion over such a long time scale arises when a
diffusing particle encounters random traps with a wide dis-
tribution of trapping times.*?***” For the diffusional motion of
polypeptide backbone sections, such random traps are caused
by the wide range of native and non-native interactions present
in a protein,'**'*>'*3 from the energetic cost of dihedral angle
changes to attractive and repulsive forces between backbone
and side chain groups as well as hydrophobic effects. These
interactions cause the ruggedness of the potential energy land-
scape, Fig. 1, and hence can lead to the transient formation of a
multitude of non-native conformations which are stabilised to
different extent. The escape rate from a local conformation is
governed by the depth of the corresponding well on the energy
landscape, so that the hierarchical nature of this landscape,
i.e. the wide range of well depths, yields a wide range of trapping
times, as schematically shown in Fig. 1B.

More specifically, after disulfide bond photolysis the back-
bone can get trapped in a multitude of different conformations
which hold the thiyl radicals apart from each other and thus
prevent geminate recombination. The dispersion of trapping
times of these conformations leads to the observed distribution
of geminate recombination times, which is much wider than
expected from the normal diffusion that would occur in the
absence of such trap dispersion. In fact, the unusual power law
dependence of kine(£) ~ ¢t *°* over nine orders of magnitude in
time can be shown to arise from such inhomogeneous trapping
even when ignoring any separation of the radicals by diffusion.
In the ESIf we describe a simplified model in which the radicals
become trapped in close vicinity of each other immediately after
bond photolysis and recombine upon escape from this trap. In
this model, the assumption of a Gaussian depth distribution
with a width of several kgT is sufficient to yield kins((t) ~ ¢ ***in
the time range from pico- to milliseconds, see Fig. 8. This shows
the importance of the trap dispersion for rationalizing our
experimental results.

Thus, our results confirm that the hierarchical roughness of the
energy landscape is relevant not only for small scale equilibrium
fluctuations, as previously observed,">*'**'** but also for large scale
non-equilibrium conformational changes, including folding towards
the native structure. The simulations of geminate recombination
under subdiffusive conditions described above, Fig. 7, show that a
value of ~0.3 is required for the subdiffusive parameter o to
yield the experimentally observed time dependence of ki (t) ~
¢t %°* over nine orders of magnitude in time. The distribution of
jump activation energies E; assumed in these simulations is g(Ej) ~
exp(—oE/ksT), so that « ~ 0.3 corresponds to an exponential
distribution of trap depths with a width of 3-4kgT. Previous reports
in the literature determined the root-mean-squared trap depth,
(E?)', as a measure of the energy landscape roughness; this has
a value of 4-5kgT for such an exponential distribution.

The energy landscape roughness of 4-5kgT inferred from the
geminate recombination data, Fig. 5, is of a similar size as the
values determined for proteins and bimolecular protein complexes
by mechanical unfolding summarised above. This suggests that
mechanical unfolding provides a reliable estimate of the energy
landscape roughness, in spite of the various underlying assumptions
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discussed above and the possibility of an alternative interpretation of
the experimental results.”® On the other hand, roughness estimates
from loop formation dynamics and folding studies yield somewhat
smaller values, as detailed above. This may be partly due to the fact
that some of these previous studies were undertaken on unstruc-
tured model peptides which had been designed to minimise
residue-residue interactions. However, it also should be noted that
most of these roughness estimates from loop formation experiments
only provide lower limits for the roughness or are based on
estimates of the speed of backbone diffusion in the absence of local
interactions which are difficult to obtain with high accuracy.”
Furthermore, all of the previously reported values for the roughness
of the energy landscape are based on Zwanzig’s theory of motion in
a rough potential® which is limited to one dimension, and it is not
clear how this limited dimensionality affects dynamic estimates for
complex chain motions.”>®' The roughness parameter obtained
here does not suffer from any of these shortcomings.

It is instructive to compare the experimentally determined width
of trap energies of 3-44pT to the strengths of typical residue-residue
interactions in proteins. The strength of van-der-Waals interactions
in tightly packed crystals can reach values of up to 10 k] mol™*
(~4ksT),">* although somewhat smaller values are expected in less
tightly packed proteins. Hydrogen bonds have typical strengths of
2-7 KJ mol™* (~1-3ksT),"*> salt bridges contribute 2 kJ mol *
(~kgT),"® whereas n-n interactions and the hydrophobic effect
between aromatic side chains can contribute up to 5 kj mol™* to
protein stability (2kgT)."”” This suggests that many of the local traps
are caused by individual interactions between a pair of residues.
However, the tail end of the trap depth distribution is more likely to
result from the cumulative effect of several interactions.

In any real system, a maximum well depth and hence maximum
trapping time must exist. Full equilibration is only possible on time
scales longer than this maximum trapping time and diffusional
motion becomes normal on longer time scales.'**"*”*” The
experimental observation that the power law king(t) ~ ¢~
persists over the full experimental time window used here, i.e.
up to 1 ms, indicates the existence of deep traps, i.e. conforma-
tions with an escape time larger than 1 ms, in N-PGK. This is
not so surprising for the molten-globule like structure which
N-PGK adopts at low denaturant concentrations (2 M urea),**>*%
for which trapping on the millisecond time scale has been
observed in NMR experiments."*® These traps provide an expla-
nation for the NMR line broadening generally observed in
molten globule states. However, the data show that such deep
traps with millisecond trapping times also exist under unfolding
conditions (8 M urea), although probably with lower population.
This shows that the protein energy landscape is significantly rugged
even under these conditions and that even the presence of large
amounts of urea does not prevent relatively strong residue-residue
interactions. These results confirm suggestions of residual inter-
actions in unfolded proteins which had been concluded from the
results of photo-CIDNP NOE"™® and paramagnetic enhancement
NMR experiments'® and from the unusual denaturant depen-
dence of intrapolymer diffusion.'® They are also in agreement with
conclusions from loop formation experiments which show that
internal friction disappears only at guanidinium chloride (GdmCI)

0.94
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concentrations above 6-8 M,">!>1®1821228¢ when taking into
account the well-known fact that GAmCl is twice as effective as
denaturant as is urea."®!

Transient non-native interactions, as found here even in the
presence of denaturant, may significantly contribute towards
the efficiency of the protein folding process. They may help to
temporarily reduce the conformational space accessible to the
polypeptide and thus enhance the formation of native contacts,
particularly between residues which initially are far from each
other. This is particularly important when considering the nature
of subdiffusive motion, which reduces the encounter probability
of such residues on short time scales, as discussed above. The
involvement of non-native contacts in increasing folding effi-
ciency has been suggested previously, based on simulations®*>
as well as mutation experiments,'® and may be the reason for
“abnormal” ®-values.'® The current results on significant inter-
actions even in the presence of denaturants can be interpreted as
further experimental evidence of these suggestions.

On the other hand, transient interactions also affect the speed of
motion over the energy landscape and hence contribute to the so-
called “speed limit of protein folding”.**'®* This “speed limit”
usually refers to the rate of folding from a manifold of unfolded
states at high energy to a low-energy folded state on a free energy
landscape that has been optimised to not have a significant activa-
tion barrier (so-called “downbhill folding”); it has been established to
be on the order of microseconds for small proteins.'® Since folding
corresponds to motion on the multidimensional landscape of Fig. 1,
this “speed limit” is seriously affected by the roughness of the
energy landscape, ie the transient trapping of the protein in
conformations which are stabilised by non-native interactions.
Thus, a way of characterising the folding landscape roughness will
contribute to a better understanding of the concept of the “folding
speed limit”. The absence of significant intrapeptide interactions
in the simple model peptides used in loop formation experiments,
which results in reduced energy landscape roughness, also
explains why estimates of the protein folding “speed limit”
obtained from such experiments overestimate the possible
maximum folding rates of real proteins.'®

Conclusions and outlook

Important progress has been made in investigating the dynamics
of the unfolded - or partially folded - polypeptide backbone.
Conceptually, conformational changes of the backbone can be
described as motion on a multi-dimensional energy landscape with
significant roughness caused by local interactions. Characterisation
of this landscape, and in particular its roughness, is an important
factor in understanding functional processes, ranging from ligand
binding to protein folding.

Loop formation experiments suggest that in equilibrium the
motion of backbone sections seems to be well described by the
normal diffusion equation, with the diffusion constant reflecting
landscape roughness. Extensive work has characterised many
details of the backbone dynamics and the factors governing it.
For example, it was found that particular amino acids only have
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a minor effect on the speed of backbone diffusion. Solvent
friction could be separated from intra-peptide friction, which
arises from the formation of transient interactions and thus is
directly related to the energy landscape roughness. Denaturants
were shown to significantly reduce internal friction, in particular
for real protein sequences with many potential non-native inter-
actions, and thus significantly speed up backbone diffusion.
Estimates of the energy landscape roughness yield values of only
1-2kgT, which is somewhat less than values measured using
mechanical unfolding methods.

Only recently, a different experimental approach was used to
show that the motion of backbone sections in fact is not following
normal diffusional behaviour. Unlike the loop formation experi-
ments, this approach allows the observation of backbone dynamics
far from equilibrium by making use of the UV-photolysis of an
aromatic disulfide bond which initially constrains the backbone to
a non-equilibrium conformation. Moreover, there is no inherent
limit to the time scales accessible by the method. Geminate
recombination of the thiyl radicals formed by UV-photolysis was
shown to follow unusual dynamics which are incompatible with
normal diffusion of the backbone, but can be well described by
strongly subdiffusive motion. Such subdiffusive backbone motion
in fact is expected for an energy landscape with a hierarchy of
minima which cause trapping of the backbone in particular
conformations with a wide range of escape times. A comparison
of the experimental results with the predictions of the theory of
geminate recombination in the presence of such traps yielded a
landscape roughness of 4-5kgT, of similar magnitude as values
obtained by mechanical unfolding methods.

It has to be pointed out that the initial reports on the use of the
new experimental approach did not make full use of the method. In
particular, none of the experimental results show the change from a
time-dependent instantaneous rate constant, ki(f), to a time-
independent value at long times which is expected to occur upon
equilibration. This shows that full conformational equilibration of
unfolded proteins is significantly slower than expected so far from
equilibrium loop formation experiments, although only lower limits
for the equilibration times can be given from the current results. For
the o-helical peptides, equilibration is shown to be slower than a few
microseconds, whereas the results for N-PGK show that equili-
bration only occurs beyond 1 ms, even in the presence of 8 M urea,
Fig. 5. Thus, it will be of great interest to extend the time scales of
these experiments. There is no intrinsic time limit for the method,
provided that the concentration of proteins and other radical
quenchers is kept low enough to avoid unwanted radical reactions,
so that experiments are only limited by the sensitivity for detecting
the remaining thiyl radicals. Given the signal-to-noise which is
achievable in transient absorbance measurements in the visible
spectral region, this does not provide a significant limitation.
Furthermore, the intrinsic rate of recombination can be further
reduced by suitable modifications of the aromatic disulfide.'® It will
be highly interesting to study the variation of the full equilibration
time scale with modification of the solvent conditions, e.g. the
addition of denaturant, or the protein itself.

On shorter time scales, it will be interesting to apply the
method to unstructured oligopeptides, such as those used in
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previous loop formation experiments. Because of the lack of
interacting side chains, these peptides are expected to have an
energy landscape with reduced roughness and thus a narrower
distribution of trapping times. This should yield diffusive
behaviour closer to normal diffusion, i.e. a larger value of the
subdiffusive parameter «, and hence a different time depen-
dence of the instantaneous rate constant, ki,s(¢), compare
Fig. 7, as well as full equilibration on a shorter time scale.
Quantification of the roughness from such experiments might
lead to a better characterisation of the residual interactions
which can be found in such simple peptides, for which unspe-
cific backbone hydrogen bonds have been suggested to be the
main type of interaction."

Another fundamental aspect which should be addressed is
the temperature dependence of the energy landscape rough-
ness, which has been suggested to increase with temperature
due to the increased strength of the hydrophobic effect.***”
This could be easily addressed by applying the new method to
temperature-denatured protein in addition to denaturant-
denatured protein at low temperature.

For more detailed investigations and their interpretation, these
experiments will need to be complemented by further theoretical
work. MD simulations show a power law time-dependence of k;(t)
which is in good agreement with the experimental results.""* This
provides the opportunity of understanding the effect at atomistic
level. In particular, it may be interesting to investigate the effect of
roughness variations over the energy landscape, which has been
suggested previously.”> The new non-equilibrium method which
starts from a cyclic backbone conformation does in principle allow
the separate observation of the roughness of the landscape far from
equilibrium, ie. close to the initial cyclic conformation which
dominates the initial recombination dynamics, and that closer to
equilibrium, which becomes increasingly important at later times.
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