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1 Introduction

1.1 Proteins as the major functional biomacromolecules

Among biological macromolecules proteins are the major functional molecules of life
with diverse properties in structure and function. They aid and control chemical
reactions that make the cell work. They receive and transmit signals from outside of the
cell. They control the processes by which proteins are made from the instructions in the
genes. They form the scaffolding that gives cells their shape, and they are parts of the
linkages that stick cells together into tissues and organs. Protein folding is the process
by which a protein assumes its functional conformation. The manner how a newly
synthesized polypeptide chain adopts the native folded structure depends on the intrinsic
properties of the linear amino acid sequence and on the contributing influences from the
surrounding milieu. Folding and misfolding are critical ways of regulating biological
activity, targeting proteins to different cellular locations and causing neurodegenerative
diseases, like prion diseases or Alzheimer disease. Folding is a spontaneous process that
is mainly guided by non-covalent interactions and entropic contributions to the Gibbs
free energy. The molecular origins of folding and misfolding processes are not yet
understood. A main goal in protein science is to understand the mechanism how a
polypeptide chain reaches the native, stable state during a folding reaction and how

proteins fulfil their biological functions.

1.2 The protein folding problem

Starting in the 1930’s, first experiments on protein stability and folding revealed that the
denaturation of proteins is a reversible process' >, It was recognized that the native state
of a protein is characterized by a defined configuration, whereas the denatured state is

characterized by the absence of a defined configuration’. In this time the investigation of



protein folding reactions resembled an unsolvable puzzle, since both, the structures of
the native and the unfolded states were not known. Later, with the determination of the
first protein structures due to X-ray crystallography® > investigation of the mechanism of
protein folding become more successful.

Studies on the renaturation of fully denatured and reduced ribonuclease showed that the
amino acid sequence contains all information needed to form the native state with all
correct disulfide bonds in a given environment®’. The results showed that the sequence
determined the native structure, which was interpreted in terms of a thermodynamic
hypothesis, that an unfolded polypeptide chain folds under a driving force and reaches
thermodynamically the most stable conformation’. However the results could not
explain which forces govern the folding process and how a chain finds the native state.
At the same time Levinthal pointed out that a folded protein chain cannot sample all of
its conformations randomly to find the native state on an appropriate time scale using
simple consideration on the statistics of unstructured chain molecules®°. He argued that
a protein folding reaction cannot be a fully entropic driven process, but the folding
process must be directed in some way by free energy barriers to restrict conformational
space.

Physico-chemical and physical investigations on protein folding mechanisms deal with
the description of all states, barriers and pathways on the free energy landscape between
the unfolded and native states. Folding pathways are usually presented on reaction
coordinates from the unfolded state over a separating barrier to the native state in
analogy to simple reactions in chemistry. In the simplest case the folding reaction can be
described with a two-state model and a single energy barrier, although the unfolded state
comprises a large ensemble of different conformational states'. Theoretical

considerations reveal that this approximation is valid if the interconversion of different



unfolded conformations is fast compared to the barrier crossing process'', which indeed
was shown by applying fast spectroscopic techniques to the dynamics of unstructured
peptides'”.

X-ray diffraction and NMR structure determination allow the characterization of the
native states of many proteins. Most proteins adopt a well-defined, biologically active
structure under physiological conditions". Conformational fluctuations and dynamics in
the native state of proteins and enzymes could be detected and it is believed that such
dynamics are a key event in biological function'* ' ', In contrast, the unfolded state is
disordered and represents an ensemble of different conformations, which are under
physiological conditions less populated. Recently also methods have become available
to characterize the structure and dynamics of unfolded states as initial point of protein

refolding reactions'> '7 '8 19 20 21

. NMR spectroscopy revealed that even under high
denaturing conditions local residual structure is preserved'” ' " | contradicting that
unfolded conformations can be regarded as an unstructured polymer, where the
polypeptide chain behaves like a random coil chain®. As shown by fast spectroscopic
techniques the formation of first contacts on an unfolded polypeptide chain occurs in
nanosecond time scale'* ' **, With the formation of energetically favourable contacts
the folding polypeptide chain becomes more and more structured and finally reaches the
native state.

Several models were developed to explain the phenomenon of protein folding from the
random coil state to the native structure. The “framework model” describes a step-wise
mechanism to reduce the conformational search. This involves a hierarchical assembly
whereby local elements of secondary structures are formed according to the primary
sequence, but independently from tertiary structure. These elements then diffuse until

they collide, whereupon they combine to form the tertiary structure **%?’,



The “hydrophobic collapse model" assumes that the native protein conformation is
formed by rearrangement of a compact collapsed structure®®. Hydrophobic collapse to
form a molten globule therefore represents an early step in the folding pathway.

The “nucleation model” suggests that tertiary structure forms as an immediate
consequence of the formation of secondary structure” *. Nucleation occurs through the
formation of native secondary structure by only a few residues (e.g. a beta-turn, or the
first turn of an alpha-helix), and structure propagates out cooperatively from this
nucleus. All three models have common that the earliest steps of structure formation are
determined by intrachain diffusion, which can therefore be regarded as elementary step

in protein folding (Figure 1).
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Figure 1: Intrachain diffusion as elementary step of structure formation in
peptides and proteins (from ref.’’).
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Since the dynamics of unfolded polypeptides chains govern the formation of the first
structural organisation during protein folding, the characterization of the dynamics of

unfolded states will give insight into the earliest steps of protein folding and allows to



answer questions (i) how fast are intramolecular contacts formed on an unfolded
polypeptide chain, (ii) what determines intrachain diffusion in polypeptides and (iii)

how does intrachain diffusion contribute to the overall folding process?

1.3 Structural heterogeneity in the unfolded state of proteins
First knowledge about the properties of the unfolded state of proteins was theoretically

derived using statistical models of chain molecules®. The dimensions of an ideal or

freely jointed chain is described by the mean-square end-to-end distance <r2>,

<r2>=n12 (1.1)
with 7 as the number of bonds and / as the bond lengths®. The mean-square end-to-end
distance <r2> of an ideal chain scales linearly with the number of segments n. However,
in real chains bond and torsion angles are strongly restricted. Flory introduced the
characteristic ratio C,, which relates the mean-square end-to-end distance of an

unperturbed real chain compared to the mean-square end-to-end distance of a freely

jointed chain:

C = 4 >°. (1.2)

"ol
The index O refers to the dimension of an unperturbed polymer chain. Due to restricted
bond angles and steric hindrance the mean-square end-to-end distance becomes larger
compared to a freely jointed chain. The characteristic ratio C, converges to a finite value
for long polymer chains. For long polypeptide chains without glycine or proline residues

32; 33; 34; 35; 36

a characteristic ratio C, of around 9 was calculated theoretically and

determined experimentally*” ** %7

. The obtained results suggest that unstructured
polypeptide chains longer than 50 residues behave like random coils and that the

dimension of shorter peptide chains is significantly influenced by chain stiffness’.



Experimental studies on the unfolded state of proteins revealed that the dimension of
most urea- and guanidine hydrochloride denatured proteins apparently obey the
theoretically expected random-coil scaling for real chains with excluded volume® ** .
These results suggested, that proteins are unstructured at high denaturant concentrations
and behave like random coil polymers. The observation of random-coil dimensional
scaling contradicts however recent spectroscopic work, which revealed that many
denatured proteins contain significant residual structure'” ' **. Furthermore exhaustive
enumeration of all sterically accessible conformations of short hepta-alanyl peptide
chains revealed that steric repulsion of neighbour residues restrict the conformational
space contradicting Flory’s hypothesis that each residue on a polymer chain can be
regarded as isolated®. These results are expected since natural polypeptide chains are
hetero-polymers consisting of diverse residues with a variety of side chains of quite
different chemical reactivities, leading to heterogeneous local structures in aqueous
solutions, even in presence of denaturants. Therefore unfolded polypeptide chains might
have locally definite backbone conformations and the concept of a denatured protein as
a structureless random chain breaks down, when local interactions of individual residues

are described, although the random chain concept may still be useful to describe the

overall chain conformation®'.

1.4 Elementary steps in protein folding

Starting from an ensemble of denatured chain conformations a folding polypeptide
chain has to explore the vast conformational space in search for energetically favourable
conformations. The molecular structures of native proteins consist of secondary
structures such as a-helices, -sheets, loops and turns, which represent the basic

structural elements. To form secondary structure elements a first intramolecular contact



on the linear polypeptide chain is essential (Figure 1). The rate at which two points on a
folding polypeptide chain make contact is limited by intrachain diffusion. Intrachain
diffusion as part of the formation of secondary structure represents therefore an
elementary step in the formation of the overall molecular structure®”. Until recently

43; 44; 45

mainly fast relaxation techniques were applied to study a-helix or B-hairpin*
formation and to get knowledge about the time scales of the earliest steps in protein
folding.

The a-helix formed by polypeptide chains is one of the best studied secondary
structured elements in biology. Since the first structural description of the formation of
polypeptide chains into helical conformations* the structure and stability of a-helices
were well studied®. Additionally a number of theoretical models were developed to

successfully describe the helix-coil transition*” >% '

. Helix formation is generally
regarded as a sequential process with two elementary reactions, a slow nucleation step
and fast propagation steps. Nucleation is believed to represent the formation of the first
helical turn, i.e. the interactions of four consecutive chain monomers with the right
backbone hydrogen bonds and the right dihedral angles. After formation of the first
helical turn the helix propagation follows. Using fast relaxation techniques, such as
dielectric relaxation**”', ultrasonic absorption* or nanosecond temperature laser jump®,
the determination of rate constants for the propagation process gave a better insight into
the dynamics of the helix-coil transition. However, reliable rate constants for helix
nucleation are not available.

Due to the tendency to aggregate there are less data available about the mechanism of 8-
hairpin folding of isolated P-hairpin peptides. B-Hairpins consist of two antiparallel -

strands, which are connected by a turn or a loop. The first hairpin-forming peptide to be

characterized in equilibrium and kinetic experiments was the C-terminal fragment of the



B1 domain of protein G (residues 41-56). This peptide forms a stable B-hairpin structure
in solution®* >, Kinetic experiments suggested an upper limit in the microsecond range
for B-hairpin formation®. Using a statistical mechanical model to interpret B-hairpin
folding Munoz et al. suggested that the most probable way to initiate 3-hairpin folding

is to form the B-turn region™.

1.5 Intrachain loop formation

Diffusion of free molecules in solution has been extensively investigated for 100 years™
>%57 However, little is known about absolute diffusion rates of two defined points on a
polymer chain. First approaches were based on the calculation of the probability of end-
to-end cyclization in ideal polymer chains (Figure 2)** **, later for polymer chain with

hindered rotation™.

Figure 2: Schematic view of end-to-end cyclization in a polymer chain, with a as
reactive boundary and r as the end-to-end distance. To react both ends have to
make contact within the boundary o. k., and k. are the rate constants of the loop
closure reaction and back reaction, respectively.

Jacobson and Stockmayer calculated the end-to-end ring closure probability as function
of the monomer number in a freely jointed chain®. As result they obtained for an ideal

chain of sufficient length that the probability of ring closure reaction p,,, scales with
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Pring (1) wen™ (1.3)

0

where <r2>0is the mean-square end-to-end distance averaged over all configurations of

an ideal chain with n monomers. Equation 1.3 fails if polymer chains are short or stiff
and become non-ideal®”. Similar results could be obtained for chains with hindered
rotation™. Application of the elaborated form of Jacobsen-Stockmayer theory to the
determination of cyclization constants of L-polypeptides (poly(L-Ala)) revealed that
especially flexible glycine and D-amino acids simplify ring closure reactions®.

Later Szabo, Schulten and Schulten applied the first passage time approach to
investigate the averaged reaction time for intramolecular diffusion reaction in a flexible
ideal chain " ®. The loop closure reaction was treated as an intramolecular diffusion
process under the influence of a potential. It could be shown that the kinetics of such a
loop closure reaction can be approximated by a single exponential decay of the reaction

probability 2(t) that the system is still unreacted at time t:
-t
) =2, ()= exp(;) (1.4).

The approximation is applicable to determine end-to-end contact formation rate
constants in polypeptides if the averaged end-to-end distribution of the chain is
equilibrated. The local equilibrium condition can be satisfied® if
) the interconversion between chain conformations is fast compared to the
loop closure reaction,
(i) only a small fraction of conformations make contact at equilibrium
conditions, i.e. the distance of the van-der-Waals contact radius between the
two ends is small compared to the averaged end-to-end distance, that is, if

a/r << 1 (Figure 2).



For a small reactive boundary o the rate constant k. for loop closure reaction of a

Gaussian polymer with an equilibrated end-to-end distribution is approximately given

by

T =k, x—L=xa (1.5).

The rate constant of loop closure reactions of ideal polymers depends on®*:
(1) the chain length independent diffusion coefficient D,, which is therefore

proportional to T/m,
(ii) the averaged end-to-end distance of the polymer,
(iii))  the equilibrium distribution of the end-to-end distance,
(iv)  the reactive boundary o of reacting ends of the polymer.
Accounting for excluded volume and solvent effects, the rate constant of end-to-end
contact formation k. for real polymer chains of sufficient length depends on the
monomer number n as

k.ocn™ withm=1-1.8 (1.6).

The exponent m depends strongly on excluded volume and solvent effects and a value
of 1.5 was calculated for an unperturbed or 6-chain. For good solvents it is expected that

the exponent adopts the value of 1.8 and in poor solvents the value of around one®> ",

1.6 Measuring intrachain contact formation in unfolded peptide chains

Intramolecular reactions on polymer chains in various systems have been studied
experimentally, for a long time. Early studies used fluorescence resonance energy
transfer (FRET)** *, excimer formation®, or triplet-triplet annihilation® to investigate
the dynamics of intramolecular reactions on polypeptide chains or synthetic polymers.

Using FRET Haas et al. determined the diffusion coefficients for short peptide chains

10



describing the Brownian motion of the molecular ends of the peptide chains** *. These
studies gave a first insight on the mechanism of diffusional motion of two defined points
on a peptide chain, suggesting that internal friction impedes intrachain diffusion in short
peptides. However the determination of absolute contact formation rate constants for a
specific chemical contact between two points was not possible with this method.

Later fast spectroscopic methods such as triplet-triplet energy transfer (TTET)",

18; 67 68; 69

triplet or fluorescence quenching were used to determine end-to-end formation
rate constants in unfolded polypeptide chains and proteins. Applying nanosecond-
resolved laser flash spectroscopy Hagen et al. measured intrachain contact formation in
GdnHCI unfolded cytochrome C. The bond formation reaction between a methionine
residue and the heme group separated by around 50 residues” gave time constants
around 35-40 us. The observed time constants and polymer theoretical approaches™ '
were used to estimate the speed limit of protein folding reactions with a time constant
T = 1 us for contact formation between ten peptide bonds in an unfolded protein. Later
Bieri et al. introduced the method of TTET into the field of protein folding'’. Initially a

derivative of thioxanthone (Txan) as triplet donor and the non-natural amino acid

naphthylalanine (NAla) as triplet acceptor were attached at the ends of the peptide

K, kgt
5 ~ T R
k-c

Figure 3: Principal scheme to determine absolute intrachain contact formation
rate constants by TTET. The spectroscopically labeled ends of a molecule chain
diffuse and collide. Due to non-covalent interactions a signal is changed by a
photochemical reaction. Absolute rate constants are determined, if k. >> k. and
ke >> k,, k. (see also chapter 1.7).

chains (Figure 3).

11



The measurements were carried out in ethanol, since under these conditions TTET from
thioxanthone to naphthylalanine becomes diffusion-controlled. For short (GS)-peptides
end-to-end contact formation could be well described by single-exponential kinetics, as
predicted by theoretical investigations'" °* >, A minimum time constant for end-to-end

contact formation could be determined with t,, = 20 ns for the shortest peptide with

obs
three peptide bonds between the triplet labels. TTET through bond electron transfer can
be ruled out, since this process cannot occur over distances beyond eight bonds’'. In the
shortest glycine-serine peptide used in TTET studies the triplet labels were separated by
11 bonds. With increasing loop length up to eleven peptide bonds the end-to-end contact
formation rate constant decreases monotonously, contradicting theoretical approaches.
The time constant of contact formation at a distance of ten peptide bonds was predicted
to be the distance for the maximum rate of contact formation due to chain stiffness
slowing down intrachain diffusion over shorter distances’”. The triplet donor
thioxanthone, initially used in TTET experiments, was later replaced by xanthone,
allowing measurements in water”. First characterization of end-to-end contact
formation in a (GS),-peptide in water using the xanthone/NAla system revealed 3-4
times higher rate constants compared to the thioxanthone/NAla system. The slower
kinetics in ethanol could be attributed to solvent effects”.

In the last few years several different systems have been used to study intrachain contact
formation for unfolded peptides and protein fragments of various lengths. Several other
spectroscopic techniques, such as tryptophane triplet state quenching by cysteine'®, dye-

fluorescence quenching by tryptophane® *

and electron transfer from a triplet excited
Zn-porphyrine group to a Ru-complex®” were applied to determine end-to-end contact

formation rate constants in synthetic polypeptides and unfolded proteins. Generally it is

12



found that the time constant of intrachain contact formation over ten residues will be
faster than 100 ns, although the time constants for intrachain contact formation have
been found to vary significantly depending on the applied method, on the peptide
sequence and on solvent conditions. The direct comparison of all data is therefore quite
complicated. The crucial point in determining absolute rate constants for intrachain
contact formation is the use of electron donor and acceptor pairs, which exchange
electrons in a diffusion-controlled reaction.

Lapidus et al. used tryptophane triplet quenching by cysteine to determine end-to-end
contact formation rate constants in synthetic peptides'®. Tryptophane as triplet donor has
the advantage that this amino acid can be easily incorporated in peptide and protein
polypeptide sequences. However, the slow formation of tryptophane triplets (t=3 ns)”
and the inefficient triplet quenching by natural amino acids such as cysteine’ limit the
determination of absolute contact formation rate constants in peptides, resulting in
slower kinetics for end-to-end contact formation in peptides'® compared to results using
TTET from xanthone to NAla in similar peptides’'.

Other approaches applied fluorescence quenching techniques to determine intrachain
contact formation rate constants. The fluorescence of 2,3-Diazabicyclo[2,2,2]oct-2-ene
(DBO) is long-lived (T = 1us) and is quenched by tryptophane close to the diffusion-
controlled 1imit®® 7. However, obtained rate constants for intrachain contact formation
in (GS)-peptides are three times slower than the ones obtained with the xanthone/NAla
system in the same peptides, suggesting that electron transfer in the chosen
chromophore pair is not fully diffusion-controlled. The fluorescence dye (MR121)
exhibits also long-lived fluorescence and can also be quenched by tryptophane®.
Although the electron transfer occurs only via van-der-Waals contact the quenching

mechanism of this electron transfer is complex. The calculated rate constants for

13



intrachain contact formation are, however, significantly lower than those determined by
other methods.

Recently a new method was presented to measure intrachain diffusion in partly unfolded
cytochrome C using electron transfer from a triplet excited Zn-porphyrine group to a
Ru-complex, which was bond selectively on a histidine residue®’. The determined rate
constants agree well with ones obtained from TTET measurements if rate constants are
corrected against solvent effects’'.

The results revealed that only methods, which include very fast electron transfer
reactions on the sub-nanosecond time scale, satisfy the requirements to determine

absolute intrachain contact formation rate constants.

1.7 Triplet-Triplet Energy Transfer

Triplet-triplet energy transfer (TTET) is defined as energy transfer from an
electronically excited triplet donor that produces an electronically excited acceptor in its
triplet state’. TTET occurs via collisions between the reacting partners’’. Collision
means that the electron clouds of the reacting species overlap significantly in space. For
ideal spectroscopic labels without steric hindrance the rate constant for energy transfer
by electron exchange is expected to fall off exponentially as the distance of triplet donor
and acceptor increases. Dexter proposed that energy transfer occurs via two electron-

transfer exchanges and that the rate constant of TTET is expressed as

_2Rps

ko =A%e L (1.7)

where A is the pre-exponential factor and Ry, the donor-acceptor distance relative to
their van-der-Waals radii (L) which is smaller than 1.5 nm for TTET reactions’® ’®. The
rate constant of TTET within an encounter complex depends on the energetics of the

triplet pair. Figure 4 shows a schematic view of the relative energetics of triplet donor

14



and triplet acceptor (Jablonski diagram). The observed rate constant of TTET depends at
least on three chemical processes, the formation of the S, state of the triplet donor, the
intersystem crossing rate constant ks from S, to T, and the TTET rate constant Kpppr
itself, which depends on the energetics of the triplet pairs. Triplet states show
characteristic absorption spectra and can be monitored transiently due to a relativly long

lifetime up to the microsecond time scale.

Donor Acceptor RC

Figure 4: Jablonski diagram with triplet-triplet energy transfer. S,, S,, T, and T,
are ground state, first excited singlet state, first excited triplet state and second
excited triplet state, respectively. k;gc and ki are rate constants for intersystem
crossing and triplet-triplet energy transfer, respectively. RC: reaction coordinate.

Generally it is found that energy transfer processes, which are endothermic by more
than several kJ/mol are inefficient, even if they are spin-allowed (AE, < 0). Spin-
allowed, exothermic energy-transfer processes are generally efficient (AE,, > 0)”. For
several triplet pairs it could be shown that TTET is diffusion-controlled under
appropriate conditions”.

Intermolecular TTET in solutions can be described in a general case like in figure 5. An
excited triplet donor (D*) diffuses through the solution until it encounters a triplet

acceptor molecule and both form an encounter complex (D*A). The collision between

15



the energy donor D* and A may lead to TTET and generation of a new encounter
complex (DA*). The encounter complex (DA*) then disperses and the excited acceptor
relaxes to the ground state (A). The observed TTET transfer rate constant in solution
additionally depends on the diffusion of the triplet chromophores. It is empirically found
that if E (D*) > E (A*) TTET is faster than the diffusion process and the rate constant

becomes generally close to the rate constant for diffusion-controlled bimolecular

reactions.

A A A* A
o k., o i Krrer k ¢o K o
o0 o0 oo a0

D D* D*A DA* D D

a

A A A* A

K., E ¥ @ km—@ !(__":‘_.. Ky DQ
— — e —
k k. S
D D* D*A DA* D D

Figure 5: Schematic picture of the formation of encounter complexes of a triplet
donor D and a triplet acceptor A”. The starlet and red colour indicate excited
states. a: intermolecular diffusion and b: intrachain diffusion. k,, k., are

ex’

excitation and relaxation rate constants, respectively. k., k. and k;; are the rate
constants for contact formation and decomposition of the encounter complex and
TTET, respectively.

The irreversible TTET, formation and decay of the encounter complex, can be described
as a three-state model (Figure 5). The observed rate constants k,, for TTET are
functions of all microscopic rate constants k., k . and ke With korer as the absolute rate

constant of triplet electron transfer, k., and k_ as the diffusion rate constant and the

16



decomposition rate constant of the encounter complex, respectively and can be

expressed'* as Kops, | = 5

p=k. + k., +Kper

q =K. " Kyrgr (1.8).
TTET becomes efficient if k . >> k. and ke >> k., k. and the observed rate constant
simplifies to:

k,, =k, (1.9).

obs
Applying the Stokes-Einstein relation it is expected that the observed rate constants are
directly proportional to the ratio T/v, with T as the absolute temperature and m as the
solvent viscosity”. The observed rate constant for intramolecular quenching is then fully

influenced by the solvent motion.

If energy transfer is inefficient (kr << k) the observed rate constant is expressed as

obs

K =:—“km (1.10).

The rate constant is now a composite of the “pseudo”-equilibrium for the encounter

complex formation and the rate constant of energy transfer.
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2 Aims of Research

The rate how fast intramolecular contacts are formed during a protein folding reaction is
limited by intrachain diffusion, which can be regarded as the elementary process of
structure formation. The crucial point in the spectroscopic determination of absolute rate
constants for intrachain contact formation is the application of electron donor and
acceptor pairs, which exchange electrons in a diffusion-controlled reaction. We want to
verify that triplet-triplet energy transfer (TTET) of an appropriate triplet pair is
diffusion-controlled in aqueous solutions and provides the requirements to measure
absolute rate constants for end-to-end contact formation in polypeptides and proteins.
First, the photophysical processes of TTET from xanthone to naphthalene were
investigated by temperature and viscosity dependencies. Further we wanted to study the
influences of various amino acids on the triplet lifetime of xanthone to be able to test for
possible limitations of the method in the determination of chain dynamics of natural
protein sequences.

We used homo-polypeptide chains to study the loop-length dependence on intrachain
contact formation and to establish scaling laws. In host-guest experiments we
determined the effect of the amino acid sequence on intrachain contact formation in
peptides.

The extent and magnitude of intrachain dynamics is limited by the molecular
connectivity and excluded volume of the chain. To know how chain and solvent
properties influence the dynamics in polypeptides we determined the effect of
temperature, viscosity and solvent quality on intrachain contact formation.

Natural protein sequences consist of diverse amino acids with a variety of side-chains of

quite different chemical reactivities. To test if experimental results obtained from the
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studies on model homo-polypeptides can be generally applied to dynamics of protein
polypeptide chains we characterized the chain dynamics of various natural sequences.

The diffusion-collision model® assumes that the formation of o-helices or -sheets is
rapid relative to the rate-limiting steps in protein folding. The formed secondary
structures have to interact by chain diffusion processes. We want to know, how fast
folded secondary structures, which are separated by an unstructured loop, collide on a

polypeptide chain.
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3. Results

3.1 The xanthone/naphthalene system as triplet donor/acceptor pair for studying
intrachain contact formation in polypeptides

3.1.1 Tests for diffusion-controlled triplet-triplet energy transfer from xanthone to
naphthalene

Triplet-triplet energy transfer (TTET) between a triplet donor and acceptor has recently
been applied to determine end-to-end contact formation rate constants in peptide chains
to gain information on the dynamics of the earliest steps in protein folding'> ™. In these
experiments derivatives of xanthone and naphthalene were chosen as triplet donor and
acceptor, respectively. To test if TTET from xanthone acid (Xan) to naphthylalanine
(NAla) in aqueous solution is diffusion-controlled (Figure 6A) we measured the effect

of solvent viscosity and temperature on the bimolecular TTET reaction.
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Figure 6: (A) Molecular structure of xanthone acid (Xan) and naphthylalanine
(NAla). (B): Time course of formation and decay of Xan (—) triplets at 590 nm
and NAla (—) triplets at 420 nm in a bimolecular TTET reaction. Xanthone
triplets are produced by at short laser pulse at 355 nm and transferred to NAla
with an observed rate constant of 1.4-10” s'. NAla triplets decay with a time
constant of 1 us because of oxygen quenching. The negative amplitude during the
laser flash at 420 nm (—) is due to xanthone fluorescence®. The concentrations of
Xan and NAla were 50 uM and 5 mM, respectively.
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The formation and decay of xanthone triplets in aqueous solution can be monitored by
transient absorption technique at 590 nm* (Figure 6B). In presence of naphthalene
acceptor molecules xanthone triplet electrons are transferred via two-electron transfer
mechanism’’ to form naphthalene triplets, which have a characteristic absorption around
420 nm* (Figure 6B). Xanthone triplets are long-lived and display lifetimes in water in
the microsecond time-range. The observed bimolecular TTET rate constant scales
proportionally to 1/n at constant temperature independent of chosen viscous co-solutes
(Figure 7A) and is proportional to T/n (Figure 7B) as determined with the temperature
dependence. The results show that TTET from xanthone acid to naphthylalanine in
aqueous solution is fully diffusion-controlled. The results indicate that the chosen triplet
pair provides the requirements to measure dynamics of molecular processes, which are

governed by the solvent motion.
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Figure 7: (A). Effect of solvent viscosity ) on the bimolecular TTET rate constant
kgy from Xan to NAla in aqueous solutions. Following viscous co-solutes were
used: (@) ethylene glycol, (O) glycerol, () glucose, and (M) sucrose. The rate
constants scale with 1/ (solid lines). (B) Temperature dependence of the
bimolecular TTET rate constant kg, from Xan to NAla in water, (C). The black
dots (@) represent observed rate constants, the white dots (O) are rate constants
corrected against viscosity and temperature effects on the reaction according the
corr = M' K s
T-n,
Fulcher type of equation, which describes the temperature dependence of the
viscosity of water (—)¥. After the correction the rate constants become virtually
independent of temperature (—). The viscosity dependence was carried out at
22.5°C.

equation k 7. The uncorrected data can be analyzed by a Vogel-
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A diffusion-controlled bimolecular reaction is fully governed by the diffusion
coefficient”®. Therefore it is expected that the bimolecular TTET rate constants decrease,
if the molecule dimension increases. Indeed, it could be shown that the observed
bimolecular TTET rate constants are in the range between (1-7)-10° (Ms)™ as expected
for diffusion-controlled bimolecular reactions’ and decrease if the dimensions of triplet
donor and acceptor molecules are increased (Table 1). The change in the molecule
dimension might explain the difference in observed bimolecular TTET rate constants of

different naphthalene derivatives.

Table 1: Rate constants of bimolecular TTET (kg,,) from xanthone to naphthalene
derivatives of different size. All measurements were carried out in water, pH 7 at
22.5°C.

Triplet donor | MW Triplet acceptor MW | kgu((Ms)™) Cond.

Xanthone 196 1-Methylnaphthalene 142 6.7-10° EtOH, rt’
Xanthone acid | 240 Naphthyl acetic acid 186 4.0-10° water, rt”
Xanthone acid | 240 | Naphthylalanine (NAla) | 216 2.8-10° water, rt

Xan(S);ASG | 716 Ac(S),NAIaSG 748 1.4-10° water, rt

a: adapted from ref.*,
b: adapted from ref.”

The above-described experiments give a first insight into the time scales of xanthone
triplet formation and TTET from xanthone to naphthalene derivatives in aqueous
solutions, which are suggested to be faster than the bimolecular diffusion of small
organic molecules. However with these experiments it is not possible to determine
absolute rate constants for photophysical processes, such as intersystem crossing
reaction or TTET. The rate constant of xanthone triplet formation in aqueous solutions
can be estimated from investigations on xanthone fluorescence lifetimes, which revealed
to be in the sub-nanosecond time range®. To directly determine the absolute triplet-
triplet energy transfer rate constants from xanthone to a naphthalene derivative, we

measured transient absorption kinetics of TTET from xanthone in liquid, neat 1-methyl-
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naphthalene similar to experiments with aromatic ketones”. As shown in figures 8A, B,
xanthone triplets are transferred to 1-methyl-naphthalene during the laser flash within
10 ns. No triplet bands of xanthone could be detected, which would normally appear
around 600 nm (Figure 6A). Instead a strong transient absorption band appears at 420
nm, which is typical for naphthalene triplets*. The result suggests that the time
constants for xanthone triplet formation and TTET from Xan to NAla are shorter than
10 ns, which is well in agreement with TTET rate constants of other aromatic ketones in

1-methyl-naphthalene”.
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Figure 8: TTET from xanthone to 1-methyl-naphthalene. (A) Transient absorption
spectrum, 10 ns after the laser flash at 355 nm. At this wavelength I-methyl-
naphthalene is not excited and triplet electrons must be transferred from xanthone
to 1-methyl-naphthalene. (B) Time course of formation and decay of 1-methyl-
naphthalene triplets after a 5 ns laser flash.

Because of the long laser pulse of 5 ns it was not possible to directly measure rate
constants of xanthone triplet formation and of TTET from xanthone to 1-methyl-
naphthalene.

In collaboration with the group of Prof. W. Zinth (LMU Minchen) it could be shown
that xanthone triplet formation and TTET from xanthone to naphthalene occur in the
sub-picosecond time range using femtosecond laser flash spectroscopy (H. Satzger, B.
Fierz, personal communication)®. These results verify that the photochemical and

photophysical processes of TTET from xanthone to 1-methyl-naphthalene are
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significantly faster than end-to-end contact formation in short peptides, which occur in
the nanosecond time scale’ .

Viscosity and temperature dependencies and femtosecond laser flash spectroscopic
measurements revealed, that TTET rate constants from xanthone to naphthalene
derivatives are proportional to the ratio T/n) and the photophysical processes occur on
the picosecond time scale. The triplet pair xanthone/naphthalene provides the

requirements to determine absolute rate constants of inter- and intramolecular diffusion

processes.

Parts of these results are described in detail in the following manuscript:
“Ultrafast Quenching of the Xanthone by Triplet Energy Transfer: New Insight into the
Intersystem Crossing Kinetics.” H. Satzger, B. Schmidt, C. Root, W. Zinth, B. Fierz, F.

Krieger, T. Kiefhaber & P. Gilch (2004) J. Phys. Chem. A, 108, 10072-10079.

3.1.2 Influence of natural amino acids on xanthone triplet lifetime

Protein polypeptide sequences consist of twenty different amino acids with quite distinct
reactivities. To measure rate constants of intrachain contact formation in polypeptide
chains we first determined the possible influence of amino acid side chains on xanthone
triplet lifetime®. It could be shown, that the aromatic amino acids tryptophane and
tyrosine efficiently quench the xanthone triplet state with rate constants near the
diffusion-controlled reaction rate limit. However, TTET from xanthone to tryptophane
and tyrosine leads to complex reactions, with at least two observable rate constants. For
both amino acids TTET is accompanied by radical formation of tryptophane and
tyrosine triplet states’* *°. Methionine and deprotonated histidine quench xanthone

triplets partly diffusion-controlled. All other amino acid side-chains quench xanthone
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triplets very inefficiently (Cys, His*, N-terminus) or not at all (Ala, Arg, Asn, Asp, Gly,
Lys, Ser, Phe). Histidine containing sequences can be used if the pH of the aqueous
solution is below 5.5. Below pH 3 generally no TTET experiments are possible since
xanthone triplets are quenched due to proton abstraction like for triplet states of other
aromatic ketones®’.

The results revealed that TTET from xanthone to naphthylalanine can be applied to
investigate intrachain contact formation in polypeptide sequences, if they are free of

tryptophane, tyrosine, methionine and histidine.

These results are described in detail in the following publication:
“Intrachain diffusion in a protein loop fragment from carp parvalbumin.” Florian
Krieger, Beat Fierz, Fabian Axthelm, Karin Joder, Dominique Meyer and Thomas

Kiethaber (2004) Chem. Phys. 307, 209-215.

3.2 Effect of loop length on end-to-end contact formation in flexible polypeptides

To reach the native three-dimensional structure a folding polypeptide chain has to form
specific intramolecular interactions. The rate, at which two points on an unstructured
polypeptide chain make contact is limited by intrachain diffusion. Intrachain diffusion is
particularly important during protein folding, which requires formation of a large
number of specific long-range and short-range interactions. Characterization of the rates
of intrachain contact formation is therefore essential for the understanding of the earliest
steps in protein folding. Natural polypeptide chains represent complex hetero-polymers
due to the incorporation of twenty different amino acids of diverse chemical properties.
The chemical heterogeneity of protein polypeptide chains leads to local changes in chain

properties®. The usage of homo-polypeptide chains such as alternating glycine-serine
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repeats (Figure 9) has the advantage of being able to establish scaling laws® and of
avoiding difficulties in peptide synthesis. In addition, the results obtained from homo-
polypeptide chains and repetitive sequences can be compared to results from polymer

theory®>®.
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Figure 9: Molecular structure of Xan-(Gly-Ser),-NAla-Ser-Gly peptides with
n = 1 - 28. Xanthone acid (Xan) and naphthylalanine (NAla) were linked at N -
and C-terminus, respectively. In the following we will give the amino acid
sequences as short cuts to facilitate the reading of this thesis.

Measurements of intrachain dynamics in flexible (GS)-peptide chains revealed single
exponential kinetics for end-to-end contact formation in all peptides (Figure 10A)'* ',
The observation of single-exponential kinetics for the loop-closure reaction of
unstructured polypeptides indicates fast interconversion between different
conformations®” °* leading to an equilibrated distribution of the ensemble of
conformations. Indeed, ultrafast spectroscopic investigations revealed that
conformational dynamics in small peptides occur in the picosecond time range **°"* %
and are much faster at the chosen conditions than the measured rate constants for loop
closure reaction in flexible peptides'” '* *" ®*, Additionally, the observation of single-
exponential kinetics suggests that the contact radius of the Van-der-Waals interaction is
small compared to the averaged peptide chain length, resulting that only a small fraction
of conformations makes contact at equilibrium conditions®.

The loop-size dependence of end-to-end contact formation of poly(glycine-serine)

peptide chains with up to 57 peptide bonds between the triplet labels showed that
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diffusion over long and over short distances is limited by different chemical processes

(Figure 10B).
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Figure 10: (A) Transient absorbance spectra of TTET in a (GS),,-peptide. TTET
from xanthone to naphthalene is observed at 590 nm for xanthone triplet decay
and 420 nm for the formation of naphthalene triplets. Intrachain contact
formation is well described as a single exponential process. (B) Effect of
increasing chain length on the rate constants of contact formation k. in a series of
peptides with alternating glycine-serine repeats between triplet donor and
acceptor. N represents the number of peptide bonds between donor and acceptor.
The continuous line represents fits to equation 3.1 and give values of k, = 1.8 =
02x10° s’ k, =67 1.6 x10° s' and m = -1.72 = 0.08. The broken lines
represent the limiting regimes for end-to-end contact formation in poly(glycine-
serine) peptides with a length-independent upper limit for contact formation of k,
and length-dependent parameters k, [N"" .

Rate constants of intrachain contact formation over short distances are virtually
independent of chain length with a limiting time constant (t, = 1/k,) of 5 £ 1 ns for
(GS)-peptides’. With increasing chain length the rate constant of end-to-end contact
formation decreases with k ~ N *%! for long (GS)-peptides with N being the number of
peptide bonds between triplet donor and triplet acceptor. This behaviour indicates a
stronger distance dependence than calculated theoretically for ideal chains (k ~ N™'?) **
%!, Solvent and intramolecular interactions significantly influence the dimensions of real

polymer chains™. Accounting for these effects®

it is expected that in good solvents
the rate constants for end-to-end contact formation scale with k ~ N'*, which is nearly

the value, obtained for long (GS)-peptide chains®. The complete length dependence of
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intrachain diffusion in unstructured polypeptides could thus be described by the
following equation (Figure 10B):

L 1
" 1/ky+1/(k, - N™)

(3.1).

This suggests that chain stiffness governs local chain dynamics whereas entropy-limited
conformational search sets the limit for contact formation over longer chain distances.
The results set an upper time scale for intramolecular interactions on peptide chains and
reveal that an i,i + 3 contact in short glycine containing turns is not formed faster than in

5ns’.

Table 2: Comparison of end-to-end contact formation rate constants in different
model systems.

Sequence Loop size System Method k. (s Conditions | Ref.
unfolded Cyt ~50 Heme/Met | bond formation 2.8-10* 5.6 M Gdn 70
C of heme-ligand HCI, 40°C
(GlySer), , 3-9 Txan/NAla TTET 5.0-1.4-10 EtOH, rt 12
(AlaGlyGln), ¢ 4-19 Trp/Cys triplet 2.7-0.7-10 10 mM P, 18
quenching 22.5°C
(GS), 9 Xan/NAla TTET 1.0-10® water, rt &
(Ser)s 6 Xan/NAla TTET 5.2:107 water, rt 73
(GlySer), ;o 3-21 DBO/Trp fluorescence 6.8-1.1-10 D,0, 1t 68
quenching
human p53 8-9 MRI121/Trp | single molecule | 8.3-6.6-10° 0.1MP,, 6
fluorescence 25°C
quenching
unfolded Cyt 15 Zn-porphy- triplet 4.0-10° 5.4 M Gdn 67
C rine/Ru- quenching HCl, 22°C
complex
(GlySer), »; 3-57 Xan/NAla TTET 16 —0.6-107 water, rt this
work
(Ser), 3-12 Xan/NAla TTET 72-3.410" | water,rt | this
work

Txan: Thioxanthone, NAla: Naphthyalanine, Xan: Xanthone, DBO: 2,3-Diazabicyclo[2,2,2]oct-2-ene,
GdnHCI: Guanidine hydrochloride, EtOH: Ethanol, rt: room temperature.

In comparison with results obtained from other methods, the experimentally determined
rate constants for intrachain contact formation are the fastest ones (Table 2). All other
determined rate constants are at least 2-3 times slower. However, the comparison of the

rate constants obtained from different methods is complicated, since the systems were
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investigated at different conditions. The sequences and solvent conditions are varied in
all cases. The crucial point in the spectroscopic determination of absolute rate constants
for intrachain contact formation is the application of electron donor and acceptor pairs,
which exchange electrons in a diffusion-controlled reaction. Investigating the electron
transfer reaction with femtosecond laser spectroscopy™, viscosity and temperature
dependencies, only for the xanthone/naphthalene system it could be shown that the
spectroscopic method provides the requirements to determine absolute rate constants for
intrachain contact formation.

The dynamics of end-to-end contact formation in unstructured polypeptide chains are
several time decades faster than barrier crossing reactions in protein folding” and

1494 which occur in the microsecond to second time

protein dynamics in the native state
range. The results indicate, that the unfolded state can be regarded as a state consisting

of an ensemble of different conformations, which interconvert fast compared to barrier

crossing events''.

These results have been published in the following article:
“Dynamics of Unfolded Polypeptide Chains as Model for the Earliest Steps in Protein
Folding.” Florian Krieger, Beat Fierz, Oliver Bieri, Mario Drewello & Thomas

Kiethaber (2003) J. Mol. Biol. 332, 265-274.

3.3 Effect of amino acid sequence on intrachain contact formation in peptides

4 3% 3690 and experimental investigations” showed that

Both theoretical calculations
glycine and proline residues influence the flexibility of polypeptide chains. All other

amino acids residues are predicted to not change significantly the chain dimension of

long polypeptides. First investigations on intrachain dynamics of a S,GS,- and a (GS),-
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peptides revealed that replacement of glycine residues by serine residues significantly
slows down end-to-end contact formation”. Further experiments were carried out on
polyserine peptides of up to 11 residues length and compared to the behaviour of
poly(glycine-serine) chains’'. For all polyserine peptides intrachain contact formation
can be well described by single exponential kinetics (Figure 11A). The observed rate
constants of the polyserine chains are 2-3 fold slower than the ones observed in
poly(glycine-serine) peptides (Figure 11B). For short chains with less than five serines
contact formation is virtually independent of the chain length and reaches a limiting
value of 8.7-10" s”'. With increasing chain length the rate constant of contact formation
decreases slightly stronger than observed for poly(glycine-serine) peptide chains. Due to
limitations in peptide synthesis, it was not possible to investigate chains longer than
(Ser),,, which prevented an accurate determination of the scaling exponent for long

polyserine peptide chains.
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Figure 11: (A) Time course of formation and decay in a Xan-(Ser),-NAla-SerGly-
peptide with a time constant of T = 14=1 ns for end-to-end contact formation. (B)
Comparison of the end-to-end contact formation rate constants k, of polyserine
peptides (O) with rate constants of poly(glycine-serine) peptides (@) and the
corresponding fits (solid lines). N represents the number of peptide bonds between
triplet donor and acceptor. For polyserine peptide chains experimental data are
described by equation 3.1 with k, = 8.7+0.8:10° s', m = 2.1+0.3 and
k= 1.0+0.8:10" 5. The fit for the data of (GS)-peptides, see figure 10.

The strong effect of the replacement of glycine residues by serine residues stimulated us

to investigate the effect of other amino acids on chain dynamics using host-guest
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peptides of the structure XanSer-Xaa-SerNAlaSerGly with Xaa = Gly, Ser, Ala, Ile, His,
Glu. Arg, and Pro. All amino acids, except proline and glycine show very similar rate
constants of end-to-end diffusion with time constants between 12-25 ns for the
formation of i,i+3 contacts®. There are small, but significant differences in rate
constants between amino acids with short side-chains (Ala, Ser) and longer side-chains
(Ile, Glu, Arg) suggesting that larger side-chains slow down slightly local intrachain
dynamics. The glycine containing peptide is significantly more flexible and reveals
faster intrachain contact formation rate constants compared to polyserine peptides
(t =8 = 1 ns). Incorporation of a proline residue into the host-guest peptide leads to a
more complex intrachain diffusion reaction, with an additional fast kinetic phase of
20 % amplitude (Tt = 8 * 2ns) and a slow kinetic component of 80 % amplitude
(Tt =50 = 3 ns). This essentially reflects the cis-trans ratio at the Ser-Pro peptide bond in
the host-guest peptides as determined by '"H-NMR spectroscopy”. A possible molecular
origin of the bi-phasic kinetics in short proline containing peptides might be differences
in the distribution of the end-to-end distances of cis and trans proline isomers. Both the
distribution of cis and trans proline isomers are in equilibrium during end-to-end contact
formation, since peptidyl-prolyl isomerization reactions occur on the second time
range”. Therfore an interconversion of the cis and trans population can be ruled out on
the nanosecond time scale. Glycine and proline are frequently found in sequences of
hairpin loops and turns”’. The results indicate that loops with glycine or a cis proline can
form a first intramolecular contact within 5-10 ns. In glycine- and proline-free
sequences intramolecular contacts will be formed within 12-25 ns®.

Proline and glycine residues show the largest effect on intrachain dynamics in short
peptides. To determine the effect of a single proline and glycine residue on local chain

dynamics more accurately we synthesized host-guest peptides of the structure
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Xan(Ser),-Xaa-(Ser),NAlaSerGly with x,y = 1 — 7 and Xaa = Gly, Ser or Pro. For short
proline containing peptides with x,y =< 2 local chain dynamics for peptides with cis and
trans proline isomers could be distinguished leading to more complex kinetics of

contact formation with two relaxation times (Figure 12).

Figure 12: Effect of increasing chain length (N) on the rate constant of contact
formation in various series of peptides. The effect of loop-size on the kinetics of
contact formation in poly(glycine-serine) (@) and polyserine (O) peptides, is
compared to the kinetic rate constants in (Ser).Gly(Ser), (®), (Ser)transPro(Ser),
(®) and (Ser).ccisPro(Ser), (O) with x,y varying from 0 to 7. N represents the
number of peptide bonds between triplet donor and acceptor. The lines describe
the loop-size dependence of intrachain contact formation in homo-polypeptides as
described in ref’'.

Short peptides with a cis proline show faster contact formation rate constants than
peptides with a trans proline in all cases, suggesting that the stereoirregularity of the
peptide bond decreases the end-to-end distance™ leading to faster end-to-end contact
formation rate constants. In peptide chains with x,y = 5 (N = 11) the effect of proline
and glycine residues on local chain dynamics vanishes (Figure 12).

To evaluate whether the double exponential kinetics in short proline containing peptides

are indeed due to different dynamics in peptide chains with cis and trans peptidyl-prolyl
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bonds we tested the effect of pseudoproline (psPro) containing peptides (Val-
[wMeMeSer], Figure 13A, B) on chain dynamics in two different peptides of the sequence
XanSerVal-Xaa-SerNAlaSerGly with Xaa = Pro and [WM*™Ser]. It is known that
pseudoprolines increase selectively the cis content of the peptidyl-prolyl bond in

unstructured peptides up to 90 % *°.
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Figure 13: Molecular structure of XanSerVal-Pro-SerNAlaSerGly (A) and
XanSerVal-psPro-SerNAlaSerGly (B). Panel C compares the kinetics of
intrachain contact formation in peptide A (—) and peptide B (—) in 10 mM
potassium phosphate, pH 7.0 at 22.5 °C.

The pseudoproline containing peptides show also double exponential kinetics for end-
to-end contact formation with a significant increased amplitude of the faster reaction
compared to the corresponding peptide containing a natural proline residue (Figure
13C). This confirms that the faster reaction corresponds to the dynamics of peptides
with a peptidyl-prolyl bond in cis conformation. Furthermore the temperature
dependencies of contact formation in short proline containing peptides revealed
significantly higher activation barrier of 10-20 kJ/mol for the cis isomer, suggesting that
a cis proline residue in a peptide chain strongly decreases the conformational space of

the chain.
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In summary, it could be shown that glycine and proline residues influence mainly local
chain dynamics of intramolecular interaction on unfolded polypeptide, such as the
dynamics of loop and P-turn formations, whereas a single proline or glycine residue
does not affect end-to-end contact formation over distances with five residues on each
side of the glycine or proline. For an i,i + 4- and shorter interactions of proline
containing sequences the cis proline conformer exhibits significant faster intrachain
dynamic than the trans conformer. The interpretation of these results is supported by
conformational and statistical analyses of allowed conformations in proline containing
sequences. The analyses indicated that the average end-to-end distances of cis proline
containing peptides are significantly shorter compared to frans proline containing
peptides. Additionally the conformational space is stronger restricted in the cis proline

isomer than in the trans proline isomer (A. Moglich, personal communication).

These results are described in detail in the following manuscripts:

“Dynamics of Unfolded Polypeptide Chains as Model for the Earliest Steps in Protein
Folding.” Florian Krieger, Beat Fierz, Oliver Bieri, Mario Drewello & Thomas
Kiefhaber (2003) J. Mol. Biol. 332, 265-274.

“Effect of Proline and Glycine Residue on Dynamics and Barriers of Loop Formation in

Polypeptide Chains” Krieger F., Moglich A. and Kiefhaber T. (2004), submitted.

Position and direction of the triplet donor/acceptor pair

In all synthesized peptides the triplet donor xanthone acid and triplet acceptor
naphthylalanine were placed at the N- and C-terminus, respectively. To test, if the
position and direction of the triplet chromophores influences the measured rate

constants for intrachain contact formation we synthesized a (GS),-peptide with 1-
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naphthoic acid (Naph) as triplet acceptor at the N-terminus and xanthone acid (Xan) as
triplet donor at the C-terminus and compared to rate constants of the standard (GS),
peptide (Table 3). Xanthone acid was introduced into the peptide sequence using the
non-natural amino acid 2,3-diaminopropionic acid (Dpr). Both peptides show virtually
identical rate constants for end-to-end contact formation, suggesting that the position of
the triplet donor/acceptor pair at the N- and C-terminus does not influence the dynamics.
The comparison was performed on a (GS),-peptide. However we cannot rule out, that
local chain dynamics over two, three peptide bonds are influenced by the position of the

triplet chromophores.

Table 3: Comparison of the sequence and rate constants of (GS),-peptides with
triplet donor and acceptor at the N- or C-terminus of the peptide.

Peptide k. (s
Xan-(GS),-NAla-SG-COOH 8.3 +0.4-10
Naph-(GS),-Xan(Dpr)-SG-COOH 8.1 +0.4-10

Xan: xanthone acid, NAla: 1-naphthylalanine,
Naph: 1-naphthoic acid, Dpr: 1,2-diaminopropionic acid,
Rate constants were determined in H,O, pH 7 at 22.5°C
3.4 Barrier-limited and diffusive chain dynamics
3.4.1 Activation barriers and viscosity dependence of intrachain diffusion in
polypeptides
The effect of viscosity and temperature on a chemical reaction allows to estimate the

contributions arising from solvent motion and limiting activation barriers.

166 161;62

Experimental™ and theoretica approaches suggest that diffusion determines
intrachain contact formation in long synthetic polymers. Due to Brownian motion the
conformations of unstructured polypeptide chains diffuse relative to the solvent
molecules and interconvert into each other. The extent and magnitude of internal chain

dynamics are limited only by molecular connectivity and excluded volume of the
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chain'®

. The most straightforward experimental way to distinguish between diffusion-
and reaction-controlled processes is to examine the isothermal viscosity and temperature
dependencies of the reaction.

Protein folding reactions represent complex processes since entropic and enthalpic terms

101

contribute to the activation barrier . The temperature dependence of protein folding

reactions has been studied extensively starting with the experiments of Pohl'”.
Investigations on several small proteins'®” '*% ' 1 have shown that the influences of
temperature on the rate-limiting steps in folding are complex, since large changes in the
heat capacity contribute to the folding process. However little is known about the effect
of temperature and solvent viscosity on the dynamics of the earliest steps in protein
folding. The loop length dependence on intrachain contact formation in poly(glycine-
serine) peptides revealed that the intrinsic chain dynamics are limited by different
processes for motions over short and long distances®. To investigate both limits more
precisely first we performed viscosity dependencies of intrachain contact formation in
short and long poly(glycine-serine) peptides. The viscosity dependencies (Figure 14 A,

B) revealed that in short poly(glycine-serine) peptides intrachain diffusion is not fully

determined by solvent motions, exhibiting a fractional viscosity dependence described

p
with the empirical equation k, =k, (i) (3.2)
Mo

where 1, is the reference solvent viscosity in water and k. the rate constant of end-to-
end contact formation at ,. The empirical fractional exponent {3 reflects the sensitivity
of the reaction to solvent viscosity 1. A P-value of -1 indicates that the observed rate
constant is inversely proportional to solvent viscosity as found for diffusion-controlled
reactions’. A B-value of 0 indicates that the reaction rate constant is independent of

solvent viscosity. Reactions, which are not influenced by solvent viscosity, are

36



determined fully by the activation barrier as found e.g. for the cis-trans peptidyl-prolyl

bond isomerization (Table 4, p. 41).
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Figure 14: Viscosity dependencies of the observed end-to-end contact formation
rate constants k. in (GS),-peptide (A) and (GS),,-peptide (B) in presence of viscous
co-solutes with different molecular weight. As viscous co-solutes were chosen:
ethylene glycol (@), glycerol (@), glucose (@), sucrose (®), polyethylene (PEG)
1500 (@), PEG 6000 (O) and PEG 20000 (®). The continuous lines show fits of
the experimental data to equation 3.2 with the slopes B. All measurements were
carried out at 22.5°C.

The solvent viscosity measured in a viscometer is defined as the macroscopic viscosity.
However molecular interactions between reactant, solvent and co-solute are described
by the microscopic viscosity'*. Several investigations on diffusion processes showed
that the macroscopic and microscopic viscosities are different if the viscous co-solute is
larger than the reactant'. To test for effects due to changes in microscopic viscosity we
used viscous co-solutes of different size to determine the effect of solvent viscosity on
intrachain contact formation. For small viscous co-solutes $-values of -0.75 = 0.03 were
determined for end-to-end contact formation in the (GS),-peptide, whereas the end-to-
end intrachain dynamics in long flexible poly(glycine-serine) peptides scale inversely
with solvent viscosity with § values of -1.00 = 0.03 (Figure 14A, B). For larger co-
solutes, such as poly(ethylene glycol) the (-values decrease significantly with

increasing co-solute size. The results suggest that only small viscous co-solutes such as
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ethylene glycol, glycerol, glucose and sucrose can be applied to determine the effect of
solvent viscosity on the end-to-end contact formation rate constant in poly(glycine-
serine) peptides.

To get more information on the fractional viscosity dependence we determined the
length and temperature dependence on [ (Figure 15). Indeed, with increasing chain
length the fractional exponent § increases exponentially with chain length N and
converges at the value -1 for polypeptide chains longer than 20 residues (Figure 15A).
This result suggests that poly(glycine-serine) peptide chains with more than 20 peptide
bonds behave like random coil chains and end-to-end contact formation becomes
diffusion-controlled as suggested theoretically®’. The effect of temperature on the
fractional exponent (3 is shown in figure 15B. A slight increase of B with increasing
temperature is observed. Over the chosen temperature range between 10 and 35°C the
fractional exponent P increases from -0.74x0.03 to -0.81+0.04. The effect of
temperature on f3 is not large but significant. The results obtained from the viscosity
dependence suggest that intrachain dynamics might be limited by additional barriers.
The effect of viscosity on intrachain diffusion in short and long polypeptides is
independent of the size of the viscous co-solute, if the co-solute dimensions are
significantly smaller than the dimension of the investigated peptides, like for ethylene
glycol, glycerol, glucose or sucrose. In presence of small co-solutes identical (3-values
are determined. The use of larger viscous co-solutes such as polyethylene glycols leads
to significant smaller B-values in short and long poly(glycine-serine) peptides (Figure
14 A, B). With increasing co-solute size the f-values decrease indicating that the
macroscopic viscosity cannot describe accurately the effect of solvent viscosity on the

reaction rate constant anymore.
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Figure 15: Effect of the empirical exponent  on chain length N of poly(glycine-
serine) peptides (A) at 22.5°C and on temperature in the (GS),-peptide (B). For
all measurements glycerol was chosen as viscous co-solute. The solid line in (A)
represents an empirical exponential fit of the equation:

-B(N) = (0.99+0.02) ¢ "N _ (0.43+0.06).

Since in long peptides the time constant of end-to-end contact formation is directly
proportional to solvent viscosity it is suggested that the effect of the chosen small
viscous co-solutes influence only the diffusive motion of the chain. Therefore a
significant effect on the chain dimension of the poly(glycine-serine) peptides due to
preferential hydration can be ruled out as found for proteins'”’.

The origin of the fractional viscosity dependence for short (GS)-peptides indicates the
existence of enthalpic barriers, which limit intrachain diffusion. The determination of
the effect of temperature on intrachain contact formation in short and long (GS)-
peptides should give insight about the barriers of the rate-limiting steps.

It is well known that the viscosity of water depends strongly on temperature®. To
determine effects of temperature on intrachain dynamics all observed rate constants for
end-to-end contact formation were corrected against water viscosity changes due to
temperature variation, using equation 3.2. The slight change of the fractional exponent 3
with temperature was neglected (Figure 15B). The temperature dependency on

intrachain contact formation in (GS)-peptides revealed that viscosity corrected rate
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constants for end-to-end contact formation exhibit apparently Arrhenius activation

behaviour (Ink’ ocll;:;) in all investigated polypeptide chains (data not shown),

suggesting that changes in heat capacity do not contribute to the activation barrier'”".

_ o rrd bon T 20 T T T T T T
108 :15_ -
3-1-' 'g‘ 1[:'- -
5 B -
1:‘é,uj? = 1 Q .

m

wo st 3% s -

1{].5 3 L 1 aaal L Ll L 1 131 |:| 2 1 M [ 1 1

109 107 102 0 10 20 30

N N

Figure 16: (A) Effect of temperature on viscosity-corrected rate constants k. for
end-to-end contact formation in flexible poly(glycine-serine) peptides at 2.5°C
(@), 12.5°C (@), 22.5°C (@), 32.5°C (@) and 42.5°C (O). The observed rate
constants were corrected against changes of the water viscosity due to
temperature changes using equation 3.2. (B) Effect of loop size on the apparent
Arrhenius activation barrier E, in (@) poly(glycine-serine) and (O) polyserine
peptides.

Intrachain diffusion over short and long distances is influenced differently by
temperature (Figure 16A). Intrachain dynamics over short distances are significantly
stronger influenced than end-to-end contact formation over long distances. The effect of
temperature on the loop size dependence of the rate constants suggests that
poly(glycine-serine) peptide chains become more flexible with increasing temperature.
This result is expected since the chain properties depend strongly on the nature of the
molecular bond, which should be affected by temperature’.

For the short (GS),-peptide an Arrhenius activation barrier of 14.3+1.0 kJ/mol was
determined, whereas intrachain motions over longer distances are only slightly affected
by temperature with activation barriers of 5.0+1.0 kJ/mol (Figure 16B). The low

activation barrier for intrachain contact formation in long poly(glycine-serine) peptides
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indicates that the process is nearly diffusion-controlled. The less flexible polyserine
chains show a slightly increased activation barrier compared to the more flexible
poly(glycine-serine) peptide chains, which might originate from a decrease in

conformational space due to the larger side-chain of the serine residue.

Comparison of the effect of temperature and viscosity on dynamics of other chemical
reactions
The origin of the fractional viscosity dependence on loop closure dynamics might be

explained due to the presence of apparent activation barriers. For several chemical

108; 109; 110

dynamic processes like segmental polymer motions , protein fluctuations'"' and

1215 it is empirically observed that the

photoisomerization of small organic molecules
relative solvent viscosity 1 decreases the reaction rate constants with a fractional power

law as given in equation 3.2 (Table 4).

Table 4: Activation barriers and observed fractional exponents (3 of the viscosity
dependence for different chemical reactions.

Investigated reaction E, -p Technique Ref
(kJ/mol)*
Conformational fluctuation in 15-35 0.4-0.8 Laser flash photolysis i
myoglobin due to binding of CO and O,
Photochemical isomerization of cyanine | 11.3-57.3 | 0.26-0.43 Flash photolysis 12
dye (DODCI)
Polystyrene local chain dynamics 14+3 0.76+0.05 | *H NMR relaxation study 108
Segmental dynamics of polyisoprene 121 0.65+0.05 | Fluorescence anisotropy 109
measurements
Polystyrene local chain dynamics 10.5+0.6 | 0.73+0.02 | Electron spin resonance 1o
Folding of GB1*"° hairpin ~0 0.92-0.95 T-jump, fluorescence H
Cis-trans peptidyl-prolyl isomerization | ~ 84x4%% 0 Enzyme-coupled assay this
work
End-to-end contact formation in (GS),- 12.5£1.0 | 0.75+£0.03 TTET/ Laser flash this
peptide photolysis work
End-to-end contact formation in (GS),,- 5.0+1.0 1.00+0.03 TTET/ Laser flash this
peptide photolysis work
Bimolecular TTET form Xan to NAla 3.0+1.0 1.00+0.03 Laser flash photolysis this
work

a: E, was calculated from viscosity corrected rate constants, accordingly equation 3.2.
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Interestingly, there is apparently a correlation between the magnitude of the activation
barrier and the fractional exponent 3. For small activation barriers the $-value converges
against -1 and for high activation barriers, as found for the cis-trans peptidyl-prolyl
isomerization, the P-value is zero. Several factors are suggested to explain the
experimentally observed fractional viscosity dependence of the reaction rate constant.
As mentioned above macroscopic bulk diffusion is not an entirely adequate model to
describe diffusion-controlled reactions and the Stokes-Einstein relation breaks down on
molecular dimension'”. One must expect that microscopic diffusion coefficients at
molecular dimension will be different from the macroscopic coefficients of diffusion.
Indeed, it is expected that only in the limit when the rotating group of the solute is bulky
compared to solvent molecules the rotating group does feel the full effect of the
macroscopic viscosity. However this argument can be ruled out for the interpretation of
the observed [-value in viscosity dependence of end-to-end contact formation in short
peptides, since the fractional exponent 3 is independent of co-solute size, if the
dimension of the co-solute is significant smaller than the peptide (Figure 14A, B).

Another approach suggests that a barrier crossing process is not only determined by the
friction coefficient but also by the frequency of the top of the transition state''®'"”. If an
activated crossing process over a transition state becomes faster than solvent motion, not
all solvent fluctuation modes will be effective in damping the barrier crossing''®. In this
regime solvent motions, which contribute to the macroscopic shear viscosity, will be to
slow to have any influence on the barrier crossing. Indeed, a relation between activation
barrier and fractional viscosity dependence is observed qualitatively for several different
reactions (Table 4). In comparison to results obtained from other system the results
suggest that end-to-end contact formation in short (glycine-serine) peptides is limited by

an apparent activation barrier, leading to a partly diffusion-controlled reaction. For
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longer poly(glycine-serine) chains the apparent activation barrier decreases and

intrachain contact formation becomes nearly diffusion-controlled.

Comparison to activation parameter obtained from protein folding experiments

The effects of temperature on the barriers of the rate-limiting steps in protein folding
reactions are still not well understood. Temperature dependencies of observed rate
constants of protein folding reactions exhibit complex relations, suggesting that the
changes in the heat capacity significantly influence the activation barriers'® ' %,

Determined activation parameters for refolding reactions vary over a large range

between 30 and 85 kJ/mol (Table 5).

Table 5: Activation barriers observed in protein folding experiments compared to
activation barriers found for end-to-end contact formation in short peptides.

Reaction E, E, (kJ/mol)° temperature Reference
(kJ/mol)* (O
Refolding of horse cytochrome ¢ - 312° Temp.-independent 1
First transition in refolding of 51+1° 68+1¢ 25 106
tendamistat (C45A/C73A)
Local refolding of the GCN4leucine - 8641 Temp.-independent 120
Zipper
Refolding of cold shock protein - 32+2¢ 25 104
CspB
End-to-end contact formation in 14+1°¢ 28+1° Temp.-independent | This work
(Gly-Ser), peptides
End-to-end contact formation in 5+1° 21=x1° Temp.-independent | This work
(Gly-Ser),, peptides

corrected against viscosity effects.

no correction against viscosity effects.
using Arrhenius equation'?'.

using Eyring equation'?.

using Kramers equation''®.

e g

The comparison of the barriers observed in refolding experiments and the data obtained
from intrachain dynamics is quite critical. The effect of solvent viscosity on the
refolding rate constant is quite complex for most proteins and therefore the contributions
arising from changes in solvent viscosity due to temperature changes are not included in

the analysis of the temperature dependencies of protein folding reactions. Therefore
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apparent activation barriers for intrachain contact formation without viscosity correction
are compared to barriers determined in protein refolding. All measured activation
barriers of refolding are higher than the activation barriers for intrachain diffusion.
Especially, the barriers for intrachain dynamics over long distances are significantly
lower than protein refolding barriers. Therefore it can be ruled out that intrachain
contact formation over long distances is the rate-limiting step in protein refolding.
Interestingly the barriers determined in refolding of horse cytochrome ¢ and cold shock
protein CspB are in similar magnitude as activation barriers observed for intrachain
contact formation over short distances. However it is not clear, how intrachain dynamics
over short distances contribute to the barriers of protein refolding, since these steps
might be affected by several other chemical processes. The results indicate that
intrachain motions over short distances are significantly limited by activation barriers of
around 12-16 kJ/mol, whereas in long flexible poly(glycine-serine) peptide chains end-
to-end contact formation is a virtually diffusional process, as expected from polymer

theory®" %,

3.4.2 Kinetic isotope effects on the dynamics of loop formation in short peptides

Activation barriers of 12-16 kJ/mol significantly limit intrachain diffusion in short
peptides. The magnitude of the measured Arrhenius barriers is comparable to rotational
barriers determined in di- and tripeptides'”. The molecular origin of the barriers for end-
to-end contact formation is not known. To obtain more information about the origin of
these barriers we determined kinetic isotope effects (KIE) on local intrachain dynamics
since the incorporation of deuterium on the C_-position on the polypeptide backbone
might influence chain dynamics. Deuterium labelling of the C_-position next to a

peptidyl-prolyl bond revealed a deuterium secondary kinetic isotope effect ("H-SKIE)
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on the rate and equilibrium constant of cis-trans peptidyl-prolyl bond isomerization'*.
The effect was explained as hyperconjugative in origin.

SKIE’s are caused by isotopic substitutions which are neither made nor broken in the
rate limiting step'”. The origin of *H-SKIE is most likely hyperconjugative'*® and *H-
SKIE’s are interpreted as arising mainly from rotational motions of isotopic
substituents. Steric size differences due changes in bond length contribute less to SKIE.
Generally, *H-SKIE (k,/k,) are with values between 1.2 — 1.7 usually quite small.
Differences in zero-point energy changes for H and D, the different populations of
excited vibrational levels for H and D, and changes in the mass and moment of inertia

might contribute to *H-SKIE'*.
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Figure 17: Comparison of the molecular structure of protonated (A) and
deuterium labelled (B) (GlySer),-peptides.

To test if backbone modification due to deuterium labelling has an effect on the
dynamics of end-to-end contact formation in short peptides we substituted the C,-
protons of the glycine residue by deuterium in the (GS),-peptide (Figure 17). The
deuterium labelling at the C_-position of a glycine residue might change the rotational
barrier or influence the motion of neighbour atoms. For both peptides the end-to-end
contact formation rate constants were determined at identical conditions. As shown in
figure 18A end-to-end contact formation of protonated and deuterium labelled (GS),-
peptides show identical intrachain dynamics at 279 K in water. Decreasing the

temperature to 235 K does not result in a measurable kinetic isotope effect (Figure 18B).
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Isotope labelling at the C-position of the glycine residue has no influence on end-to-end

contact formation in short (GS)-peptides.
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Figure 18: Comparison of the kinetics of end-to-end contact formation in (GS),-
peptides with protonated (—) and deuterium labelled (—) C,-atom in the glycine
residue. Transient TTET kinetics were measured in water, 279 K (A) and in 60 %
glycerol, at 235 K (B).

There might be several reasons for this result. First, barriers of rotation around single
bonds are only slightly influenced by isotopic deuterium substitutions. The barrier of
internal rotation around a deuterium labelled methyl group CDj;- is only slightly
decreased compared to the protonated methyl group CH;- by 1 — 4 %'?.

Second, end-to-end contact formation in short peptides is mainly a diffusive process as
shown by the viscosity dependencies (Figure 14A). A strong isotopic effect on local
intrachain dynamics should be detected due to deuterium labelling if the diffusion
coefficient of this reaction would be influenced. This would include that probably the
averaged end-to-end distance of the short peptides is changed due to steric and
hyperconjugative interactions'.

As mentioned above single exponential kinetics for end-to-end contact formation in all
short proline-free peptides are observed. This observation suggests that the

interconversion of different conformations is fast compared to the loop closure

46



61; 62

reaction and argues against the notion that end-to-end contact formation in short

peptides is influenced by single bond rotation.

3.5 Solvent effects on intrachain contact formation in unstructured peptides
End-to-end intrachain dynamics in short (GS)-peptides are 3-4 times faster in water

1”. Both solvents have similar viscosity at room temperature®’

compared to ethano
suggesting that this effect is due to the nature of the solvent. Ethanol is a better solvent
for polypeptide chains than water”. The ethanol dependence on intrachain dynamics

showed” that the observed rate constants k_,, decrease exponentially with co-solute

obs

concentration [x] as

ko =kyo e (3.3)

where k;,o, is rate constant for end-to-end diffusion at zero molar co-solute
concentration and m, is an empirical correlation coefficient, which describes changes in
rate constants due to co-solute interactions. Such correlations between rate constant or
linear free energy for unfolding (AG®) and co-solute concentrations are usually found in
protein folding experiments'** '*°. In analogy to protein folding investigations m_-values
for end-to-end contact formation can be determined. Co-solutes, such as guanidine
hydrochloride, urea, dimethylformamide or trifluoroethanol significantly increase the
solubility of peptides and proteins® and should affect intrachain contact formation in

unstructured peptides.

3.5.1 Guanidine hydrochloride and urea
Guanidine hydrochloride (GdnHCl) and urea are frequently used to unfold proteins and
characterize transition states in protein folding'”. It is assumed that the denaturants

interact with the polypeptide backbone because of the similar structure like the peptide
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unit in polypeptides (-CO-HN-C_-) " ** leading to changes in chain properties. For all
investigated peptides an approximately linear relationship between the logarithm of the

observed end-to-end contact formation rate constants log(k,,) and GdnHCI or urea

obs
concentrations is observed (Figure 19A). The m_-values for GdnHCI are 1.4-1.5 times
higher than for urea'” and for both co-solutes m_-values increase slightly with peptide
length (Figure 19B). The decreased m.-value for short chains might originate from

increased chain stiffness in short (GS)-peptides, which leads to a decreased sensitivity to

solvent viscosity.
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Figure 19: (A) GdnHCI dependence of end-to-end contact formation in various
(GS),-peptide withn = 1 (@), n=3 (), n =8 (M) and n = 10 (O). Solid lines
represent fits of the data to equation 3.3. (B) Effect of the loop length on the m,-
value. The increase of the m._-value with chain length for GdnHCl can be
described empirically by an exponential equation:

m, = (570 = 20) - (460 = 80)- ™ OH=0IN (C) Loop length dependence of the rate
constant of contact formation in water (@) and in 8 M GdnHCI (O). The black
squares (M) represent rate constants, corrected for viscosity effects and are
normalized to 1, = 0.94 cP using equation 3.2. Solid lines are fits of the data to
equation 3.1.

The distance dependence of contact formation in (GS)-peptides is slightly changed at
8 M GdnHCI compared to pure water (Figure 19C). In 8 M GdnHCI the switch from the
distance independent dynamics over short chain segments to the distance-dependent
regime for long peptides occurs at shorter distances suggesting that (GS)-peptides

become more flexible in the presence of high GdnHCI concentrations. For long peptides
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the effect of donor-acceptor distance on the rate constants of intrachain contact
formation is similar in 8 M GdnHCl and water with k_ ~ N"#0!,

Addition of 8M GdnHCI increases the solvent viscosity 2.3 times compared to water'*,
The increase in solvent viscosity significantly affects end-to-end diffusion in (GS)-
peptides as shown above. We used equation 3.2 to correct the observed rate constants
against the contributions from increased solvent viscosity. The corrected rate constants
in 8M GdnHCl still differ from the rate constants in pure water (Figure 19C). This effect
is more pronounced for long chains, than for short chains. Interestingly, the limiting
intrinsic chain dynamics for intrachain contact formation over short distances are not
affected by the addition of high concentration of GdnHCI if the rate constants are
corrected against viscosity. This indicates that the limiting intrinsic chain dynamics of
end-to-end contact formation depend only on temperature and solvent viscosity.
Furthermore the quality of the solvent does not influence the limiting intrinsic
dynamics.

The decreased rate constants for intrachain diffusion in long polypeptides might be due
to preferential interactions of GdnHCI with the polypeptide chain. Indeed, it could be
shown that the effect of GAnHCI on the viscosity-corrected rate constants of end-to-end
contact formation can be analyzed successfully by Schellman’s weak binding model'*
'%_The better solvation of polypeptide chains in 8 M GdnHCI compared to water leads
to an increase of the chain dimension due to preferential binding of GdnHCI to the
backbone. Due to a swelling of the chain dimension the end-to-end distances increase
leading to a decrease in contact formation rate constants (Moglich & Kiefhaber,

manuscript in preparation).

Parts of these results are described in the following publications:
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“Dynamics of Unfolded Polypeptide Chains as Model for the Earliest Steps in Protein
Folding.” Florian Krieger, Beat Fierz, Oliver Bieri, Mario Drewello & Thomas
Kiefhaber (2003) J. Mol. Biol. 332, 265-274.

“Molecular basis of the effect of urea and guanidinium chloride on the dynamics of
unfolded polypeptide chains.” Moglich A., Krieger F. and Kiefhaber T. (2005) J. Mol.

Biol. 345, 153-162.

3.5.2 Other co-solutes

It can be expected that most organic solvents that are miscible with water denature
proteins, if the proteins remain soluble as the concentration of the denaturant is
increased”. However organic solvents are less applied to investigate folding mechanism
due to limited spectroscopic properties, complex water-denaturant interactions or partial
unfolding. In the following results obtained from the determination of end-to-end
contact formation rate constants of a (GS),-peptide in aqueous 2,2,2-trifluoroethanol
(TFE)- and N,N-dimethylformamide (DMF)-mixtures are discussed and compared to

173

rate constants obtained from studies in ethanol”. As shown above end-to-end contact

formation in peptides depends strongly on solvent viscosity (Figure 14). Addition of the
mentioned denaturants TFE, DMF and ethanol significantly changes solvent viscosity'**
1% 137 To correct the contributions from increased solvent viscosity n apparent end-to-
end contact formation rate constants k. were analyzed using equation 3.2.

Denaturants such as aqueous TFE or neat DMF are good solvents for peptides"'. There
is rather an inverse tendency for ethanol-water mixtures, which lead to precipitation of
proteins and peptides"'. Indeed, it could be shown that addition of ethanol to aqueous

protein solutions reduces the dielectric constant and therefore favours protein

aggregation®.
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Figure 20: (A) Influence of various co-solutes (GdnHCI (@) urea (O), DMF (@),
TFE (@), ethanol (®)) on end-to-end contact formation rate constants in a (GS),-
peptide. Inset: Behaviour of end-to-end contact formation rate constants at low
molarities of co-solutes. (B) Effects of various co-solutes on the viscosity-
corrected rate constants of end-to-end contact formation k' . Rate constants were
corrected against viscosity effects using equation 3.2.
As observed for ethanol” the logarithm of the rate constants of end-to-end contact
formation in the (GS),-peptide scales linearly with increasing concentration of DMF
(Figure 20A). The addition of DMF leads to a smaller change in the rate constants of
intrachain contact formation compared to GdnHCI. Interestingly, addition of TFE leads
to a completely different behaviour compared to GdnHCl, urea, DMF or ethanol. The
logarithm of the observed rate constants does not decrease linearly anymore. Instead a
complex relation between rate constant and TFE concentration is observed. With
increasing TFE concentration the rate constants first decrease, than increase, reach a
maximum around 1.2 M (10% (v/v)) and then decrease again (Figure 20A).
If the rate constants are corrected against solvent viscosity only the effect of urea is
similar to that of GdnHCI (Figure 20B). For all other co-solutes the viscosity-corrected
rate constants do not decrease monotone anymore, but reveal maxima in the rates of
intrachain contact formation with increasing co-solute concentration (Figure 20B). The

rate constants are normalized to viscosity suggesting that an additional solvation effect

leads to the observed differences in rate constants. A possible origin for the differences
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of intrachain dynamics in peptides due to co-solute effects might be changes in the chain
dimension. The dimension of a flexible polymer chain depends strongly on the
interaction with solvent molecules™. Good solvents increase the chain dimension,
whereas poor solvents decrease the average end-to-end distance. The expansion factor o

1s defined as

(3.5)

and relates the real dimension <r2> of a polymer chain to the dimension 1l<r2>0 of an

ideal polymer chain. The expansion factor o depends on chain length, temperature and
solvent quality and adopts the value 1 for O-conditions. At 6-conditions real polymer
chains show apparently properties of ideal chains®. Changes in the average end-to-end
distances lead to changes in the rate constant of end-to-end contact formation at “iso-
viscous” conditions as shown theoretically®'.

The obtained results on solvent effects suggest that the averaged end-to-end distance is
significantly influenced by changes in solvent quality. Addition of low concentrations of
ethanol and DMF decreases the solvent quality and might lead to a shrinking of the
averaged end-to-end distance and to an increase in the rate constant of intrachain contact
formation. With increasing DMF concentration intrachain dynamics are slowed down
again, suggesting that now the peptide is better solved leading to an expansion of the
chain dimension. The described results are in agreement with data obtained on the
solubility of a short model peptide in aqueous ethanol and DMF solutions, which
revealed that both co-solutes do not increase significantly the solubility of a model
peptide at low co-solute molarities in water'".

A similar interpretation can be given for the behaviour of TFE. With increasing TFE

concentration the viscosity-corrected rate constants for contact formation first increase,
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reach a maximum around 1.2 M (10%, (v/v)) and then decrease again indicating that the
average end-to-end distance of a peptide becomes smaller at around 10% of aqueous
TFE (v/v). Interestingly, an increase of the refolding rate constants at around 10% of
aqueous TFE (v/v) is observed in protein folding experiments'*® '*°. It is suggested that
the changes in refolding and unfolding rate constants observed at this TFE concentration
are due to general global effects of aqueous TFE on the dimensions of proteins'”’,
contradicting that TFE stabilize only defined parts of proteins.

The three organic co-solutes ethanol, DMF and TFE show complex effects on the
intrachain dynamics in a model peptide. The results suggest that the average end-to-end
distances of the polypeptide chain are significantly changed. Increased rate constants of
intrachain contact formation might be explained as a decrease in the average end-to-end
distance. However to proof this relation, direct measurements of the average end-to-end

distances at chosen conditions are necessary.

3.6 Applying triplet-triplet energy transfer to measure loop formation in natural
protein sequences

Protein polypeptide sequences consist of twenty amino acids with different reactivities.
To test whether the experimental results’ obtained on homo-polypeptides and host-
guest studies can be generally applied to dynamics in natural loop sequences we
determined the rate constants for end-to-end contact formation for sequences derived
from two well characterized proteins, f-parvalbumin (PA) and protein G B1 domain

(GB1) (Figure 21A-D).
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Figure 21: Molecular structure of peptide sequences, derived from carp muscle f-
parvalbumin (PA) and protein G Bl domain (GBI1). Coloured aromatic amino
acids were replaced by triplet donor and acceptor, respectively. (A) PA””, (B)
PA”® (C) PA*'”, (D) GBI**. Additionally, Thr49 (green) of GBI’ fragment
was replaced by a glycine and proline (D). The figures were prepared using the
program MOLMOL"™ and the pdb files 4CPV"" for the PA sequences and
IGBI" for the GBI sequence.

The chosen sequences of lengths up to 18 amino acids are part of common local folds
such as a-helices, P-hairpins or the helix-turn-helix structure. Since the chosen
sequences are free of histidine, methionine, tryptophane and tyrosine it is possible to
determine absolute rate constants for intrachain contact formation by TTET from Xan to

NAla®. Loop formation in natural unstructured protein sequences can be well described
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by single exponential kinetics like in all other proline-free peptide sequences (Figure
22A). The rate constants of sequences, which contain mainly amino acids with small
side-chains or which have a high glycine content like the PA*"'%* are in good agreement

with rate constants obtained from polyserine peptides (Figure 22B).
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Figure 22: (A) Time-course of formation and decay of xanthone triplets in PA*'"
fragment, measured in 10 mM sodium cacodylate, pH 7.0, 22.5°C (—). End-to-
end contact formation can be described by single exponential kinetics with a time
constant of 54%3 ns (—). (B) Comparison of the end-to-end contact formation rate
constants at 22.5°C in: poly(glycine-serine) (@), polyserine (O) and various
protein fragments derived from [3-parvalbumin (PA) and protein G Bl domain
(GBI): (@) PA“”; (@) PA"®; (@) PA*'”; (@) GBI"*; (®) GBI”™’, T49G;
(®) GBI”*, T49P, (solid lines, adapted from ref.’’).

Intrachain contact formation rate constants of the PA’*% and the GB1+?

sequences are
significantly slower than rate constants obtained from polyserine peptides. This effect
might be explained by the presence of various amino acids with large side-chains, which
slow down intrachain dynamics as shown in host-guest studies’" ®. Surprisingly, the
PA*™ sequence shows similar contact formation rate constants and a similar GdnHCI-
dependence as the (Ser);-peptide within error, although the sequence contains amino
acids with larger side-chains (Table 6).

To test whether local chain dynamics of natural loop sequences are influenced due to an

incorporation of single glycine and proline residues we substitued Thr49 of the GB1
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sequence (45-52) by these two amino acids (Table 6). As shown in figure 22B the
incorporation of a glycine residue leads to an increase in the rate constants of end-to-end
contact formation as also observed in polyserine peptides of similar length. End-to-end
contact formation in the proline containing sequence is slowed down compared to the
wild type sequence and can be described by single-exponential kinetics. As mentioned
above a single proline induces complex kinetics for chain dynamics over short distances
(Figure 12, p.32). Short peptides with a cis proline show faster end-to-end chain
dynamics than ones with a trans proline. The single-exponential behaviour of end-to-
end contact formation of the proline containing GB1 fragment suggests that
conformations with a cis or trans proline show virtually identical dynamics as observed

for proline containing model peptides with more than 5 peptide bonds (Figure 12).

Table 6: Rate constants and Arrhenius activation parameter of intrachain contact
formation in natural unstructured peptides derived from carp muscle B-
parvalbumin (PA) and protein G Bl domain (GBI ).

Peptide sequence N | k (10"s™hP B¢ E, (kJ/mol)* | A (10°s")°
PA 66-70° 4 6.3+04 n.d. n.d.- n.d.
PA 70-85 15 1.5+0.1 0.86 £0.03 143 0.7 46+1.9
PA 85-102 17 1.9+0.1 0.85+0.03 12.5+£0.7 2.7 +0.3
PA 85-102 (D/N,E/Q) | 17 1.9+0.1 0.84 £0.03 125 0.7 2.7 +0.3
GB1 45-52 wt 7 32+0.2 0.90 £0.05 157+0.9 18«7
GB1 45-52 T/P 7 24+0.2 0.90 £0.05 15.7+0.8 14«4
GB1 45-52 T/G 7 50+0.3 0.90 = 0.04 15.5+0.7 24 =7

a: is not soluble in water. The rate constant was determined from a GdnHCI dependence. The m_-value is

380 + 35 J/(mol-M) for GdnHCI.

b: determined in 10 mM potassium phosphate, pH 7.0, 22.5°C.
c: Fractional exponent obtained from viscosity dependencies (equation 3.2). Glycerol was used as viscous

co-solute.

d: Arrhenius activation energy were determined from viscosity-corrected rate constants (equation 3.2).
e: Arrhenius pre-exponential factor, normalized to solvent viscosity of n, = 1.0 cP.

Viscosity and temperature dependencies revealed that intrachain diffusion in natural
unstructured protein sequences is significantly stronger influenced by chain stiffness
compared to flexible homo-polypeptides. For all investigated natural sequences apparent

Arrhenius activation energies of around 12-15 kJ/mol were observed (Table 6). The
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higher activation barrier might explain the smaller rate constants for intrachain
dynamics in natural loop sequences compared to the data obtained from homo-
polypeptides. A possible explanation might be that the conformational space in natural
peptide sequences is more restricted due to the larger amino acid side-chains. The
results suggest that the earliest steps in protein folding are significantly limited by
activation barriers.

All chosen protein fragments consist of charged amino acids except the PA®~7
sequence. Particularly the PA*"'** sequence contains an alternating part of negative side-
chains and uncharged residues between residue 89 and 96 (GDSDGDG) that represents
the calcium-binding site of the EF-hand structure (Figure 21C). From polyelectrolytes,
like poly(styrene sulfonate) or DNA at neutral conditions it is known that the backbone
rigidity is supported by Coulomb repulsion of the side-chains since same charges
distributed along a chain at high density repel each other to extend the otherwise flexible

chain'®

. To test if charges influence intrachain diffusion in natural peptide sequences we
replaced the negatively charged amino acids Asp and Glu of the PA®"'* sequence by the
neutral amino acids Asn and GlIn. Both sequences show the same end-to-end contact

formation rate constants and Arrhenius activation parameter suggesting that charges in

the chosen natural sequences do not influence chain dynamics (Table 6).

Parts of these results are described in detail in the following manuscripts:

“Intrachain diffusion in a protein loop fragment from carp parvalbumin.” Florian
Krieger, Beat Fierz, Fabian Axthelm, Karin Joder, Dominique Meyer and Thomas
Kiefhaber (2004) Chem. Phys. 307, 209-215.

“Kinetics and Barriers of Loop Formation in Natural Protein Sequences.” Florian

Krieger & Thomas Kiefhaber. To be submitted.
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3.7 Intrachain diffusion of a-helices in helix-turn-helix motifs

In 1976 Karplus and Weaver suggested the diffusion-collision model® as a possible
mechanism for protein folding”. In this model the formed secondary structures have to
interact by chain diffusion processes. It is assumed that the formation of a-helices or -
sheets on a polypeptide chain is rapid relative to the rate-limiting steps in protein
folding. The diffusion-collision model reduces the dynamics of the folding process from
a consideration of the properties of the random coil chain to that of the properties of
secondarily structured parts of the protein and their interactions®’.

We wanted to test, how formation of secondary structures influences the rate constants
for intrachain contact formation. We chose two different approaches to determine
contact formation rate constants of putatively secondary structured parts in polypeptides
by TTET: first, polypeptide sequences derived from the EF-hand of carp muscle (-

parvalbumin and second, de-novo designed helix-turn-helix sequences.

3.7.1 Induction of secondary structure in the Ca**-binding EF-hand motif from
carp muscle f-parvalbumin

Parvalbumin belongs to the family of EF-hand proteins and exhibits a very high affinity
for Ca** and moderate affinity for Mg>*, properties consistent with a Ca**-buffering

144 The overall structure consists of six helices associated in three helix-turn-helix

role
motifs, AB, CD and EF. The loops between the helices C and D and between the helices
E and F bind one calcium ion each''. The parvalbumin helices are all amphiphilic,

forming the core of the structure with their hydrophobic faces. 80 % of the hydrophobic

side-chains buried in the protein core are located in helices.
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Figure 23: Ribbon diagram of the isolated EF-hand (PA™"'") of the carp muscle
B-parvalbumin structure used in this study. The phenylalanines Phe85 (red) and
Phel02 (blue) shown as ball-and- stick models have been replaced by the triplet
donor and acceptor labels, xanthone acid and naphthylalanine, respectively. The

bound calcium ion is plotted as a black ball. The figure was prepared using the
program MOLMOL"™ and the pdb file 4CPV'™"'.

First synthesis of a fragment of the EF-hand from carp muscle B-parvalbumin (PA*'?)
labelled with triplet chromophores showed that the chosen peptide is unstructured, even
in presence of high calcium concentrations. The short length of the chosen peptide
fragment might be an origin for the missing structure. Therefore we synthesized the
complete EF-hand with tail elongation on both sides of the triplet chromophores (Figure
23, Table 7). However, sequence elongation on both sides of the triplet chromophores
does not cause any structure in presence of 100 mM CaCl, and also in absence of
calcium ions, as determined by circular dichroism (Figure 24A). It is quite controversial
whether the isolated EF-hand fragment of carp parvalbumin is structured and is able to
specifically bind calcium ions. Earlier investigations showed that a 33-residue fragment
(residues 76-108) of parvalbumin has a calcium binding constant of 300 (1/M)'.

However this binding constant is only seven times higher than the calcium binding

constant of glutamic acid'*. Another work suggested that Arg-75 plays a critical role in
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the structural organization and calcium binding activity of the molecule and that the
isolated EF-hand fragment is unstructured and does not bind calcium'’’. The structure
and stability of carp muscle parvalbumin is relatively sensitive to deletion mutations.
Deletion of several amino acids of the C-terminal part of the sequence (residue 103 -

108) has a dramatical effect on parvalbumin structure and stability'*.
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Figure 24: (A) CD spectra of PA*'” (@), (®) and PA™'* (O), (@) in presence of
100 mM CaCl, and without calcium, respectively. (B) Time course of formation
and decay of xanthone triplets in PA¥"'" (—) and PA™'% (—). All data were
recorded in 10 mM sodium cacodylate, pH 7.0 at 22.5°C, except the CD-spectra
for PA™'% (@) in absence of Ca’*, which was recorded in 10 mM potassium
phosphate, pH 7.0.

The determination of intrachain dynamics showed that intrachain contact formation in
all sequences derived from the parvalbumin EF-hand structure is well described by
single exponential kinetics (Figure 24B). The observed rate constants decrease slightly
with increasing tail length on both ends (Table 7) as observed for homo-polypeptide
chains® (B.F. & T.K., unpublished data). Addition of calcium ions shows no effect on
intrachain dynamics of the chosen sequences, suggesting that no structure is formed and
no calcium ions are bound selectively. The synthesis of longer peptide fragments, like

the PA sequence (residues 66-108) failed due to limitations in peptide synthesis.
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Table 7: Sequences and intrachain diffusion rate constants of the investigated
polypeptides from in carp muscle B-parvalbumin (PA). In the case of PA™'%"
xanthone acid was introduced in the sequence via side-chain modification of the
non-natural amino acid L-a, -di-amino propionic acid (Dpr).

Peptide Amino acid sequence Number of | k, (s)
sequence tail
residues
PA®'? | Xan-LKAGDSDGDGKIGVDE-NAla-SG-NH, 2 1.8-107
PA®1 Xan-LKAGDSDGDGKIGVDE-NAla- 6 1.5:10’
TALVKA-COOH
PA™108 Ac-ARALTDGETKT-Dpr(Xan)-LKAG- 1146 | 8.2:10°
DSDGDGKIGVDE-NAla-TALVKA-COOH

a: measured in 10 mM sodium cacodylate, pH 7.0, at 22.5°C.

3.7.2 Design of peptides with de novo helix-turn-helix motifs

The results obtained on the EF-hand fragment of parvalbumin showed that the
incorporation of the triplet chromophores xanthone acid and naphthylalanine into
structured natural sequences derived from protein structures failed, leading to
structureless peptide fragments. To obtain peptides with significant secondary structure
we decided to design a stable helix-turn-helix structure, based on polyalanine peptides.
Marqusee and Baldwin described the first de novo-designed o-helical peptide system in
water'*” °_ In this system the peptides mostly consist of alanine. Glutamic acid and
lysine or arginine are inserted for solubility at the positions i,i + 4, which show
stabilizing interactions (Table 8)*.

We used such alanine-based peptides to introduce the triplet chromophores xanthone
acid and naphthylalanine into helical peptide chains. Several sequences are given in
table 8. Salt bridges were introduced in the sequences to stabilize the peptides. As
shown in figure 25A the positions 2 and 6, 7 and 11, and 12 and 16 were chosen for
stabilizing Glu-Lys salt bridges. The triplet labels were attached in the centre of the

sequences at the position 8 or 9.
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Figure 25: (A) Helical wheel to design an a-helix based on polyalanine peptide
chains. P indicates preferential positions for charged amino acids. U indicates
position, which lead to peptide aggregation. (B) Circular dichroic (CD) spectra of
Ac-AE(A);RE-NAla-(A),RE(A);R-NH, (@ ) and Ac-AE(A);RE-A-Dpr(Xan)-
ARE(A);R-NH, (O) measured in 5 mM KP, pH 7.0 = 0.1 at 5°C.

Table 8: Sequences and Oy, at 222 nm of the investigated peptides as
determined by CD. Xan: xanthone acid, NAla: naphthylalanine, Dpr: diamino-
propionic acid. CD measurements were performed out in 5 mM KP, pH 7.0 + 0.1
at 5°C.

Sequence [O]vrw2220m % structure
(deg-cm’/dmol) | helical
content”
Ac-AE(A);KEA-NAla-AKE(A),K-NH, -13200 39.1 a-helix
Ac-AE(A);KE-NAla-(A),KE(A),K-NH, -11500 34.1 a-helix
Ac-AE(A);RE-NAla-(A),RE(A);R-NH, -20100 59.6 a-helix
Ac-AE(A),RE-A-Dpr(Xan)-ARE(A);R-NH, -16100 47.7 a-helix
Ac-AE(A),KAE-NAla-(A),KAE(A),K-NH, -7600 - a-helix/
B-sheet”

a: Experimenat fractional content were determined from [©]yrw 220nm Values using
- 40000-(1-2.5/n) and 0 deg-cm?*/dmol as the values for 100 and 0% helix,
respectively; n is the number of amino acid residues in the peptide'" '**.

b: aggregation at high concentration and reduced solubility.

A first goal was to find conditions, at which the helical peptides are stable even at high
peptide concentration. For several peptides with charges on position 2 and 6, 7 and 11,
and 12 and 16 we could induce helical structure as indicated by circular dichroic

measurements (Figure 25B). The helical content is concentration independent and

62



depends on the positions of the triplet chromophores and of the salt bridges. The helical
content of the peptides is estimated to be between 34 and 60% at 5°C (Table 8).

As preliminary result the synthesis and a first characterization of a designed helix-turn-
helix peptide of the sequence:

Ac-AE(A);RE-NAla-(A),RE(A);R-(GS);G-AE(A);RE-A-Dpr(Xan)ARE(A),R-NH,

could be performed consisting of two segments with high helical propensity linked by a
(GS);G-loop. The synthesis yield of this peptide was very low, however some amount of
this peptide could be purified. Circular dichroic measurements revealed that this peptide
has a helical content of 23% at 5°C (Figure 26A). The helical content is significantly
lower than in the separated oa-helices. This behaviour is expected since the unstructured
part of the peptide contributes additionally to the CD signal. The temperature transition

is reversible and at high temperature the peptide is fully unfolded (Figure 26A, B).
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Figure 26: CD spectra (A) and temperature transition (B) of Ac-AE(A);RE-NAla-
(A),RE(A);R-(GS)sG-AE(A);REA-Dpr(Xan)-ARE(A);R-NH,. CD spectra were
recorded at 5°C (@), 22.5°C (®) and 85°C (O) in 5 mM KP, pH 7.0. The
temperature transitions were recorded from 3 - 85°C (—) and from 85 - 3°C (—)
in the same buffer in a cuvette with the layer thickness d = 2mm. The peptide
concentration was 20.5 uM in all measurements.

However, it is not possible to estimate the helical content on both ends of the peptide.
Furthermore the data give no insight if the two putative helices interact with each other.

Both a-helices of the helix-turn-helix peptide contain several positive and negative
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charges and therefore it cannot be ruled out that both helices interact due to electrostatic
interactions. A decrease of the pH might give more insight in this problem since at
acidic conditions both a-helices are only positively charged.

The determination of intrachain dynamics revealed that the intrachain contact formation
kinetics of the helix-turn-helix peptide are more complex compared to the kinetics of
intrachain contact formation in a long unstructured polypeptide (Figure 27A). For long
unstructured polypeptides intrachain contact formation is well described by single-
exponential kinetics (Figure 27A). For intrachain contact formation in the putative
helix-turn-helix peptide a second kinetic phase with a time constant of T, = 312 ns is

observed in addition to the main kinetic phase with a time constant of t; = 115 ns.
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Figure 27: (A) Time course of formation and decay of xanthone triplets in the
helix-turn-helix peptide (—) in 5 mM potassium phosphate, pH 7.0 at 22.5 °C and
in comparison with the unstructured PA¥'" -peptide (—). Intrachain contact
formation of the PA*"'% -peptide is described by single-exponential kinetics with a
rate constant of 1.5-10" s”'. Intrachain contact formation in the helix-turn-helix
fragment is described by a double exponential fit with the following parameters:
A,=0.026, k,=3.2-10°s", A,=0.078, k,=8.610°s". (B) Comparison of the end-to-
end contact formation rate constants at 22.5°C in: poly(glycine-serine) (@),
polyserine (O) and various protein fragments derived from B-parvalbumin PA%
2 (@), PA¥'" (@), PA”'” (@) and the helix-turn-helix peptide HLH (®), solid
lines, adapted from ref.”’
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Interestingly, the observed rate constant of the main phase agrees quite well with rate
constants predicted for long polyserine peptides suggesting that the main phase
describes intrachain contact formation of the unfolded polypeptide (Figure 27B).
However, it is not clear, how to interpret the observed rate constants, since the complete
kinetics of intrachain contact formation might be influenced due to a coupling of other
conformational changes in the structured peptide. Due to the low synthesis yield of the
helix-turn-helix peptide it was not possible to vary the experimental conditions in order
to test the effect on the rate constants and amplitudes of the kinetic phases. For a better
understanding of the mechanism of intrachain contact formation in the helix-turn-helix

peptide an accurate kinetic investigation of intrachain diffusion is necessary.

3.7.3 Position effect of charges on the structure of alanine based peptides

During the design of helical peptides, we observed that the position of charges critically
determines the structure of peptides. Interestingly, if charges are placed on the positions
2 and 6, 8 and 12, and 14 and 18 the peptide exhibits no helical but $-sheet structure
formation and strong aggregation of the peptide is observed (Table 8). The
incorporation of one alanine residue between two consecutive Glu-Lys salt bridges
might change the topology of the peptide, leading to an alternation of charged residues.
Every second and fourth amino acid of the sequence contains now a charge at neutral
pH (underlined, ... KAEAAAKAEAAAK...). Similar results are also described for
alanine-based peptides with alternating charges of the different moduli'”: (I) -A+A-
A+A..., (II) -A-A+A+A..., (IV) -A-A-A-A... or +A+A+A+A... . It could be shown
that the peptides have the ability to form B-sheets and a-helical structures, although the
used amino acids have a high propensity to form a-helices'”*. The authors concluded

that B-sheet formation in the alanine based peptides is due to the architecture of the
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peptide, in which the repetitive and charged residues form intermolecular ionic bonds on
one side of the B-sheet, whereas the alanine residues on the opposite hydrophobic side
form intermolecular van-der-Waals interactions. The results suggest that the alternating

position of charges leads to the formation of [3-sheets.

Table 9: Sequences of the investigated alanine based peptides.

Name Sequence
KE Ac-AEAAAKEAAAKEAAAKGY-NH,
KAE Ac-AEAAAKAEAAAKAEAAAKGY-NH,
KAAE Ac-AEAAAKAAEAAAKAAEAAAKGY-NH,

Underlined: alanine residues, which were placed between i,i + 4 side-chain
interactions of the oppositely charged Glu and Lys. A tyrosine was attached
at the C-terminus to determine the peptide concentration used in the experiment.

To investigate the B-sheet formation of alanine based peptides more accurately we
synthesized peptides of the sequences, given in table 9. The chosen peptide sequences
differ only in the configuration of the salt bridges. The peptide sequence KE is based on

149:150 and forms o-helical structures

published work according to Marqusee and Baldwin
at pH 2.5 and pH 7.0 (Table 10). The helical content at pH 2.5 is slightly decreased
compared to pH 7.0 suggesting that at neutral pH the negatively charged glutamic acid
interacts with positively charged lysine'”. Incorporation of an additional alanine
between the i,i + 4 salt bridges E-K, as shown in table 9 (underlined), changes the
properties of the peptide dramatically (Table 10). At pH 7 the peptide is virtually
insoluble and strong aggregation is observed. Lowering the pH to 2.5 leads to formation
of helical structure at low peptide concentration (¢ < 100 uM) and of [3-sheet-structure
at high peptide concentration (¢ > 1 mM). Indeed, circular dichroic measurements reveal
that the alanine peptide KAE exists in (3-sheet-structure at pH 2.5 at high concentration,
as found in earlier studies on similar peptides'”’.

Incorporation of a second additional alanine residue between the salt bridges induces

again a-helical structures at pH 7 and pH 2.5 in the KAAE-peptide. The solubility of
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KAAE-peptide is elevated compared to the KAE-peptide. The results suggest that the
position of the side-chains plays a critical role in determining helical content of alanine

based peptides.

Table 10: Solubility and helix content of alanine based peptides used in this study.

Name | Solubility* Structure Oyrw 222 Helical pH®
(degecm*/dmol)® | content (%)

KE ++ a-helical -24400 70.8 2.5+0.1
++ a-helical -26500 76.9 7.0+0.1
KAE +/- B-sheet -19200¢ - 25+0.1
- aggregation n.d. - 7.0 0.1
KAAE + a-helical -27000 76.1 25+0.1
++ a-helical -29000 81.8 7.0+0.1

a: as determined quantitatively in UV/VIS measurements. Solvation of the KAE-peptide at pH 7 induces
strong aggregation.

b: Oyrw measured at 222 nm in 5 mM potassium phosphate at 5°C.

c: fractional content were determined experimentally from [®]yrw 220nm Values using — 40000-(1-2.5/n)
and 0 deg-cm?/dmol as the values for 100 and 0% helix, respectively; n is the number of amino acid
residues in the peptide'" '%2,

d: an extinction coefficient of €,,5=1390 (M-cm)"' was assumed"”’.

The KAE peptide shows quite different spectroscopic properties at pH 2.5 compared to
both other peptides, KE and KAAE. At high concentrations a red shifted band appears
in the UV/VIS spectra (Figure 28A). It is suggested that this band might originate from
interactions between tyrosines, such as charge transfer (CT) complex formation due to
an intermolecular interaction between two or more peptide chains. Most absorption and
emission processes involve just one molecule. In some cases two or more molecules
may participate in cooperative absorption or emission. This means the change in
absorption or emission can only be understood as arising from oligomeric structures’.
The formation of CT complexes results in the appearance of new electronic absorption
bands, which are not observed in the separated compounds'”. Generally the new
absorption band is broad and devoid of vibrational structure. This width is explained by

the fact that the rather small binding energy of CT complexes allows many different
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structural configurations of the complex to exist in equilibrium with one another’. The

absorption energy for each configuration will differ and cause a broadening of the band.
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Figure 28: UV/VIS-spectra (A) and CD-spectra (B) of KE (®), KAE (k) and
KAAE (O) peptides measured in 5 mM potassium phosphate, pH 2.5. The
concentration of the stock solution of the peptides was more than ImM. UV/VIS
spectra were recorded after centrifugation of the peptide solution. UV.VIS spectra
normalized at 275 nm.

The molecular origin of the different properties of the KAE-peptide compared to the
other peptides is not known. The spectroscopic characterization of this peptide is quite
complicated, since aggregation is observed at various conditions. The poor solubility of
the peptide in water might originate from the configuration of the charges in the peptide.
A main problem in studying aggregation phenomena of synthetic peptides might be the
synthesis and purification of such peptides. Due to the poor solubility it cannot be ruled
out that during the synthesis and purification aggregation already started, leading to

irreversible denatured aggregates.
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Materials and Methods

Xanthone acid synthesis

9-Oxoxanthen-2-carboxylic acid synthesis was performed as described previously”'.

Synthesis of Fmoc-Gly-d,

C,- deuterium labelled glycine (Gly-d,) was from Cambridge isotope Laboratories. The
synthesis of Fmoc-Gly-d, was carried out as described"® and purified on a C18-column

by HPLC.

Peptide synthesis

All Dpr-free peptides (Dpr: diaminopropinic acid) were synthesized on acid labile
Trityl-resins (Rapp-polymer) or Rink-amid resins (Novabiochem) and purified using

standard Fmoc-chemistry"’.

C-terminal blocked, Dpr containing peptides were
synthesized on acid-stable Rink-amide resins (Novabiochem) with Dpr(Mtt) (Mtt: 4-
Methyl-trityl, Novabiochem). The hyperacid sensitive Mtt protecting group was
deprotected selectively in 1% TFA in dichloromethane (v/v). Xanthone acid was
attached on the free amino group of the diaminopropionic acid with standard Fmoc-
chemistry. Dpr containing peptides with a free C-terminus were synthesized on a acid-
labile Trityl-resins with Dpr(ivDde) (ivDde: 4,4-dimethyl-2,6-dioxocyclohex-1-ylidene-
3-methylbutyl, Novabiochem). The base sensitive ivDde protecting group was removed

selectively in 2% hydrazine in dimethylformamide (v/v). Afterwards xanthone acid was

attached as described above.
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Laser flash experiments

Laser flash experiments were carried out as described previously’'. The determination of
end-to-end contact formation rate constants was performed at temperatures between 5

and 45°C. The temperature was directly measured in the cuvette.

Determination of solvent viscosity

Ethylene glycol, glycerol and glucose were from Aldrich, Sucrose and PEG 1500, 6000
and 20000 were from Merck. The viscosity was varied adding different polyolic co-
solutes to the solutions. For all solutions, the viscosity was measured by using a falling
ball viscometer (Haake) at the given temperature.

Measurements with DMF were carried out up to a DMF concentration of 6.5 M, which
corresponds to 50 % aqueous DMF solution (v/v). Higher DMF concentrations do not
allow measurements of intrachain dynamics with TTET, since xanthone triplets are
quenched by DMF and triplet lifetimes of xanthone in pure DMF become smaller than
20 ns. Tabulated values for the viscosities of water®, TFE'*, EtOH*, DMF'", urea'*
and GdnHCI"™ were used to correct observed end-to-end contact formation rate

constants against solvent viscosity effects, accordingly equation 3.2.

Recording of the CD-spectra

After purification all peptides were dried by lyophilization. Afterwards the solid dried
peptides were spectroscopically characterized. Aggregating peptides were solved in
buffer solutions as described and centrifuged at 14000 rpm for 10 min or filtered before

recording UV/VIS-spectra. CD-spectra were recorded as reported previously®.
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Determination of the rate constant of cis-trans pepidyl-prolyl bond isomerization

To determine the cis-trans peptidyl-prolyl bond isomerization rate constants of the
model peptide Succiniyl-Ala-Ala-Pro-Phe-pNA (pNA: para-nitroaniline) the
chymotrypsin coupled assay was used, first described by Fischer'™. All kinetic
measurements were performed on an Applied Photophysics SX.18MV instrument at
22.5 = 0.1°C. The absorption of the released p-NA was monitored at 385 nm. All
measurements were carried out in 0.035 M 4 -(2 - hydroxyethyl) — piperazine) — 1-
ethane sulfonic acid (HEPES) pH 8.5. Glycerol was added to increase the solvent
viscosity. Typically, a stock solution of the peptide in dimethylsulfoxide (8mM) was
prepared and diluted ten times in the reaction buffer. The diluted substrate and enzyme
solutions (25mg/ml a-chymotrypsin) were mixed in a ratio of 1 + 10. Under all
conditions the cleavage rate of the a-chymotrypsin catalyzed proteolysis was faster than

the cis-trans peptidyl-prolyl bond isomerization.
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4 Summary

This thesis deals with the dynamics of unfolded polypeptide chains as model for the
earliest steps in protein folding. Starting from an ensemble of unfolded conformations a
folding polypeptide chain has to form specific backbone and side-chain interactions to
reach the native state. The rate at which two defined contacts are formed on a
polypeptide chain is limited by intrachain diffusion. The characterization of rate
constants of intrachain contact formation in polypeptides and their dependence on
length, sequence and solvent effects give new insights for an understanding of the
dynamics of the earliest steps in protein folding.

Until recently, little was known about absolute time scales of intramolecular contact
formation in polypeptide chains. Direct measurements of fast intramolecular diffusion
processes became possible with the development of fast diffusion-controlled electron
transfer processes. In the presented work triplet-triplet energy transfer was used to
characterize intrachain contact formation in homo-polypeptides and peptide fragments
derived from natural protein sequences.

The transfer of triplet electrons between the triplet donor xanthone to the triplet acceptor
naphthalene is diffusion-controlled as tested by measuring its temperature and viscosity
dependencies. The results suggest that triplet-triplet energy transfer from xanthone to
naphthalene provides the requirement to determine absolute intramolecular contact
formation rate constants in polypeptide chains.

Intrachain contact formation in unstructured polypeptides is well described as a single
exponential process. The loop-size dependence of the rate constants of intrachain
contact formation revealed that intrachain motions over short and long distances are
limited by different rate-limiting steps. In short peptide chains end-to-end contact

formation is with a minimum time constant of 5-10 ns virtually independent of chain
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length and limited by an activation barrier of 12-16 kJ/mol. In long flexible
poly(glycine-serine) peptide chains with more than twenty peptide bonds N the rate

constants decrease with N7+

and end-to-end contact formation becomes nearly
completely entropy-driven.

Glycine and proline residues significantly change local intrachain dynamics compared
to all other amino acids. Glycine accelerates contact formation whereas short proline
containing peptides reveal complex kinetics of contact formation. Local chain dynamics
are accelerated by a cis and slowed down by a trans peptidyl-prolyl bond. The effects
vanish in peptide chains if the sequence contains more than five amino acids on each
side of a single glycyine or a single proline residue.

The dynamics of loop formation are sensitive to the nature of the solvent. Good
solvents, such as denaturants slow down intrachain dynamics compared to water. The
effect of solvent composition on chain dynamics indicates that the chain properties of
polypeptides strongly depend on the surrounding conditions.

Natural protein sequences are more complex than homo-polypeptide chains because
they consist of 20 different amino acids. We determined the dynamics of loop formation
in sequences derived from two proteins, carp muscle f-parvalbumin and protein G B1
domain. Compared to homo-polypeptides the intrachain dynamics in natural loop
sequences are slowed down and higher activation barriers are determined. The results
suggest that the dynamics of the earliest steps in protein folding are limited by
significant activation barriers.

The results allow us to estimate an upper time scale for rates of contact formation in
unstructured peptide chains. In glycine-rich sequences, which are often found in -
hairpins and turns a first contact over 3-4 peptide bonds will be formed within 10-15 ns.

For glycine-free sequences local contact formation is slowed down to 15-50 ns
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depending on the sequence. Due to the strong distance dependence of the rate constant
of the end-to-end contact formation long-range interactions on an unfolded polypeptide

chain over 50-60 peptide bonds will not be formed faster than in 500 ns.

74



5 Acknowledgements
This work was completed from January 2001 to November 2004 in the laboratory of
Prof. Dr. Thomas Kiefhaber in the Department of Biophysical Chemistry at the

Biozentrum of the University of Basel, Switzerland.

A MERCI VIEL MOL to all people, who contributed to this work!

First of all, I would like to thank Thomas Kiefhaber for guiding me through the exciting

field of peptide dynamics and protein folding. I have learned a lot from his excellent

scientific approach.

Many thanks to the former and current colleagues of the TK lab for ingenious

discussions and the exceptionally nice atmosphere in and outside the lab, particularly

thanks to Andy, Beat, Christophe and Stefan. Further I want to thank Gernot, Hans and

Leo from the floor service group for the small and big facilities during my PhD thesis.

Many thanks to Joseph Wey for technical support in xanthone acid synthesis and thanks

to Dr. Paul Jend and Thierry Mini for mass spectrometry support.

I’m particularly grateful to Annett sharing with me the beauties of life.

Many thanks to the Swiss mountains showing me how barriers may look like.

...and special thanks to the NMR-spectrometer being outside of the BIOZENTRUM.

75



6 References

1.

10.

11.

12.

13.

14.

15.

16.

Anson, M. L. & Mirsky, A. E. (1934). The Equilibrium Between Active Native
Trypsin and Inactive Denatured Trypsin. J. Gen. Physiol. 17, 393-408.

Neurath, H., Greenstein, J. P., Putnam, F. W. & Erickson, J. O. (1944). The
chemistry of protein denaturation. Chem. Rev. 34, 157-265.

Mirsky, A. E. & Pauling, L. (1936). On the structure of native, denatured and
coagulated proteins. Proc. Natl. Acad. Sci. U S A 22, 439-447.

Kendrew, J. C., Dickerson, R. E. & Strandberg, B. E. (1960). Structure of
myoglobin: a three-dimensional Fourier synthesis at 2 A resolution. Nature 185,
422-4217.

Blake, C. C., Koenig, D. F., Mair, G. A., North, A. C., Phillips, D. C. & Sarma,
V. R. (1965). Structure of hen egg-white Isozyme. A three-dimensional Fourier
synthesis at 2 A resolution. Nature 206, 757-763.

Anfinsen, C. B., Cooke, J. P. & Sela, M. (1962). Reversible reduction of
disulfide bonds in polyalanyl ribonuclease. J. Biol. Chem. 237, 1825-1838.

Anfinsen, C. B. (1973). Principles that Govern the Folding of Protein Chains.
Science 181, 223-230.

Levinthal, C. (1968). Are there pathways for protein folding? J. Chim. Phys. 65,
44,

Levinthal, C. (1969). Mossbauer Spectroscopy in Biological Systems, Allerton
House, Monticello, Ill.

Jackson, S. E. (1998). How do small single-domain proteins fold? Folding &
Design 3, R81-R91.

Zwanzig, R. (1997). Two-state models for protein folding. Proc. Natl. Acad. Sci.
USA 94, 148-150.

Bieri, O., Wirz, J., Hellrung, B., Schutkowski, M., Drewello, M. & Kiefhaber, T.
(1999). The speed limit for protein folding measured by triplet-triplet energy
transfer. Proc. Natl. Acad. Sci. USA 96, 9597-9601.

Dunker, A. K., Lawson, J. D., Brown, C. J., Williams, R. M., Romero, P., Oh, J.
S., Oldfield, C. J., Campen, A. M., Ratliff, C. M., Hipps, K. W., Ausio, J.,
Nissen, M. S., Reeves, R., Kang, C. H., Kissinger, C. R., Bailey, R. W.,
Griswold, M. D., Chiu, W., Garner, E. C. & Obradovic, Z. (2001). Intrinsically
disordered protein. J. Mol. Graphics Modell. 19, 26-59.

Gutfreund, H. (1995). Kinetics for the life sciences, Cambridge University Press,
Cambridge.

Ansari, A., Berendzen, J., Bowne, S. F., Frauenfelder, H., Iben, I. E. T., Sauke,
T. B., Shyamsunder, E. & Young, R. D. (1985). Protein states and
proteinquakes. Proc. Natl. Acad. Sci. U S A 82, 5000-5004.

Volkman, B. F., Lipson, D., Wemmer, D. E. & Kern, D. (2001). Two-state
behavior in a single-domain signaling protein. Science 291, 2429-2433.

76



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Neri, D., Billeter, M., Wider, G. & Withrich, K. (1992). NMR determination of
residual structure in a urea-denatured protein, the 434-repressor. Science 257,
1559-1563.

Lapidus, L. J., Eaton, W. A. & Hofrichter, J. (2000). Measuring the rate of
intramolecular contact formation in polypeptides. Proc. Natl. Acad. Sci. USA 97,
7220-7225.

Klein-Seetharaman, J., Oikawa, M., Grimshaw, S. B., Wirmer, J., Duchardt, E.,
Ueda, T., Imoto, T., Smith, L. J., Dobson, C. M. & Schwalbe, H. (2002). Long-
range interactions within a nonnative protein. Science 295, 1719-1722.

Sanchez, 1. E. & Kiefthaber, T. (2003). Hammond behavior versus ground state
effects in protein folding: evidence for narrow free energy barriers and residual
structure in unfolded states. J. Mol. Biol. 327, 867-884.

Dyson, H. J. & Wright, P. E. (2004). Unfolded proteins and protein folding
studies by NMR. Chem. Rev. 104, 3607-3622.

Schwalbe, H., Fiebig, K. M., Buck, M., Jones, J. A., Grimshaw, S. B., Spencer,
A., Glaser, S. J., Smith, L. J. & Dobson, C. M. (1997). Structural and Dynamical
Properties of a Denatured Protein. Heteronuclear 3D NMR Experiments and
Theoretical Simulations of Lysozyme in 8 M Urea. Biochemistry 36, 8977-8991.

Tanford, C. (1968). Protein denaturation. Part A. Characterization of the
denatured state. Adv. Prot. Chem. 23, 121-217.

Haas, E., Katchalski-Katzir, E. & Steinberg, 1. Z. (1978). Brownian motion at
the ends of oligopeptid chains as estimated by energy transfer between chain
ends. Biopolymers 17, 11-31.

Karplus, M. & Weaver, D. L. (1976). Protein-folding dynamics. Nature 260,
404-406.

Kim, P. S. & Baldwin, R. L. (1990). Intermediates in the folding reactions of
small proteins. Annu. Rev. Biochem. 59, 631-660.

Karplus, M. & Weaver, D. L. (1994). Protein folding dynamics: The diffusion-
collision model and experimental data. Protein Sci. 3, 650-668.

Ptitsyn, O. B. (1996). How molten is the molten globule? Nat. Struct. Biol. 3,
488-490.

Wetlaufer, D. B. (1973). Nucleation, rapid folding, and globular intrachain
regions in proteins. Proc. Natl. Acad. Sci. USA 70, 697-701.

Abkevich, V. L., Gutin, A. M. & Shaknovich, E. 1. (1994). Specific nucleus in
the transition state for protein folding: evidence from the lattice model.
Biochemistry 33, 10026-10036.

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

Flory, P. J. (1969). Statistical Mechanics of Chain Molecules, Hanser Publishers,
Munich.

Brant, D. A. & Flory, P. J. (1965). The configuration of random polypeptides. 1.
Experimental results. J. Am. Chem. Soc. 87, 2788-2791.

77



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Brant, D. A. & Flory, P. J. (1965). The configuration of random polypeptide
chains. II. Theory. J. Am. Chem. Soc. 87, 2791-2800.

Miller, W. G., Brant, D. A. & Flory, P. J. (1967). Random coil configurations of
polypeptide copolymers. J. Mol. Biol. 23, 67-80.

Schimmel, P. R. & Flory, P. J. (1968). Conformational energy and

configurational statistics of copolypeptides containing L-proline. J. Mol. Biol.
34, 105-120.

Lapanje, S. & Tanford, C. (1967). Proteins as Random Coils. IV. Osmotic
Pressures, Second Virial Coefficients, and Unperturbed dimensions in 6 M
Guanidine Hydrochloride. J. Am. Chem. Soc. 89, 5030-50-33.

Damaschun, G., Damaschun, H., Gast, K., Misselwitz, R., Muller, J. J., Pfeil, W.
& Zirwer, D. (1993). Cold Denaturation Induces Conformational Changes in
Phosphoglycerate Kinase from Yeast. Biochemistry 32, 7739-7746.

Kohn, J. E., Millet, 1. S., Jacob, J., Zagrovic, B., Dillon, T. M., Cingel, N.,
Dothager, R. S., Seifert, S., Thiyagarajan, P., Sosnick, T. R., Hasan, M. Z.,
Pande, V. S., Ruczinski, I., Doniach, S. & Plaxco, K. W. (2004). Random-coil
behavior and the dimensions of chemically unfolded proteins. Proc. Natl. Acad.
Sci. U S A 101, 12491-12496.

Pappu, R. V., Srinavasan, R. & Rose, G. D. (2000). The Flory isolated-pair
hypthesis is not valid for polypeptide chains: Implications for protein folding.
Proc. Natl. Acad. Sci. USA 97, 12565-12570.

Baldwin, R. L. (2002). A new perspective on unfolded proteins. Adv. Prot. Chem
62, 361-367.

Bieri, O. & Kiefhaber, T. (1999). Elementary steps in protein folding. Biol.
Chem. 380, 923-929.

Schwarz, G. & Seelig, J. (1968). Kinetic properties and the electric field effect of
the helix-coil transition of poly-(y-benzyl-L-glutamate) determined from
dielectric relaxation measurements. Biopolymers 6, 1263-1277.

Gruenewald, B., Nicola, C. U., Lustig, A. & Schwarz, G. (1979). Kinetics of the
helix-coil transition of a polypeptide with non-ionic side chain groups, derived
from ultrasonic relaxation measurements. Biopys. Chem. 9, 137-147.

Thompson, P., Eaton, W. & Hofrichter, J. (1997). Laser temperature jump study
of the helix-coil kinetics of an alanine peptide interpreted with a "kinetic zipper"
model. Biochemistry 36, 9200-9210.

Munoz, V., Thompson, P., Hofrichter, J. & Eaton, W. (1997). Folding dynamics
and mechanism of B-hairpin formation. Nature 390, 196-199.

Pauling, L., Corey, R. B. & Branson, H. R. (1951). The structure of proteins- 2
Hydrogen-bonded helical configurations of the polypeptide chain. Proc. Natl.
Acad. Sci. U S A 37, 205-211.

Scholtz, J. M. & Baldwin, R. L. (1992). The mechanism of alpha-helix
formation by peptides. Annu. Rev. Biophys. Biomol. Struct. 21, 95-118.

Zimm, B. H. & Bragg, J. K. (1959). Theory of phase transition between helix
and random coil in polypeptide chains. J. Chem. Phys. 31, 526-535.

78



50.

51.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lifson, S. & Roig, A. (1961). On the theory of helix-coil transitions in
polypeptides. J. Chem. Phys. 34, 1963-1974.

Schwarz, G. (1965). On the kinetics of the helix-coil transition of polypeptides
in solution. J. Mol. Biol. 11, 64-77.

Blanco, F. J., Rivas, G. & Serrano, L. (1994). A short linear peptide that folds
into a native stable 3-hairpin in aquous solution. Nat. Struct. Biol. 1, 584-590.

Blanco, F., Jimenez, M., Pineda, A., Rico, M. & Santoro, J. N., J. (1994). NMR
Solution Structure of the Isolated N-Terminal Fragment of Protein-G Bl
Domain. Evidence of Trifluorehanol Induced Native-like b-Hairpin Formation.
Biochemistry 33, 6004-6014.

Munoz, V., Henry, E. R., Hofrichter, J. & Eaton, W. A. (1998). A statistical
mechanical model for -hairpin kinetics. Proc. Natl. Acad. Sci. U S A 95, 5872-
5879.

Einstein, A. (1906). Zur Theorie der Brownschen Bewegung. Ann. d. Phys. 19,
371-381.

von Smoluchowski, M. (1906). Zur kinetischen Theorie der Brownschen
Molekularbewegung und der Suspensionen. Ann. d. Phys. 21, 756-780.

von Smoluchowski, M. (1916). Drei Vortrage uber Diffusion, Brownsche
Molekularbewegung und Koagulation von Kolloidteilchen. Phys. Z. 17, 557-
571.

Jacobsen, H. & Stockmayer, W. H. (1950). Intramolecular reaction in
polycondensations. 1. The theory of linear systems. J. Chem. Phys. 18, 1600-
1606.

Flory, P. J., Suter, U. W. & Mutter, M. (1976). Macrocyclization equilibria. 1.
Theory. J. Am. Chem. Soc. 98, 5733-5739.

Mutter, M. (1977). Macrocyclization equilibria of Polypeptides. J. Am. Chem.
Soc. 99, 8307-8314.

Szabo, A., Schulten, K. & Schulten, Z. (1980). First passage time approach to
diffussion controlled reactions. J. Chem. Phys. 72, 4350-4357.

Pastor, R. W., Zwanzig, R. & Szabo, A. (1996). Diffusion limited first contact of
the ends of a polymer: comparison of theory with simulation. J. Chem. Phys.
105, 3878-3882.

Fierz, B. (2002). Diploma thesis, Basel.

Haas, E., Wilchek, M., Katchalski-Katzir, E. & Steinberg, 1. Z. (1975).
Distribution of end-to-end distances of oligopeptides in solution as estimated by
energy transfer. Proc. Natl. Acad. Sci. U S A 72, 1807-1811.

Winnik, M. A. (1985). End-to-end cyclization of polymer chains. Acc. Chem.
Res. 18, 73-79.

Cuniberti, C. & Perico, A. (1984). Intramolecular diffusion-controlled reactions
and polymer dynamics. Prog. Polym. Sci. 10, 271-316.

Chang, 1.-J., Lee, J. C., Winkler, J. R. & Gray, H. B. (2003). The protein-folding
speed limit: Intrachain diffusion times set by electron-transfer rates in denatured

79



68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

RU(NH,)s(His-33)-Zn cytochrome c. Proc. Natl. Acad. Sci. U S A 100, 3838-
3840.

Hudgins, R. R., Huang, F., Gramlich, G. & Nau, W. M. (2002). A fluorescence-
based method for direct measurements of submicroscond intramolecular contact

formation in biopolymers: an exploratory study with polypeptides. J. Am. Chem.
Soc. 124, 556-564.

Neuweiler, H., Schulz, H., Bohmer, M., Enderlein, J. & Sauer, M. (2003).
Measurements of Submicrosecond Intramolecular Contact Formation in Peptides
at the Single-Molecule Level. J. Am. Chem. Soc. 125, 2269-2272.

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

Wagner, P. J. & Klan, P. (1999). Intramolecular triplet energy transfer in flexible
molecules: electronic, dynamic, and structural aspects. J. Am. Chem. Soc. 121,
9626-9635.

Camacho, C. J. & Thirumalai, D. (1995). Theoretical predictions of folding
pathways by using the proximity rule, with applications to bovine pancreatic
inhibitor. Proc. Natl. Acad. Sci. USA 92, 1277-1281.

Bieri, O. (2000). PhD thesis, Basel.

Bent, D. V. & Hayon, E. (1975). Excited state chemistry of aromatic amino
acids and related peptides: III. Tryptophan. J. Am. Chem. Soc. 97, 2612-2619.

Huang, F. & Nau, W. M. (2003). A conformational flexibility scale for amino
acids in peptides. Angew. Chem. Int. Ed. Engl. 42, 2269-2272.

Turro, N. J. (1991). Modern Molecular Photochemistry, University Science
Books, Sauslito, CA.

Dexter, D. L. (1953). A theory to sensitized luminescence in solids. J. Chem.
Phys. 21, 836 - 850.

Rice, S. A. (1985). Diffusion-limited reactions. Chemical Kinetics (Bamford, C.
H., Tipper, C. F. H. & Compton, R. G., Eds.), 25, Elsevier, Amsterdam.

Anderson Jr., R. W., Hochstrasser, R. M., Lutz, H. & Scott, G. W. (1974). Direct
measurements of energy transfer between triplet states of molecules in liquids
using picosecond pulses. J. Chem. Phys. 61, 2500-2506.

Mohtat, N., Cozens, F., L. & Scaiano, J. C. (1998). Multistage exit of excited
xanthone from micelles. J. Phys. Chem. B 102, 7557-7562.

Scaiano, J. C. (1980). Solvent effects in the photochemistry of xanthone. J. Am.
Chem. Soc. 102, 7747-7753.

Grabner, G., Rechthaler, K., Mayer, B., Kohler, G. & Rotkiewicz, K. (2000).
Solvent influence on the photolysis of naphthalene: fluorescence and triplet state

properties in aqueous solutions and cyclodextrins. J. Phys. Chem. A 104, 1365-
1376.

(1972). Handbook of Chemistry and Physics. 53rd edit (Weast, R. C., Ed.), CRC,
Cleveland, OH.

80



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Satzger, H., Schmidt, B., Root, C., Zinth, W., Fierz, B., Krieger, F., Kiethaber,
T. & Gilch, P. (2004). Ultrafast quenching of the xanthone triplets by energy
transfer: New insight into the intersystem crossing kinetics. J. Phys. Chem. A, in
press.

Krieger, F., Fierz, B., Axthelm, F., Joder, K., Meyer, D. & Kiefhaber, T. (2004).
Intrachain diffusion in a protein loop fragement from carp parvalbumin. Chem.
Phys. 307, 209-215.

Bent, D. V. & Hayano, T. (1975). Excited state chemistry of aromatic amino
acids and related peptides: 1. Tyrosine. J. Am. Chem. Soc. 97, 2599-2606.

Ramseier, M., Senn, P. & Wirz, J. (2003). Photohydration of Benzophenone in
Aqueous Acid. J. Phys. Chem. A 107, 3305-3315.

Bright, J. N., Woolf, T. B. & Hoh, J. H. (2001). Predicting properties of
intrinsically unstructured proteins. Prog. Biophys. Mol. Biol. 76, 131-173.

de Gennes, P. G. (1979). Scaling Concepts in Polymer Physics, Cornell
University Press, Ithaca, New York.

Wouterson, S., Mu, Y., Stock, G. & Hamm, P. (2001). Subpicosecond
conformational dynamics of small peptides probed by two-dimensional
vibrational spectroscopy. Proc. Natl. Acad. Sci. U S A 98, 11254-11258.

Sporlein, S., Carstens, H., Satzger, H., Renner, C., Behrendt, R., Moroder, L.,
Tavan, P., Zinth, W. & Wachtveitl, J. (2002). Ultrafast spectroscopy reveals
subnanosecond peptide conformational dynamics and validates molecular
dynamics simulation. Proc. Natl. Acad. Sci. U S A 99, 7998-8002.

Bredenbeck, J., Helbig, J., Sieg, A., Schrader, T., Zinth, W., Renner, C.,
Behrendt, R., Moroder, L., Wachtveitl, J. & Hamm, P. (2003). Picosecond
conformational transition and equilibration of a cyclic peptide. Proc. Natl. Acad.
Sci. U S A 100, 6452 - 6457.

Kubelka, J., Hofrichter, J. & Eaton, W. A. (2004). The protein folding 'speed
limit'. Curr. Opin. Struct. Biol. 14, 76-88.

Ansari, A., Colleen, J. M., Eric, H. R., Hofrichter, J. & Eaton, W. A. (1992). The
Role of Solvent Viscosity in the Dynamics of Protein Conformational Changes.
Science 256, 1796 - 1798.

Reimer, U., Scherer, G., Drewello, M., Kruber, S., Schutkowski, M. & Fischer,
G. (1998). Side-chain effects on peptidyl-prolyl cis/trans isomerization. J. Mol.
Biol. 279, 449-460.

Brandts, J. F., Halvorson, H. R. & Brennan, M. (1975). Consideration of the
possibility that the slow step in protein denaturation reactions is due to cis-trans
isomerism of proline residues. Biochemistry 14, 4953-4963.

Wilmot, C. M. & Thornton, J. M. (1988). Analysis and prediction of the
different types of B-turns in proteins. J. Mol. Biol. 203, 221-232.

Dumy, P., Keller, M., D.E., R., Rohwedder, B., Wohr, T. & Mutter, M. (1997).
Pseudo-prolines as a molecular hinge: Reversible induction of cis amide bond
into peptide backbones. J. Am. Chem. Soc. 119, 918-925.

81



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Keller, M., Sager, C., Dumy, P., Schutkowski, M., Fischer, G. S. & Mutter, M.
(1998). Enhancing the proline effect: Pseudo-prolines for tailoring cis/trans
isomerization. J. Am. Chem. Soc. 120, 2714-2720.

Berg, O. G. & von Hippel, P. H. (1985). Diffusion-controlled Macromolecular
Interactions. Ann. Rev. Biophys. Biophys. Chem. 14, 131 - 160.

Bieri, O. & Kiethaber, T. (2000). Kinetic models in protein folding. In Protein
Folding: Frontiers in Molecular Biology 2nd edit. (Pain, R., ed.), pp. 34-64.
Oxford University Press, Oxford.

Pohl, F. M. (1976). Temperature-dependence of the kinetics of folding of
chymotrypsinogen A. FEBS Lett. 65, 293-296.

Oliveberg, M., Tan, Y. J. & Fersht, A. R. (1995). Negative activation enthalpies
in the kinetics of protein folding. Proc. Natl. Acad. Sci. U S A 92, 8926 - 8929.

Schindler, T. & Schmid, F. X. (1996). Thermodynamic characterization of an
extremely rapid protein folding reaction. Biochemistry 51, 16833-16842.

Schonbrunner, N., Koller, K.-P. & Kiefhaber, T. (1997). Folding of the
disulfide-bonded B-sheet protein tendamistat: Rapid two-state folding without
hydrophobic collapse. J. Mol. Biol. 268, 526-538.

Bachmann, A. & Kiefhaber, T. (2001). Apparent two-state tendamistat folding is
a sequential process along a defined route. J. Mol. Biol. 306, 375-386.

Timasheff, S. N. (1998). Control of protein stability and reactions by weakly
interacting cosolvents: The simplicity of the complicated. Adv. Prot. Chem 51,
355-432.

Zhu, W. & Ediger, M. D. (1997). Viscosity dependence of polystyrene local
dynamics in dilute solution. Macromolecules 30, 1205 - 1210.

Punchard, B. J. & Adolf, D. B. (2002). Pressure and Temperature Dependence of
the Dilute Solution Segmental Dynamics of Anthracene-Labeled Polyisoprene.
Macromolecules 35, 3281-3287.

Pilar, J. & Labsky. (2003). Solvent Dependence of Polystyrene Local Segmental
Dynamics in Dilute Solution by Spin-Label X Band ESR. Macromolecules 36,
913-920.

Beece, D., Eisenstein, L., Frauenfelder, H., Good, D., Marden, M. C., Reinisch,
L., Reynolds, A. H., Sorensen, L. B. & Yue, K. T. (1980). Solvent viscosity and
protein dynamics. Biochemistry 19, 5147 - 5157.

Velsko, P. S., Waldeck, D. H. & Fleming, G. R. (1983). Breakdown of Kramers
theory description of photochemical isomerization and the possible involvemnet
of frequency dependent friction. J. Chem. Phys. 78, 249-258.

Courtney, S. H. & Fleming, G. R. (1985). Photoisomerization of stilbene at low
viscosity solvents: Comparison of isolated and solvent molecules. J. Chem.
Phys. 83, 215-222.

Jas, G. S., Eaton, W. A. & Hofrichter, J. (2001). Effect of viscosity on the
kinetics of a-helix and B-hairpin formation. J. Phys. Chem. B 105, 261 - 272.

Barshtein, G., Almagor, A., Yedgar, S. & Gavish, B. (1995). Inhomogeneity of
viscous solutions. Phys. Rev. E 52, 555 - 557.

82



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Kramers, H. A. (1940). Brownian motion in a field of force and the diffusion
model of chemical reactions. Physica 4, 284-304.

Hanggi, P., Talkner, P. & Borkovec, M. (1990). Reaction-rate theory: fifty years
after Kramers. Rev. Mod. Phys. 62,251 - 341.

Grote, R. F. & Hynes, J. T. (1980). The stable states picture of chemical
reaction. II. Rate constants for condensed and gas phase reaction models. J.
Chem. Phys. 73,2715 - 2732.

Shastry, W. C. R. & Roder, H. (1998). Evidence for barrier-limited protein
folding kinetics on the microsecond time scale. Nat Struct Biol 5, 385-392.

Holtzer, M. E., Bretthorst, G. L., d'Avignon, D. A., Angeletti, R. H., Mints, L. &
Holtzer, A. (2001). Temperature dependence of the folding and unfolding
kinetics of the GCN4 leucine zipper via 13C(alpha)-NMR. Biophys. J. 80, 939-
951.

Arrhenius, S. (1889). Uber die Reaktionsgeschwindigkeit bei der Inversion von
Rohrzucker durch Sauren. Z. Phys. Chem. 4, 226-248.

Eyring, H. (1935). The activated complex in chemical reactions. J. Chem. Phys.
3, 107-115.

Daragan, V. A. & Mayo, K. H. (1993). Tri- and Diglycine Backbone Rotational
Dynamics Investigated by "C NMR Multiplet Relaxation and Molecular
Dynamics Simulations. Biochemistry 32, 11488-11499.

Fischer, G., Berger, E. & Bang, H. (1989). Kinetic 3-deuterium isotope effects
suggest a covalent mechanism for the protein folding enzyme peptidylprolyl
cis/trans isomerase. FEBS Lett. 250, 267-270.

Jencks, W. P. (1969). Catalysis in Chemistry and Enzymology, McGraw-Hill
Book Company, New York.

Hogg, J. L. (1978). Secondary Hydrogen Isotope Effects. In Transition States of
biochemical Processes. (Gandour, R. D. & Schowen, R. L., eds.), pp. 201-224.
Plenum Press, New York.

Hirota, E., Saito, S. & Endo, Y. (1979). Barrier to internal rotation in ethane
from microwave spectrum of CH,CHD,. J. Chem. Phys. 71, 1183-1187.

Aune, K. C. & Tanford, C. (1969). Thermodynamics of the denaturation of
lysozyme by guanidine hydrochloride. II Dependence on denaturant
concentration at 25 degrees. Biochemistry 11, 4586-4590.

Santoro, M. M. & Bolen, D. W. (1988). Unfolding free energy changes
determined by the linear extrapolation method. 1. Unfolding of
phenylmethanesulfonyl alpha-chymotrypsin using different denaturants.
Biochemistry 27, 8063-8068.

Pace, C. N. (1986). Determination and analysis of urea and guanidine
hydrochloride denaturation curves. Meth. Enzymol. 131, 266-280.

Robinson, D. R. & Jencks, W. P. (1965). The effect of compounds of the urea-
guanidinium class on the activity coefficient of acetyltetraglycine ethyl ester and
related compounds. J. Am. Chem. Soc. 87, 2462-2470.

83



132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Nozaki, Y. & Tanford, C. (1963). Solubility of amino acis and related
compounds in aqueous urea solutions. J. Biol. Chem. 238, 4074-4081.

Moglich, A., Krieger, F. & Kiefhaber, T. (2004). Molecular basis for the effect
of urea and guanidinium chloride on the dynamics of unfolded polypeptide
chains. J. Mol. Biol., in press.

Perl, D., Jacob, M., Bano, M., Stupak, M., Antalik, M. & Schmid, F. X. (2002).
Thermodynamics of a diffusional protein folding reaction. Biophys. Chem. 2-3,
173-190.

Schellman, J. A. (2002). Fifty years of solvent denaturation. Biophys. Chem. 96,
91-101.

Kaiser, B., Laesecke, A. & Schmeck, M. (1989). Experimental study and
correlation of the viscosity of 2,2,2-Trifluoroethanol (TFE)-water mixtures. Int.
J. Thermophys. 10, 713-726.

Aminabhavi, T. M. & Gopalakrishna, B. (1996). Density, viscosity, refractive
index, and speed of sound in aqueous mixtures of N,N-dimethylformamide,
dimethyl sulfoxide, N,N-dimethylacetamide, acetonitrile, ethylene glycol,
diethylene glycol, 1,4-dioxane, terahydrofurane, 2-methoxyethanol, and 2-
Ethoxythenol at 298.15 K. J. Chem. Eng. Data 40, 856-861.

Buck, M. (1998). Trifluoroethanol and colleagues: cosolvents come of age.
recent studies with peptides and proteins. Quart. Rev. Biophys. 31, 297-335.

Main, E. R. G. & Jackson, S. E. (1999). Does trifluoroethanol affect folding
pathways and can it be used as a probe of structure in transition states. Nat.
Struct. Biol. 6, 831-835.

Koradi, R., Billeter, M. & Wuthrich, K. (1996). MOLMOL: a program for
display and analysis of macromolecular structures. J. Mol. Graphics 14, 51-55.

Kumar, V. D., Lee, L. & Edwards, B. F. (1990). Refined crystal structure of
calcium-liganded carp parvalbumin 4.25 at 1.5-A resolutions. Biochemistry 29,
1404-1412.

Gronenborn, A. M., Filpula, D. R., Essig, N. Z., Achari, A., Whitlow, M.,
Wingfiled, P. T. & Clore, G. M. (1991). A novel, highly stable fold of the
immunoglobulin binding domain of streptococcal protein G. Science 253, 657-
661.

Teraoka, 1. (2001). Polymer solutions: an introduction to physical properties.,
John Wiley & Sons, New York.

Kretsinger, R. H. (1980). Structure and evolution of calcium-modulated proteins.
CRC Crit. Rev. Biochem. 8, 119-174.

Derancourt, J., Haitech, J. & Pechere, J.-F. (1978). Binding of calcium by
parvalbumin fragments. Biochim. Biophys. Acta 532, 373-375.

Lumb, R. F. & Martell, A. E. (1953). Metal chelating tendencies of glutamic and
aspartic acids. J. Phys. Chem. 57, 690-693.

Coffee, C. J. & Solano, C. (1976). Preparation and properties of carp muscle
parvalbumin fragments A (residues 1-75) and B (residues 76-108). Biochim.
Biophys. Acta 453, 67-80.

84



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Corson, D. C., Williams, T. C., Kay, L. E. & Sykes, B. D. (1986). 'H NMR
Spectroscopic Studies of Calcium-Binding proteins. Stepwise Proteolysis of the
C-Terminal oa-Helix of a Helix-Loop-Helix Metal-Binding Domain.
Biochemistry 25, 1817-1826.

Marqusee, S. & Baldwin, R. L. (1987). Helix stabilization by Glu-...Lys+ salt
bridges in short peptides of de novo design. Proc. Natl. Acad. Sci. U S A 84,
8898-8902.

Marqusee, S., Robbins, V. H. & Baldwin, R. L. (1989). Unusually stable helix
formation in short alanine-based peptides. Proc. Natl. Acad. Sci. U S A 86, 5286-
5290.

Chen, Y.-H., Yang, J. T. & Chau, K. H. (1974). Determination of the Helix and
B Form of Proteins in Aqueous Solutions by Circular Dichroism. Biochemistry
13, 3350-3359.

Chakrabartty, A., Schellman, J. A. & Baldwin, R. L. (1991). Large differences in
the helix propensities of alanine and glycine. Nature 351, 586-588.

Zhang, S. & Rich, A. (1997). Direct conversion of an oligopeptide from a f3-
sheet to an a-helix: A model for amyloid formation. Proc. Natl. Acad. Sci. U S A
94, 23-28.

Chakrabartty, A., Kortemme, T. & Baldwin, R. L. (1994). Helix propensities of
the amino-acids measured in alanine-based peptides without helix-stabilizing
side-chain interactions. Protein Sci. 3, 843-852.

Demchenko, A. P. (1986). Ultraviolet Spectroscopy of Proteins, Springer,
Berlin.

Carpino, L. A. & Han, G. Y. (1972). The 9-Fluorenylmethoxycarbonyl Amino-
Protecting Group. J. Org. Chem. 37, 3404-34009.

Chan, W. C. & White, P. D. (2000). Fmoc Solid Phase Peptide Synthesis. A
Practical Approach (Hames, B. D., Ed.), Oxford University Press, Oxford.

Fischer, G., Bang, H. & Mech, C. (1984). Detection of enzyme catalysis for cis-
trans-isomerization of peptide-bonds using proline containing peptides as
substrates. Biomed. Biochim. Acta 43, 1101-1111.

85



doi:10.1016/S0022-2836(03)00892-1

MB

J. Mol. Biol. (2003) 332, 265-274

Available online at www.sciencedirect.com

science (@horneer:

|-

ELSEVIER

Dynamics of Unfolded Polypeptide Chains as Model
for the Earliest Steps in Protein Folding

Florian Krieger', Beat Fierz', Oliver Bieri', Mario Drewello? and
Thomas Kiefhaber'*

'Department of Biophysical
Chemistry, Biozentrum der
Universitit Basel
Klingelbergstr. 70, CH-4056
Basel, Switzerland

The rate of formation of intramolecular interactions in unfolded proteins
determines how fast conformational space can be explored during fold-
ing. Characterization of the dynamics of unfolded proteins is therefore
essential for the understanding of the earliest steps in protein folding.
We used triplet—triplet energy transfer to measure formation of intrachain
contacts in different unfolded polypeptide chains. The time constants
(1/k) for contact formation over short distances are almost independent
of chain length, with a maximum value of about 5 ns for flexible glycine-
rich chains and of 12 ns for stiffer chains. The rates of contact formation
over longer distances decrease with increasing chain length, indicating
different rate-limiting steps for motions over short and long chain seg-
ments. The effect of the amino acid sequence on local chain dynamics
was probed by using a series of host-guest peptides. Formation of local
contacts is only sixfold slower around the stiffest amino acid (proline)
compared to the most flexible amino acid (glycine). Good solvents for
polypeptide chains like EtOH, GAmCI and urea were found to slow intra-
chain diffusion and to decrease chain stiffness. These data allow us to
determine the time constants for formation of the earliest intrachain
contacts during protein folding.
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terization of the free energy barriers for protein
folding reactions. We have recently applied the

Introduction

Many biological polymers have to form specific
intramolecular interactions to be able to fulfil their
biological functions. The rate at which unstruc-
tured polymer chains can explore conformational
space is limited by intrachain diffusion, i.e. by the
rate at which two points on a polymer chain can
make contact. Intrachain diffusion is particularly
important during protein folding, which requires
formation of a large number of specific long-range
and short-range interactions. The knowledge of
the rates of intrachain contact formation in poly-
peptide chains and their dependence on amino
acid sequence and chain length is therefore essen-
tial for the understanding of the dynamics of the
earliest steps in protein folding and for the charac-

Abbreviations used: TTET, triplet—triplet energy
transfer; NAla, 1-naphthyl alanine; DBO, 2,3
diazabicyclo[2.2.2]oct-2-ene.

E-mail address of the corresponding author:
t.kiefhaber@unibas.ch

method of triplet—triplet energy transfer (TTET)
between thioxanthone and 1-naphthyl alanine
(NAla) to measure intrachain contact formation in
short unstructured polypeptide chains." TTET is a
diffusion-controlled process that allows direct
measurements of the rates of intrachain diffusion.
Flexible peptide chains with alternating glycine
and serine residues showed exponential kinetics
for end-to-end diffusion with time constants on
the 15-20 ns time-scale for formation of an i, 4+ 3
contact.! Due to sensitivity of the triplet energy of
the donor to solvent polarity, these experiments
were carried out in ethanol. Later, similar experi-
ments were reported for quenching of tryptophan
triplet states by cysteine in water, which gave
significantly slower rates for chain diffusion com-
pared to TTET.> This reaction is, however, not
diffusion-controlled and is accompanied by the for-
mation of S radicals, which does not allow direct
model-free measurements of intrachain diffusion
kinetics.>® Another experimental approach used

0022-2836/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
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short poly(glycine-serine) peptides and measured
intrachain diffusion by the quenching of 2,3 diaza-
bicyclo[2.2.2]oct-2-ene  (DBO) fluorescence by
tryptophan in water. This system is close to the
diffusion limit and gave similar contact rates in
water as TTET from thioxanthone to naphthalene
in ethanol.

All available data on polypeptide dynamics were
obtained from short, glycine-rich polypeptide
chains, which gave an estimate of the maximum
rate of local contact formation in flexible chains.
However, these experiments did not allow a
reliable scaling of the contact rates to longer dis-
tances and they did not give information on the
dynamics of stiffer chains. In addition, no direct
measurements of intrachain diffusion have been
reported for a completely diffusion-controlled
system in water. Here, we present direct model-
free TTET measurements of intrachain diffusion in
longer poly(glycine-serine) chains with up to 56
amino acid residues between the points of contact
formation. We further measured intrachain
diffusion in stiffer glycine-free chains and tested
the effect of various amino acids on local chain
dynamics. Changing the triplet donor from thiox-
anthone to xanthone (9-oxoxanthen) enabled us to
perform all measurements in water and to
additionally test the influence of various solvents
on chain dynamics.

Results
Intrachain triplet—triplet energy transfer (TTET)

TTET from a triplet donor to a triplet acceptor
group involves transfer of two electrons (Dexter
mechanism) and requires van der Waals contact
between donor and acceptor.’ Efficient electron
transfer occurs if the triplet donor has a high
extinction coefficient, a high intersystem crossing
efficiency and a higher triplet energy than the
acceptor. In suitable donor/acceptor pairs, the
transfer process is diffusion-controlled and can be
followed easily by changes in the absorbance of
the triplet states. This makes TTET a perfect tool
to measure rates of contact formation between two
reporter groups directly. When triplet donor and
acceptor groups are attached to a polypeptide
chain, the TTET kinetics are determined by the
dynamics and by the conformational properties of
the chain. In unfolded polypeptides, a large
number of different conformations are present in
equilibrium, which gives a wide distribution of
donor—acceptor distances. Some polypeptide
chains statistically have contact between donor
and acceptor at the time of the laser flash. This
will lead to instantaneous TTET in these molecules.
The remaining molecules have to sample confor-
mational space by intrachain diffusion, which will
also lead to collisional TTET (Figure 1). The
observed transfer kinetics in these molecules
reflects the rate at which chain dynamics allows

Dynamics of Unfolded Polypeptide Chains
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Figure 1. A representation of the triplet—triplet energy
transfer (TTET) experiments. Triplet donor and acceptor
groups are attached at specific positions on an unstruc-
tured polypeptide chain. Triplet states are produced in
the donor group by a short laser flash and transferred to
the acceptor upon encounter at van der Waals distance
in a diffusion-controlled process. The experiments allow
determination of the absolute rate constant for contact
formation (k.) in the ensemble of unfolded conformation,

if the transfer process is much faster than chain
dynamics (k¢ > ke, k—¢).

the two labeled points on the polypeptide chain to
meet. This assumes that electron transfer is faster
than chain diffusion (ki > k. and k_; Figure 1).
We used naphthalene as a triplet acceptor and
xanthone as a triplet donor. Xanthone has a signifi-
cantly higher triplet energy than the previously
used thioxanthone,’ which allows TTET to
naphthalene in all solvents. The triplet states of
xanthone are produced by a 4ns laser flash at
355 nm. Formation of xanthone triplets from the
excited singlet state is a rapid process with a time
constant of about 8 ps and a high quantum yield
for intersystem crossing (~99%).” Xanthone triplets
are long-lived (t;/, = 30 ps in water), which allows
measurements of TTET processes from several
nanoseconds (limited by the length of the laser
pulse) up to about 10 ps. TTET from xanthone to
naphthylacetic acid has a bimolecular rate constant
of kk=4%x10°M~1s7! in water for donor and
acceptor free in solution (data not shown), which
is the value expected for a diffusion-controlled
bimolecular reaction. This shows that electron
transfer is significantly faster than formation of
the encounter complex. In TTET measurements of
xanthone dissolved in liquid 2-methyl naphthalene
(c=7M) transfer was complete within the dead-
time of the 4 ns laser flash, which shows that trans-
fer occurs in the subnanosecond time region (ki >>
10% s71). This is consistent with data for similar
TTET pairs, which showed time constants for
transfer (1/k;) in the 10-20 ps time region.®

We attached the xanthone group to the N
terminus of various model peptides and used the
non-natural amino acid NAla to introduce the
naphthalene acceptor group near the C terminus.
The length and the sequence of the polypeptide
chain between donor and acceptor were varied,
which gave peptides (A) of the general form:
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where R; and R, represent any amino acid side-
chain, and x indicates the number of amino acid
residues between donor an acceptor. All peptides
used in this study were unstructured, as judged
by CD and NMR spectroscopy.

Intrachain contact formation in glycine-rich
polypeptides in water

To compare the results obtained from the
xanthone/naphthyl TTET pair in water with
previous experimental results on short flexible
peptides,"*” we measured intrachain contact for-
mation in poly(glycine-serine) peptides in water.
In contrast to the earlier studies that were limited
to chains of two to 15 amino acid residues, we
were able to extend the distance between donor
and acceptor to 57 amino acid residues. Figure 2
shows the kinetics of TTET from xanthone to
naphthalene in a Xan-(Gly-Ser);;-NAla-Gly-Ser
peptide as a representative example. The formation
of xanthone triplets is reflected by the laser-
induced appearance of an absorbance band at
590 nm. Decay of the xanthone triplets is
accompanied by the appearance of a new
absorbance band at 420 nm, indicating formation
of naphthalene triplets through intramolecular
TTET. Both triplet states show a fine structure in
their absorbance spectra in water, in accordance
with previous reports.'”" The absence of any
absorbance bands between 450 nm and 500 nm
indicates the absence of xanthone radicals through-
out the experiment.”” Monitoring the time-

0.08 <

Absorbance
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dependent decrease in the xanthone triplet absorb-
ance band at 590 nm (Figure 3) clearly shows that
intrachain contact formation can be described by
single-exponential kinetics, in agreement with pre-
dictions from theoretical studies." A fit of the data
gives a time constant for contact formation (1=
1/k.) of 57(* 3) ns for formation of an i,i + 29 con-
tact (Figures 2 and 3). The observation of single-
exponential kinetics indicates that: (i) the rates of
interconversion between the different confor-
mations in the ensemble of random coil states is
fast and thus allows the chain to maintain the equi-
librium distribution of the ensemble of confor-
mations that has not made contact; and (ii) the
number of equilibrium conformations that have
donor and acceptor in van der Waals contact is
small compared to the total number of states.”
Rapid interconversion between the different con-
formations in the ensemble of unfolded states is in
agreement with sub-nanosecond relaxation kinetics
in a cyclic azo-peptide after a photo-induced
switch from the cis to the trans conformation.'
The TTET kinetics observed in our experiments
cannot be due to intermolecular exchange pro-
cesses. The peptide concentrations used in the
experiments are typically in the 50-100 uM range,
which should not allow bimolecular processes
with half-times faster than 50 us, even for the
shortest peptides. This was confirmed in experi-
ments using a mixture of peptides containing
either xanthone or naphthalene both present at the
same concentration as in the intramolecular trans-
fer experiments. In these experiments, no TTET

Figure 2. Time-dependent change
in the absorbance spectrum of a
Xan-(Gly-Ser),,-NAla-Ser-Gly  pep-
tide after a 4ns laser flash at
355 nm. The decay in the intensity
of the xanthone triplet absorbance
band around 590 nm is
accompanied by a corresponding
increase in the naphthalene triplet
absorbance band around 420 nm.
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Figure 3. Time-course of formation and decay of
xanthone triplets in peptides of the form Xan-(Gly-Ser),-
NAla-Ser-Gly after a 4ns laser flash at t=0 and
measured by the change in absorbance of the xanthone
triplets at 590 nm. Data for different numbers of peptide
bonds (N) between donor and acceptor are displayed.
Additionally, single-exponential fits of the data (con-
tinuous line) and the corresponding residuals are
displayed. The fits gave time constants of 11.6(*0.4) ns,
25.0(x1.3)ns and 57.1(=3.3)ns for N=9, 17, and 29,
respectively. At the end of the exponential decay a small
amount of xanthone groups remain in the triplet state.
These triplets decay on a much slower time-scale with a
rate corresponding to the intrinsic lifetime of xanthone
triplets (t;» = 30 ps). For comparison, all curves were
normalized to identical amplitudes from the fit of the
fast decay, i.e. all curves meet at t = 0, corresponding to
the start of the laserflash. Chain conformations that
have donor and acceptor in close contact at the time-
point of the laserflash should lead to fast TTET during
the 4ns laser flash. Comparison with the kinetics of
triplet decay of free xanthone shows that this fraction is
less than 2% for longer peptides. In short peptides this
fraction is more difficult to determine due to an
uncertainty in t = 0 compared to the fast time-scale of
diffusional TTET in these peptides. We can, however,
estimate that the fraction of rapid transfer does not
exceed 10% even in the shortest peptides used in our
studies.

from xanthone to naphthalene was observed (data
not shown). We can further neglect contributions
from through-bond transfer processes, since this
cannot occur over distances beyond eight
bonds."'® Even in our shortest peptides, donor
and acceptor are separated by 11 bonds.

At the end of the fast exponential decay, a small

amount of xanthone remains in the triplet state
(Figure 3). These triplets decay on a much slower
time-scale with a rate corresponding to the intrin-
sic lifetime of xanthone triplets (t;,, = 30 us). In
contrast to the fast triplet decay, which is limited
by chain dynamics, the slow reaction is sensitive
to oxygen concentration and is not accompanied
by a corresponding increase in naphthalene triplets
at 420 nm. This reaction might be due to a second
triplet state of xanthone that cannot transfer its
electrons to naphthalene. However, the slow
reaction is more likely caused by a population of
peptides that cannot form contact between donor
and acceptor on the time-scale of our experiments,
e.g. due to a small population of multimeric pep-
tide associates. These triplets will decay with the
intrinsic lifetime of the xanthone triplet state. This
idea is supported by a decrease of the amplitude
of the slow reaction observed in good solvents like
urea and GdmCl solutions (data not shown).

To test the effect of donor—acceptor distance on
the rates of intrachain diffusion, we measured
TTET kinetics in peptides containing between one
and 28 Gly-Ser units between donor and acceptor.
This allows measurements of contact formation
kinetics for distances ranging from i,i +3 to i,i +
57, which covers the range of side-chain contacts
in small proteins. Figure 3 displays three represen-
tative TTET kinetics for peptides of different

108

ke (s1)

106 e
1 10 100

Number of peptide bonds (N)

Figure 4. Effect of increasing chain length (N) on the
rate constant of contact formation in a series of peptides
with alternating glycine-serine (®) and with polyserine
(O) between donor and acceptor. The continuous lines
represent fits to the equation:

k.= !

1/ko +1/(kiN™)

The fits give values of ko =1.8(x0.2)x108s7!, k =
6.7(x1.6)x10° s7! and m = —1.72 = 0.08 for the poly-
(glycine-serine) series, and values of ko = 8.7(*0.8) X
107571, ki = 1.0(=0.8) x 10 s™! and m = —2.1 £ 0.3 for
polyserine. The broken lines represent the limiting
regimes for contact formation in the poly(glycine-serine)
peptides with a length-independent upper limit for
contact formation of ky = 1.8(+0.2) X 108 s~ ! and length-
dependent parameters of k =6.7x10°s"! and
m= —1.72.

89


Florian
89


Dynamics of Unfolded Polypeptide Chains

269

length. For all polypeptide chains, single-exponen-
tial kinetics for contact formation are observed.
Figure 4 shows that for long donor—acceptor
distances (x > 30) the rate of contact formation
decreases with N~ 17*01 (N = x + 1 is the number
of peptide bonds between donor and acceptor).
This indicates a stronger distance-dependence
than expected for purely entropy-controlled intra-
chain diffusion in ideal, freely-jointed Gaussian
chains, which should scale with k ~ N~151317
However, Flory already pointed out that excluded
volume effects should significantly influence the
chain dimensions.” Accounting for excluded
volume effects in the end-to-end diffusion model
presented by Szabo et al.'® leads to k ~ N7'8
which is nearly identical with the value found for
the long poly(glycine-serine) chains. This indicates
that the dimensions and the dynamics of unfolded
polypeptide chains in water are influenced signifi-
cantly by excluded volume effects, which is in
agreement with recent results on conformational
properties of polypeptides derived from simplified
Ramachandran maps."” Another source for the
stronger distance dependence observed in our
experiments might be an additional small enthal-
pic barrier, which was observed in the temperature
dependence of intrachain diffusion (FK. & TK,,
unpublished results). For shorter chains (i < 20)
the observed simple scaling law breaks down and
contact formation becomes virtually independent
of chain length, with a limiting value of k=
1.9%x10%s7!. As pointed out above, the limiting
rate for contact formation in short chains is not
due to limits of triplet—triplet transfer (ki in
Figure 1), since this process occurs on the sub-
nanosecond time-scale. Obviously, the intrinsic
dynamics of polypeptide chains are limited by
different processes for motions over short and
over long segments. This is in agreement with
polymer theory, which suggests that the properties
of short chains are influenced strongly by chain
stiffness, which leads to a breakdown of theoreti-
cally derived scaling laws for ideal chains.*

To characterize the dimensions and the stiffness
of polymer chains, Flory introduced the character-
istic ratio (C,,) :*°

_ ()
"ok

for a chain with n segments of length [. The charac-
teristic ratio relates the increase in the mean square
end-to-end distance (r?) of an unperturbed poly-
mer chain, i.e. of a real chain without intra-
molecular interactions, to the change in (r*), of an
ideal random walk or freely jointed chain, which
grows with (r?)g =nl?>. For short chains, C,
increases with chain length due to preferential
chain propagation into one direction. For long
chains, C, reaches a constant limiting value (Cq).
In this limit, \/(r2), grows proportional to n'/?,
like an ideal random-walk chain. However, in a
real chain, \/(r?), increases by a factor of Co more
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per segment compared to an ideal random-walk
chain. The value of Cw gives the average number
of consecutive chain segments that propagate in
the same direction (“statistical segment”). Larger
values of C., therefore indicate stiffer chains. For
polypeptide chains, polyglycine represents the
most flexible chain with C = 2.*** The 1:1 mix-
ture of glycine and serine used in our experiments
is expected to have a C., value of about 3 and Ce
should be reached for N > 10.* Figure 4 shows,
however, that the poly(glycine-serine) chains
behave like random chains only over distances
longer than 20-30 amino acid residues when the
contact rates scale with k. ~ N™17. This indicates
increased chain stiffness compared to the predicted
value, which could be due to specific intrachain
hydrogen bonds or van der Waals interactions and
to excluded volume effects that restrict the number
of chain conformations (see below).

Effect of amino acid sequence on
intrachain diffusion

Both theoretical considerations® > and experi-
mental results** show that polypeptide chains are
especially flexible around glycyl residues. All
amino acids except proline (C» > 100) and glycine
(Cw = 2) are predicted to have Co, values around
9, and C, should be reached for intrachain dis-
tances longer than about 40-50 amino acid
residues.” " This indicates increased chain stiff-
ness and longer mean end-to-end distances
(1/(r?)9) compared to the poly(glycine-serine)
chains. To test the effect of chain stiffness on pep-
tide dynamics, we measured the rates of contact
formation in polyserine peptides. Figure 4 shows
the distance dependence of intrachain diffusion in
a series of Xan-(Ser),-NAla-Ser-Gly peptides with
x=2-11 (N =3-12). We observed single expo-
nential kinetics for contact formation in all poly-
serine peptides. For short chains (N < 5), contact
formation is virtually independent of chain length,
with a limiting value of ko= 8.7x 107 s7!. This
shows that the local dynamics in polyserine are
about twofold slower than in the poly(glycine-
serine) peptides, which seems to be small com-
pared to the largely different properties expected
for the stiffer polyserine chains. A possible origin
of this rather small effect is that the decreased
flexibility and the longer end-to-end distances in
the polyserine chains are compensated by the
decreased conformational space available for poly-
serine compared to poly(glycine-serine) peptides.
For longer polyserine chains, contact formation
slows with increasing chain length. The effect of
increasing chain length on the rates of contact
formation seems to be slightly larger in polyserine
compared to the poly(glycine-serine) series
(k ~ N~21=02) However, due to limitations in pep-
tide synthesis, we were not able to obtain longer
peptides, which will be required to get a reliable
scaling law for the polyserine peptides.

The kinetics of contact formation over short


Florian
90


270

Dynamics of Unfolded Polypeptide Chains

Table 1. Effect of different amino acids on local peptide
dynamics

Xaa ke (107571
Gly 12+1

Ala 8.0=0.7
Ser 6.7 +0.7
Glu 54+02
Arg 55*07
His 49 +04
Ile 44 +03
trans Pro 20=*03
cis Pro 25+ 5

The rate constants for end-to-end contact formation (k.) were
measured by TTET from xanthone (Xan) to 1-naphthyl alanine
(NAla) in host guest peptides of the sequence Xan-Ser-Xaa-Ser-
NAla-Ser-Gly with varying guest amino acid (Xaa). Conditions
were 22.5 °C, pH 7 in water.

distances differ only by a factor of 2 for polyserine
compared to poly(glycine-serine) (Figure 4). To
investigate the effect of other amino acids on local
chain dynamics, we measured TTET in short
host-guest peptides of the canonical sequence
Xan-Ser-Xaa-Ser-NAla-Ser-Gly using the guest
amino acid residues Xaa = Gly, Ser, Ala, Ile, His,
Glu, Arg and Pro. Table 1 shows that the amino
acid side-chain indeed has only little effect on the
rates of contact formation. All amino acids except
proline and glycine show very similar dynamics.
Interestingly, there is a small but significant differ-
ence in rate between short side-chains (Ala, Ser)
and amino acids with longer side-chains (Ile, Glu,
Arg, His). Obviously, chains that extend beyond
the C® atom slightly decrease the rates of local
chain dynamics, whereas charges do not influence
the dynamics. Glycyl and prolyl residues show sig-
nificantly different dynamics compared to all other
amino acids, as expected from their largely differ-
ent conformational properties.”> As seen before
(Figure 4), glycine accelerates contact formation
about twofold compared to serine. Proline shows
slower and more complex kinetics of contact for-
mation with two relaxation times of 1/k =
25%10%s7! and 1/k; =2% 10”7 s and respective
amplitudes of A; = 80(+5)% and A; = 20(£5)%.
This essentially reflects the cis—trans ratio at the
Ser-Pro peptide bond in our host-guest peptide,
which has a cis content of 16(*2)% as determined
by 1D '"H NMR spectroscopy using the method
described by Reimer et al.*® Since the rate of cis—
trans isomerization is slow (1/k ~ 20 seconds at
22 °C) there is no equilibration between the two
isomers on the time-scale of the TTET experiments.
This allows the measurement of the dynamics of
both the trans and the cis form. Our results show
that the two isomers differ significantly in their
dynamic properties of 7,7 + 4 contact formation.

Effect of solvent on chain dynamics

The dynamics of short poly(glycine-serine)

peptides measured with the xanthone-naphtha-
lene TTET pair in water are about three times faster
than the previously measured rates in the same
peptides using the thioxanthone—-naphthalene pair
in EtOH,' although both systems were shown to
be diffusion-controlled. To test whether this
difference originates in the influence of the solvent
on chain dynamics we measured the EtOH-
dependence of intrachain diffusion using the
xanthone—naphthalene pair. Figure 5(A) shows
that the logarithm of k. decreases linearly with
increasing concentration of EtOH in a Xan-(Gly-
Ser),-NAla-Ser-Gly peptide. A possible origin of
this effect is an influence of the solvent on the
chain properties. EtOH is a better solvent for poly-
peptide chains than water and should thus lead to
a more extended ensemble of unfolded states. To
test whether good solvents generally slow intra-
chain diffusion, we measured the effect of GdAmCl
and urea on the contact rates in aqueous solutions.
Both denaturants show similar effects on intra-
chain diffusion as EtOH. They lead to a linear
decrease in In k. with increasing concentration of

2
o] 2 ]
£ 107k .
S §
100
1 10 100

Number of peptide bonds (N)

Figure 5. (A) Effect of various co-solvents on the
dynamics of intrachain contact formation in a Xan-(Gly-
Ser),-NAla-Ser-Gly peptide. TTET was measured in
aqueous solutions in the presence of ethanol (¢), urea
(® and GdmCl (O). (B) Effect of donor—acceptor
distance (N) on the rate constant of contact formation in
a series of peptides with alternating glycine-serine
between donor and acceptor. The rate constants for con-
tact formation in water (®) are compared to the values
in 8 M GdmCl (O).
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denaturant. Interestingly, the change in In k. with
concentration of denaturant (m. = d In k./d[Den])
is twofold higher for GAmCIl compared to urea,
which essentially corresponds to their relative
strength in unfolding proteins.*® Similar m.-values
for EtOH, urea and GdmCl are observed in a
Xan-(Ser)s-NAla-Ser-Gly peptide (data not shown).
The observed effect is significantly stronger than
expected from the increased solvent viscosity in
concentrated GdmCl and urea solutions (EK. &
TK., unpublished results).

Since the effect of GAmCI and urea on the chain
dynamics suggests that these co-solvents change
the chain properties significantly, we measured
the effect of GdmCl on the distance-dependence of
intrachain diffusion. Figure 5(B) shows that the
distance-dependence of contact formation in the
Xan-(Gly-Ser),-NAla-Ser-Gly series is changed at
high concentrations of denaturant compared to
water. In 8 M GdmCl, the switch from the distance-
independent dynamics over short contact distances
to the distance-dependent regime for longer pep-
tides occurs at shorter distances. This indicates
decreased chain stiffness in 8 M GdmClI compared
to water, although the dynamics are slowed signifi-
cantly in the presence of GAmC]l both for short and
for long donor—acceptor distances. For long pep-
tides, the effect of donor—acceptor distance on the
rates of contact formation is similar in 8 M GdmCl
and water with k. ~ N~18*01

Structure and dynamics of unfolded
polypeptide chains

Our results show that both in the poly(glycine-
serine) peptides and in polyserine, the rate-limiting
steps for motions over short and over long dis-
tances are different. For long poly(glycine-serine)
chains (N > 30) contact formation scales with
N~17%01 a5 expected for an ideal chain with contri-
butions from excluded volume effects. For shorter
chains the dynamics reach a limiting value due to
limited chain stiffness. The less flexible polyserine
chains show about twofold slower local dynamics.
These results are in contrast to theoretical consider-
ations based on the contributions of chain entropy
to the process of loop formation, which predicted
that intrachain contact formation should show a
maximum rate for an i,i+ 10 interaction” and
should decrease for longer and shorter chains.
Our experiments rather show that the process of
intrachain contacts continues to become faster for
interactions shorter than i,i4 10 in all peptides
and asymptotically approaches a limiting value
for short chains (Figure 4).

Denaturants like GdmCl and urea slow local
chain dynamics but lead to more flexible chains
that behave like ideal polymers already at shorter
end-to-end distances (Figure 5(B)). These
seemingly  contradicting findings can be
rationalized by considering the effect of denatur-
ants on the conformational properties of poly-
peptide chains. Unlike water, solutions with high
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concentrations of denaturants represent good
solvents for polypeptide chains. This reduces the
strength of intramolecular interactions like hydro-
gen bonds and van der Waals interactions relative
to peptide-solvent interactions, which makes
unstructured polypeptide chains more flexible and
leads to a behavior expected for an unperturbed
chain. In agreement with this interpretation, the
distance-dependence of the rates of contact for-
mation in 8 M GdmCl is close to the behavior of
an unperturbed polypeptide chain predicted by
Flory and co-workers.” The decreased rate of con-
tact formation at high concentrations of denaturant
can be explained, in part, by an increased solvent
viscosity and by an increased end-to-end distance
that is expected in good solvents compared to
water. Additional effects like denaturant binding
might also slow chain dynamics.

Another interesting feature of the dynamics of
contact formation are single exponential kinetics
seen in all peptides. This is in agreement with our
earlier results from the thioxanthone—naphthalene
pair in EtOH. Due to the additional barriers that
limit Trp-triplet quenching by Cys and DBO
quenching by Trp, no direct information on the
dynamics of contact formation systems is available
from these systems.>™* For protein folding without
significant energy barriers (“downhill protein
folding”)*®* complex kinetics with “stretched
exponential” behavior (A = Apexp — (kt)®) were
predicted.” Our results from the kinetics of contact
formation show that even the elementary steps of
protein folding show simple exponential behavior.
The dynamics of intrachain contact formation are
kinetically similar to the proposed downhill
scenario for protein folding: many states with simi-
lar free energy are in rapid equilibrium and many
different routes to the formation of productive con-
tacts exist. This suggests that protein folding in the
absence of barriers should show exponential
kinetics after a rapid equilibration process in the
ensemble of unfolded conformations. Experimen-
tally observed stretched exponential kinetics for
protein folding on the milliseconds time-scale®
might have a different origin. They could be
caused by the presence of local energy minima
and/or parallel folding pathways, e.g. due to
prolyl and non-prolyl peptide isomerization in
addition to the direct folding process. The obser-
vation of single-exponential folding kinetics in the
absence of energy barriers is in agreement with
theoretical considerations by Zwanzig.**!

The earliest steps in protein folding

Our results show that the amino acid sequence
has only little effect on the local dynamics of poly-
peptide chains. All amino acids show very similar
rates of end-to-end diffusion with time constants
between 12 ns and 20 ns for the formation of i,i +
4 contacts. Polypeptide chains are significantly
more flexible around glycine (1 = 8 ns) and stiffer
around prolyl residues (t=50ns for the trans
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Figure 6. A representation of the time constants for the
first steps in formation of loops, B-hairpins and «-helices
during protein folding derived from the data measured
by TTET in water.
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isomer). Presumably due to the shorter distances
resulting from a cis peptide bond the rates of 7,7 +
4 contact formation are fastest around the cis Ser-
Pro bond (7 = 4 ns). These results allow us to set
an upper limit to the rates of formation of the first
productive local contacts during protein folding
(Figure 6). B-Hairpins, which are the most local
structures in proteins, are often glycine and
proline-rich.** Gly-Ser is actually one of the most
frequent sequences found in hairpin loops. Our
results indicate that the time constants for the first
steps in the formation of the tightest turns with
i,i+3 contacts are around 5ns for Gly and cis
Xaa-Pro (Table 1). In glycine and proline-free
turns, these rates are slowed to about 10-20 ns,
depending on the amino acid sequence. Formation
of a-helices is most likely initiated by formation of
a helical turn, which involves formation of an 7,i +
4 interaction.”** Since helices are usually free of
glycyl and prolyl residues, the initiation cannot
occur faster than about 12-20ns (Figure 4 and
Table 1). It should be noted that these rates do not
represent the time constants for nucleation of
helices and hairpins, which requires formation of
more than one specific interaction and most likely
encounters additional entropic and enthalpic
barriers (Figure 6). Our results rather represent an
upper limit for the kinetics of secondary structure
formation and can thus be used to calculate the
height of the free energy barriers once rates for
helix and hairpin nucleation can be measured
directly. The measured time constants for intra-
chain contact formation can, however, be used
directly to predict the kinetics of loop formation,
which are typically of the size of six to ten amino
acid residues.” Contacts at the end of loops form

with time constants of about 15 ns for glycine-rich
loops and 30—-40 ns for stiffer loops.

These considerations show that proteins will not
be able to fold faster than on the 10-20 ns time-
scale due to the limitations set by chain dynamics.
A value of 10°s™' therefore seems a reasonable
pre-exponential factor (ko) for determining the free
energy barriers (AG%) for folding reactions starting
from the ensemble of unfolded states with:

k = ko e — (AG"/RT)

It is likely, however, that the pre-exponential factor
changes along the reaction coordinate when intra-
molecular interactions are formed.

It may be argued that intrachain contacts in a
polypeptide chain with a stronger bias towards
folded structures can form faster than the observed
dynamics in our unstructured model peptides.
However, weak interactions like van der Waals
contacts between side-chains and hydrogen bonds
should dominate the early interactions during the
folding process and our data will provide a good
model for theses earliest events in folding. A
stronger energy bias towards the native state will
mainly increase the strength or the number of
these interactions but not their dynamics of
formation.

The rates of intrachain diffusion measured by
TTET in water are significantly faster than the
values from the tryptophan-cysteine quenching
pair® and for the DBO quenching by tryptophan.*
This is expected, since both systems are not com-
pletely diffusion-controlled. Especially, tryptophan
triplet quenching by cysteine is limited by large
additional barriers. It is further accompanied by
radical formation and gives only minor absorbance
changes, which introduces additional uncertainties
in the data analysis.>* Thus, the rates for contact
formation from this system had to be estimated
using various assumptions. Even after correction,
the rate constants obtained from these experiments
are significantly smaller than the values we
obtained wusing TTET from xanthone to
naphthalene.” These results show that it is essential
to use diffusion-controlled systems in order to
obtain accurate model-free rates on intrachain
diffusion processes.

Materials and Methods
Peptide synthesis

All peptides were synthesized using standard fluor-
enylmethoxycarbonyl (F-moc) chemistry on preloaded
TentaGel S Trityl-resins (Rapp Polymer). 9-Oxoxanthen-
2-carboxylic acid was synthesized as described®” and
attached to the N terminus of the peptides using F-moc
chemistry. Peptides were purified by reversed-phase
HPLC (RP-8-column). Purity of all peptides, which was
checked by mass spectroscopy and HPLC, exceeded
98% for short peptides and 95% for long peptides. The
mass was confirmed by electrospray ionization mass
spectroscopy.
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Laser flash experiments

Transient triplet absorption decay data were collected
using a Laser Flash Photolysis Reaction Analyzer
(LKS.60) from Applied Photophysics. Xanthone as triplet
donor was excited selectively by using a Quantel
Nd:YAG-Laser (354.6nm, 4ns pulse of 50m]). All
solutions were degassed before the measurements to
minimize triplet quenching by oxygen. Peptide concen-
trations were determined by UV absorbance at 343 nm
using a molar absorption coefficient of 3900 M ™' cm™
for xanthone in water and were typically in the 50-
100 pM range. All measurements were performed at
22.5°C and pH 7 in water. The data for contact formation
for the Xan-Ser-Pro-Ser-NAla-Ser-Gly peptide (Table 1)
were obtained by measuring kinetics at different concen-
trations of GdmCl between 0M and 8 M, and extra-
polating the data to zero denaturant. This improved the
accuracy of the data for the faster kinetic phase corre-
sponding to the dynamics of the cis Ser-Pro confor-
mation. The concentrations of all guanidine
hydrochloride and urea solutions were calculated from
the refractive index.® The concentration of ethanol was
adjusted by net weight. Transient triplet absorption of
xanthone and of naphthalene was measured at 590 nm
and 420 nm, respectively. Individual kinetics were typi-
cally measured five times, averaged and analyzed using
ProFit (Quansoft, Ziirich, Switzerland). All given rate
constants were obtained by fitting the decay of xanthone
triplets at 590 nm, which is more accurate than fitting the
increase of naphthalene triplets at 420 nm due to small
contributions of xanthone fluorescence in the early time-
scales at this wavelength.
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Abstract

During protein folding a polypeptide chain has to form specific intrachain interactions starting from an ensemble of unfolded
conformation. Thus, intrachain diffusion in unfolded polypeptide chains can be regarded as an elementary step in protein folding,
which should determine the dynamics of the early stages in the folding process. We have previously applied exothermic triplet-triplet
energy transfer from xanthone to naphthalene to determine rate constants for intrachain end-to-end contact formation in unstruc-
tured homo-polypeptide chains. Here we show that the method can be applied to determine absolute rate constants for intrachain
diffusion in natural loop sequences, if they are free of methionine, tryptophan and tyrosine. We measured the rate of loop formation
in an 18 amino acid polypeptide chain corresponding to a natural loop sequence from carp muscle B-parvalbumin (residues 85-102).
Contact formation shows single exponential kinetics with a time constant (t=1/k) of 5343 ns at 22.5 °C in water. Comparison with
the results on homo-polypeptide chains shows that this value agrees well with rates obtained earlier for a polyserine chain of the

same length.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Protein folding; Chain dynamics; Intrachain diffusion; Triplet-triplet energy transfer; Carp-parvalbumin; Calcium-binding

1. Introduction

During protein folding a polypeptide chain has to
form specific intramolecular interactions to finally reach
its biologically active native state. Starting from the en-
semble of unfolded conformations a polypeptide chain
has to sample a vast conformational space in search
for energetically favourable conformations. To under-
stand the dynamics of the folding process it is essential
to characterize the structure, the dimensions and the dy-
namics of unfolded and partially folded states. A large

" Corresponding author. Tel.: +41-61-267-2194; fax: +41-61-267-
2189.
E-mail address: t.kiethaber@unibas.ch (T. Kiefhaber).

0301-0104/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.chemphys.2004.05.036

amount of structural information on unfolded proteins
and folding intermediates has been obtained from nuclear
magnetic resonance spectroscopy [1-3] and small-angle
X-ray scattering [3—5]. Much less is known about the dy-
namics of conformational sampling in these states and
about the rates of interconversion between different lo-
cal minima on the free energy landscape. The rate at
which an unstructured polypeptide chain can explore
conformational space during the earliest steps in protein
folding is limited by intrachain diffusion, i.e. by the max-
imum rate at which two specific points on the chain can
make contact. We have recently applied the method of
exothermic triplet—triplet energy transfer (TTET) from
xanthone to naphthalene to directly measure end-to-end
diffusion rates in unstructured polypeptide chains
[6,7]. TTET is a two-electron transfer process (Dexter
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mechanism) and requires van-der-Waals contact be-
tween donor and acceptor [8]. Formation of xanthone
triplet states (k1) and electron transfer from xanthone
to naphthalene (ktrgt) both occur on the 1-5 ps time
scale (H. Satzger, W. Zinth, B.F. and T.K., in prepara-
tion) and the bimolecular transfer process is diffusion-
controlled (kr=4x10° M~ 's™!) [6,7]. Thus, this system
allows us to determine absolute rate constants for
intrachain diffusion processes slower than about 20 ps
(Fig. 1). In earlier experiments the spectroscopic labels
were placed at the ends of poly(glycine—serine) and poly-
serine chains [6,7]. The length-dependence of end-to-end
diffusion in these homopolymers showed that diffusion
over long and over short distances is limited by different
processes (Fig. 2). For contact formation over short dis-
tances we observed that the dynamics of intrachain dif-
fusion are virtually independent of chain length with
limiting time constants (1/ky) of 5 ns for poly(glycine—
serine) chains and of 12 ns for polyserine [7]. Contact
formation over longer distances decreases with increas-
ing chain length and scales with k~N""7 for poly(gly-
cine-serine) and k~N>! for polyserine with N being
the number of peptide bonds between donor and accep-
tor. The complete length-dependence of intrachain diffu-
sion could thus be described by the following equation
(Fig. 2)

1
k. = . 1
1/ko+1/(k;-N™) ()
This suggests that chain stiffness governs local chain
dynamics whereas entropy-limited conformational

search sets the limit for contact formation over longer
distances. These results contradicted theoretical consid-
erations, which postulated a maximum rate constant in
the distance-dependence of end-to-end diffusion for for-
mation of an 7, i+9 contact and predicted slower con-
tact rates for shorter distances [9]. The effect of the
amino acid sequence on local chain dynamics was

&S Ko
Xy Xy
S

(4
d) &)
J J

M
-t
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1 10
Number of peptide bonds (N)

Fig. 2. Comparison of the end-to-end diffusion kinetics of the
parvalbumin loop fragment 85-102 (@) with results on poly(glycine—
serine) (A) and polyserine (O) homo-polypeptides. The experimentally
measured rate constants for contact formation between xanthone and
naphthalene (k.) are plotted against the number of peptide bonds (N)
between xanthone and naphthalene. The data were fitted to Eq. (1) and
gave values of ko=(1.8+0.2)x10% s71, k;=(6.7£1.6)x10° s~ and
m=-—1.72+0.08 for the poly(glycine-serine) series and of
ko=(8.74+0.8)x107 s7!, k;=(1.0+0.8)x10' 57! and m=-2.1+0.3
for polyserine. The data for the parvalbumin loop were not included in
the fit. Data for poly(glycine—serine) and for polyserine as well as the
fit of the data were taken from [7].

probed with a series of host—guest peptides and showed
that formation of local contacts is only eightfold slower
around the stiffest amino acid (proline) compared to the
most flexible amino acid (glycine) [7]. Experiments car-
ried out in different solvents further revealed that good
solvents for polypeptide chains like ethanol and concen-
trated solutions of denaturants like urea and GdmcCl sig-
nificantly slow down chain dynamics compared to the
dynamics in water [7]. This explained the faster dynam-
ics observed in water [7] compared to our earlier studies,
which were carried out in ethanol [6].

=
o

KrTET
—

M

Fig. 1. Schematic of the triplet-triplet energy transfer (TTET) measurements applied to measure intrachain diffusion in polypeptide chains. The time
constants for triplet formation (1/kr) and electron transfer (1/kprgt) are around 1-5 ps (H. Satzger, W. Zinth, B.F. and T.K., in preparation) and TTET
is diffusion-controlled [7]. This allows measurements of absolute rate constants for intrachain diffusion (k.) for processes slower than about 20 ps.
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Our previous studies were mainly aimed at the scaling
laws for intrachain diffusion in homo-polypeptide chains
and at the effect of the amino sequence on local chain
dynamics. However, polypeptide sequences from natu-
ral proteins are usually more complex and consist of dif-
ferent amino acids with a variety of side chains of
different size and chemical properties. Here we test,
whether the results from homo-polypeptides can be ap-
plied to dynamics of natural sequences. We measured in-
trachain contact formation between the ends of a loop
region derived from a natural protein structure. Since
triplet states may be quenched by a variety of chemical
groups and triplet energy of xanthone may be trans-
ferred to aromatic amino acids we first determined the
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effect of various amino acids on the xanthone triplet life-
time. The results show that methionine, tryptophan, ty-
rosine and deprotonated histidine efficiently interact
with xanthone triplets. We then choose a loop sequence
of B-carp parvalbumin (residues 85-102) as a model to
study kinetics of intrachain diffusion. This loop se-
quence is perfectly suited to measure intrachain diffusion
using the xanthone/naphthalene pair since none of its
amino acids interferes with the TTET experiments and
the loop brings together two phenylalanine residues in
native carp parvalbumin, which have similar properties
as our donor and acceptor group (Fig. 3). In addition,
this loop binds Ca”" in the native state, which allows
us to test the influence of Ca®" on the dynamics of the

(a)
(b) Residues 85-102 in carp parvalbumin:
u [0}
N Lys Gly Ser Gly Gly Tle Val Glu
- - ~ PN - -
oo Le{ SAla \Asp \Asp \Asp Lys \Gly “Asp \HN
O
Chemically synthesized fragment with TTET labels: Acceptor
[0} [0}
Lys ~_Gly _ Ser /Gly /Gly lle _Val /Glu Ser _NH,
O | | O Lef SAla \Asp \Asp \Asp > L}( \G]y SAsp \HN \Gly
O

Donor

Fig. 3. (a) Ribbon diagram of the structure of carp muscle B-parvalbumin [13] with the loop region residues 85-102 shown in dark. Phe85 and
Phel02 are shown as ball-and-stick models and the Ca®* ion bound to the EF-loop is displayed as space-fill model. The phenylalanine residues have
been replaced by the triplet donor and acceptor labels, xanthone acid and naphthylalanine, respectively. The figure was prepared using the program
MolScript [20] and the pdb file 4CPV [13]. (b) Sequence of the B-carp muscle parvalbumin EF loop region (residues 85-102) and the synthesized
fragment labeled with the two phenylalanine residues at positions 85 and 102 replaced by donor (xanthone) and acceptor (naphthylalanine) groups

for triplet—triplet energy transfer.
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isolated loop fragment. The results show that the rate
constant of formation of this 18 amino acid loop corre-
sponds well to the rate constant expected for a polyser-
ine peptide of the same length. Ca>" has no effect on the
structure and chain dynamics, indicating that the bind-
ing constant for Ca”" is significantly reduced compared
to native parvalbumin.

2. Experimental

9-Oxoxanthen-2-carboxylic acid (xanthone acid) syn-
thesis and synthesis of the sequence Xan-Leu-Lys—
Ala-Gly—Asp-Ser—Asp-Gly—Asp-Gly-Lys-Ile-Gly—Val—
Asp—-Glu—NAla—Ser-Gly-NH, (NAla=1-naphthylala-
nine) were performed as described previously [7]. Tran-
sient triplet absorption decay data were collected using
a Laser Flash Photolysis Reaction Analyzer (LKS.60)
from Applied Photophysics. Xanthone as triplet donor
was excited selectively by using a Continuum Surelite
Nd:YAG-Laser operating at 354.6 nm (~4 ns pulse
width, ~100 mJ pulse energy). Peptide concentrations
were determined by UV absorbance at 343 nm using
a molar absorption coefficient of 3900 M~'ecm™! for
xanthone in water and were typically in the 30-50
UM range. At these concentrations no intermolecular
triplet-triplet energy transfer between two peptides oc-
curs on the time scale of the experiments (5 ns to 50 ps)
[6,7]. Transient triplet absorption of xanthone and of
naphthalene was measured at 590 and 420 nm, respec-
tively. All measurements were performed in 10 mM so-
dium cacodylate, pH 7.0 at 22.5 °C. 1 mM EDTA was
added to remove traces of Ca>" ions from the solutions,
since this loop region binds Ca*" with high affinity in
native carp parvalbumin [10]. The effect of calcium on
structure and dynamics of the loop was tested by add-
ing various amounts of Ca*" (1-100 mM) in the ab-
sence of EDTA. Sodium cacodylate, EDTA and Ca®"
have no influence on the xanthone triplet lifetime. Indi-
vidual kinetics were measured five times, averaged and
analyzed using ProFit software program. The kinetics
were described by a double exponential fit. The faster
reaction corresponds to TTET limited by intrachain
diffusion and the slower reaction (t=1.2 us) represents
spontaneous triplet decay of xanthone under the given
conditions. The solutions were not degassed for the
measurements described in this work, since the kinetics
of contact formation occur on a much faster time scale
than spontaneous triplet decay. Degassing the solution
leads to an increase in the triplet lifetime of xanthone
triplets from t=1.3 to 10 ps, indicating that the triplet
lifetime of xanthone in water is determined by oxygen
quenching. The rate of intrachain diffusion is not affected
by degassing the solutions [7]. The bimolecular rate
constants for quenching and TTET for the different
amino acids were determined by measuring xanthone
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acid triplet lifetimes in the presence of the various amino
acids under pseudo-first-order conditions with xan-
thone acid concentration was 35 pM and amino acid
concentrations between 1 and 50 mM. For all amino
acids which interacted with xanthone acid a linear de-
pendence of the pseudo-first-order rate constant on
the quencher concentration was observed. The slope
of this dependence was used for calculating the bimo-
lecular quenching constant (kq). Circular dichroism
(CD) measurements of the peptide fragment were per-
formed at 22.5 °C using an Aviv 62DS spectropolarim-
eter equipped with a temperature-control unit.

3. Results and discussion

3.1. Effect of various amino acids on xanthone triplet
lifetimes

To test how experimental results on intrachain con-
tact formation obtained on poly(glycine—serine) and
polyserine chains compare to the dynamics of natural
sequences we measured the rates of intrachain contact
formation between the ends of a natural loop sequence.
We first tested for possible interference from amino acid
side chains with the TTET reaction from xanthone to
naphthalene by determining the effect of various amino
acids on the xanthone triplet lifetimes. Table 1 shows bi-
molecular triplet quenching and TTET rate constants
measured under pseudo-first-order conditions. The thio-
ether group of methionine (kq=(2.0£0.1)x 10°M~1s7h
and the deprotonated imidazole ring of histidine
(kq=(1.84+0.1)x 10° M~'s™") quench xanthone triplets
very efficiently with a rate constant close to the diffusion
limit. The other amino acid side chains quench xanthone
triplets either very inefficiently (Cys, His", N-terminus)

Table 1

Interaction of different amino acids with the triplet state of xanthone®
Amino acid kq (M~ts7hP Conditions
Naphthyl acetic acid® (4.0+£0.1)x10° Water, pH 7

Trp® (3.0+0.1)x10*  Water, pH 7

NAla® (2.84+0.1)x10° Water, pH 7

Tyr® (2.540.1)x10*  Water, pH 7

Met? (2.0£0.1)x10° Water, pH 7

His! (1.840.1)x10* 0.1 M KPP, pH 8
His™ (2.840.2)x10’ 0.1 M NaOAc, pH 4
Cys? (5.1£0.2)x107 Water, pH 7
N-terminal NH*™ (2.0£0.5)x10° Water, pH 7

#No effect on the xanthone triplet lifetime was observed for Ala,
Arg®, Asn, Gly, Lys*, Phe, Ser, Asp, Asp .

® Bimolecular quenching constants were measured under pseudo-
first-order conditions as described in Section 2.

¢ Triplet-triplet energy transfer (TTET).

9 Triplet quenching.

¢Radical formation as side reaction.
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or not at all (Ala, Arg, Asn, Asp, Gly, Lys, Ser, Phe).
The aromatic amino acids tryptophan, tyrosine and
phenylalanine are possible acceptors for xanthone trip-
lets in TTET reactions. Table 1 shows that TTET be-
tween xanthone and tryptophan (ktrgr = (3.0£0.1)X
10° M~ 's™!) and tyrosine (krrpr = (2.5+0.1)x10°
M~ 's™1) occur in diffusion-controlled reactions with vir-
tually the same bimolecular rate constants as observed
for TTET from xanthone to naphthylalanine
(krrer = (2.840.1)x10° M~'s™!). However, TTET
from xanthone to tryptophan and tyrosine are complex
reactions with at least two observable rate constants.
For both amino acids TTET is accompanied by radical
formation [11,12], which explains the complex kinetics
and makes them not suitable for the use as TTET accep-
tors in polypeptide chains. These results show that
mainly methionine, tryptophan and tyrosine interfere
with TTET from xanthone to naphthalene in intrachain
diffusion experiments. Histidine containing sequences
can be measured with this donor/acceptor pair if the
pH of the solution is below 5.5.

3.2. Contact formation in an 18-residue loop fragment
from S-parvalbumin

To measure intrachain contact formation in a natu-
rally occurring protein loop we chemically synthesized
a polypeptide fragment corresponding to residues 85—
102 in B-carp parvalbumin (EF-loop; Fig. 3) as model
system. None of the amino acids in this loop region in-
fluences the triplet states of xanthone (see Table 1). In
the native state of parvalbumin the two phenylalanine
residues at positions 85 and 102 are located near the
C-terminus of the E-helix and near the N-terminus of
the F-helix, respectively, and are in close contact with
each other (Fig. 3(a)) [13]. We replaced Phe85 by xan-
thone and Phel02 by naphthylalanine (Fig. 3(b)) to
measure intrachain diffusion between the ends of the
EF-loop. The CD spectrum of the labelled peptide re-
sembles a random coil spectrum (Fig. 4) and addition
of 8 M urea has no influence on the CD signal, suggest-
ing that the fragment is completely unfolded in water.
This makes the parvalbumin EF-loop a suitable model
to investigate the dynamics of intrachain contact forma-
tion in an unfolded polypeptide chain. In native carp
parvalbumin the EF-loop binds calcium with a binding
constant of kp=10"% M~ [10]. Addition of 1-100
mM CaCl, to the synthesized fragment did not induce
structure formation (data not shown) indicating that
the peptide fragment has a significantly reduced binding
affinity for calcium compared to native parvalbumin.

Fig. 5 shows the time-course of TTET from xanthone
to naphthalene in the synthetic parvalbumin EF-loop in
the absence of Ca®". The kinetics of contact formation
can be described by a single-exponential, as previously
observed for all poly(glycine-serine) and polyserine pep-

[Olyrw X 10° (mdeg dmol™! em?)

_12 1 1 1 1 1
200 210 220 230 240 250

A (nm)

Fig. 4. Circular dichroism spectrum of chemically synthesized parval-
bumin fragment 85-102 labeled with xanthone and naphthylalanine
(see Fig. 3(b)). Spectra were recorded in 10 mM sodium cacodylate, 1
mM EDTA, pH 7.0 (@) and in 10 mM sodium cacodylate, 8 M urea,
pH 7.0 (0).
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Fig. 5. Time-course of formation and decay of xanthone triplets in
parvalbumin loop fragment 85-102 after a 4 ns laser flash at t/=0. The
change of xanthone triplet absorbance is measured at 590 nm. The
kinetic data can be described by a double-exponential fit. The residuals
of the double exponential fit are displayed. The fast main phase has a
rate constant t=1/k of 5443 ns (95% amplitude) and corresponds to
end-to-end contact formation. The second phase (5% amplitude) has
the same rate constant as spontaneous triplet decay of xanthone in
water (t=1.3+0.1 ps). This reaction presumably corresponds to
xanthone triplet decay in peptides, which are not able to form end-to-
end contacts, e.g. due to intermolecular association reactions [7]. It is
not observed in the presence of 8 M urea, which dissolves associates
(data not shown). The experiments were carried out in 10 mM sodium
cacodylate, | mM EDTA, pH 7.0 at 25 °C. EDTA was added to
remove traces of Ca®".

tides. A fit of the data gives a time constant (t=1/k) of
53+3 ns for end-to-end contact formation. This value
is in good agreement with the value expected from
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TTET measurements on polyserine peptides (Fig. 2).
For contact formation in a peptide with sixteen serine
residues between xanthone and naphthalene the polyser-
ine series predicts a time constant of 49 +4 ns for end-to-
end contact formation [7]. Unfortunately, we cannot di-
rectly measure the rate to a Xan—(Ser);c—NAla peptide
due to limitations in peptide synthesis. The presence of
four glycine residues in the EF-loop sequence should
lead to faster chain dynamics in the parvalbumin loop
compared to polyserine. However, residues with
branched Cg-positions like valine and leucine show
slightly slower local dynamics than alanine and serine
[7,14], which might explain the good agreement with
the polyserine data. In addition, electrostatic repulsion
between the five negatively charged aspartate/glutamate
residues might increase the chain dimensions and thus
compensate for the effect of the flexible glycines. The
presence of 10 mM CaCl, does not effect the kinetics
of end-to-end diffusion in the parvalbumin loop
(t=>5443 ns; data not shown). This shows that the frag-
ment is not able to bind calcium ions with high affinity
in the absence of the native tertiary structure and con-
firms the results from the CD measurements. These re-
sults indicate that the specific conformation of this
loop in the native state rather than merely its amino acid
sequence is responsible for strong Ca”*"-binding.

3.3. Comparison with dynamics of other natural and
non-natural peptide sequences

Recently several other experimental systems have
been used to measure the dynamics of intrachain diffu-
sion in polypeptide chains. Quenching of tryptophan
triplet states by cysteine in various peptide sequences
gave significantly slower rates for chain diffusion com-
pared to TTET from xanthone to naphthylalanine [15].
This reaction is, however, accompanied by the forma-
tion of S radicals and it is far from the diffusion limit.
Thus, is can not be used to measure absolute model-
free rate constants for intrachain diffusion [15,16].
Significantly slower rate constants compared to a diffu-
sion-controlled TTET are thus expected in this system.
Another experimental approach used short poly(gly-
cine-serine) peptides and measured intrachain diffusion
by the quenching of 2,3 diazabicyclo[2.2.2]oct-2-ene
(DBO) fluorescence by tryptophan in water [17]. This
quenching reaction is close to the diffusion limit but
due to the short fluorescence lifetime of DBO it is re-
stricted to fast contact Kkinetics, i.e. to short fluoro-
phor-quencher distances. The results from these
experiments gave slightly slower contact rates com-
pared to TTET from xanthone to naphthylalanine in
the same peptides. Again, this is in agreement with
the observation that DBO quenching by tryptophan
is not completely diffusion-controlled. A third experi-
mental approach investigated intrachain contact for-
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mation in unfolded cytochrome ¢ using electron
transfer from a triplet excited Zn—porphyrine group
to Ru bound to a specific histidine residue (His 33).
This resulted in a loop size of 15 residues and yielded
a time constant for electron transfer of 250 ns [18],
which is significantly slower than our results on the
18 amino acid carp parvalbumin loop (t=54 ns).
However, the experiments on unfolded cytochrome ¢
were performed in the presence of 5.4 M GdmCl, in
order to completely unfold the protein. Our earlier ex-
periments have shown that chemical denaturants like
urea and GdmCl significantly decrease the rates of in-
trachain diffusion [7]. Both in poly(glycine—serine) and
in polyserine peptides the presence of 5.4 M GdmCl
slows down contact formation about threefold, which
would result in a contact time constant of 80 ns in
water for chain diffusion-limited electron transfer the
15 residues cytochrome ¢ loop. The remaining small
discrepancy between the dynamics in unfolded cyto-
chrome ¢ and the carp parvalbumin loop in water is
probably due to the effect of end extensions on intra-
chain diffusion. We observed both in the poly(gly-
cine-serine) and in the polyserine peptides that
extensions of the polypeptide chains beyond the points
of contact formation decreases the rates of intrachain
diffusion (B.F. and T.K., manuscript in preparation).
This effect will slow down contact formation in the
15 amino acid loop in unfolded cytochrome ¢, which
comprises a total of 104 amino acids, compared to
the synthesized parvalbumin loop, which just extends
for just two additional amino acids beyond naphthyl-
alanine (Fig. 3(b)). The rate constants for intrachain
diffusion measured in unfolded cytochrome ¢ using
the Zn—porphyrine/Ru system are significantly faster
than the dynamics estimated from intrachain diffusion
in unfolded cytochrome ¢ using methionine binding to
heme as reporter reaction [19]. This can be explained
by the reaction-controlled heme to methionine binding
process, which does not allow the measurement of ab-
solute rate constants for intrachain diffusion.

4. Conclusions

We showed that triplet-triplet energy transfer from
xanthone to naphthylalanine can be used to measure ab-
solute rate constants for end-to-end diffusion in natural
loop sequences. This method will also be applicable to
measure chain dynamics in unfolded and partially folded
proteins provided the proteins are free of methionine,
tryptophan and tyrosine. The results on the end-to-end
contact formation in the EF-loop from carp parvalbu-
min revealed that our earlier measurements on polyser-
ine peptides provide a good estimate for dynamics of
natural protein loops. This is probably due to the com-
pensating effect of flexible glycine residues, which leads
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to faster dynamics and of Cg-branched side chains,
which slow down chain dynamics.
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Ultrafast Quenching of the Xanthone Triplet by Energy Transfer: New Insight into the
Intersystem Crossing Kinetics
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The formation and quenching of the triplet state of xanthone are studied by femtosecond techniques. As
revealed by femtosecond fluorescence spectroscopy, the primarily ekeitédtate decays within 1.5 ps. In

a transient absorption experiment, this time constant is associated with a partial rise of a triplet signature.
This rise has a second and slower component with a time constant of 12 ps. In the presence of high
concentrations of the quencher 1-methylnaphthalene, the slow 12 ps rise component is absent. This finding
gives strong evidence that the biphasic rise of the triplet absorption of xanthone is due to a sequential
mechanism, namely, &zz* — 3nz* with fast intersystem crossing followed by2an* — 3za* internal
conversion. Furthermore, an analysis of the concentration dependence of the quenching kinetics allows one
to pin down the intrinsic transfer time of the triplet energy from xanthone to 1-methylnaphthaleriegs.

1. Introduction TTET occurs via a two-electron exchange process (Dexter
mechanism); thus the transfer rate decays very rapidly with

lecular interactions to be able to fulfill their biological function.  distance (and the transfer is only efficient for a close contact
The rate at which polymers can explore conformational space situation (van der Waals contact)By incorporation of xanthone

is limited by intrachain diffusion, that is, by the rate at which and naphthalene moieties in a peptide chain, intramolecular
two points on a polymer chain can make contact. Experimental contact time constants on the nanosecond time scale could be

methods are therefore needed which allow direct measuremen@€termined:®In these experiments, the donor triplet states were
of intrachain diffusion rates. Tripletriplet energy transfer ~ Produced a4 nsiaser flash and dynamics with time constants

(TTET) between a triplet donor (D) and a triplet acceptor (A) petween 5 ns and several microseconds were observed, depend-

has recently been applied to measure intrachain contact formadnd On the length and the sequence of the polypeptide chdins.

tion in polypeptide chains to gain information on the dynamics 1€Sts for the presence of faster chain dynamics on the sub-
of the earliest steps in the protein folding prockssin these nanosecond time scale require a characterization of the photo-

experiments (see Figure 1), the two positions of interest on the dynamics of the xanthone/naphthalene TTET pair in detail. This

polypeptide chain are labeled with a D/A pair. The donor is yields inf_ormation on the Iimitati(_Jns of the method in the early
photoexcited, which marks the beginning of the detection period. {iMe region set by triplet formation and TTET dynamics.
When the donor meets the acceptor, an energy transfer process. The first transient abso_rptlon experiments on xanthone with
takes place transferring the triplet state to the acceptor. ThePicosecond resolutiéri yielded time constants for triplet
transfer is detected by the concomitant absorbance changes. adormation in the 10 ps range. Later experiments with higher
ideal D/A system for such studies should have the following time resol_utloﬁre\_/ealed a biphasic rise of the triplet absorption
properties (see Figure 1): (i) The rate constant for formation A(): that is, the rise could be described by
of the excited donor state should be higher than the rate constant
for intrachain diffusion Kex > ko). (i) The excited donor state At) = A((1 — exp(-t/ty)) + Ayl — exp(-tizy) (1)
should be very long-lived, so that the peptide dynamics can be
traced throughout a large time window. (iii) The transfer rate with time constants; ~ 1 ps andr, ~ 10 ps and amplitudes
constant between D and A should be higher than the rate A; andA;. This biphasic behavior was attributed to a branched
constant for breaking of the contadt{ > k-¢), and (iv) the reaction scheme. In the proposed model (Figure 2a), the
transfer rate should decay very rapidly with distance. A D/A primarily excited lz7* decays via two channels: internal
system that matches these criteria is the couple xanthone (D)conversion (IC) to thénz* state and ISC to the3nz* state.
and naphthalene (A). Following photoexcitation, xanthone The time constants of both processes were assumed to be similar.
undergoes intersystem crossing (ISC) with a quantum yield close They should lead to the observed value of ~ 1 ps.
to 14 preparing a long-lived triplet state & 20 us in wate#). Subsequently thinz* state is depleted by a second ISC process
The energy of this state can be transferred to the naphthaleneto the3zz* state. This model obeys the El-Sayed rules for ISC
" processe&For an ISC process for which the type of the orbitals
o e i o Sochecced: FHO-B912180-  occupied is changed (e.gu* — ) n the course o the
spin flip, a high ISC rate is expected. By this simultaneous

T Ludwig-Maximilians-Universita : . .
* University of Basel. change of spin and orbital character of the electronic wave

Many biological polymers have to form specific intramo-

10.1021/jp047583+ CCC: $27.50 © 2004 American Chemical Society
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Figure 1. Principle of the experimental determination of contact rates in peptides. Two residues of a peptide chain are marked with an acceptor
(A) and a donor (D), respectively. In a thermal ensemble of those marked peptides, the acceptor is photoexcited by a laser pulse. If during their
diffusive motion the markers come into close contact, energy will be transferred indicating this contact.

. (a) branched kinetics . (b) sequential kinetics investigation of peptide closure dynamics in the picosecond
= t=15ps —_— realm.

A “ 7 A fi=15ps
for® ki Kisc.1 o I . .

Kisos D _ 3w . _ Sn* 2. Experimental Section
sdomm rzﬂk‘ e o \‘\ e The setup for femtosecond fluorescence experiments has been
o - -~ = described before in detail in ref 10. Briefly, a Clark CPA 2001
T laser/amplifier system (repetition rate of 1 kHz) pumped a two-

stage noncollinear optical parametric amplifier (NOPA) tuned
Figure 2. Jablonski diagram depicting the various excited states of {5 540 nm. The compressed output of the NOPA was frequency

xanthone and their potential decay patterns. (a) Branched kinetics. (b)doubled in a 10Qum type | BBO crystal. The resulting 270 nm
Sequential kinetics. Rate constants for intersystem crossing processes

are kisc1z and those for internal conversion akg, Only ISC pulses with an energy of 0;2) are used to excite the xanthone

processes allowed by the El-Sayed rules are considered. Thick arrowsSa@mple. The fluorescence light emitted by the sample is imaged
represent large rate constants. onto a Kerr gate consisting of two wire grid polarizers and a

fused silica plate. The Kerr gate is operated by femtosecond
NIR (1100 nm) laser pulses obtained from a two-stage optical
arametric amplifier (OPA) again pumped by the laser/amplifier
ystem. The fluorescence light that passed the Kerr gate was

function, the change of the spin angular momentum in the ISC
can be compensated by a corresponding change of the orbital

angular momentum. Obviously, the branched kinetic scheme yinarsed by a spectrometer and detected by a liquid nitrogen
proposed in ref 8 is in agreement with these rules. However, ;164 ccD camera. Parasitic stray light was suppressed by a
an alternative model with sequential kinetics (Figure 2b), that UG 5 filter (to reject the NOPA fundamental at 540 nm) and
is, fast ISC from théxsr* to the 3 state followed by slower 5 g5 (to reject the~1100 nm gate light). The time resolution
internal conversion in the triplet manifold to tRex*, cannot of the setup in the near UV was200 fs (full width at half-

be ruled out. The authors of ref 8 assumed that only the final .\ ovimum (fwhm)). The xanthone fluorescence emission lies
product state in the sequential process is spectroscopically visibley, the plue wing of the detection window of the Kerr setup where
at the single detection wavelength used in ref 8. Under this ji5 spectral sensitivity starts to drop drastically. This circum-
assumption, a sequential process would lead to amplitddes  giance requires prolonged acquisition times which cause an
andA; with opposite sign. The observation of the same signs ysyrymental artifact. The irradiation of the Kerr medium by

of A1 and A; pointed to branched kinetics. However, if the  {he gate pulses induces a very weak background gradually rising
intermediate state contributes to the observed time trace itS\ith time. The rising background signal feigns a long-lived

extinction coefficient has to be taken into consideration and a gmission of xanthone. Experimental runs with the excitation
decision between branched and sequential kinetics with the jight plocked, that is, in the absence of the xanthone emission,
present information is not possible. allow that contribution to be estimated and the intrinsic behavior
In this paper, we will readdress the ISC of xanthone and we of xanthone to be extracted.
will have a close look at the quenching of the xanthone triplet ~ Femtosecond absorption spectra were recorded with the setup
by naphthalene. We will deal with the problem by combining detailed in ref 11. As in the fluorescence experiments, the sample
three experimental approaches. (i) The decay of the fluorescencavas excited by the frequency doubled output of a NOPA
of xanthone, that is, the depletion of its primarily excited state, pumped by a conventional 1 kHz Ti:Sa laser/amplifier system.
is monitored using an ultrafast Kerr shutter. (ii) The formation Two wavelengths were used for the excitation process: 266
of the triplet state of xanthone is followed by spectrally resolved and 340 nm. The excitation energy was equat400 nJ at
transient absorption spectroscopy in a broad spectral range. (iii)the sample location for both wavelengths. Absorption changes
Finally, the influence of a quencher, 1-methyl-naphthalene, on induced by these pump pulses were probed by a white light
the absorption dynamics is investigated. These experiments notcontinuum generated by focusing a portion of the amplifier
only aim at the dynamics of the quenching itself but will yield fundamental into a Cafplate. The white light was split into a
a deeper insight into the mechanism of the ISC of xanthone, a probe and reference branch. Both probe and reference continua
prerequisite for using this D/A pair as a sensor for the were spectrally dispersed and recorded in single shot fashion
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Figure 3. Decay of the fluorescence emission of xanthone at 414 nm

(O) following 270 nm excitation recorded with a Kerr setup. The

contribution of a slowly rising background emission is included.( _, %0 b ' ' ' ' ',f\ '
In this blank experiment, all parameters were identical to the experiment 8 ® —_ 325"2 o :gps
on the xanthone except for the blocked excitation light. The insert shows £ go —— 20 ES - 200p :s e
the absorption and fluorescence spectra of xanthone in ethanol. -3 - - 50ps —— 3000ps
by diode array3? The probe continuum overlaps in the sample % 40 - -
with the pump light, and the reference continuum passes through 8 il
a part of the sample not excited by the pump light. The ptmp s .| O O i
probe spectra were recorded with a magic angle setting. S 2 0

For the femtosecond experiments, xanthone (Fluka) was £
dissolved in absolute ethanol (Merck, VLSI Selectipur). The 0 1 x I I I I
concentrations of the sample solutions were in the range-6f 2 400 450 500 550 600 650
mM. The concentrations of 1-methylnaphthalene (Fluka) were Wavelength [nm]
adjusted by adding the respective volumes to the solutions. 80 ' ) ' ' ' ]
Xanthonic acid was synthesized and purified as decribed in ref (© — 0.63ps
2. The concentrations of the acid in water and ethanol were 3T 60 - . 133: .
about 0.5 mM. The solutions were exchanged between the laser CEJ a0 b —— 62ps .
shots by pumping them through fused silica flow cells (optical e | offset
path length of 0.5 mm in the absorption experimentand 1 mm 8 20 SN
in the fluorescence experiment). 2 ]

Transient absorption data in the nano- to microsecond realm & 0 -~
were collected using a laser flash photolysis reaction analyzer £ _og 7 ]
(LKS.60) from Applied Photophysics. Xanthone was excited T
selectively by using a Quantel Nd:YAG laser (354.6 nm, 4 ns -40 . . , . . ]

pulse of 50 mJ). For the pseudo-first-order quenching experi-
ments, xanthone (Fluka, purum) was dissolved in ethanol
(Merck, Uvasol) to a concentration of 0.05 mM measured by

400

450

500 550

Wavelength [nm]

UV spectroscopyegss = 6700 M1 cm1). 1-Methylnaphthalene
(Fluka, purumizgo = 6000 M1 cm™1) was added to concentra-
tions ranging from 1 to 10 mM. The temperature was 295.6 K.

The kinetics was typically measured five times, averaged, and

analyzed using ProFit (Quansoft, @zh, Switzerland). All rate

Figure 4. Transient absorption spectra of xanthone following 340 nm
excitation. (a) Overview. (b) Transient spectra at distinct delay times.
(c) Decay associated spectra.

is depicted in Figure 3. After an instrumentally limited rise,
the fluorescence emission decays withirl ps. The weak

constants were obtained by fitting the decay of the xanthone 5 qround observed stems from emission of the Kerr medium

triplet at 610 nm.

Steady-state absorption and fluorescence spectra were re

corded with a diode array spectrometer (Specord S100) and
Fluorolog 1680 0.22 m double spectrometer from Specs
respectively.

3. Results

3.1. Fluorescence Decay of Xanthon&Vhen excited with

induced by the gate pulses. This weak emission gradually rises

with time and is responsible for the small offset (see the time

3race recorded with the excitation light blocked in Figure 3).

" Thus, only the initial emission decay originates from the
xanthone sample. An exponential fit considering the experi-
mental response function yields a time constantdf5 ps.
Since the emission monitors the population of the exclited:
state, we can conclude that this state decays witk 1.5 ps.

UV light, xanthone emits a very weak fluorescence peaking As this value is in line with the prediction based on fluorescence
around 380 nm (see the insert in Figure 3). A rough estimate quantum yield, a contribution of a long-lived component, for

for the lifetime of the excitedzz* state may be obtained from

the fluorescence quantum yield and the application of the

Strickler—Berg relatioA? yielding a lifetime of thelzz* state
of the order ofr; = 1 ps. Direct experimental access#pis

which the Kerr setup is not very sensitive, can be ruled out.
3.2. Transient Absorption SpectroscopyAbsorption changes

of xanthone with the femtosecond excitation tuned to the

maximum of itszz* transition (340 nm) were recorded in a

obtained by measuring the time dependence of the emissionspectral region ranging from 370 to 700 nm (Figure 4a gives
decay with the help of a Kerr shutter setup. A typical time trace an overview of the data, and transient spectra at selected delay
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times are depicted in Figure 4b). Immediately after photoexci-
tation, a weak and broad transient absorption peaking around
700 nm is formed (excited-state absorption from'the* state).
The decay of this signature withial ps gives way to a stronger
and sharper feature centered around 620 nm. The 620 nm band
continues to rise during~15 ps. On the time scale of our
experiments (up to 3.5 ns), this feature remains constant in
amplitude, though the center of the spectrum slightly shifts to
the blue on the 50 ps time scale. To obtain quantitative
information on the kinetics, the data were subject to a global
fitting procedure. As a model function, a sum of exponentials
(decaying absorption corresponds to positive amplitudes) con-
voluted with an instrumental response (Gaussian with a width i
of 200 fs fwhm) was used. A satisfactory agreement between
data and fit was obtained using four exponentials and an offset
to account for the triplet absorption persistent in the time range
(up to~3 ns) of the femtosecond experiment. The time constants
derived are~0.5, 1.3, 12, and 62 ps, and the corresponding
decay associated spectra are depicted in Figure 4c. The spectra
associated with the time constants of 1.3 and 12 ps both have
negative sign (indicative for the buildup of an absorption)
throughout most of the spectral region covered and are similar
though not identical in shape. The 62 ps spectrum is sigmoidal,
representing a blue shift of the620 nm band with time. The
spectrum of the offset peaks at 610 nm and has a width of 50
nm (fwhm). From comparison of this spectrum with the
spectrum obtained by nanosecond spectrosébjitycan be
safely assigned to the absorption of the relaxed triplet state of —
xanthone in ethanol. Transient absorption experiments have also (c)
been performed with the excitation tuned to 266 nm. The A —— 18ps TN
observed transient spectra and derived time constants are o —=130ps AN
virtually identical to those in the experiments presented above ’
(excitation wavelength of 340 nm). Thus, the different excitation
wavelengths in the fluorescence and the absorption experiments
do not seem to alter the photodynamics and the two may be
directly compared. Very similar results were also obtained for
xanthonic acid in ethanol (data not shown). Xanthonic acid in
water shows similar kinetics in the time domain< 200 ps.
However, the blue shift of the triplet absorption band occurs
here with a 300 ps time constant (data not shown). 400 450 500 550 600 650

3.3. Triplet Quenching by 1-Methyl-naphthalene (1-MN). Wavelength [nm]
Naphthalene and derivatives are known to quench the triplet Figure 5. Transient absorption spectra of xanthone in the presence of
states of aromatic ketones such as benzophenone and xanthorfe® M 1-MN following 340 nm excitation. (&) Overview. (b) Transient
at least partially via intermolecular energy transfe} The spectra at distinct delay times. (c) Decay associated spectra.
question of whether electron transfer can compete with energy

transfer will be addressed below. In the following, the depen- as expected for an energy transfer process the decay of the
dence of the photokinetics of xanthone on the concentration of xanthone triplet goes along with the population of the 1-MN
the naphthalene derivative 1-MN is investigated. These experi-trip|et_

ments not only allow us to draw conclusions on the quenching  The temporal behavior of this transfer for various quencher
dynamics but also help to elucidate the ISC mechanism of concentrations can be nicely represented by two spectral
xanthone. Addition of 1-MN to a solution of xanthone reduces integrals (Figure 6). The first integral (55850 nm) covers

the lifetime of the triplet spectrum centered around 610 nm (see the triplet absorption of xanthone (lower part of Figure 6), and
Figure 5). For low quencher concentrations8.01 M, the the second integral (4438 nm) that of the 1-MN. In the
lifetime reduction can be traced by nanosecond laser flash absence of a quencher, the biphasic rise of the xanthone triplet
photolysis. Here, the rate constaktr of the decay of the  absorption is clearly represented by the “610 nm” integral. The
xanthone triplet absorption scales linearly with the quencher “420 nm” integral is virtually “silent”. In the presence of 0.06
concentrations (Figure 7). Higher quencher concentrations M 1-MN, the kinetics of the rise is not altered but now the 610
require femtosecond techniques to time resolve the energynm integral decays with a time constantef.5 ns. In parallel,
transfer dynamics. This is illustrated by a measurement per-the 420 nm integral rises with the same time constant. Increasing
formed on xanthone in the presence of 0.6 M (10 vol %) 1-MN the 1-MN concentration by a factor of 10 has the expected effect
(Figure 5). The 610 nm absorption with an “infinite” lifetime  of accelerating the decay of the 610 nm integral and the rise of
in pure ethanol now decays #1100 ps. Synchronized with this  the 410 nm integral by roughly the same factor. A closer
decay, a spectrum centered around 420 nm rises. This spectruninspection of that rise shows that it is multiphasic and its
can be safely assigned to the triplet state of 1-Mithat is, description with exponentials requires at least three terms with
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T T T consideration. The sum of the rate constatts + Kisc1 is
probing Triplet | _ _.~.o.enoeee LIy equal to the observed rate constant for the decay of the emissive
20 ofI-MN g state kic1 + kisc1= 1/r1 = (1.5 ps)Y). Partioning that decay
g into the two channels requires additional information on the
involved states. The global analysis of the transient absorption
spectra associates the rise of a strong absorption band around
610 nm with ther; = 1.5 ps kinetic component. The shape and
position of that spectrum are very close to those of the triplet
spectrum of xanthone reported in the literattiféhus, it seems
likely that the 1.5 ps process populates at least partially a triplet

-
o

-
o

Absorption change [a.u.]
S o

?’:it:)tl,:t‘%fxanmone state. 'Or'1 the other hand, the singlat* state could have a
L . . very similar spectral signature to ther* state and therefore a
1 10 100 1000 contribution or even a domination of therr* — nz* IC

Delay time [ps] process cannot be excluded on the basis of these results.

Figure 6. Time dependences of the spectral integrals covering the The next_ process (tlme _constant OT 12 ps) in the b'pha_s'c
absorption of the 1-MN triplet (upper part) and that of the xanthone rise of the triplet absorption is characterized by a spectrum which
triplet absorption (lower part) for different 1-MN concentrations. For is slightly blue shifted and has a somewhat smaller width than
a better representation, the time traces in the lower part have been turnedhe 1.5 ps spectrum. This spectrum represents the changes
upside down. The 1-MN concentrations were (a) 0 M, (b) 0.06 M, (c) associated with the population of the finally reached triplet state.
0.6 M, (d) 3.0 M, and (e) neat 1-MN. The sigmoidal feature with a characteristic time of 62 ps

time constants of 2, 15, and 120 ps. The amplitudes of theseqbserveq thereafter describes a blue shift of thg triplet absorp
- . tion. A similar effect has been found for the thio-analogue of
terms are comparable. Note that the 2 ps time constant is shorter . o . )
than the slow component observed for the rise of the xanthonexamhone (thioxanthond). By examination of this shift for
. . P . thioxanthone in several solvents, it was demonstrated that the
triplet in the absence of a quencher. For the highest quencher o . . . ) .
. X ; . - characteristic times of this shift correlate with the dielectric
concentration, that is, when performing the experiment in neat
- . - ..~ responses of the solverfsFor ethanol, a value of 72 ps was
1-MN, one obtains very fast and very simple quenching kinetics.

The 420 nm intearal rises in 2 ps. and the intearal representin derived which nicely matches the value reported here. Thus,
€9 ' < PS, . 9 P Ythe 62 ps time constant is not associated with a buildup of the
the xanthone triplet absorption decays in 2 ps to a small offset.

Inspection of the spectrally resolved data (not shown) clearl triplet absorption and the 12 ps kinetic component thus describes
derﬁonstrates that tﬁis offsgf[ stems from a tail of the 1-MN tri Ie)t/ the slowest part of this rise. Special care has to be taken for the
absorption and not from a residual xanthone triplet po ulatlioon assignment of this-12 ps kinetic component. The assignment

Surgrisingly for a concentration of 3.0 M kin%ticsispfound " of the observed absorption changes depends on the reaction
that deviates from the overall trend. In addition to the ultrafast model. They may result elther from ar%lrlngreaie Oj the pppulatlon
kinetics which is comparable to the behavior in neat 1-MN, a I(Ert;fctt:g;e&mmggog’ tl:]ritg)frgr”f]rg%r;*: 37;2*'&:2@:382
longer lived component with a time constant of 1 ns appears 719 |

) . . ; ..~ (sequential kinetics, Figure 2b). In the latter case, the absorption
that is absent even in the 0.6 M experiment. A possible origin . S

) . X . . spectra of the two triplet states have to be similar in shape but
for this anomaly will be addressed in the discussion.

the extinction coefficient of thé®zz state has to be ap-
proximately twice that of thénz* state. Since no independent
access to these extinction coefficients is available, a final
4.1. Intersystem Crossing in XanthoneUltrafast Spectros-  decision between branched and sequential kinetics on the
copy of XanthoneThe time-resolved fluorescence data presented spectroscopic results alone is still not possible. Here, the
here allow us to exactly pin down the decay time of the primarily quenching experiments come into play.
excited Lzz* state of xanthone. In previous time-resolved Quenching Kinetics: Dynamic and Static Limfor bimo-
absorption experimentsthis time could only be inferred  lecular quenching experiments, two limiting cases are known:
indirectly from the rise of the triplet spectrum. Among the four  the dynamic and static regimes. For low concentrations of the
excited states'@zr*, *z*, n*, and *nz*) within energetic  quencher (dynamic regime), the kinetics is pseudo-first-order
reach of the photoexcitation, only tHerz* state shares an  (even the lowest quencher concentration applied in this paper
appreciable transition moment with the ground state. Transitionsis much higher than the xanthone concentration) with the rate
from the singlet ground state to the two triplet state are spin constantcrr giver? by
forbidden, and the transition to tHax* state is forbidden by

4. Discussion

symmetry. The extinction coefficient for that transition is 6™ krr = Ky[1-MN] (2)
cm!as compared to 12 000 Mcm~? for the allowed transition
to the lzz* statel® Thus, the only emissive state is ther* The plot of the quenching rate constant versus the 1-MN

state and the decay of the fluorescence with a time constant ofconcentration (Figure 7) confirms this simple law for concentra-
7~ 1.5 p$2 can be safely assigned to the depletion of this state. tions lower than 0.06 M. Note that this plot includes results
If the 1.5 ps time constant characterizes the depletion of the obtained by nanosecond and femtosecond experiments. The
Inz* state, the additional 0.5 ps component present in the bimolecular rate constaii obtained by a linear fit of the data
transient absorption experiment has to be associated within Figure 7 is 7.2x 10° M~1 s71 and is close to the value of
relaxation processes within thez* state and not with its decay. 5.4 x 10° M~? s predicted by a simple Smoluchowski
From the three states that might be populated in the courseStokes-Einstein treatmernt! This indicates that in this con-
of the Iz* decay, the3zr* state can be excluded since such centration regime the quenching is controlled by diffusion.
a transition would violate El-Sayed’s rules. Thus, onlythe* Simple single-exponential kinetics is also observed in neat
— Ingz* IC process (rate constakic ;) and thelza* — 3nz* 1-MN; here the formation of the 1-MN triplet can be described
ISC process (rate constatdsci) have to be taken into  with one time constant of ~ 1.8 ps (see the behavior of the
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Figure 7. Dynamic quenching rate constant in dependence on the
1-MN concentration. The large (legog) plot includes nanosecon@)
and femtosecond data (for the slowest componerl andO for the
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preferential solvation are abundant in the literature (see e.qg. ref
26 and references therein). With these findings, one could derive
a model for the 3.0 M anomaly. A fraction of the xanthone
molecules are situated in ethanol clusters. Their triplet states
are quenched slowly as the 1-MN molecules have to diffuse
into these clusters. The other fraction is surrounded by 1-MN
molecules, and rapid static quenching is possible. This is of
course only a hypothesis, and its validation requires further
experiments. For the purpose of this paper, it can be set aside
since on the time scale of interest here (piocoseconds) the 3.0
M experiment is in line with those at other concentrations,
particularly with that in neat 1-MN.

Quenching Mechanism: Energy Transfegrsus Electron
Transfer.In neat 1-MN, the formation of a 1-MN triplet with
a time constant of 1.8 ps is faster than the slower component
of the rise of the triplet absorption of xanthone in ethanol (12
ps). An interpretation of this surprising finding requires a

faster components). The insert focuses on the nanosecond experimentyyiscussion of the guenching mechanism. Two processes may

rise of the 1-MN triplet absorption in the upper part of Figure
6, curve e). In this static limit, the xanthone molecule is

surrounded by quenchers at the instant of photoexcitation and

no diffusional motion is required to induce the quenching
process. The triplet quenching in this limit is faster than the
slower component (12 ps) in the formation of the triplet
absorption of xanthone in neat ethanol.

Quenching Kinetics: Intermediate Concentration Range and
the 3.0 M AnomalyOf course there is a smooth transition

between the dynamic and the static regimes. A concentration

of 0.6 M 1-MN nicely marks this interim domain where both
regimes leave their kinetic imprint. The slow component of 120

ps obeys the prediction of eq 2, but faster components of 15 ps

and even 2 ps for the rise of the 1-MN triplet absorption

represent a static contribution to the quenching. Such complex

kinetics is frequently observed for bimolecular photo-

processes provided that one of the reaction partners is presen
in high concentrations. Often these studies addressed the®

quenching of excited singlet states (for a review which includes

theoretical description see ref 22), but an identical behavior

should prevail in triplet quenching.
The 3.0 M experiment deviates from the smooth trend from

a dynamic to a static behavior. On short time scales, the 2 ps
component dominates the quenching kinetics. Thus, static

qguenching is the exclusive mechanism in that time domain.
Quite surprisingly, in addition to this picosecond process the

contribute to the ultrafast quenching: triplet energy transfer and
electron transfer generating a radical pair consisting of a 1-MN
cation and a xanthone anion. Based on photocurrent measure-
ments, Hgemann and Vauthey excluded an electron-transfer
quenching of triplet xanthone by 1-MM For naphthalenes with

a less positive oxidation potential, an electron transfer is found
to occur. This behavior is explained by the energetics of the
process. While the gain of free energys is essentially zero

for the electron transfer between triplet xanthone and 1-MN, it
is negative for naphthalenes with a less positive oxidation
potential, and electron transfer is feasible. However, for an
electron transfer starting from an excited singlet state of
xanthone the free energy released during electron transfer is
higher than for the triplet electron transfer. The energy of a
radical pair is virtually independent of its spin statgnd the
energy of the initial states is larger by the singlet triplet splitting
Pf xanthone £0.3 e\9). Therefore, starting from singlet excited
anthone electron transfer is exergonic 9.3 eV and fast
electron transfer cannot be excluded. In the experiments
presented in ref 16, due to the low (0.1 M) quencher concentra-
tions such a singlet electron transfer could not occur since the
intersystem crossing is finished before donor and acceptor meet.
For the experiments in neat 1-MN presented here, one could
imagine that electron transfer offers an additional decay channel
for the excited singlet state.

Several observations allow quenching by electron transfer to

decay kinetics of the xanthone triplet contains a component with be excluded. First, within the accuracy of transient absorption

a time constant of-3 ns. This time is longer than the 120 ps
observed for the dynamic quenching in the 0.6 M experiment.
At present, a final explanation of this anomaly cannot be given.
It might have its origin in the mixing thermodynamics of 1-MN
and ethanol in combination with preferential solvation. Aromatic
hydrocarbons (like 1-MN) and alcohols are known to have
positive mixing enthalpiesAHm,?® and this endothermicity
usually peaks for a molar fraction of 0.5 of one of the
constituentg* A concentration of 3.0 M 1-MN in ethanol
corresponds to a molar fraction of 0.3. Typical peak values for
AHp, are 1 kJ/moP? which is close to the term of the entropy
gain TAS, which equals~1.6 kJ/mo#® for ideal solutions.
Therefore, the free energy change of mixinGn, will be close

experiments the absorbance of triplet 1-MN after termination
of the quenching is identical for different 1-MN concentrations.
In other words, the yield of triplet 1-MN shows no dependence
on the quencher concentration. Since electron transfer would
constitute a competing quenching mechanism, one would expect
a reduction of the triplet yield for high quencher concentrations.
Second, in the experiments on xanthone in neat 1-MN no
spectral signature of the xanthone anion nor of the 1-MN cation
is detected. The respective signatures should be observed in a
spectral range of 556720 nmié After the ultrafast decay of

the xanthone triplet spectrum within 1 ps, no longer lived
signatures can be seen in this region. Thus the radical pair, if
formed, has to be generated and has to recombine within less

to zero and these solutions are at the edge of separation. It is tdhan 1 ps. Considering the highly different free energies which
be expected that such a solution microscopically consists of are released in both processe(3 eV for the formation of
clusters where 1-MN is enriched and others where ethanol isthe singlet radical pair anet3.18 e\ for its recombination),

enriched. The xanthone molecules could then be partitioned simple calculations based on the Marcus theory exclude ultrafast
between these clusters. The rather polar xanthone moleculekinetics for both processes. Therefore, for the following it seems
might dominately be solvated by ethanol. Examples for such a justified to take only energy transfer mechanisms into account.

108


Florian
108


10078 J. Phys. Chem. A, Vol. 108, No. 46, 2004 Satzger et al.

Quenching Mechanism: Branchedrsus Sequential Kinetics.  our experimental kinetic data point to an ISC process that is
The absence of the 12 ps time constant in neat 1-MN can only faster than IC.
be understood if all xanthone molecules undergo ISC with a  4.2. Ultrafast Quenching Dynamics.The experiments on
time constant of 1.5 ps. Thus, the data are not compatible with the triplet quenching at different 1-MN concentrations can also
a branched mechanism as described by Figure 2a. In thatbe used to obtain information on the quenching process itself.
mechanism, the slow component would originate from the ISC At low 1-MN concentrations, see Figures 5 and 6, exponential
between théns* and the3zz* state. A quenching of thénz* kinetics with a linear concentration dependence of the quenching
state by singletsinglet energy transfer between excited xan- rates is obtained. This is expected from the Smoluchowski
thone and 1-MN is not feasible since the excited singlet state Stokes-Einstein treatment (see eq 2). At higher quencher
of 1-MN lies energetically well above that of xanthotieA concentrations, deviations from the single-exponential behavior
singlet triplet energy transfer though energetically possible is result. At the highest concentrations, a single-exponential rise
spin-forbidden and will not occur between different molecules of the 1-MN triplet absorption is found with the time constant
with such a short time constant. Therefore, the slow componentof the xanthone triplet formation (see above). This single
of the triplet formation cannot be assigned to the depletion of exponentiality and the low transient concentration of the
the In* and the branched mechanism must be excluded. In precursor state (see lower part Figure 6, curve e), the xanthone
the sequential mechanism, the only deactivation channel of thetriplet, indicate that the transition ratdex—umn) =
primarily excitedlzz* state is the fast ISC process to ther* 1/r3x—31-mn) from the triplet of xanthone to 1-MN is consider-
state. That state then decays via slower (12 ps) IC tS:the ably faster ¢ < 1 ps) than the formation time (1.5 ps) of the
state. Already after the first transition the complete population Xanthone triplet itself. From the experiments with neat 1-MN
resides in a state of triplet multiplicity. This statan be as a solvent, we cannot decide whether the fast quenching rate
quenched via triplettriplet energy transfer, and the disappear- is due to single, well-placed quenching molecules or due to the
ance of the longer lived component of the xanthone triplet rise large number of 1-MN molecules in contact with the triplet
in the quenching experiments is naturally explained. donor_. o _ )

What seems in conflict with this mechanism is the finding A distinction between the two scenarios should be possible
reported in ref 8 by Cavaleri et al. that a biphasic rise of the °2S€d on the quenching experiments at lower 1-MN concentra-
triplet absorption is found irrespective of the solvent polarity. tions. Lowering this concentration decreases the average number
With changing polarity, the energy gap between e* state of acceptor molecules surrounding the xanthone donor. If the

and thedzr* state is known to vary® Cavaleri et al. assume rate constant of the static quenching were dependent on that
in line with ref 19, that even an inversion occurs; that is, in number, one would expect a decrease of the rate constant of

polar solvents thézz* state is lowest in energy whereas it is the fastest component. Let us consid_er the experiments_ with a
the3nz* state in nonpolar surroundings. Since El-Sayed'’s rules 1-MN concentration O.f 0.6 M. The rise of the 1-MN triplet

require that an ISC process starting in ther* state will end absorpthn, which is du_rectly related t_o the energy transfgr, can
up in a%r* state, in a nonpolar solvent thewesttriplet state be described by three time constants: 2 ps (relative contribution

would be directly populated. In our model which claims that of 30%), 15 ps (40%), and 120 ps (30%). The process associated
the Lor* — Ing* IC is sIoW this would imply a single- with the longest time constant obeys eq 2 and is therefore

exponential ISC behavior in nonpolar solvents, in contradiction 2§z:g22g tt(? tﬁgr;?glgtigzergc?rlsg.b;ertr:/\(/aeelr? S?;;Z:g%”ir:mi
to the findings of Cavaleri et al. However, the inversion of the 9 9 y

triplet states has been questioned by Connors &2aIThey guenching. The 2 ps contribution finally is due to purely static

. uenching. This time constant is identical to the one observed
performed temperature-dependent phosphorescence experlmen%

indicating that the energy gap between the triplet states is very or neat 1-MN, that is, with a quencher concentration 10 times

. . higher. In other words, only the amplitude of the static
* ]
zg?e" c')r; :ngglegnz?g;n;shgu;ntg?gt;ﬁggp isstast;;ir:ratli?%gt]e guenching but not its rate constant decreases with concentration.

room temperature, and thex* state can *behave” like anr* Thus, the rate constant for the static quenching does not scale

state via thermal activation. Thus. the eneragetic ordek with the number of acceptors in close contact. It seems to be
3 3 . : e 9 erng, sufficient to have a single 1-MN in contact with triplet excited
nsr*, and 3zzr* on which our sequential model depends seems

0 hold i " f th lvent olarit xanthone for energy transfer withigl ps to occur. Such a
0 hold Irrespective ot the solvent polarity. behavior is not covered by the usual treatments of bimolecular

In the sequential mechanism proposed here, the ISC procesgyyenching such as the Collin&imball approacht and the more
from the'zzzr* state to theénr* state is faster than the following  spphisticated models mentioned in ref 22.

IC process within the triplet manifold. This might be somewhat

surprising. Yet, for El-Sayed allowed ISC processes the 5. Conclusion

electronic couplings mediating the ISC transitions can be of  The investigation of transient emission and absorption in a
the same order of magnitude as those of IC processes. Fomwide range of wavelengths on xanthone and xanthone/1-methyl-
xanthone, this is supported by recent high-resolution spéttra. naphthalene solutions yielded important new information on the
Still, one might argue that the IC process should be faster ISC in xanthone and on triplet quenching. It was shown that

because of the energy gap |&Whe energy gap between the
triplet states is smaller than the pertinent separation ofith&

triplet formation after optical excitation of xanthone is an
ultrafast process. The reaction is sequential, proceeding from

state and the triplet states. As the energetic separations are rathehelzz* to the 3nz* state within 1.5 ps and followed by a slower

small, a few 1000 cmt for the ISC and a few 100 cm for the

(12 ps) internal conversion in the triplet manifold to ther*

IC process, a breakdown of the energy gap law is at least notstate. 1-Methyl-naphthalene acts as an efficient and ultrafast
unlikely, since the energies released in the transitions approachquencher for the xanthone triplet state. Quenching occurs on
the value of typical vibrational quanta. A thorough analysis the 1 ps time scale. The experiments show that the system
would require a quantum chemical treatment not only of the xanthone/1-methyl-naphthalene can be used for the study of very
Franck-Condon factors (replacing the energy gap term) but also fast structural dynamics of peptides even on the picosecond time
of the respective coupling elements. Here, we just stress thatscale.
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Molecular Basis for the Effect of Urea and Guanidinium
Chloride on the Dynamics of Unfolded Polypeptide
Chains

Andreas Maoglich, Florian Krieger and Thomas Kiefhaber*
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Chemistry, Klingelbergstrasse
70, CH-4056 Basel, Switzerland

Chemical denaturants are frequently used to unfold proteins and to
characterize mechanisms and transition states of protein folding reactions.
The molecular basis of the effect of urea and guanidinium chloride
(GdmCl) on polypeptide chains is still not well understood. Models for
denaturant—protein interaction include both direct binding and indirect
changes in solvent properties. Here we report studies on the effect of urea
and GdmCl on the rate constants (k.) of end-to-end diffusion in
unstructured poly(glycine-serine) chains of different length. Urea and
GdmCl both lead to a linear decrease of In k. with denaturant concen-
tration, as observed for the rate constants for protein folding. This suggests
that the effect of denaturants on chain dynamics significantly contributes
to the denaturant-dependence of folding rate constants for small proteins.
We show that this linear dependency is the result of two additive non-
linear effects, namely increased solvent viscosity and denaturant
binding. The contribution from denaturant binding can be quantitatively
described by Schellman’s weak binding model w1th binding constants (K)
0f 0.62(£0.01) M~ ! for GdAmCl and 0.26(40.01) M~ for urea. In our model
peptides the number of binding sites and the effect of a bound denaturant
molecule on chain dynamics is identical for urea and GdmCl. The results
further identify the polypeptide backbone as the major denaturant binding
site and give an upper limit of a few nanoseconds for residence times of
denaturant molecules on the polypeptide chain.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: protein folding; polypeptide chain dynamics; solvent denatura-

*Corresponding author tion; denaturant binding; Schellman model

Introduction

Chemical denaturants like guanidinium chloride
(deCl) and urea have long been known to unfold
proteins'? by stabilizing the unfolded state com-
pared to the native state.>® Unfolding by GdmCl
and urea has since then become the standard
method to determine protein stability and to
investigate the kinetics and mechanisms of protein
folding reactions. Empirically, a linear correlatlon
between the free energy for unfolding (AG") and
denaturant concentration ([D]) was found in the
region of the unfolding transition.”'® The

Abbreviations used: GAmCI, guanidinium chloride;
Xan, xanthone; NAla, naphthylalanine; TTET, triplet-
triplet energy transfer.

E-mail address of the corresponding author:
t.kiefhaber@unibas.ch

correlation coefficient of this linear free energy
relationshlg) is commonly termed m.q-value
(meq=0AG™/A[D]). It reflects the denaturing
strength of the denaturant. Linear relationships
were also found between denaturant concentration
and the logarithm of the rate constants for protein
folding (k) and unfolding (k) indicating that the
activation free energ1es for folding (AG i) and
unfolding (AGY) are also linearly dependent on
denaturant concentration."’ Accordingly, kinetic
m-values were defined as:

OAGH
d[D]

0
mg = aAGfi ana m,, =
f B[D] u

Despite the wealth of experimental data on the
effect of chemical denaturants on protein folding
and stability, the physical basis of denaturant action
and the origin of the linear free energy relatlonshlps
are still under discussion. Myers ef al.'* found a

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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correlation between the denaturant m.4-values and
the change in solvent accessible surface area
(AASA) upon unfolding. Mainly two models have
been proposed to account for the destabilizing effect
of denaturants. The transfer model correlates the
effect of denaturants on protein stability to free
energies of transfer of the polypeptide chain from
water to denaturant solutions.”’*'” These data
showed that GAmCl and urea increase the solubility
of most parts of a protein compared to water
explaining the stabilization of the more solvent
exposed unfolded state relative to the native state.
An alternative model ascribes chemical denatura-
tion to weak bindin§ of denaturant molecules to the
polypeptide chain®”'** and explains denaturation
by the larger number of binding sites in the
unfolded state compared to the native state. Both
models are able to explain chemical denaturation
curves of proteins in the region of the unfolding
transition. Santoro & Bolen®" compared the linear
extrapolation method with the binding model and
the transfer model by employing different denatur-
ants and extrapolating the stabilities measured in
the transition region to zero denaturant. Only the
linear extrapolation method yielded identical AG®-
values for all applied denaturants. This suggests the
applicability of the empirical linear extrapolation
method although to date no physical explanation
has been given to explain the linearity over the
complete range of denaturant concentrations.

The observed effects of denaturants on protein
stability and folding are the result of differences
between effects on the native state and on the
unfolded state for mq-values and between the
transition state and the respective ground states
for my and m,. This causes a major difficulty in the
interpretation of the experimental data, since the
effect of denaturants on a single state cannot be
obtained directly. We recently reported that GdmCl
and urea affect the rate constants for end-to-end
diffusion (k) in unstructured polypeptide chains in
the same way as they influence the microscopic rate
constants for folding and unfolding, i.e. a linear
correlation between In k, and [D] was observed.®®
Here we report studies on the effect of urea and
GdmCl on intra-chain diffusion in poly(glycine-
serine) chains of different length, which serve as
models for unstructured polypeptide chains. This
allows us to specifically characterize the effect of
denaturants on the ensemble of unfolded polypep-
tide chains and to asses the contributions of chain
dynamics to m¢-values in protein folding.

Results

Effect of denaturants on end-to-end diffusion in
unstructured polypeptide chains

We have previously used triplet-triplet energy
transfer between xanthone (Xan) and naphthylala-
nine (NAla) to determine absolute rate constants for
intra-chain diffusion (k.) and the effect of

denaturants on chain dynamics in various unstruc-
tured polypeptide chains. To understand the mol-
ecular basis of denaturant action we investigated
the effect of urea and GdmCl on unstructured
polypeptide chains of varying length in more detail.
Figure 1(A) shows representative kinetic traces for
triplet-triplet energy transfer in a Xan-(Gly-Ser)g-
NAla-Ser-Arg-Gly peptide at various GdmCI con-
centrations. Single exponential kinetics for contact
formation were observed in all measurements. The
presence of GAmCl leads to a significant decrease in
k. from 4.0(+0.1)X10” s ! in water to 1.7(+0.1) X
1075~ ! in 8M GdmCl. A similar effect was
observed for urea (data not shown). A plot of In k.
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Figure 1. (A) Kinetics of end-to-end diffusion measured
by triplet-triplet energy transfer in a Xan-(Gly-Ser)s-
NAla-Ser-Arg-Gly peptide as a function of GdmCl
concentration (from left to right 1, 2, 3, 4, 5, 6, 7, and
8 M GdmCl). The reaction is followed by the decrease in
xanthone triplet absorbance at 590 nm. (B) GdmCl
dependence and (C) urea dependence of the rate
constants for end-to-end contact formation (k) for various
(Gly-Ser),, peptides with n=3 (A), 5 ([0), 8 (W), 12 (O)
and 14 (@) measured by triplet-triplet energy transfer as
shown in (A). Solid lines represent fits of the data to
equation (13).
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versus [D] reveals approximately linear relation-
ships both for GAmCl and urea (Figure 1(B) and
(©)). In analogy to protein folding, we determined
mce-values (m.=—RTdIn k./d[D]) for the effect of
urea and GdmCI on chain dynamics (Figure 1(B)
and (C)). For the (Gly-Ser)s peptide a fit to equation
(13) gave m, values of 0.49 (k] /mol)/M for GdmCl
and 0.35 (kJ/mol)/M for urea (Table 1). To
investigate the effect of chain length on the m,-
values we measured the urea and GdmCl depen-
dence of end-to-end diffusion in various Xan-(Gly-
Ser),-NAla-Ser-Arg-Gly peptides withn=3, 5,8, 12,
14. For all peptides an approximately linear
relationship between Ink. and [D] is observed
(Figure 1). Both for urea and for GdAmCl the m,-
values increase slightly with peptide length (Table 1).

Viscosity-corrected chain dynamics

Addition of denaturants significantly increases
solvent Vlsc051ty ® which is known to affect end-to-
end diffusion in unstructured peptides.”” To deter-
mine the contributions from increased solvent
viscosity to the m.-values we measured chain
dynamics in various glycerol/water mixtures
(Figure 2). All peptides show a linear correlation
between In k. and In n. The effect of n on k. was

analyzed using:
B
k=(2) <1>
Mo

where nj is the reference solvent viscosity at zero
denaturant concentration, k! is the rate constant of
end-to-end diffusion at ny, k. is the rate constant at a
given viscosity m and the exponent B reflects the
sensitivity of the reaction to solvent viscosity. A
B-value of —1 indicates that k. is inversely
proportional to solvent viscosity and a B-value of
0 indicates that k. is independent of solvent
viscosity. Fitting the data to equation (1) gives
B-values ranging from —0.90 for the shortest
peptide to —0.99 for the longest peptide (Table 1).
To test for contributions from specific interactions of
the co-solutes with the peptides we also used
ethylene glycol, glucose and sucrose as co-solutes
to increase solvent viscosity. All co-solutes gave the
same B-values within error, indicating that the

4 5678910

1 2 3
n(cP)

Figure 2. Effect of solvent viscosity (n) on k. for the
series of (Gly-Ser), peptides. Peptides and symbols are
the same as shown in Figure 1(B) and (C). Measurements
were performed in glycerol/water mixtures. Continuous
lines show fits of the experimental data to equation (2)
with the slopes (B) given in Table 1.

observed effect is due to an increase in solvent
viscosity and not caused by specific co-solute-
peptide interactions (data not shown and EK. &
T.K., unpublished results). To correct for the
contributions of changes in n we used the B-values
in combination with the viscosities of the respective
denaturant solutions to calculate viscosity-cor-
rected rate constants for end-to-end diffusion (k)
according to equation (2):

—B
K. —k( ) ()
Mo

This correction reduces the denaturant dependence
of chain dynamics. However, the corrected k.-
values still depend on denaturant concentration
(Figure 3(A) and (B)) but asymptotically approach a
limiting value at high denaturant concentrations.
This indicates that the effect of denaturants on end-
to-end diffusion is partly due to a non-specific
increase in solvent viscosity and partly due to a
denaturant-specific effect, which becomes saturated
at high denaturant concentrations. Correction for
viscosity effects completely eliminates the denaturant-
dependence of bimolecular triplet-triplet energy
transfer (TTET) from xanthone to naphthylalanine,

Table 1. Denaturant dependence of end-to-end diffusion in Xan-(Gly-Ser),-Ser-Arg-Gly peptides

Urea GdmCl1
Peptide p? mc ((J/mol)/M) Ko ¥ me ((J/mol) /M) Kex Y
(Gly-Ser)s —0.90£0.01 325.24+2.5 13.1+0.8 0.70£0.01 4741413 349+1.1 0.65+0.01
(Gly-Ser)s —0.94+0.01 335.3+1.6 13.6£0.6 0.68£0.01 507.2+1.9 23.8+0.6 0.7240.01
(Gly-Ser)g —0.97£0.01 348.3+2.1 13.3£0.6 0.69+0.01 488.1+1.8 33.8+£09 0.661+0.01
(Gly-Ser)1» —0.96+0.01 349.8+3.3 15.6+1.0 0.68+0.01 559.0+3.0 26.01+0.9 0.7740.01
(Gly-Ser)14 —0.99£0.04 370.2+3.4 145+1.2 0.71£0.02 565.7+4.9 274415 0.73+0.01
Global - - 13.8+£0.3 0.69£0.01 - 32.6+04 0.68£0.01

? Viscosity dependence of k; see equation (3).
b m. = RT d In K /d[D]; see equation (13).

¢ Equlhbrlum constant for exchange of a water molecule with a denaturant molecule; see equation (3).
4 Effect of a bound denaturant molecule on chain dynamics; see equation (4).
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T i rate constants of end-to-end contact
formation (k') displayed on a molar
scale. (C) and (D) The same data,
respectively, on a mole fraction
scale. In addition, the results of
global fits of the data to the Schell-
man “site exchange” model are
shown in (C) and (D). The results of
the global fits and of all individual
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indicating that denaturants do not influence the
electron transfer reaction.

Schellman’s weak binding model versus
transfer model

We analyzed the denaturant-specific effect of urea
and GdmCl on chain dynamics with the “site
exchange” formalism, which was developed by
Schellman to describe weak interactions of dena-
turants and other osmolytes with proteins.®**
Assuming independent binding sites on a polypep-
tide chain, the average fractional binding site
occupancy, v, can be expressed as a function of the
mole fraction of denaturant, Xp:

V= (Kex 1)XD (3)

(Kex —DXp +1

Koy is the equilibrium constant for the exchange of a
water molecule with a denaturant molecule at a
single binding site. Further details and the deri-
vation of equation (3) are discussed by Schellman.®*?
To analyze the effect of denaturants on k'. in terms
of the weak binding model we converted the
denaturant concentrations to the mole fraction
scale (Figure 3(C) and (D)). We made the assump-
tion that the effect of denaturant binding on chain
dynamics is proportional to the fractional binding
site occupancy (Vv), which means that all denaturant
binding sites on the polypeptide chains are identical
and independent of each other. These assumptions
lead to equation (4):

ke =k — kv 4

where k¥ is the rate constant for intra-chain
diffusion in the absence of denaturant. The propor-
tionality constant, vy, reflects the effect exerted by
bound denaturant molecules on chain dynamics.

X Urea

L = fits are given in Table 1. The (Gly-
0.2 Ser),, peptides and symbols are the
same as for Figure 1.

Fitting the data for urea and GdmClI to equations (3)
and (4) shows that the denaturant dependence of k',
is well-described by Schellman’s weak binding
model for all peptides (Figure 3(C) and (D); Table 1).
Interestingly, both K. and y do not vary system-
atically with peptide length (Table 1), which
prompted us to fit the data for all peptides globally
for each denaturant. This gave K..-values of 32.6 0.4
and 13.8+0.3 for binding of GdmCl and urea,
respectively (Table 1), which corresponds to respect-
ive binding constants (K) of 0.62(£0.01) M~ and
0.26(+0.01) M~! on the molar scale. Remarkably,
binding of GdmCl and urea slows down contact
formation by the same amount as indicated by the
virtually identical y-values of 0.68 £0.01 for GdmCl
and 0.69+0.01 for urea (Table 1).

To also test whether the transfer model is able to
describe the effect of denaturants on k/. we
compared the data to predictions from AG},-values
for different amino acids reported by Nozaki &
Tanford.'®1°17 The correlation between In k. and
AGY, shows significant deviations from linearity
especially for GdmCl (Figure 4). In addition, the
slope of the correlation changes significantly with
peptide length, both for urea and for GAmCI. This is
not compatible with a general effect of transfer free
energies on the chain properties. Similar results
were obtained when only the AGY-values for the
polypeptide backbone were considered.

Discussion

Direct and indirect effects of denaturants on
polypeptide dynamics

Our results show that the effect of denaturants on
intra-chain diffusion in unstructured polypeptides
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Figure 4. Correlation between k'. and AGY for
GdmCl (A) and urea (B) calculated from the AG)-
values given by Nozaki & Tanford (see Materials and
Methods). The (Gly-Ser), peptides and symbols are
the same as for Figure 1. The linear fits of the data
give slopes (—dInk./dIn K, =d Ink./d In AGL/RT) of
—72(+05)Xx1072, —7.2(+0.4)X1072, —5.7(+£0.3)X
1072, —6.1(+0.2)X10"? and —5.1(+0.4)X10~2 for
n=3,5,8,12 and 14, respectively, for GdmCl and of
—8.6(+0.3)X107%, —8.3(+0.2)x1072%, —7.5(+0.2)X
1072, —6.3(+£0.3)X107%, —6.2(£0.2)X107 2%, respect-
ively, for urea.

can be dissected into two components. Denaturants
indirectly slow down chain dynamics by increasing
solvent viscosity,”” and denaturants directly interact
with polypeptide chains. The individual contri-
butions from both components have non-linear
effects on the denaturant dependence of In k.. k. is
proportional to NP (see equation (1)) with B-values
between —0.90 and —0.99 for the different peptides
(Figure 2). Solvent viscosity increases approxi-
mately hyperbolically with denaturant concen-
tration,”® which leads to a corresponding decrease
in In k. with denaturant concentration. The effect of
denaturant binding, in contrast, strongly changes
Ink, at low denaturant concentrations and
approaches a limiting value at high concentrations
(Figure 3). The sum of both effects results in an
approximately linear denaturant dependence of
In k., as seen in Figure 1. This model predicts that
the linearity will break down at very high dena-
turant concentrations, which are, however, experi-
mentally not accessible. A closer inspection of the
additive effects of viscosity and binding reveals
small deviations from linearity in the experimen-
tally accessible concentration range. These small
deviations are indeed seen both in the curve

115

calculated from the fitted parameters and in the
experimental data (Figure 5) supporting the model
that solvent viscosity and weak denaturant binding
are the molecular origin of the observed effect of
denaturants on end-to-end diffusion.

The effect of the direct denaturant—polypeptide
interaction on chain dynamics can be quantitatively
described by Schellman’s “site exchange” model
(Figure 3). The site exchange model gives K-
values of 32.64+0.4 and 13.840.3 for binding of
GdmCl and urea, respectively (Table 1), which
corresponds to respective binding constants (K) of
0.62(+0.01)M ™! ‘and 0.26(+£0.01) M ™! on the
molar scale. Urea and GdmCl have virtually
identical y-values (0.69+0.01 wversus 0.68+0.01;
Table 1), which reflect the effect of bound denatur-
ant molecules on chain dynamics (see equation (4)).
This indicates that the polypeptide chains have the
same number of binding sites for urea and GdmCl
and that bound urea and GdmCl molecules
decrease the rate constant for intra-chain contact
formation by the same amount. The different
efficiency of GdmCl and urea in slowing down
chain dynamics is thus solely based on their
different binding affinities to polypeptide chains.
Full binding site occupancy decreases the rate of
contact formation by about 3.3-fold for both
denaturants. The binding constants and y-values
for urea and GdmCl are independent of the chain
length, indicating that the slightly higher m.-values
for longer chains are due to their higher sensitivity
to changes in solvent viscosity (Figure 2 and
Table 1). The relative hydrophobicity should be
significantly higher for the shorter peptides com-
pared to the longer peptides, due to the contributions
of the aromatic TTET labels. The insensitivity of the
binding constant for chain length indicates only
little contribution from side-chains and argues for
the polypeptide backbone as the major denaturant
binding site. This is consistent with the observation
that the meq-values for protein unfolding are

0 2 4 6 8 10

[Denaturant] (M)

Figure 5. Comparison of the experimental data for the
GdmCl (@) and urea (O) dependence of In k. in the (Gly-
Ser)g peptide with the simulated curve assuming additive
effects of solvent viscosity and denaturant binding on
chain dynamics. The curve was simulated using
equations (3) and (4) with the experimentally determined
values for the viscosity dependence (B= —0.97) and
denaturant-binding (Kex(urea)=13.3; Kox(GdmCl)=33.8).
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approxrmately independent of the amino acid
sequence'? and with recent results from molecular
dynamics simulations, which suggested the poly-
peptide backbone as the major site for interaction of
denaturants with unfolded proteins.?**’

Comparison to binding constants measured in
other systems

The binding constants of 0.26(40.01) M~ ! for
urea and 0.62(40.01) M~ ! for GdAmCI measured for
their effect on end-to-end diffusion represent
specific binding constants of the denaturants to
the unfolded polypeptide chain. These values are in
good agreement with values determined for dena-
turant blndlng to model compounds. Robinson &
Jencks' reported solubility measurements and
transfer studies of acetyl tetraglycyl ester from
water to urea and GdmCl solutions and obtained
binding constants of 0.29 M~ for urea and 0.90 M~
for GdmCl at 25°C by using a classical binding
model. Tanford & Nozaki determined transfer free
energies of various amino acids and peptide bond
mimics from water to solutions of various dena-
turant concentrations.'*'®!” From these data Pace®
calculated binding constants in the range of
0.08M~! to 029M™" for urea and 0.51M™
1.03 M~ for GAmCL. The values found for b1nd1ng
to peptide groups are 0.09M ' for urea and
0.60 M~ for GdmCI. The binding constants deter-
mined from the effect of GAmMCI on chain dynamics
also agree well with calorimetrically determined
values for GdmCl blndlng to unfolded proteins,
which were 0.60 M~ " at 25°C for RNase A and
lysozyme *° and 1.16 M~ ! for apocytochrome c.*!
However, calorimetrically determined binding con-
stants for interactions of urea with unfolded
proteins are significantly lower (K=0.06 M !

25 °C) than those derived from the effect of urea on
chain dynamics.*

Comparison of our data to binding constants
derived from unfolding transitions in proteins is not
straightforward. Analysis of unfolding transitions
usually assumes identical binding constants for
denaturants on the unfolded and native state but
different number of denaturant binding sites as the
origin of the transitions. Still, the binding constants
determined for the effect of urea and GdmCl on the
helix-coil transition in short model peptides agree
well with the values derived from chain dynamics.
Applying the weak binding model to analyze the
effect of urea on the helix-coil transition in short
peptides gave a binding constant of 0.14 M~
Using the weak binding model to analyze the data
reported by Scholtz and co- workers for the effect of
GdmCl in the same peptldes we obtained values
of 0.67M ™! and 0.58 M~ ! in the presence 10 mM
and 100 mM NaCl, respectively.

A major question in the analysis of the effect of
denaturants on proteins is whether there is direct
evidence for binding or whether high denaturant
concentrations non-specifically lead to the presence
of denaturants near the polypeptide chain. Recent

magnetization transfer NMR studies on native and
unfolded proteins have shown direct evidence for
specific protein-denaturant interactions. For urea-
binding to native BPTI a blndrng constant in the
range of 01M ™' to 0.36 M~ was determined at
36 °C.>* Experiments on urea binding to unfolded
intestinal fatty acid-binding protern revealed both
strong and weak binding sites.”> The experimental
data for the weak binding sites are in agreement
with b1nd1ng constants between 0.05M™ and
0.2 M~ !, which are similar to the value of 0.26 M ™"
found in our experiments. However, in the analysis
of the magnetization transfer data the binding
constant was fixed to the indicated values and not
included in the data fitting. For GAmCI binding to
unfolded and reduced o-lactalbumin an average
binding constant of 0.16(+0.07)M~!' was
reported,*® Wthh is significantly lower than the
value of 0.62 M ™" found in our studies.

Residence time of denaturant molecules on the
polypeptide chain

The observation of single exponential kinetics for
contact formation in all peptides and at all
denaturant concentrations suggests residence
times of a few nanoseconds or less for denaturants
bound to the unfolded chain. Exchange of dena-
turant molecules slower than 5ns would lead to
heterogeneous populations of unfolded molecules
and result in complex kinetics. Fast exchange of
bound denaturants is in agreement with results
from NMR studies on native and unfolded proteins.
Binding of urea to native BPTI and Pec-60 showed
average residence times of a few nanoseconds at

For urea and GdmCl-binding to weak
blndlng sites in unfolded fatty acid binding protein
average res1dence times of around 1 ns or shorter
were reported.®® Short residence times of urea on
unfolded CI2 were also observed in molecular
dynamics simulations.*

Implications for protein folding m-values

Our results demonstrate that the rate constants
for intra-chain diffusion in unfolded polypeptide
chains significantly depend on denaturant concen-
tration and exhibit the same linear relationship
between In k. and [D] as rate constants for protein
folding reactions. This will contribute to the
denaturant dependence of the rate constants for
protein folding (m¢values). In general, the rate
constant (k) of a reaction contains contributions
from the prefactor (ko) and the activation free
energy (AG™) according to:

k=ko o AGH/RT (5)
It is very difficult to estimate absolute values for
pre-exponential factors for the folding ki and
unfolding reaction kj. They are most likely drfferent
for each protein, since the pre-exponential factors
depend on the shape of the potential and on the
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dynamics in the individual kinetic states (unfolded
protein, native protein and folding intermediates).
According to Kramers theory for barrier crossing
reactions in the high friction limit, which should
correspond to most reactions in solution and also to
protein folding reactions, the rate of a reaction
depends on the friction (y) encountered by motions
on a free energy landscape, by the shape of the
barriers and by the frequency of motion (w) on the
free energy landscape according to equation (6):*"®

_ WoWws o(~E/KT)

21y ©)

wo and wp denote the frequencies of motion in the
starting well and on top of the barrier, respectively.
This shows that the pre-exponential factor for
protein folding depends on the shape of the
potential and on the dynamics in the individual
wells (states). wg will be different for the refoldmg
reaction starting from unfolded protein (wo ) and for
the unfoldmg reaction starting from native protein
(wo ) and hence the pre-factors will also be different
for the forward and backward reaction (Figure 6).
Eaton an co-workers measured an effective vis-
cosity of 4.1cP for internal motions in native
myoglobin, in agreement with increased friction
and/or decreased frequency of chain motlons 1n
native proteins compared to unfolded proteins.*

In the light of these considerations our results
suggest that the denaturant dependence of chain
dynamics has major effects on the pre-factors for
protein folding reactions. For a two-state folding
reaction:

k

o @)
equation (8) is valid under all conditions:*’
k
Keg =1 (®)

Thus, the equilibrium constant for folding (Keq)

U(x)

contains Contrlbutlons from the pre-exponential

factors for foldmg (ko) and unfoldin 0% (kp) and
from the free energles of activation, AG;* and AGu ,
according to:*
Kf e —AGHRT
=" )

kbxefAGgi/RT

The contribution of dlfferences in the pre-factors for
folding and unfolding to AG® (=— RT In K, eq) are
consequently:

AG = AGYF — AGY + AGY

pref
(10)

AGY

ko
pref — =RT ln kT
0

Differences in k for folding and unfolding can thus
significantly contribute to apparent protein
stabilities. A fivefold difference in k, between
unfolded and native state, e.g. caused by differences
in wo (see Figure 6) would contribute 4 kJ/mol to
the experimentally determined AG -values at
25°C.*" Consequently, changes in ki caused by
solvent-induced changes in the dynamics of the
unfolded state, will influence both k¢ and K4, even
if the height of the barrier is not changed.
Experimentally it can thus not be distinguished,
whether a solvent-induced change in a rate constant
arises from changes in the free energy barriers or
from changes in the pre-factors, since equation (8)
always holds. The effect of denaturants on the pre-
factor for folding (mf) will contribute to the
observed kinetic and equilibrium m-values,
mg(app) and m.q(app), according to equation (11):

Figure 6. Schematic represen-
tation of a barriers crossing reac-
tion on a double-well potential
surface with two states N and U
separated by an energy barriers.
Escape from state U to N occurs via
the rates k¢ and k,. Ef and E! are

the activation energies for the
forward and back reaction. w}f,
wh and wp denote the frequencies
of motion in the unfolded state, the
native state and at the top of the
barrier, respectively. The drawin, ng
was adopted from Hanggi et al.
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and adapted for a schematic pro-
tein folding reaction.
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AG/*(app) _ AG) ~
J[D] d[D]

(k)
J[D]

0AGYHapp) _ 9AGS oink) _
bl 4Dl J[D]

IAG(app) _ 0AGy (app) B aAG})i(app)
D] 9ID] J[D]

This allows to estimate the contributions of the
denaturant dependence of intra-chain diffusion ()
to experimentally determined m-values for small
proteins. The m-values for peptide dynamics vary
only little with chain length and show values
around 0.35 (kJ/mol)/M for urea and 0.50
(kJ/mol)/M for GdmCl. Typical me-values for
folding of the smallest fast folding proteins with
chain length between 40 and 50 amino acid residues
are around 1.0 (kJ/mol)/M for urea indicating that
up to 30% of the measured m¢values may arise from
contributions of chain dynamics. Larger two-state
folders consisting of 70-100 amino acid residues
typically show m¢values around 3 (k] /mol)/M for
urea and 5 (kJ/mol)/M for GdmCl,*** indicating
that the denaturant dependence of chain dynamics
constitutes up to 10% of the experimental m¢values.
It is difficult to judge the effect of denaturants on the
dynamics of the native state, which will contribute
to the experimental m,-values. However, we have
observed that the effect of denaturants on chain
dynamics is largely based on increased end-to-end
distances (A.M. & T.K., unpublished results). This
would argue for only little effects of denaturant
binding on the internal dynamics of the native state
and the transition state structures, which were
shown to be structurally well-defined and robust
against changes in denaturant concentration.**™*¢ In
addition, native proteins have less denaturant
binding sites and the dynamics of native proteins,
which contribute to k, for the unfolding reaction
(see equation (6) and Figure 6), are strongly
influenced by intra-molecular interactions. This
reduces the frequency of chain motions as observed
for myoglobin.”™ These motions should thus be less
sensitive to the presence of denaturants. Conse-
quently, the my-values are likely to have only little
contributions from the effects of denaturants on
chain dynamics (m® =0) and meq-values should
contain similar contributions from m? as the m
values. (see equation (11)).

Comparison of kinetic and equilibrium m-values
is frequently used to characterize protein folding
transition states according to the rate-equilibrium
free energy relationship:"'**

mg

ap = (12)

meq

ap is interpreted as a measure for the solvent
accessibility of the transition state. According to our
results, the contributions from chain dynamics to
the mgvalues of small proteins lead to apparently

= myg — m/9 = mf(app)
= m, — my = m,(app)

= m, —my + (m} —my) = mey(app) (11)

higher ap-values and thus to apparently less
solvent exposed transition states. This might
explain the commonly observed higher ap-values
compared to oc-values (ac = AC%*/AC?,), which are
also believed to monitor the solvent accessibility of
transition states.***° Temperature dependence of
intra-chain diffusion in unstructured peptides
showed that this process is not associated with a
measurable change in heat capacity (FK. & TK,,
unpublished results). This suggests that ac-values
give a more reliable picture of the solvent accessi-
bility of the transition state than ap-values.

The ratio of binding constants determined for the
binding of GAmCI and urea to unfolded chains is
2.4 (Table 1), which is virtually identical to the
average ratio of 2.3 found for the mq-values of the
two denaturants,'? whereas the ratio of m.-values
for GdmCl and urea is significantly lower (1.5). This
indicates that denaturant binding is the major
source for the effect of denaturants on protein
stability. We cannot compare these values to m¢
values for urea and GdmCl in protein folding
reactions due to the small number of proteins that
were characterized both with urea and GdmCl.
However, the contribution of chain dynamics on m-
values should depend on the location of the
transition state along the reaction coordinate so a
larger scattering in the ratio of urea and GdmCl m-
value is expected.

Materials and Methods

Xanthonic acid and peptides were synthesized and
purified as described.” The peptides are based on
repetitive units of glycine-serine and have the canonical
sequence Xan-(Gly-Ser),-NAla-Ser-Arg-Gly:

HZNYNHE
% L
O e} o
N N N NH,
H/\ﬂ/ noH H 2
(e] @] (0]
HO HO

A peptide with n repeats of (Gly-Ser) between the two
chromophores xanthone (Xan) and naphthylalanine
(NAla) is referred to as (Gly-Ser), peptide. All measure-
ments were performed in degassed solutions containing
10 mM potassium phosphate (pH 7) at 22.5 °C. Peptide
concentrations were between 30 uM and 100 pM. Dena-
turant concentrations were determined by measuring the
refractive index according to Pace.®

Triplet-triplet energy transfer (TTET) measurements

118


Florian
118


Denaturant Effects on Polypeptide Chain Dynamics

161

were performed as described by Krieger et al.*> Xanthone

triplet states were generated by a 4ns laser pulse
(Nd:YAG, 355nm) and transient absorbance of the
xanthone triplet state was monitored at 590 nm. The
decay of the xanthone triplet absorbance is accompanied
by an increase in the naphthyl triplet absorbance band at
420 nm indicating exchange of two electrons between
xanthone and naphthalene upon contact formation
between the chromophores.”® Generally, four to eight
kinetic traces at 590 nm were averaged and analyzed by
non-linear least-squares fitting of the experimental data to
exponential functions. Single exponential kinetics were
observed for contact formation in all peptides. Errors
were less than 5%. Data analysis was carried out using the
computer programs ProFit (Quantum Soft, Ziirich,
Switzerland) and Matlab (The MathWorks, Natick, MA,
USA).

The m-values for end-to-end diffusion were deter-
mined by fitting the data to equation (13):

m[D]
RT

Ink, =Ink% — (13)
where k? is the rate constant for end-to-end diffusion at
zero denaturant concentration and k. is the respective
value at the denaturant concentration [D]. Viscosities of
denaturant solutions were calculated according to Perl
et al.*® These values agree well with viscosities measured
in a falling ball viscosimeter (Haake, Germany). Viscos-
ities of water/glycerol solutions were determined with a
falling ball viscometer. Transfer free energies (AGY) from
water to solutions containing various concentrations of
urea or GAmCl were calculated from the values given by
Nozaki & Tanford.'>'®'” The values for Trp were used to
calculate AGY, for naphthylalanine and 1.5 times the value
for Trp was used to calculate the AGY, value for xanthone.
The values for Ser were approximated by the values of
Thr minus the difference in AG. between Leu and Val.
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ABSTRACT
Glycine and proline residues are frequently found in turn and loop sequences of proteins
and are believed to play an important role during chain compaction early in protein
folding. We investigated the effect of proline and glycine on the dynamics of loop
formation in various unstructured polypeptide chains. Our results show that both amino
acids significantly influence the kinetics of formation of short loops consisting of 3 to
10 residues, which is the typical size of turns and loops in native proteins. Formation of
longer loops is not affected by the presence of glycine and proline in the central loop
region. Formation of short loops is significantly slower around trans prolyl peptide
bonds and faster around glycine residues compared to any other amino acid. However,
formation of short loops occurs fastest around cis prolyl peptide bonds with a time
constant of 6 ns for formation of a 5 residue loop. This effect can be ascribed to a higher
Arrhenius pre-exponential factor, which leads to fast kinetics despite a higher Arrhenius
activation energy for loop formation around cis isomers compared to trans isomers.
Monte Carlo simulation of energetically favorable conformations in proline containing
peptides indicate that the conformational space for cis prolyl isomers is largely restricted
compared to trans isomers. This leads to decreased average end-to-end distances in cis
proline isomers and to a smaller loss in conformational entropy upon loop formation ,

which explains the unusually high pre-exponential factor.
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INTRODUCTION

A major field of study in biophysical chemistry is the elucidation of the protein folding
process. Starting from an ensemble of unfolded states a polypeptide chain has to form a
large number of specific non-covalent intramolecular interactions during folding. To
understand the complete folding reaction at the molecular level it is essential to
characterize the structural and dynamic properties of the free energy landscape between
the unfolded and the native state. Of particular interest are the properties of the
ensemble of unfolded conformations as the starting point of the reaction. Several
experimental techniques like nuclear magnetic resonance spectroscopy (1-4) and small-
angle X-ray scattering techniques (5-7) have been applied to analyze structural
properties of unfolded polypeptide chains. Less is known about the dynamics in
unfolded polypeptide chain, which determine the formation of interactions during the
early stages of folding. Especially the formation of loop and turn structures are
important processes, since they allow the polypeptide chain to explore energetically
favorable interactions and lead to compaction of the chain through formation of
secondary structures like (3-hairpins, turns and loops. Here we investigate the effect of
glycine and proline residues on the loop closure dynamics in unfolded polypeptide
chains. These residues frequently occur in turn and loop sequences (8, 9) and thus may

play a major role early in folding during compaction of the polypeptide chain.

In recent years several experimental systems have been applied to obtain information on
the time scale of intrachain contact formation in polypeptides (10-16). We have used
triplet-triplet energy transfer (TTET) from xanthone (Xan) to naphthylalanine (NAla) to
directly measure the kinetics of intrachain contact formation in polypeptide chains (12,

15, 17). TTET from a triplet donor to a triplet acceptor group involves transfer of two
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electrons (Dexter mechanism) and requires van der Waals contact between the two
groups (18). Formation of the xanthone triplet state and electron transfer between
xanthone and naphthalene occur on the low picosecond time scale (19) and the transfer
process is diffusion-controlled (15, 17). TTET thus allows measurements of absolute
rate constants for diffusional processes slower than the photochemical processes, i.e.
slower than about 10 ps for the xanthone/naphthalene system (Figure 1A) (19). In earlier
experiments the triplet donor and acceptor groups were introduced near the ends of
various repetitive sequences or of fragments of natural proteins (12, 15, 17). This
enabled us to determine of the effects of chain length and amino acid sequence on the
dynamics. Single exponential kinetics on the nanoseconds time scale were observed for
contact formation in all peptides. In host-guest studies on short peptides only small
effects of the amino acid sequence on local chain dynamics were observed. The only
exceptions were glycine and proline, which show significantly different dynamics (15).
Glycine showed faster rate constants for contact formation than any other amino acids
as expected from its increased backbone flexibility due to the lack of a Cg-atom. The
presence of a proline residue leads to more complex dynamics with a slow and a very
fast process of contact formation (15). Here we investigate the molecular origins of the
effects of proline and glycine residues on the kinetics of loop formation. We show that
the heterogeneity in the proline containing peptides can be assigned to dynamics of cis
and trans Xaa-pro isomers. Loops of varying length are used to assess the range of the
effect exerted by a single glycine, cis proline or trans proline residue. Measuring the
temperature dependence of loop formation allows us to evaluate changes in the entropy
and enthalpy of activation caused by the different residues. These results are compared
to chain properties of the various peptides derived from simulations using statistical

enumeration of conformational space.
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MATERIALS AND METHODS

9-Oxoxanthen-2-carboxylic acid (xanthone acid) synthesis and peptide synthesis were
carried out as described previously (15). The synthesis of pseudo-proline (ps-Pro)-
containing peptides were performed using a Fmoc-Val-[W#M*™Ser] building block
(Novabiochem) on a acid sensitive preloaded trityl resin (TentaGel S, Rapp Polymer)
and trityl protecting groups. Cleavage conditions were 1 % trifluoroacetic acid (Fluka)
in dichloromethane (Fluka). All peptides were purified by preparative HPLC. Purity and
mass of the peptides were checked by analytical HPLC and mass spectrometry,
respectively. Laser flash experiments were performed as described (12, 15). At the end
of the fast exponential decay corresponding to TTET through intrachain contact
formation a small amount of xanthone triplets with less 10% of the total amplitude
remains in the triplet state. These triplets decay on a much slower time scale with a rate
corresponding to the intrinsic lifetime of xanthone triplets under the given conditions
(t>20 us) and may be due to oligomeric structures which do not allow TTET (15).
NMR spectra were recorded on a Bruker ARX600 spectrometer with a proton resonance
frequency at 600 MHz. The cis content of the proline containing peptides was

determined according to the method described by Reimer et al. (20).

Viscosity dependence. The viscosity was varied by adding 0-70 % (v/v) glycerol
(Aldrich) to the solutions. For all viscous solutions, the solvent viscosity 1 was
measured by using a falling sphere viscometer (Haake) at 22.5°C. The viscosity
dependencies of the end-to-end contact formation rate constants were analyzed using the

empirical equation
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kc=kf.(&) (1]
n

where k_ is the observed contact formation rate constant, 1, is the reference viscosity of
1.0 cP, k. is the rate constant for intrachain contact formation at v, and the exponent f3
reflects the sensitivity of the reaction to solvent viscosity. The P-values were
independent of the cosolutes used to modify solvent viscosities. The same values as
measured for glycerol were obtained for glucose, sucrose and ethylene glycol, indicating

a genuine effect of solvent viscosity on the dynamics.

Temperature dependence. In all laser flash experiments the temperature was measured
directly in the cuvette. For the determination of activation energies the observed rate
constants were corrected to account for the effect of temperature on water viscosity. For
the corrections the B-values determined in the viscosity-dependence (eq. [1]) were used

and the data analyzed according to the Arrhenius equation:

B E,
k?(T)=kL.(T)'(n(T)) _Ae 2]

Mo

where A is Arrhenius pre-exponential factor at n,=1.0 cP and E, the Arrhenius
activation energy. Tabulated values were used to determine the solvent viscosity of

water at given temperatures 1(T) (21).

Simulations of chain conformations. All-atom simulations of oligopeptides were
carried out using a hard-sphere model. Hard-sphere contact radii, bond lengths, and

bond angles corresponded to the values recently used by Rose and co-workers (22).

126



Atom contact radii were taken from Hopfinger (23) and softened by multiplying with a
factor of 0.95. Bond lengths and angles were obtained from Engh and Huber (24). The
dihedral angle w was fixed at 179.5° for trans peptide bonds and at -0.5° for a cis prolyl
peptide bond. For proline residues the dihedral angle ¢ was fixed at -60° (25). Peptide
conformations were generated by randomly varying the values of the backbone dihedral
angles ¢ and ¥ and the side-chain dihedral angle yx, of serine residues. Calculated
peptide molecules were checked for steric overlaps using the above hard-sphere contact
radii. Following Pappu et al. (22) only pairs of atoms separated by at least four covalent
bonds were tested for steric clashes. In addition N-terminal amide proton and C-terminal
carbonyl oxygen atoms were not checked for steric interactions. For each peptide at
least 10° valid conformations without any steric overlaps were generated by this
procedure. End-to-end distances reflect the distance between the N-terminal amide
nitrogen and the C-terminal carbonyl carbon atom. The Ramachandran maps (Fig. 5A)
for the effect of cis and trans prolyl isomers on conformational energy were calculated
for the central serine residue in Ser-Ser-Pro peptides (26) as described above.
Conformational free energies were calculated by dividing the resulting Ramachandran
maps into bins of 5x5 degrees. The number of conformations per bin was used to
calculate relative free energies according to the Boltzmann equation. The most frequent
conformation was arbitrarily assigned a value of 0, all other free energies are relative to

that value.

The simulation program was written in ANSI C and compiled using the Bloodshed Dev-

C++ development environment (http://www.bloodshed.net). Compiled programs were

executed on IBM compatible computers running Windows.
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RESULTS AND DISCUSSION

Kinetics of loop formation in short proline and glycine containing peptides. To
investigate the effect of proline and glycine residues on chain dynamics in more detail
we performed measurements of the kinetics of loop formation in host-guest peptides of
the structure Xan-(Ser),-Xaa-(Ser),-NAla-Ser-Gly with x,y = 1-7 and Xaa = Gly, Ser or
Pro. Figure 1B compares TTET kinetics in the Xan-Ser-Ser-Ser-NAla-Ser-Gly peptide
(SSS peptide) with Xan-Ser-Pro-Ser-NAla-Ser-Gly (SPS peptide) and Xan-Ser-Gly-
Ser-NAla-Ser-Gly (SGS peptide). These peptides serve as good models for tight protein
turns with i, i+3 interactions as they frequently occur at the end of -hairpins. Intrachain
loop formation in the SSS and SGS peptides can be described by single exponential
kinetics with rate constants of (1.6+0.1)-10” s™" and (2.5+0.1)-10" s, respectively, in the
presence of 52% glycerol. Under then same conditions, double exponential kinetics are
observed for loop formation in the SPS peptide with rate constants of (2.7+0.3)-10" s™
and (4.740.2)-10” s and respective amplitudes of 20 + 5% and 80 = 5%. The faster
kinetic phase in the SPS peptides is slightly faster than the dynamics in the SGS peptide,
whereas the slower phase is the slowest reaction observed in the three peptides. Since
the faster kinetic phase of the proline containing peptide is near the resolution limit of
the measurements, the experiments were carried out in the presence of increasing
amounts of glycerol between 0 and 70%. Glycerol slows down chain dynamics due to
increased solvent viscosity and thus allows a more reliable determination of the rate
constant and amplitude of the fastest reaction in water (Figure 2A). The rate constants
for loop formation in the SPS peptide in water are (2.0+0.1)-10” s and (1.2+0.2)-10° s
(see Figure 2A and table 1). For the SSS and SGS peptides rate constants in water of
(6.7£0.7)-10" s and (1.2+0.1)-10° s, respectively were determined (table 1). Glycerol

has no effect on the amplitudes of the two kinetic phases (Figure 2B). The average

128



amplitudes for the faster and slower process measured at the various glycerol

concentrations are 17.0+2.2% and 83.0+2.2%, respectively.

A likely origin for the double exponential kinetics in the SPS peptide are different
dynamics in cis and trans isomers of the Ser-Pro peptide bond. Xaa-Pro peptide bonds
populate a large fraction of cis isomer due to the cyclic structure of the proline moiety.
Studies on model peptides showed that the cis content depends on the preceding amino
acid and varies between 7 and 38% (20) in contrast to about 0.15-0.5 % cis isomer at
non-prolyl peptide bonds (27). The observed 17+2% fast phase in the loop closure
dynamics in the SPS peptide essentially reflects the cis-trans ratio at the Ser-Pro peptide
bond in the SPS peptide, which has a cis content of 16+2% as determined by 1D 'H-
NMR spectroscopy (data not shown). However, also rotation around the y-angle of the
amino acid following the proline residue was shown to be slow with a rotation barrier
around 50 kJ/mol. This might also give rise to the observed heterogeneity in the kinetics
of loop formation in proline containing peptides. To discriminate between cis-trans
isomers of Xaa-Pro bonds and slow rotation around -angle as molecular origin for the
complex dynamics we investigated the effect of the cis content on the kinetics of loop
formation. Pseudo-proline ([$™*"Ser]) is known to increase the cis content of a Val-
Pro peptide bond to 80-90% due to steric conflicts induced by the methyl groups in the
trans conformation (28, 29). We introduced pseudo-proline (psPro) into two different
peptides of the sequence Xan-Val-[¥V*™Ser]-Ser-NAla-Ser-Gly (V(psP)S-peptide) and
Xan-Ser-Val-[WMMSer]-Ser-NAla-Ser-Gly (SV(psP)S peptide, peptide A) and
compared the resulting kinetics of loop formation to the kinetics of the corresponding

proline containing peptides (peptide B).
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Both pseudo-proline containing peptides show double exponential kinetics of contact
formation with significantly increased amplitude (70-80%) of the faster reaction
compared to the corresponding proline containing peptides (Figure 3A and Table 1).
This shows that the faster reaction corresponds to the dynamics of peptides with a cis
isomer. Since cis-trans isomerization is slow (1/k~ 20 s at 22 °C) (20, 29, 30) there is no
equilibration between the two isomers on the time scale of the TTET experiments and

the dynamics of both isomers can be resolved.

Temperature-dependence of loop formation. Information on the origin of the faster
dynamics in chains with cis proline isomers was obtained from the temperature-
dependence of loop formation in the Xan-Val-Pro-Ser-NAla-Ser-Pro peptide (VPS
peptide). Fitting the data to the Arrhenius equation (eq. [2]) yielded significantly
different apparent activation energies of 47.1 kJ/mol for the cis isomer and 38.6 kJ/mol
for the trans isomer. Since the dynamics were shown to be sensitive to solvent viscosity
(Fig. 2) the rate constants measured at the different temperatures had to be corrected for
contributions from the effect of temperature on water viscosity to obtain the actual

activation energies (see Materials and Methods). This resulted in viscosity corrected
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activation energies (E,) of 29.8 and 20.0 kJ/mol for loop formation in peptides with a cis
and a trans Val-Pro peptide bond, respectively (Fig. 3B). The fit further revealed largely
different pre-exponential factors (A) of 1.6:10" s and 2.9-10" s™ for loop formation in
the cis and trans isomer, respectively. These results show that loop formation in the cis
isomer encounters higher barriers compared to the trans isomer but is faster at room
temperature due to a significantly higher pre-exponential factor. This indicates favorable
entropic contributions to rate constant for loop closure in the cis isomer. A significantly
higher activation energy of 42.9+3.4 kJ/mol and a higher pre-exponential factor of 2.7+4
-10" s is found for the cis isomer in the shorter Xan-Ser-Pro-NAla-Ser-Gly peptide (SP
peptide; Table 1) whereas the activation parameters for dynamics in the trans isomer of
this peptide are similar to the respective values in the trans isomer of the VPS peptide
(Table 1). For all peptides the pre-exponential factors for the loop closure dynamics in
the frans isomers are similar to the values in polyserine peptides of similar length
whereas the activation energies in the polyserine peptides are significantly lower (table
1). This indicates that the presence of a trans proline isomers mainly influence the
height of the energy barrier for loop formation but not the entropic contributions. Linear
Arrhenius plots were observed for all peptides, which show that loop formation is not
associated with significant changes in heat capacity (ACp=0). The results on the
dynamics in the different proline containing peptides further reveal that the amino acid
preceding the proline residue significantly influences the dynamics of both the cis and
the trans isomer. In all short peptides Val-Pro bonds lead to about 2 fold slower loop
formation kinetics compared to Ser-Pro bonds. This argues for steric effect of large side

chains on the intrachain dynamics.
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Effect of loop-size. Our results show that proline and glycine residues strongly
influence the kinetics of formation of short loops. To test whether these effects are also
observed over longer distances we measured loop formation in peptides containing a
single proline or glycine residue at a central position and varied the loop size. Figure 4
compares the kinetics of loop formation in glycine and proline containing peptides with
the results from polyserine and poly(glycine-serine) loops. The effect of a proline and
glycine residue decreases with increasing distance from the contact labels. A glycine
residue has no effect on loop formation if the sites of contact formation are further than
5 amino acids from the glycine on both sides. Peptides with N>11 (N=number of
peptide bonds between the two sites of contact formation) show the same rate constants
for contact formation as polyserine chains of the same length (Fig. 4). A more complex
behavior is observed for proline residues. Only for x,y <2 the dynamics of peptides with
cis and trans isomers can be resolved, suggesting that the dynamics of the cis and trans
isomers are similar in longer peptides (Fig. 4). Interestingly, in short peptides the cis
isomer always shows faster loop formation than the trans isomer, irrespective of
whether donor and acceptor are separated by an even or an uneven number of peptide
bonds (Fig. 4 and Table 1). Formation of short loops becomes faster with increasing
loop size in chains with cis isomers and the rate constant reaches a maximum of k=1.5
-10° s for N=5. This is the fastest rate constant measured for loop formation in any
sequence of this length up to date. The rate constant for loop formation in peptides with
trans proline isomers increases with increasing chain length until a loop size of 9-10
residues and matches dynamics of a polyserine chain at N=11. Formation of single
proline containing loops with N=11 behave similar to polyserine chains and show
decreasing rate constants with increasing loop size (Fig. 4). These results show that

single glycine and proline residues affect chain dynamics only very locally for loops
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shorter than 11 residues. However, this should have pronounced effect of the formation
of loops and turns in proteins, which frequently contain proline or glycine residues. The
average loop size in proteins is 6-10 residues (31) and pB-turns typically have i,i+3 or
1,i+4 interaction (9). Our results show that glycine and proline residues significantly

alter the dynamics for formation of these loops.

Effect of cis and trans prolyl peptide bonds on chain properties. The temperature-
dependence of the loop closing reaction showed that the faster dynamics in cis proline
isomers are due to a significantly increased pre-exponential factor compared to trans
isomers arguing for entropically favored loop formation in cis isomers. A likely origin
of this effect are differences in the chain dimensions and/or conformations between cis
and trans isomers, which prompted us to evaluate sterically allowed conformations for
our model polypeptide chains. Using Monte Carlo simulations of conformational space
introduced by Rose and co-workers (22, 32) we calculated the probability distribution of
end-to-end distances for different chains containing either cis or trans Ser-Pro isomers
and compared the results to the dimensions of polyserine chains (Fig. 5). In these
calculations all bond lengths, bond angels and peptide torsion angles were held at the
values given by Pappu et al. (22). Sterically allowed ¢, pairs were evaluated for each
amino acid and the resulting allowed regions in the ¢, space were used to generate
energetically favourable conformations for each peptide (22). The results show that the
energetically favorable conformational space of a cis proline isomer in a Ser-Pro bond is
reduced compared to the trans isomer (Fig. 6A). An extended analysis of non-prolyl cis
peptide bonds in protein structures also revealed that the geometrical parameters of cis
peptide bonds in native proteins are significantly different from those of trans peptide

bonds and that cis peptide bonds have drastically restricted conformational space (33).
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Our calculations further revealed that a central cis Ser-Pro peptide bond leads to a
distance distribution function that is significantly shifted to shorter end-to-end distances
compared to a trans bond in all peptides (Fig. 5B, C). This is consistent with faster rate
constants for intrachain contact formation in chains with a cis peptide bond due to a
smaller average distance between the sites of contact formation. However, the relative
difference in end-to-end distance between cis and trans isomers is small for longer
chains, which might explain the inability to resolve both kinetic phases for contact
formation in longer peptides (Fig. 5B). These results show that a single cis Xaa-Pro
peptide bond significantly influences the available conformational space of a
polypeptide chain and the chain dimensions. This is compatible with earlier calculations
on the conformations of poly(L-proline), which also showed that the presence of a small
fraction of cis proline isomers drastically reduces the chain dimensions (34). A similar
behavior was observed for stereoirregular vinyl polymers (35) and in stereoirregular 1,4-
polybutadiene and 1,4-polyisoprene (36), where the presence of a small fraction of

stereoirregularity significantly reduces chain dimension.

The restricted conformational space and the shorter end-to-end distances found for cis
Xaa-Pro peptide bonds explain the higher pre-exponential factor for loop closure
reactions due to a smaller loss of conformational entropy upon loop formation. The
results from the simulations are further compatible with higher activation energies for
chain motions in cis isomers due to increased barriers for bond rotation due to steric

clashes on a restricted conformational space (Fig. 5B).
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Tuble 1: Rate vonstants and activation parameter for intrachuin contact formation in various peptides

Peptide K A EJql) B ks A | EdD i % cis
(10"s'y (kJ/mal) (10tsty (kI/moly
SP 95205 | (L7=0810" 18312 0.750.03 Bl 2.7+40 10" 429:34 | 0692004 | 15x]
55 754 (501 0)10" 16.1=0.3 083003 - - - - -
SPS 201=1 (£ 1=1 810" 188212 075002 120+ 20 nad. n.d. -0.77=0.04 172
555 72=8 (251 010" 14.7=0.8 0836006 - - - - -
508 120210 nl. nal. 0832003 - - - - -
VIS 10=1 (291 410" 20012 081005 9248 16+13 - 10" 2 EL3 4| 0772004 16+2
V(psPIS 9704 nal. nal. 080005 GE+T . n.d. S0.T7R=006 | T2+5
S5PS 2H=2 n. nal. 083004 15(1+20 . n.d. S0ATH06 | 184
SVPS lf=1 n. nal. 1 860 02 T3 . n.d. 0962004 | 18£2
SV(psPIS 15=1 n. nd. 0,8320.06 T35 na. n.d. 0982003 | THx6
SS55SPSSSS 3722 (2407 107 10,3207 0.9320,03 - - - - -
S55555558 40=2 (1.7=0.8) 107 2=10 0.9220,03 - - - - -
S8S5GSSSS 4523 (160 8y 10° §.7+1.2 0.9320.02 - | - | - - -

ey and ky at T =22.5°C in, in water (y) = 0.94 ¢P).

"Arthenius pre-exponential factor at n=1 ¢P (water at 20 'C) according w equation [2].

“Arrhenius activation energy aveording to equation [2].

“A-values reflect the sensitivity of the respective kinetiv phase to solvent viscosity and were determined by fitting the viscosity-depedence of the
rite constanis aceording to eguation [1]. The origin of the fractional f-vulues will be discussedd elsewhere (F.K. & T.K.. in preparation).

“The cis content reflects the relutive amplitnde of the fust Kinetiv phuses. The values obrained from meassurements at different viscosities were
averaged.

"Loop formation in the cfs isomer of the SPS peptide was oo fust 1o reluibuly determine activation energies.
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Figures

Figure 1: (A): Schematic of triplet-triplet energy transfer measurements in unfolded
polypeptide chains. The time constant for formation of xanthone triplets (k;) is about 2
ps and the time constant for triplet-triplet energy transfer is about 1 ps. This allows
direct measurement of time constants for chain diffusion processes (k.) slower than
about 10 ps.(19, 37). (B): Time course of formation and decay of xanthone triplets in
peptides of the form Xan-(Ser);-NAla-Ser-Gly (—), Xan-Ser-Gly-Ser-NAla-Ser-Gly
(—) and Xan-Ser-Pro-Ser-NAla-Ser-Gly (—), measured in 52% glycerol, 10 mM
potassium phosphate, pH 7.0 (n=5.90 cP, T=22.5°C). Intrachain contact formation in
Xan-(Ser);-NAla-Ser-Gly and Xan-Ser-Gly-Ser-NAla-Ser-Gly can be described by
single exponential kinetics with a time constant of t(=1/k)=64+3 ns and 40+2 ns,
respectively. Xan-Ser-Pro-Ser-NAla-Ser-Gly (—) shows more complex kinetics for
intrachain contact formation with two relaxation times of T,=220+15 ns and t,=37%3 ns

for contact formation and respective amplitudes of A;=20+5% and A,=80+5%.

Figure 2: Viscosity dependence of the rate constants (A) and amplitudes (B) of the
kinetics of loop formation in the cis (O) and trans (@) prolyl isomers of Xan-Ser-Pro-
Ser-Nal-Ser-Gly with glycerol as cosolvent. The solid lines represent fits to equation [2]
with values of k,=1.9x0.1-10" s, B, = 0.75+0.02, k,=1.1x0.2:10° s, B, = 0.77 = 0.04.
The cis-content determined from the averaged amplitudes of the kinetics at all

viscosities is 172 %.

Figure 3: (A) Kinetics of intrachain contact formation in Xan-Val-Xaa-Ser-NAla-Ser-

Gly peptides with Xaa= [PM*MSer] (peptide A; —) or Pro (peptide B, —)in 10 mM
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potassium phosphate, pH 7. In addition the residuals for double exponential fits are
shown. The results are given in table 1. (B) Temperature-dependence of intrachain
contact formation in cis (O) and trans (@) isomers of the Xan-Val-Pro-Ser-NAla-Ser-
Gly peptide. A fit to the Arrhenius equation (Eq. [2]) gives activation energies and
preexponential factors (A) indicated in table 1. The rate constants were corrected for

effects of temperature on solvent viscosity (see eq. [2], Materials and Methods).

Figure 4: Effect of increasing chain length (N) on the rate constant of contact formation
in various peptides. The effect of loop-size on the rate constants for loop formation in
polyserine (O) and poly(glycine-serine) peptides (@), is compared to the rate constants
in (Ser),-Gly-(Ser), (@), cis (O) and trans (®) isomers of (Ser),-Pro-(Ser), with x,y
varying from O to 7. Data for polyserine and poly(Gly-Ser) were taken from ref. (15).
The lines represent the loop-size dependence of intrachain loop formation formation in

the homolpolyers as described in ref (15).

Figure 5: (A) Ramachandran maps for the serine residues preceeding either the cis or the
trans prolyl isomer in Ser-Ser-Pro peptides. The contour levels denote free energies of
0.5, 1, 2 and 4 kiT. The crosses indicate the conformation of lowest free energy. (B)
Normalized end-to-end distance distribution in cis () and trans (—) prolyl isomers of
Ser-Pro-Ser and Ser,-Pro-Ser, peptides compared to Ser; and Ser, peptides, respectively
(-). (C) 10 Representative structures of cis and trans prolyl isomers of a Ser;-Pro-Ser;,
peptide. The structured are overlayed with in respect of identical orientation of the
central proly residue. Structures of the peptides were simulated and end-to-end distances

calculated as described in Materials and Methods.
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Abstract

The rate of intramolecular contact formation during protein folding is limited by
intrachain diffusion. Characterization of intrachain dynamics of unstructured
polypeptides is particularly important to understand the earliest events in protein
folding. We used triplet-triplet energy transfer to determine rate constants for loop
formation in various natural protein sequences from carp muscle B-parvalbumin and
protein G B1 domain with. The chosen sequences of various lengths up to 18 amino
acids are part of different folding motifs such as a-helices, B-hairpins, loops or helix-
turn-helix structures in the native state of the proteins. Rate constants for intrachain
contact formation, their viscosity dependence and activation parameters obtained from
the temperature dependence are compared to data from homo-polypeptide chains.
Determined rate constants agree well with data on homo-polypeptides and host-guest
studies. The results indicate that intrachain diffusion in natural sequences depend
significantly on the amino acid composition. Sequences with large amino acid side-
chains decrease intrachain diffusion over short and long distances and increase the
activation barriers for end-to-end contact formation. The activation barriers for
intrachain contact formation are with 12 — 16 kJ/mol similar to activation barriers
determined for fast protein folding processes. The results indicate that intrachain

diffusion significantly contribute to the earliest steps in protein folding,

Keywords: Protein folding; polypeptide dynamics; triplet-triplet energy transfer; natural

loop sequence; parvalbumin; protein G B1 domain; temperature dependence
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Introduction

A protein folding reaction is a complex intramolecular chemical process, which can
include reactions ranging from nanosecond time scale to minutes'. Starting from the
ensemble of unfolded conformations a folding polypeptide chain samples the vast
conformational space in search for the energetically preferred native state. The folding
process ends at the well-defined, three-dimensional, native structure with the complete
set of short- and long-range interactions. For a complete characterization of a protein
folding reaction it is essential to have knowledge regarding the structure, the dimensions
and the dynamics of all states along the reaction pathway. The characterization of the
unfolded state as starting point of the refolding reaction is particularly important. A
large amount of structural information of the denatured state has been obtained by

nuclear magnetic resonance spectroscopy” > * % °

and small-angle X-ray scattering
techniques” ®. Less is known about dynamics of the unfolded states of a protein folding
reaction, particularly the influences of sequence and solvent conditions on dynamics of
the polypeptide chain. The formation of a first intramolecular contact between two
separated residues is limited by intrachain diffusion. Dynamics of the earliest
conformational events related to protein folding such as loop formation, intramolecular

9;10; 11; 12

side-chain and backbone interactions on a polypeptide chain or the formation of

secondary structure elements '**'%

set an upper speed limit for the first steps in protein
folding".

Recently, several experimental system have we been applied to measure intrachain
dynamics in unstructured polypeptide chains” ' ' >, We applied the method of triplet-
triplet energy transfer (TTET) to directly measure intrachain dynamics in unstructured

polypeptides”™ '* '°. TTET from xanthone to naphthalene is a diffusion-controlled

reaction and provides the requirements to determine absolute end-to-end contact
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formation rate constants for a van-der-Waals-interaction on polypeptide chains'’. In
earlier studies the spectroscopic labels xanthone acid (Xan) and naphthylalanine (NAla)
were linked at the ends of flexible peptide chains with alternating glycine and serine
residues and at the ends of polyserine peptide chains'>. Except for short proline
containing peptides end-to-end contact formation is well-described by single
exponential kinetics in all investigated peptides” '>. The loop-size dependence of the rate
constant of intrachain contact formation revealed that intrachain motions over short and
long distances are limited by different rate-limiting steps'’. The maximum rate constant
of intrachain contact formation in short flexible glycine-serine peptides reaches a
limiting value of 1.8%10%™ ">, With increasing chain length end-to-end contact formation
is slowed down and for long poly(glycine-serine) chains the rate constants scale with the
power law k ~ N'7**! with N as the number of peptide bonds between donor and
acceptor. The effect of the amino acid sequence on local chain dynamics was probed by
using a series of host-guest peptides'”. All amino acids except glycine and proline
influence intrachain dynamics slightly. There is a general tendency that peptide chains
with large amino acid side-chains like Glu, Arg and Ile show slower intrachain rate
constants than peptides with Ala and Ser. Formation of local contacts has shown to be
strongly influenced by proline and glycine residues. Glycine increases the dynamics of
end-to-end contact formation. Introducing a proline residue into the sequence leads to
more complex kinetics. A proline with trans peptidyl-prolyl bond slows down local
chain dynamics whereas a cis proline isomer increases local intrachain dynamics
(Krieger et al., submitted). It could be shown that the stereoirregularity of the cis
peptidyl-prolyl bond induce a chain reversal leading to more compact conformations of
the chain. This effect vanishes in peptide chains if the sequence contains more than five

amino acids sidewise a single glycyine or a single proline respectively. Temperature and
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viscosity dependencies of end-to-end contact formation of homo-polypeptides revealed
that motions over short distances are limited by enthalpic barriers of 12 — 16 kJ/mol,
whereas for long flexible poly(glycine-serine) peptides end-to-end contact formation is
nearly completely entropy driven (F. K. & T. K., in preparation).

In the studies described above we used homo-polypeptides and host-guest peptides to
determine systematically the length'?, sequence'” and solvent'® dependencies of the end-
to-end contact formation rate constants in unstructured polypeptide chains. However
protein polypeptide chains are more complex than simple homo-polypeptide chains
because they consist of 20 different amino acids with a variety of side-chains of quite
different chemical reactivities. It could be shown that TTET from xanthone to
naphthalene can be applied to natural protein sequences, if they are free of tryptophane,
tyrosine, methionine and histidine, since these amino acids interact with xanthone
triplets'®. In a preliminary study we could successfully apply intramolecular TTET to
determine rate constants of intrachain contact formation in a natural loop sequence of
carp muscle parvalbumin. To test whether the experimental results obtained from the
studies on model homo-polypeptides can be generally applied to dynamics of protein
polypeptide chains we characterized the dynamics and barriers for contact formation
between the ends of various natural sequences from two well characterized proteins,

carp muscle -parvalbumin and protein G B1 domain, under various conditions.

Results

Fragments from Parvalbumin and protein G Bl domain as model systems to study
intrachain dynamics with triplet-triplet energy transfer

Carp muscle B-parvalbumin belongs to the family of EF-hand proteins and exhibits a

very high affinity for Ca®* and moderate affinity for Mg, properties consistent with a
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Ca*-buffering role". The overall structure consists of six helices associate in three
helix-loop-helix motifs, AB, CD and EF. The loops between the helices C and D and
between the helices E and F bind one calcium ion. The parvalbumin helices are all
amphiphilic, with their hydrophobic faces forming the core of the structure®. 80 % of
the hydrophobic side-chains buried in the protein core are located in o-helices. Carp
muscle f-parvalbumin (PA) does not contain any tyrosine, tryptophane or methionine
residues® and therefore represents a perfect system to study intrachain diffusion by
TTET from xanthone to naphthalene'®. We have synthesized three fragments from
different structures of parvalbumin, PA*™ PA’® and PA*'” (Figure 1A-C, Table 1).
PA®"is part of the D-helix, PA™® is part of the loop connecting the D- and E-helices
and PA®'” is part of the calcium binding side of the EF-hand. All loops bring
phenylalanine residues at the N- and C-terminus in close contact in the native structure.
The flanking phenylalanines 66, 70, 85 and 102 are part of the hydrophobic core and
were replaced by the triplet donor xanthone acid and acceptor naphthylalanine,
respectively.

Residue 41-56 of the protein G B1 domain (GB1) form a stable B-hairpin in solution

and became a reference system to study B-hairpin folding and stability. It has been the

42 2324

subject of various studies like temperature-jump experiments' *, simulations”** and
modeling®™ of folding pathways. The stability of the B-hairpin is attributed to
hydrophobic cluster formation between the valine side-chain (residue 43) and the rings
of three aromatic residues (Tyr45, Phe52, Trp54). We synthesized a peptide fragment
derived from the protein G B1 domain residues 45-52 (Figure2, Table 1). Tyrosine 45
and phenylalanine 52 are part of the hydrophobic cluster of the isolated stable -hairpin

and were replaced by the triplet donor and acceptor, respectively.
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Circular dichroic measurements revealed that the chosen protein fragments are
unstructured in water (data not shown). TTET measurements revealed that end-to-end
contact formation in all protein fragments can be described as a single-exponential
process as previously observed for all investigations on proline-free peptide chains®'?.
Figure 3A shows the time-course of TTET from xanthone to naphthylalanine in the
PA”® fragment. End-to-end contact formation of PA™® is significantly slower than
expected from results obtained on polyserine peptides and also from the previously
described data on PA*'” (Figure 4). The PA™* sequence contains a number of amino
acids with large side-chains, such as Lys, Arg, Leu and Thr and only one glycine
residue. Amino acids with -branched side-chains were shown to slow down intrachain
dynamics compared to amino acids with small side-chains'’. These results suggest that
amino acids with large side-chains decrease the flexibility of the peptide chains leading
to significantly slower contact formation rate constants than observed for polyserine
peptides. The rate constants for intrachain contact formation in the short helical
fragment PA®" agrees well with results obtained from polyserine peptides, although
the sequence consist of amino acids with larger side-chains than the (Ser),-peptide
(Figure 4, Table2). For sequences consisting of amino acids with small side-chains or
with high glycine content the intrachain rate constants of polyserine predict quite well
intrachain contact formation rate constants of natural loop sequences.

The GB1 fragment GB1** consists of several amino acids with large side-chains. As
shown in figure 4 end-to-end chain dynamics in the GB1**-fragment are significantly
slowed down compared to polyserine peptide chains of the same length (Figure 4, Table
2). The 2-fold decrease in the rate constant of contact formation is compatible with the
presence of large amino acid side-chains. Glycine and proline residues are frequently

found in hairpin loops®. We observed in homo-polypeptide chains that the local chain
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dynamics are strongly influenced by glycine or proline residues (F. Krieger et al.,
submitted). To test if natural protein sequences show similar behavior we replaced
Thr49 in the GB1* sequence against a glycine and proline (Table 1). The substitution

of a single glycine residue against a threonine residue into the GB1*™

sequence
accelerates intrachain contact formation, whereas a proline residue slows down
intrachain dynamics (Figure 3B and Figure 4B). As observed for host-guest peptides
short proline containing peptides exhibit complex kinetics on local intrachain dynamics,
suggesting that peptides with a cis proline isomer show faster end-to-end contact
formation kinetics than peptides with a frans proline isomer (F. Krieger et al.,
submitted). However end-to-end contact formation of the proline containing GB1*
fragment is described by single-exponential kinetics, suggesting that peptides with cis
and trans proline isomers have similar intrachain dynamics.

Except the PA®" fragment all chosen protein polypeptide sequences consist of many
charged amino acids, which might influence intrachain dynamics (Table 1). The PA*"'*
sequence contains a stretch of alternating negatively charged side-chains and uncharged
residues between residues 89 and 96 (GDSDGDG), which represents the calcium-
binding motif of the EF-hand structure (Figure 1C). From polyelectrolytes like
poly(styrene-sulfonate) or DNA at neutral pH it is known that the backbone rigidity is
supported by Coulomb repulsion of the side chains, since same charges distributed
along a chain at high density repel each other to extend the otherwise flexible chain®’.
To investigate whether charged side-chains influence intrachain dynamics in the highly
charged PA*'” loop sequences we replaced the negatively charged side chains amino
acids aspartic acid (D) and glutamic acid (E) by the uncharged amino acid side chains

asparagines (N) and glutamine (Q) (Table 1). The variant PA*'” fragment shows

virtually the same dynamic properties as the wild type fragment, indicating that charged
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amino acid side-chain have no or only a little effect on the intrachain dynamics of

natural protein sequences.

Effect of viscosity and temperature on the intrachain dynamics of natural protein
sequences

The characterization of end-to-end contact formation in poly(glycine-serine) peptide
chains revealed that intrachain dynamics over short distances is not fully governed by
solvent motion and limited by activation barriers of 12-14 kJ/mol. In contrast, formation
of loops with more than 20 amino acids is a diffusion-controlled process and nearly
completely entropy driven. Generally, the effect of increasing solvent viscosity on the
kinetics of intrachain loop formation can be described by following relation:

B
k, =kf-(ﬂ) (1)
Mo

where 7, is the reference solvent viscosity at 20°C and k the rate constant of end-to-
end contact formation at m,. p-values of -0.75 were determined for the short (GS),-
peptide and of -1.0 for long peptides (F.K & T. K to be submitted). The fractional
exponent (3 reflects the sensitivity of the reaction to solvent viscosity. For a fully
diffusion-controlled reaction the exponent adopts the value -1. A value of 0 indicates
that the reaction rate constant is independent of solvent viscosity and becomes fully
reaction-controlled. Values between O and 1 can be interpreted as a coupling between
solvent motions and the crossing over an activation barrier, leading to a partly diffusion-
controlled mechanism® *. For all peptides derived from natural loop structures
intrachain contact formation is partly diffusion-controlled with p-values between 0.84
and 0.90 (Figure5A). Similar results could be obtained for short glycine-serine peptides

and polyserine peptides of similar length (Table2) (F.K & T. K to be submitted).
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To verify the partly diffusion-controlled mechanism of intrachain dynamics in the
chosen protein fragments we performed the temperature dependency on the end-to-end
contact formation rate constants. Increasing the temperature leads to a decrease in the
viscosity of water’’. To correct for the contributions of changes in solvent viscosity due
to temperature changes we used B-values in combination with the viscosities of the
corresponding temperature to calculate the viscosity-corrected rate constants for end-to-

end contact formation k! according to equation (2):

B
KT = k (T)-| o 2).
(1) =k (T) (n(T)) (2)

This correction reduces the apparent activation barrier by 17.7 kJ/mol, since the
viscosity of water changes due to temperature changes™. The viscosity-corrected rate
constants for loop formation k! still dependent significantly on temperature as shown in
figure 5B. All temperature dependencies of the investigated peptides can be described

by an Arrhenius type equation (3) in the denoted temperature range:

E

KO(T)= A€ °T 3).
A is the Arrhenius pre-exponential factor, independent of solvent viscosity and E,
represents the Arrhenius activation energy. The fits yielded apparent Arrhenius
activation energies for the GB1*”* fragments E, of 15.7 = 0.9 kJ/mol and a pre-
exponential factors A of 1.4 - 2.8 x 10" for a reference viscosity 1, of 1.0 cP (Table2).
The activation barriers and pre-exponential factors of end-to-end contact formation in
GBI1*™ fragments are significantly higher compared to results obtained from the
polyserine peptide of the same length ((Ser),, Table 2). Interestingly the replacement of
the Thr49 residue by a glycine or proline residue does not change the Arrhenius

activation energy significantly, but the pre-exponential factor is strongly influenced

(Table 2).

156



With increasing chain length the apparent activation barriers for end-to-end contact
formation decrease as observed in poly(glycine-serine) and polyserine peptides,
suggesting that intrachain motions over long distances are stronger influenced by the
solvent motion and becomes more entropy driven. In both the PA™* and the PA*'*
fragments intrachain loop formation is limited by activation barriers of 14.3x0.7 and
12.5+0.7 kJ/mol, respectively (Table 2). Intrachain dynamics in the long protein
fragments PA’*® and PA*"'* are significantly stronger influenced by temperature than
intrachain dynamics in polyserine peptides like (Ser),. Unfortunately we cannot directly
measure end-to-end contact formation of a Xan-(Ser),,-Nal peptide for direct

comparison due to limitation in peptide synthesis.

Discussion

Intrachain contact formation in unstructured protein polypeptide sequences

Natural protein sequences are more complex than simple homo-polypeptides, since they
consist of twenty different amino acids with a variety of chemical reactivities. Therefore
a natural unstructured protein sequence cannot be regarded as a regular homogeneous
sequence and the application of simple scaling laws derived from polymer theoretical
models breaks down. The investigated natural peptide sequences contain between four
and 18 amino acids. The results are comparable with predictions obtained from data on
homo-polypeptides and host-guest peptides, except the data of the PA*™ fragment.
Generally, it is observed that amino acid sequences with small side-chains show faster
contact formation rates than sequences with P-branched side-chains'?. The
heterogeneous nature of protein polypeptide chain leads to local changes of the
persistence length *', which is a quantity for the stiffness of a chain. Persistence length

of 5 — 10 amino acids were experimentally determined depending on the protein and
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conditions. Thus about 5-10 amino acids can be regarded as the bead size of an
unstructured protein chain, however with quite different properties. Indeed our results
show, that local chain dynamics in unstructured protein polypeptide sequences are quite
different. Depending on the sequence the time constant of the formation of an i,i + 6
interaction will be estimated between 10 ns for the (GS);-peptide and 40 ns for the
GB1** T49P. It is expected that with increasing chain length unstructured protein
polypeptide chains adopt more similar averaged properties. End-to-end contact
formation over 16 and 18 residues in protein sequences from parvalbumin is
significantly slowed down compared to short sequences. Time constants of 66 and 53 ns
are determined for end-to-end contact formation in the PA™*- and PA®'*-fragments,
respectively. Both fragments are parts of loops and helices and have a quite similar
length.

Intrachain contact formation is particularly important over short distances, since the
formation of secondary structures is mostly due to interactions over few residues. The
strong length dependence of intrachain contact formation over long distances decreases
the probability to form a first elementary contact. An intramolecular contact over more
than 25 amino acid residues will not be formed faster than in 100 ns and over 60
residues will not be formed faster than in 500 ns (Figure 4)". In this time range parts of

the folding polypeptide chain might already adopt secondary structure.

Origin of decreased contact formation rates

Our results show that the intrinsic dynamic properties of protein polypeptide chains
behave different as expected from simple scaling laws, originally developed from
polymer theory’” *. Polymer theories are based on models with significantly less detail

and high degree of simplifications. The heterogeneity of protein sequences has a strong
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influence on the conformational properties of the chain, leading to more complex
dynamical and structural behavior. The temperature and viscosity dependencies showed
that intrachain contact formation in protein sequences over both short and longer
distances (N = 18) is not fully diffusion-controlled and significantly influenced by
activation barriers of 12-16 kJ/mol. To form an end-to-end contact the moving ends of a
polypeptide chain have to sample conformations, which might be energetically
unfavorable, leading to a limited diffusion process as observed for GB1**- and PA-
fragments. Interestingly the substitutions of a threoine by a glycine or proline residue in
the (-hairpin sequences 45-52 of GB1 leads to apparent changes in contact formation
rate constants and the pre-exponential factor, but not in the activation barrier (Table 2).
Glycine and proline significantly change the average end-to-end distance of short
unstructured peptide chains™. It is therefore expected that the decrease in the average
end-to-end distance leads to an increase in end-to-end contact formation rate constants™,
as observed in variants of the GB1** fragment. However the replacement of the Thr49
by a glycine or proline do not affect the barrier of intrachain contact formation. The pre-
exponential factor of all three GB1-fragments is increased compared to the (Ser),-
peptide. This increase might indicate that intrachain motion in the GB1-fragments are
less entropic-driven compared to (Ser), due to a stronger restriction of conformational
space.

End-to-end contact formation in natural protein sequences is mainly influenced by the
property of the backbone. The incorporation of an additional glycine or proline
significantly changes local chain dynamics. The incorporation of larger side-chains has
a cumulative effect, suggesting that this effect is significant, if several side-chains are

changed. Interestingly the deletion of charges in repetitive glycine-aspartic acid units
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does not affect intrachain dynamics, suggesting that charges have only a slight influence

on the dynamics of natural polypeptide chains.

Intrachain diffusion in GBI”*-fragment and implication for the first steps in -hairpin
formation.

The presented results reveal that intrachain contact formation in GB1*”*

is strongly
influenced by the properties of the peptide chain. The chosen sequence is part of a stable
B-hairpin sequence of the protein G B1 domain. Using temperature jump techniques on
B-hairpin folding. Munoz et al. determined rate constants for hairpin unfolding.
Assuming a two-state behavior between folded and unfolded conformations a folding
time constant of 6 us at 297 K was estimated'’. To explain the apparent two-state
behavior a statistical mechanical zipper model was developed, suggesting that the most
probable first step in B-hairpin formation begins with the formation of the B-turn
(residues 46-51)*. However, it is controversial to assume a two-state model for such
small peptides and up to date no direct determinations of rate constants for (3-hairpin
folding are available to prove these results. The temperature jump experiments revealed
rate constants for the overall folding of the hairpin. Our results suggest that the time
scale of the first step in formation of the GB1*"°° B-hairpin, namely the formation of an
i,i + 4 interaction in the f-turn, can be estimated to 25-30 ns. This time range is
significantly faster than the estimated rate constant for $-hairpin folding. Therefore the
loop of the GB1 hairpin (residues 41-56) cannot formed faster than in 30 ns.

Interestingly the presented data contradict previous results, which suggest that folding of
the B-hairpin GB1*° is nearly diffusion-controlled as shown with the dependence of
viscosity on the folding rate constants®. Using a simple statistical mechanical model,

the intrinsic activation energy for the elementary step of rotating a pair of backbone
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angles was estimated to be zero and the folding is fully governed by solvent motion. The
discussed data were obtained from temperature jump experiments assuming a two-state
model for folding and unfolding of the B-hairpin GB1*~° and same activation barriers
for folding and unfolding.

With the presented results we show that at least the formation of a first intramolecular

contact is limited by an apparent activation barrier of 16 kJ/mol. Although the

45-52 41-56
1 1

investigated GB sequences is shorter than the GB sequences it is expected that
the formation of a first intramolecular contact over seven peptide bonds in the complete
GB1*"° sequence is also strongly limited by activation barriers, which might originate
from the intrinsic stiffness of the chain. However, at the moment it is not clear, how this
barrier influence the overall folding process of small B-hairpin peptides, since no
folding data are available, which describe accurately the effect of temperature on
folding kinetics.

Furthermore the results suggest that the rate constant for hairpin formation should

significantly affected by insertion of proline or glycine residue.
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Materials and Methods

9-Oxoxanthen-2-carboxylic acid synthesis was performed as reported previously'>. All
peptides were synthesized on a Rink-amide resin using standard Fmoc-chemistry. The
formation and decay of xanthone triplets were measured at 590 nm using transient
absorption technique as described previously'”. All measurements were performed at pH
7.0 in 10 mM sodium cacodylate for parvalbumin sequences and in 10 mM potassium
phosphate for GB1 sequences. Viscosity dependencies were measured at 22.5 = 0.1°C.
Solvent viscosity was varied adding different amount of glycerol to solutions. For all
glycerol solutions, the solvent viscosity was measured by using a falling ball viscometer
(Haake) at 22.5 + 0.1°C. The temperature dependencies were carried out in range from 1
— 50°C. Individual kinetics were measured five times, averaged and analyzed using
ProFit software program. The kinetic rate constants for the temperature dependencies
were corrected against viscosity using tabular values for the viscosity of water™.
Measurements of the circular dichroism (CD) of the peptide fragments were performed
at 22.5°C using an Aviv 62DS spectropolarimeter equipped with a temperature-control

unit.
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Tables
Table 1: Sequences and structural context of the investigated sequences in native

proteins. PA: carp muscle f-parvalbumin, GB1: protein G B1 domain, HLH: Helix-

loop-helix structure.

Peptide sequence Amino acid sequence Native
structure of
PA 66-70 Xan-LQN-NAlaSG-NH, a-Helix
PA 70-85 Xan-KADARALTDGETKT-NAlaSG-NH, HLH
PA 85-102 Xan-LKAGDSDGDGKIGVDE-NAIaSG-NH, HLH
PA85-102 Xan- LKAGNSNGNGKIGVNQ-NAlaSG-NH, HLH
(D/N,E/Q)
GB1 45-52 wt Xan-DDATKT-NAIaSG-NH, B-Hairpin
GBI1 45-52 T/P Xan-DDAPKT-NAIlaSG-NH, B-Hairpin
GBI1 45-52 T/G Xan-DDAGKT-NAIlaSG-NH, B-Hairpin

Table 2: Observed rate constants and activation parameters for loop formation in natural
unstructured peptides, derived from protein G B1 domain (GB1) and p-parvalbumin

(PA) and direct comparison to results obtained from polyserine peptides.

Peptide sequence | N k. (s B E, (kJ/mol)* | A (10”s™)°
PA66-70* 4 6.3+0.4x 10’ n.d. n.d. n.d.
S; 4 7.4 +0.5x 10’ 0.83 £0.03 147+1.0 28 +9
GB1 45-52 wt 7 | 32+02x10" | 0.90 =0.05 157+0.9 18«7
Se 7 | 58+04x10" | 0.89 =0.05 11.2+0.6 52=+1.1
GB1 45-52 T/P 7 | 24+02x10" | 0.90 =0.05 15.7+0.8 14«4
GB1 45-52 T/G 7 150+x03x10" | 0.90 =0.04 15.5+0.7 24 =7
PA70-85 15 1.5+0.1x10" | 0.86 £0.03 143 0.7 46=+1.9
PAR5-102 17 | 1.9+0.1x10" | 0.85+0.03 12.5+£0.7 2.7 +0.3
PAR5-102 17 | 1.9+0.1x10" | 0.84 £0.03 125 0.7 2.7 +0.3
(D/NLE/Q)

a: not soluble in water, The rate constant was obtaining from the guanidine
hydrochloride dependence and extrapolation to zero molar denaturant concentration as
reported'” ',

b: measured at 22.5°C.

c: according to equation 3 and normalized to a viscosity 1, of 1.0 cP,
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Figures

Figure 1: Ribbon diagrams of carp muscle p-parvalbumin® (PA) and the molecular
structures of the fragments used in this study. The figures were prepared using the
program MOLMOL™ and the pdb file 4CPV®. (A) Ribbon diagram of PA with the
helical region 66-70 (red) and sequences of the synthesized fragments with the two
flanking Phe66 (pink) and Phe70 (green). (B) Ribbon diagram of PA and sequences of
the synthesized fragments with the loop region 70-85 (red) and the two flanking Phe70
(green) and Phe85 (blue). (C) Ribbon diagram of PA and sequences of the synthesized
fragments with the loop region 85-102 (red) and the two flanking Phe85 (blue) and
Phe102 (red). The flanking phenylalanines Phe66 (pink), Phe70 (green), Phe85 (blue)
and Phe102 (red) have been replaced by the triplet donor and acceptor labels, xanthone

acid and naphthylalanine, respectively.

Figure 2: (A) Solution structure of the protein G B1 domain (residue 1-56)*° and (B)
molecular structure of the synthesized fragment GB1***, The flanking Tyr45 (red) and
Phe(52) (blue) have been replaced by the triplet donor and acceptor labels, xanthone
acid and naphthylalanine, respectively. In a comparative study Thr49 (green) were
additionally replaced by a glycine and proline. The figure was prepared using the

program MOLMOL? and the pdb file 1GB1%.
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Figure 3: (A) Time-course of formation and decay of xanthone triplets in PA™"%-
fragment and (B) GB1** (—), T49G, (—) GB1** and T49P (—) after a 4 ns laser
flash at t = 0. The change of xanthone triplet absorbance is measured at 590 nm. End-to-
end contact formation is described as single exponential process with time constants of
(A) T = 1/k = 66 = 3 ns for PA™* and (B) of T = 30 = 2 ns (GB*™), 40 + 3 ns (GB*™*

T49P) 20 = 1 ns and (GB*™* T49G).

Figure 4: Comparison of the end-to-end diffusion rate constants of various protein
sequences derived from [-parvalbumin (PA) and protein G B1 domain (GB1) used in
this study (Fig.1, 2, Tab.1) with rate constants obtained from poly(glycine-serine)
peptides (@) and polyserine peptides (O): (@) PA®™; (@) PA"™; (@) PA¥'”; (@)
GB1*”*; (@) GB1¥%, T49G; (®) GB1"”*, T49P. The experimentally observed rate
constants for contact formation are plotted against the number of peptide bonds (N)

between xanthone and naphthalene. The solid lines represent fits according ref.'.

Figure 5: Viscosity dependencies (A) and temperature dependencies (B) of end-to-end
contact formation in sequences derived from protein G B1 domain (GB1): (@) GB1*?,
(®) GB1"”°T49G and (@) GB1***T49P. For the viscosity dependence (A) observed
rate constant were analyzed according to equation 1. The slopes -f3 of the fit of the
viscosity dependencies are given in table 2. For the temperature dependencies (B)
observed rate constants were corrected against viscosity according to equation (2) and
analyzed using an Arrhenius equation. The fit yielded activation barriers of 15.7 + 0.9
kJ/mol and pre-exponential factors k, of 1.8 + 0.7 x 10" s for GB1*™, 2.4 + 0.7 x 10"

s for GB1*T49G and 1.4 = 0.4 x 10" s for GB1*°T49P.
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