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1  Introduction 

1.1  Proteins and Protein Folding 

In the course of evolution, proteins, which are linear polymers of α-amino acids, have 

become the most versatile class of biomolecules, playing a central role in nearly all 

biological processes.1 Unique to proteins is the formation of complex structures that are 

highly adaptable to specific needs, for example encountered in catalysis, transport, signal 

transduction, structural organisation or regulation. 

The sequences in which the twenty different α-L-amino acids are combined to proteins are 

genetically encoded, ensuring both, stable inheritance and amenability to evolutionary 

processes. Based on this information proteins are synthesised at the ribosomes, which 

they leave through a narrow exit tunnel in a mainly unfolded, i.e. unstructured form. The 

structure of proteins is fully encoded in their sequence, as folding does not depend on the 

ribosome or any additional folding machinery, but occurs spontaneously.2 The folded 

state of a protein usually remains in a dynamic equilibrium with unfolded conformations 

and hence most proteins fold and unfold many times during their lifetime. In vivo, 

accessory proteins like chaperones,3 disulfide isomerases4 and peptidyl-prolyl isomerases5 

are present to ensure efficient folding. This is of particular importance for larger proteins, 

which tend to aggregate as long as they are unfolded. Aggregation of proteins and 

misfolding into fibrilar structures are related to a number of diseases. 

Although the building principle of proteins is rather simple, it gives rise to highly diverse 

structures, much more complex than systems that have been realized in synthetic 

chemistry.6 The polypeptide chain is typically arranged in local secondary structure 

elements, which are combined to domains, the tertiary structure. Different domains might 

be further linked to multi-domain proteins or assembled to oligomers. 

The folded state of proteins is in all cases a delicate balance of innumerable weak, 

non-covalent and competing interactions. The biological function often relies on subtle 

changes in this network of interactions, for example during a catalytic cycle or as 

response to ligand binding. It is puzzling how this balance, starting from an unfolded 

polypeptide chain, can be formed so efficiently.7-9 To achieve a comprehensive 

understanding of these phenomena, which are peculiar to proteins, remains a major 

challenge in molecular biology, chemistry and physics. 
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1.1.1 The Native State 

The native state denotes the preferred state under physiological conditions, which is 

related to the function of the protein and is usually well structured. An exception are 

so-called natively unfolded proteins, in which structure formation is mostly coupled with 

the binding of interaction partners.10 

The structures of proteins belonging to many different classes have been determined in 

atomic detail11 using X-ray crystallography12,13 or nuclear magnetic resonance (NMR) 

spectroscopy.14 The interactions responsible for the formation of structures had been 

proposed from chemical considerations15-17 and were confirmed by the structural data and 

mutational studies.1,18 The majority of the backbone amide groups is involved in 

hydrogen bonds (H-bonds),19 which often define regular secondary structures (see 1.2.2 

and 1.2.3). Charged amino acid side chains and the dipolar character of the amide bond 

give rise to long-range electrostatic interactions. Charged residues are typically 

distributed all over the protein surface to form networks of electrostatic interactions,20 but 

defined salt-bridges can be observed as well.21 Another significant driving force for 

folding arises from the hydrophobic effect.16,22 The entropy loss of water molecules 

getting ordered around hydrophobic groups causes a minimization of the hydrophobic 

surface - a densely packed hydrophobic core is common to all globular proteins. The 

dense packing of proteins adds extensive van der Waals interactions. 

More difficult to capture are the dynamics of the native state, which is not a rigid 

structure but subject to thermal fluctuations. Motions occur on many timescales, in 

correlated or uncorrelated fashion. Single bonds vibrate within some femtoseconds, 

whereas the rotation of unhindered side chains and the exchange of loosely associated 

water molecules take place in picoseconds.23 Loop motions typically require nanoseconds, 

large amplitude motions of domains and local unfolding events microseconds to 

milliseconds. Dynamics in folded proteins can extend to hours24 and global unfolding is in 

some cases so slow that it will be hardly observed. Flexibility is clearly a prerequisite for 

the function of proteins. Classical examples are the induced fit of enzymes25 and the 

various experiments on motions in myoglobin,26-28 which led to the concept of 

conformational substates. The dynamic picture of proteins is now complemented by 

single molecule spectroscopy29 and new NMR techniques,30 providing insight into the 

action of molecular machines and the concerted motions that enzymes undergo in the 

course of catalytic cycles.31,32 
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1.1.2 The Free Energy Surface of Proteins 

The thermodynamic stability of the native state turns out to be rather low in many cases. 

Proteins can be readily denatured, applying perturbations such as high temperature, high 

pressure, extreme pH or denaturing agents like urea or guanidinium chloride (GdmCl). 

However, a key observation of these in vitro experiments is that denaturation of proteins 

is a reversible process,33-36 i.e. proteins can refold spontaneously into the native 

conformation, when the conditions are changed back again. This demonstrates that the 

formation of structure is fully encoded in the amino acid sequence and does not depend 

on any accessory factors. Anfinsen concluded that the folded state is attained, simply 

because it is the state, in which the free energy of the system is minimal.2 

A full, statistical thermodynamic description of a protein chain and the surrounding 

solvent molecules would encompass all possible conformations, populated according to 

their free energies. However, most small single-domain proteins unfold in a single, 

cooperative transition, which can be fully described by a simple two-state model. This 

assumes that the protein molecule is either in the unfolded state U or in the folded state N 

and no intermediate states are populated at equilibrium (Eq. 1). 
 

 

U 
k

f

k
u

! "!!#!!  N  (1) 

U and N are thermodynamic states, implying that they encompass many microscopic 

states of different energies, in this case ensembles of conformations, which equilibrate 

fast compared to the overall reaction. The relative population of U and N can be 

expressed by an equilibrium constant K (Eq. 2a), which is related to the difference in the 

Gibbs free energy ΔG° between the two macroscopic states (Eq. 2b). 

]U[

]N[
=K                  K = e

!"G°/RT  (2a,b) 

The thermodynamic stability of typical single-domain proteins, arising from a subtle 

balance of entropic and enthalpic contributions, is in the range of –15 to –60 kJ mol-1.37 

These stabilities are low, especially taking into account, that a single salt-bridge or 

H-bond can attribute up to ~ 20 kJ mol-1.17,21 Reasons for such low stabilities might well 

be that the native state has to be dynamic (see 1.1.1) and that proteins have to be unfolded 

in order to get degraded. 

Since ΔG° is small, the stability of proteins is sensitive to all changes that affect the 

differences in enthalpy ΔH°, entropy ΔS° or chemical potential Δµ° between the ground 

states. Furthermore, the thermodynamic equilibrium can be shifted by varying the 
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temperature T, the pressure p or by adding components ni that affect the chemical 

potential (Eq. 3). 

d!G° = !V° "dp # !S° "dT + !µ°i "dni
i

$  (3) 

ΔV° denotes the volume change upon folding. It should be noted that ΔH° and ΔS° are 

temperature-dependent themselves, since the unfolded state has typically a larger heat 

capacity than the folded state (ΔCp < 0).38 As a consequence, the stability of a protein is 

maximal at a certain temperature, but in most cases significant cold denaturation is only 

expected for temperatures below 0 °C. Common denaturants such as urea and GdmCl 

favour the exposure of surface and hence unfolding, by either improving the solvation of 

the polypeptide chain36 or direct binding.15,39 The change in ΔG° is usually linearly 

related to the molar concentration of denaturant40 and to the change in accessible surface 

area upon unfolding.41 

The discussed two-state behaviour appears to be an oversimplification, which is certainly 

true for structures of low cooperativity (e.g. α-helices, see 1.2.2) or multi-domain proteins 

with several folding units. However, the observed equality of model derived enthalpies 

and calorimetrically measured enthalpies of many small single-domain proteins is a 

rigorous proof for the validity of this description.38,42 

1.1.3 Kinetics of Protein Folding 

The conformational space, accessible to the backbone and the side chains of a 

polypeptide, is vast. It was pointed out early that protein folding cannot proceed via a 

random sampling of all conformations, since this would take an astronomic time.43 

Moreover, this view would neglect that different conformations are associated with 

different free energies. Efficient folding seems to be ensured by a small free energy bias 

towards productive conformations,44 often viewed as a funnel on an energy landscape.45 

Nevertheless, it is puzzling how the native state, a delicate balance of many opposing 

interactions, can be reached without getting trapped in local minima of the free energy 

surface. Another question is, how the energy bias towards the native state is achieved, 

especially in the early stages of folding when only very few specific contacts exist at all. 

The times that proteins require to fold from an unfolded state to the native state range 

from microseconds46-48 to several seconds.37,49 Additional slow processes might arise 

from the formation of disulfide bridges,50,51 steps limited by prolyl cis-trans 

isomerisation52,53 or the incorporation of cofactors. The folding and unfolding kinetics of 
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many small proteins are single-exponential and without any deviations from the 

behaviour expected for two-state reactions.37,54,55 In cases where folding is initiated by a 

fast change of solvent conditions a rapid chain collapse might be observed, which is not 

necessarily related to the folding reaction, but might reflect the adaptation of the unfolded 

state ensemble to the new solvent conditions. However, the collapse may also lead to 

specific structures or intermediates, separated from the unfolded state by a free energy 

barrier.56 Multi-exponential folding kinetics57,58 or disagreement with interrupted 

refolding experiments59 or equilibrium data point toward the presence of kinetic 

intermediates.56 These are not necessarily obligatory on-pathway intermediates, but might 

belong to parallel pathways60 or even might be dead-end intermediates.61 In addition to 

populated intermediates, which slow down folding, intermediates higher in energy as N 

and U have been observed as well, as indicated by non-linear rate equilibrium free energy 

relationships (see below).62 Intermediates are also commonly observed for protein 

unfolding reactions.63 

 

 
Figure 1.1. Free energy profile of a two-state folding reaction. The Gibbs free 
energy is given as function of a suitable reaction coordinate, describing the 
progress of the reaction. The macroscopic states, unfolded (U) and native (N) are 
separated by a significant free energy barrier (transition state ‡, TS). The 
thermodynamic stability of the protein is determined by the free energy difference 
ΔG°, whereas the folding and unfolding rate constants depend on the differences to 
the free energies of activation o‡

u  f, G! and on the motional frequencies ω at the 
different positions of the surface. 
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The presence of a significant energy barrier between the unfolded state and the native 

state (Figure 1.1) has been shown for many proteins. In cases where the microscopic rate 

constants of folding kf and unfolding ku can be obtained reliably, the transition state 

theory of Eyring64 might be applied (Eq. 4), 

k = k0 ! e
"#G°

‡ /RT  (4) 

where the pre-exponential factor k0 is the maximal rate constant in the absence of an 

energy barrier and ΔG°‡ denotes the free energy difference between the ground state and 

the extra-thermodynamic transition state (activation free energy). 

The free energy barriers can be further characterised using 

rate equilibrium free energy relationships (REFERs).65 The effects of perturbations on 

ΔG°‡ are often linearly related to the changes of ΔG°. Neglecting effects on the unfolded 

state, a change of ΔG° fully caused by a change of ΔGf°‡ (α = 1) indicates that the 

transition state responds like the native state, i.e. is native-like. On the other hand, if the 

change in ΔG° can be fully attributed to ΔGu°‡ (α = 0), the transition state remains 

unaffected by the perturbation, resembling the unfolded state. This can be used to place 

the transition state on the corresponding reaction coordinate. Variation of the denaturant 

concentration gives information about the accessible surface area of the transition state, 

variation of the pressure about its volume66 and variation of the temperature about its 

entropy, enthalpy and heat capacity.55,67-69 By extending this concept to structural 

perturbations, achieved by amino acid substitutions, the role of individual side chain 

interactions can be assessed (φ-values).70 Comprehensive analysis of several proteins 

revealed that both, diffuse transition states in which the most interactions are partly 

formed, as well as polarized transition states with separated regions of low and high 

φ-values, exist.70 Non-linear REFERs are also commonly observed and can give further 

insight into the nature of the rate-limiting steps62 or the ground-state properties.71 In 

several proteins showing apparent two-state behaviour, folding actually seems to be a 

sequential process over consecutive energy barriers and through obligatory high-energy 

intermediates.62 Apparent movements of the transition state, as often observed in 

mutational studies, do not necessarily result from broad energy barriers. They can be 

mostly attributed to changes in the unfolded state (see 1.1.4), pointing to residual structure 

that is sensitive towards mutation.71 

For chemical reactions involving the formation and breakage of covalent bonds in the gas 

phase, the pre-exponential factor k0 in Eq. 4 is related to bond vibrations, the elementary 

reaction of these processes.64 However, protein folding takes place in solution and is at 
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least partially controlled by diffusion. A more appropriate description should hence be the 

theory of Kramers72,73 which treats the escape over a barrier as thermally activated, 

diffusional process on a free energy surface (Figure 1.1) and considers different degrees 

of coupling with the medium. For reactions in solution the high friction limit is applicable 

(Eq. 5), 

k =
!0!‡

2" #$
# e

%E
b
/RT  (5) 

in which the pre-exponential factor is proportional to the frequencies of the motions in the 

starting well ω 0 and at the saddle point of the barrier ω ‡, but inversely proportional to the 

friction γ. As a consequence, protein folding and unfolding rate constants should be 

inversely proportional to solvent viscosity and indeed strong viscosity dependencies of 

folding/unfolding have been observed.74,75 

In summary, conformational transitions of proteins are usually well described by two or 

very few thermodynamically distinguishable states separated by one or few major energy 

barriers. However, this does not explain the folding process in atomic detail. On the 

microscopic level, folding remains a highly statistical process. Molecular dynamic 

simulations can give ideas about possible routes to the native state, but one has to bear in 

mind that force-fields are of very limited accuracy. Experimental techniques, which 

circumvent averaging over large ensembles, do neither provide the necessary time nor 

spatial resolution. Several concepts describing the folding pathway have been discussed.70 

Folding might start from local (secondary) structures, which are only marginally stable 

but act as nuclei for folding (nucleation-growth mechanism).76 With a certain probability 

also several marginally stable secondary structures might co-exist at the same time, 

diffuse together and coalesce (diffusion-collision model).77,78 One can also argue that 

nuclei might exist but are only stable in combination with nonlocal interactions, i.e. the 

rate-limiting step would comprise nucleation and condensation.79 It is also conceivable 

that the polypeptide chain collapses around its hydrophobic side chains (tertiary contacts) 

into a more or less native-like topology, which than rearranges to the native state 

(hydrophobic collapse model).80 The chain collapse may considerably speed up the search 

for native-like contacts as the internal diffusion is limited to shorter distances,81 but on the 

other hand the internal friction might be increased. 
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1.1.4 The Unfolded State Ensemble 

Under physiological conditions proteins rarely populate the unfolded state. Low pH, high 

temperature, pressure or denaturants can be used to shift the equilibrium towards the 

unfolded state (Eq. 3) and to induce structural transitions. However, it has to be taken into 

account that the unfolded state ensemble is highly sensitive towards these perturbations 

itself. Linear REFERs (see 1.1.3) indicate that these changes are continuous and do not 

have a major effect on the folding process. Alternatively, the properties of the unfolded 

state might be investigated under more physiological conditions with protein fragments82-

86 or proteins destabilised by mutation,87 truncation or reduction of disulfide bonds. In all 

cases the experimental characterisation of the unfolded state ensemble is complicated by 

the heterogeneity of conformations and their fast interconversion (see also 1.2.1). 

In the absence of nonlocal interactions, the backbone will adopt the φ,ψ-angels in the 

accessible regions on the Ramachandran plot according to their energies,88 resulting in a 

random-flight chain.89,90 To calculate the conformational propensities, others than only 

steric effects between nearest neighbours might have to be taken into account. Some 

conformations favour clashes with more distant residues and hydration,91 as well as 

electrostatic interactions, side chain - backbone interactions and hyperconjugation might 

be considered.92 Most theoretical studies suggest a preference for the broad 

β-sheet / polyproline II region, i.e. for relatively extended conformations. 

Circular dichroism (CD) and NMR data indicate that the polyproline II region is indeed 

populated in model peptides and unfolded proteins, but it is difficult to obtain quantitative 

estimates from the large continuum of different conformations. Most importantly, no 

cooperativity between different segments was found for the population of the 

polyproline II region.93 Hence the bias towards these conformations will not give rise to 

structure in the unfolded state and is not at all a contradiction to random coil behaviour. 

The random coil view36 has long been supported by the agreement of experimentally 

determined properties like hydrodynamic radii or radii of gyration94 with scaling laws 

derived from polymer theory.90,95,96 The radius of gyration Rg is predicted to depend on 

R0, which includes the persistence length, the number of residues N and the exponential 

scaling factor v (Eq. 6). 

Rg = R0 !N
v  (6) 

An ideal and infinitely thin chain in a good solvent, outweighing all nonlocal interactions 

by solvent interactions, is described by v = 0.5. If the volume excluded by other parts of 

the chain (a nonlocal effect) is considered, one expects v = 0.588. A recent survey of 
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literature data and new measurements found v = 0.598 for 26 proteins in high 

concentrations of urea or GdmCl.97 Local effects will increase the persistence length and 

would thus enter in R0. The random coil view, however, is challenged by several NMR 

studies, which indicate the presence of defined, nonlocal hydrophobic interactions and 

H-bonds, even in the presence of high concentrations of denaturant.98-101 The interactions 

in the denatured state do not necessarily have to be native-like and since proteins are 

hetero-polymers, denaturants cannot be optimal solvents for all groups.36 

A different situation is encountered for the unfolded state under physiological conditions, 

where the interactions with the solvent do not compensate all intramolecular forces. In 

that case compact states are expected and found. In aqueous solution, the artificial 

population of the unfolded state over longer periods of time most often leads to unspecific 

aggregation or misfolding into β-fibrilar oligomers. Other examples are molten globule 

states, formed after disruption of charge interactions at low pH and mildly denaturing 

conditions,80,102 or collapsed states observed in kinetic experiments after dilution from 

high concentrations of denaturant. These states are still dynamic ensembles of many 

different conformations and it is not clear, whether the collapse leads to specific structures 

or not and how they are related to the folding pathway.103,104 In several cases collapse 

leads to intermediates showing cooperative unfolding behaviour.56 In other proteins 

electrostatic interactions seem to play an important role for the organisation of the 

unfolded state, inferred from significantly shifted pKa-values.105 Several kinetic 

experiments revealed a change of the ground-state properties upon mutation of single 

residues, as well pointing to the importance of specific interactions.71  

Studies on protein fragments have proven that local structural motifs, such as α-helices 

(see 1.2.2) and β-hairpins, can form in isolation (see 1.2.3). Under favourable conditions 

they are present in the unfolded state of some proteins, albeit they are only marginally 

stable and in fast equilibrium with unfolded conformations. Their role in the folding 

process is not understood in general. 

1.2  Elementary Steps in Protein Folding 

On the atomic level, folding has to start with a rapid sampling of many unfolded 

conformations eventually leading into a productive folding channel. The formation of 

marginally stable secondary structure elements and transient tertiary interactions are 

certainly important steps on the route to the native state, although these events do not 

have to lead to folding per se. In the following such elementary steps, namely the 
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formation of single intrachain contacts and the formation of α-helices and β-hairpins will 

be discussed. 

1.2.1 Formation of Contacts 

The unfolded state ensemble is highly dynamic and many transient contacts are formed, 

governed by the diffusion of the chain segments. These interactions may lead to local 

structure elements or certain topologies, as shown in Figure 1.2. 

 
Figure 1.2. Contact formation as primary step to form structural elements such as 
(A) loops, (B) β-hairpins and (C) α-helices. Adapted from Krieger et al..106 

However, relative little is known about the dynamics of polypeptide chains, which 

determine how fast the complex free energy surface can be sampled. Furthermore, the 

chain dynamics may vary considerably in fully denatured proteins, collapsed states or 

folding intermediates. Using Förster resonance energy transfer (FRET), Haas and 

Steinberg obtained estimates of the intra-chain diffusion coefficients in short peptides by 

varying the solvent viscosity.107 It is however difficult to separate the strongly correlated 

effects of the distance distribution between the labels and its change with time,107 as also 

experienced by Lakowicz in a series of experiments on short polymers.108 Two recent 

approaches try to avoid these complications using FRET donors with different lifetimes109 

or evaluating the autocorrelation of the donor intensity measured in single-molecule 

FRET measurements.110 The reported intrachain diffusion constants vary between 

8·10-8 and 1·10-6 cm2 s-1. 

Another way to describe the dynamics of polypeptide chains is to measure the formation 

of contacts between specific groups. An early experiment addressed the dynamics in 

denatured cytochrome c by following the rebinding of methionine to the heme upon 

laser-induced dissociation of carbon monoxide.111 The time constant of 35 - 40 µs 

obtained for the reaction between these groups separated by 50 - 60 peptide bonds was a 

significant overestimate of the time required to bring the two groups together.112 
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Nevertheless, this experiment triggered the development of more direct methods to 

measure contact formation,113 such as triplet-triplet energy transfer (see 1.2.1.1), triplet 

quenching or fluorescence quenching. Eaton and coworkers measured quenching of the 

tryptophan triplet state in a variety of peptides114,115-117 and proteins.118-120 Since 

quenching is in many cases not completely diffusion controlled additional information is 

required to extract the absolute rate constants of contact formation. To employ 

fluorescence (singlet) quenching, either relatively long-lived chromophores have to be 

used121 or intensity fluctuations have to be measured by fluorescence correlation 

spectroscopy on a few or single molecules.122,123 The systematically lower rate constants 

of contact formation measured in such experiments indicate that neither fluorescence 

quenching does occur upon every encounter. 

1.2.1.1  Triplet-Triplet Energy Transfer 

A method particularly suited to obtain absolute rate constants of contact formation is 

triplet-triplet energy transfer (TTET).124 In order to measure intrachain contact formation, 

triplet donor and acceptor groups are attached at specific sites of a polypeptide chain 

(Figure 1.3). 

 

Figure 1.3. Scheme of triplet-triplet energy transfer (TTET) coupled to chain 
diffusion. Triplet donor and acceptor groups are attached at specific sites of a 
polypeptide chain. Excitation of the donor with a short laser pulse leads to a triplet 
state (red), which can be transferred to the acceptor upon van der Waals contact 
formation. Since kET is much faster than kc and k-c, TTET measurements directly 
give the absolute rate constant of contact formation kc. Adapted from 
Krieger et al..106 

A triplet donor - acceptor pair well suited to measure TTET in aqueous solution is 

xanthone (Xan) and naphthalene (Nal). Xan is excited to its singlet state by a short laser 

pulse at 355 nm, leading to fast intersystem crossing to the triplet manifold (~ 2 ps)125,126 

with a quantum yield of ~ 99 % (Figure 1.4). Since the relaxation to the ground state is 



12  l    1 Introduction  

 

spin forbidden, the Xan triplet state is relatively long-living in deoxygenated solutions 

(~ 30 µs). 

 

Figure 1.4. Jabłoński diagram for TTET between xanthone (Xan) as donor and 
1-methylnaphthalene (Nal) as acceptor. Xan is excited to its singlet state S1 from 
where it undergoes fast intersystem crossing (ISC) to its triplet state T1, which 
actually comprises two states in Xan (3nπ* and 3ππ*, not shown).125,126 
Van der Waals contact with Nal leads to TTET. The triplet states can be monitored 
by the absorption bands arising from the T1 – T2 transitions of Xan and Nal. 
Dashed arrows indicate internal conversion. The diagram reflects the relative 
energies.127 

If by chain diffusion the excited triplet donor forms contact with the triplet acceptor Nal 

(Figure 1.3) the excited state energy can be transferred by a simultaneous exchange of 

two electrons (Dexter mechanism).128 Efficient energy transfer is ensured, since the Nal 

triplet state is lower in energy than the triplet state of Xan. The process can be directly 

followed by time-resolved absorption spectroscopy, since the triplet states of Xan and Nal 

give rise to characteristic absorption bands at 590 nm and 420 nm, respectively 

(Figure 1.4). The electron transfer mechanism requires orbital overlap between donor and 

acceptor, resulting in a strong, exponential distance dependence of the transfer rate 

constant kET (Eq. 7), 
kET ! e

"2r /L  (7) 

where r is the distance between donor and acceptor and L the average of their 

van der Waals radii.128 This means that TTET only occurs, when triplet donor and 

acceptor basically form van der Waals contact (L ≤ 5 Å for Xan and Nal). In comparison, 

FRET (singlet-singlet energy transfer) is mediated via dipolar interactions,129 resulting in 

a weak distance dependence (kET ∝ r –6). Depending on the donor and acceptor pair, 

FRET is observed over distances up to ~ 100 Å.130 



1 Introduction    l  13 

 

The actual transfer (kET) between Xan and Nal in close contact occurs within 1 ps,125 

which is much faster than a typical encounter of the two labels lasts (kET >> kc, k-c, 

Figure 1.3). Therefore the reaction is completely diffusion controlled and absolute rate 

constants of contact formation kc can be obtained in a time-range from 10 ps to 30 µs 

without any further assumptions. 

1.2.1.2  Chain Dynamics in Unstructured Polypeptides 

TTET measurements in poly(GlySer) and poly(Ser) peptides have provided detailed 

information on the chain dynamics of unstructured polypeptides.106,131-138 At ambient 

temperature contact formation can be described as single exponential process, in 

accordance with the theory of Szabo, Schulten and Schulten treating first passage times of 

diffusion controlled reactions.139 Prerequisites for single exponential behaviour are that 

only a small fraction of molecules forms contact at a given time point and that the 

interconversion between all different conformations is fast compared to contact 

formation. In unstructured peptides contact formation occurs on the timescale of ten to 

hundreds of nanoseconds (Figure 1.5). 

 

Figure 1.5. Rate constants of 
end-to-end contact formation in 
poly(GlySer) (●) and poly(Ser) (○) 
peptides of different length. The data 
were obtained at 22.5 °C using 
TTET between Xan and Nal (see 
1.2.1.1). The lines show fits of 
Eq. 8. Data taken from 
Krieger et al..106 

The rate constant of end-to-end contact formation kc was found to obey a scaling law 

(Eq. 8), as kb scales with the number of peptide bonds N. 

kc = 1 /  [1 / ka +1 / (kb !N
"

)]  (8) 

The scaling factor γ = –1.7 determined for poly(GlySer)106 agrees with polymer theory, 

which predicts that end-to-end contact formation scales with N –1.5 in ideal Gaussian 

chains,139,140, with N –1.8 if excluded volume effects are taken into account106,139 and with 

N –1.7 to N –2.0 in Rouse chains.141 In short peptides, which are strongly influenced by the 

chain stiffness and therefore do not longer behave like ideal chains, contact formation 

becomes length independent (Figure 1.5), expressed in the limiting rate constant ka 
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(Eq. 8). Contact formation involving internal chain positions is additionally influenced by 

the size of the end-extensions, which can reduce kc down to a limiting factor of 2.5 in the 

case of very large extensions.138 Internal segments of a peptide chain are hence 

intrinsically less flexible than the chain ends. 

Contact formation depends strongly on the inverse of the solvent viscosity (Eq. 9, 

β ~ -1),135 as expected for diffusion-controlled reactions. 

kc = kc
0 ! (" /"0 )

#  (9) 

Fractional viscosities (β > –1) are observed for less flexible peptides or large viscogenic 

agents.134 The effect of temperature on kc in unstructured peptides is well described by 

Arrhenius behaviour with apparent activation energies of 20 - 35 kJ mol-1.134 Correction 

for the change of solvent viscosity with temperature (17 kJ mol-1 for β = – 1) reduces 

these activation energies to about 5 kJ mol-1 for long poly(GlySer) peptides and to 

15 - 20 kJ mol-1 for less flexible peptides. Denaturants like urea and GdmCl affect ln kc in 

an apparently linear fashion (Eq. 10). 

ln kc = ln kc
0
! m "[D] / RT  (10) 

However, if kc is corrected for the change of solvent viscosity (Eq. 9), the effect of 

denaturants is no longer linear, but can be ascribed to a binding isotherm.135 Besides the 

dynamics of poly(GlySer) and poly(Ser) peptides the influence of different amino acid 

side chains has been addressed in host-guest studies.106,133,136 Glycine leads to 

significantly faster contact formation than all other amino acids, whereas proline gives 

double exponential contact formation kinetics. The faster phase could be assigned to 

peptides with a cis conformation of the amide bond preceding proline, causing a drastic 

restriction of the conformational space. Proline in the trans conformation leads to 

significantly slower contact formation. 

Contact formation was also studied in some natural, but unstructured sequences, derived 

from carp parvalbumin or the GB1 hairpin.132,134 A recent study addressed fast contact 

formation events in short loops using femtosecond-laserflash spectroscopy and revealed a 

hierarchy of motions.137 In addition to the diffusional processes on the 10 ns timescale, a 

subfraction of peptides showed complex contact formation kinetics on the timescale of 

50 - 500 ps, probably representing motions within a local well of the free energy 

landscape. Only in a small fraction of molecules the labels had formed contact during the 

excitation. 
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1.2.2 Formation of α-Helices 

The structure of α-helices was proposed by Pauling in 1950,142 who suggested them as 

structural elements in fibrous and globular proteins. Indeed, α-helices turned out to be the 

most abundant structural motif in proteins.143 Since α-helices are stabilised by rather local 

interactions, they can also form independently of tertiary structure and isolated helices 

have been observed in peptides, protein fragments82,144,145 and several 

intermediates.102,103,146 The formation of α-helices can hence occur as one of the earliest 

steps in the folding of proteins. 

Regular α-helices are defined by backbone H-bonds between the carbonyl groups of 

residues i and the amide protons of the residues i + 4 (Figure 1.6). H-bonds are the major 

stability determinant of α-helices,15 but the geometry is favoured for other reasons as 

well. The packing of the backbone is quite dense, thus adding stabilising van der Waals 

interactions. The dipolar peptide bonds are aligned in an energetically favourable parallel 

orientation, which results in a macro-dipole with a positive partial charge at the 

N-terminus and negative partial charge at the C-terminus. The side chains point outward 

in a tangential fashion, slightly directed towards the N-terminus. Their staggering of 100° 

avoids steric clashes, but allows interactions between side chains of residues i and 

i + 4.147,148 

 
Figure 1.6. Model of a regular, right handed α-helix (3.613-helix). The helix has 
3.6 residues per turn with a rise of 1.5 Å per residue. The backbone dihedral angels 
adopt φ,ψ-values of (- 57°, - 47°). The i, i + 4 H-bonds (yellow) are 2.9 Å long. 
The Cα are symbolized as atoms, the side chains are omitted for clarity. The figure 
was prepared using MolMol.149 

All natural amino acids can be incorporated in regular α-helices, except proline that 

induces a kink (φ = - 70°) and lacks the H-bond donor functionality. Less favourable are 

also glycine and β-branched amino acids. 

A special situation is encountered at the N- and C-termini of helices, where four amide 

protons, respectively carbonyl groups, are not involved in backbone H-bonds. In proteins 

this is often compensated by capping motifs, including side chain - backbone 
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H-bonding.150,151 A structure related to the regular 3.613 α-helix is the 310-helix, which is 

characterised by a rise of three residues per turn and i, i + 3 H-bonds.1 In general, this 

structure is energetically not as favourable as the α-helix, but less unsatisfied H-bond 

functionalities remain at the termini. As a consequence 310-helices are often found as 

N-terminal capping motifs in proteins and several studies suggest that they also prevail at 

the termini of isolated α-helices.152 

1.2.2.1 Thermodynamic Aspects of α-Helix Formation 

The thermodynamic and kinetic properties of isolated α-helices are quite different from 

those of proteins. Due to the low cooperativity between the segments the helix-coil 

transition cannot be treated as two-state system but represents a multi-state system. Every 

single segment can be either in the helix or coil state, giving rise to 2N different 

conformations for N segments. The restriction of the φ,ψ-angels to the helical space is 

associated with an entropy loss, which in the interior of helices is overcompensated by the 

enthalpy gain due to H-bonding. Helical segments close to helix boundaries remain 

energetically highly unfavourable, since they are only partly involved in i, i + 4 H-bonds 

(Figure 1.6). The state of a segment therefore depends to some extent on the conformation 

of the neighbouring residues, or more precisely, on the presence of H-bonding partners. 

Statistical mechanical models resembling the cooperativity of the helix-coil transition 

have been devised early153 and were applied to the helix-coil transition in polymers, such 

as poly-γ-benzyl-L-glutamate.154 Zimm and Bragg attributed a statistical weight of σ ·s to 

the first peptide bond of a helical structure with an H-bonded carbonyl group (nucleation) 

and a statistical weight of s (elongation) to every following peptide bond in a helix.155 

H-bonded carbonyls without preceding helical units were excluded and a statistical 

weight of unity assigned to all other peptide bonds. The formalism is usually simplified 

by considering only nearest neighbour interactions instead of i, i + 4 H-bonding partners 

for the assignment of the statistical weights (2 x 2 Zimm-Bragg matrix155). A largely 

similar treatment156 exclusively based on nearest neighbour interactions was given by 

Lifson and Roig.157 Using matrix methods, the statistical weights assigned by Zimm and 

Bragg or Lifson and Roig can be used to calculate the partition function of any 

conformation, which means that all equilibrium properties of the system can be 

obtained.158 

While several polymer systems were known to form helices in different solvents,154 

α-helices in short peptides were considered for a long time as too unstable to exist in the 
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absence of tertiary interactions. The first contradicting example was the S-peptide of 

RNase S,82 which has a weak tendency to form helix in aqueous solution and was used as 

early model system to investigate the factors contributing to helix stability. Subsequently, 

the high helix forming potential of alanine was recognized,147 which triggered the design 

and characterisation of many helix-forming peptides.148,151,159-167 

The overall helix content of peptides can be determined by CD spectroscopy and 

interpreted with the above-mentioned theories. By varying the peptide length the weights 

for nucleation (σ ·s) and elongation (s) in alanine-based helices were determined.161 The 

low value of σ ≈ 0.003 mainly represents the entropy loss for fixing two consecutive pairs 

of φ,ψ-angels without formation of an H-bond, the value of s ≈ 1.35 the enthalpy gain for 

adding another alanine (H-bond) to an existing helix. Thermal melting can be interpreted 

as a change of s and yields folding enthalpies of ~ - 4 kJ mol-1 per residue, which is in 

agreement with enthalpies obtained model-free from calorimetric measurements.168-170 

Other studies addressed the influence of denaturants148,165,167 or cosolvents148 on helix 

stability. The influence of different side chains,164 their interactions with each other147 and 

their potential to act as capping motifs were investigated in a number of host-guest 

studies.151,166 The results from alanine-based guest-helices correlate with those from 

studies on copolymers171 and protein hosts.172 The data derived from short peptides can be 

used to obtain fairly good estimates for the tendency of a given sequence to form helices 

in the absence of tertiary interactions.151,173 

The helix-coil theories155,157 predict that these short peptides mainly contain one stretch of 

helical segments and that the ends of this helices are considerably frayed, i.e. the helix 

propensity is high in the helix centre where it reaches a plateau, but drops sharply towards 

the ends. Helix fraying was experimentally confirmed by measuring the effect of alanine 

to glycine substitutions at different positions,162 H/D-exchange studies,163 as well as by 

electron spin resonance,174 IR175 and NMR spectroscopy.160,176,177 

1.2.2.2 Dynamics of α-Helices 

Isolated α-helices are systems of low cooperativity, resulting in a highly dynamic 

equilibrium of many conformations. The addition and removal of single residues to an 

existing helix conformation is expected to be very fast, perhaps only limited by the 

conformational orientation. Successful nucleation events, in contrast, should occur orders 

of magnitudes slower, since nuclei below a critical size are unstable and will break down 

rapidly. 
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Data on helix dynamics are difficult to obtain. Opening and closing of single H-bonds can 

be probed by H/D-exchange, but the time resolution is much too slow to capture the fast 

dynamics and the expected equilibrium distribution is obtained.163 Relaxation 

experiments178 can provide the necessary time resolution, and dielectric179 and 

ultrasonic180 relaxation were applied early to study the kinetics of helical polymer 

systems. In principal, the 2N possible conformations will give rise to 2N - 1 time constants, 

resulting in a continuous spectrum of relaxation times. The determined mean relaxation 

times are on the order of 20 ns up to 1 µs.180 The kinetic theory of Schwarz181,182 relates 

these maximum mean relaxation times to σ and to the rate constant k+ for H-bond 

formation, yielding k+ ≈ 1010 s-1.180 

In the past decade relaxation studies were continued on small alanine-based helices using 

laser-induced nanosecond T-jumps, combined with fluorescence,183,184 UV resonance 

Raman185 or IR121,186,187 spectroscopy. IR detection on 13C-labelled carbonyl groups even 

allows site-specific measurements.121,188,189 The observed relaxation time constants are 

between 200 ns and 400 ns, with apparent activation energies of ~ 34 - 50 kJ mol-1 185,187 

and little variation for different positions.188,189 The molecular interpretation of these 

results remains however difficult, since the T-jumps of 10 to 15 K shift the multi-state 

equilibrium only slightly towards the unfolded state. In addition the apparent rate 

constants cannot be dissected into microscopic rate constants for folding or unfolding like 

in two-state systems. A NMR relaxation study detected dynamics on the microsecond 

timescale, but the microscopic origin of the exchange process remained unknown.190 

Initiation of a conformational transition by photo-induced cis-trans isomerisation of an 

azobenzene side chain cross-link led to complex dynamics extending to the microsecond 

timescale.191 An alternative way to probe the dynamics of helix-coil transitions is to 

couple a fast probing reaction to helix unfolding. Using triplet-quenching, Eaton and 

co-workers demonstrated that this approach can be used to monitor global helix 

dynamics.115 

1.2.3 Formation of Hairpins and β-Sheets 

β-Sheets often comprise distant chain regions or are even formed between different 

molecules, as in β-fibrils.192 A local motif, quite abundant in proteins, is the β-hairpin,193 a 

pair of anti-parallel strand segments connected by a tight turn. Such hairpins appear to 

play an important role in the folding of several proteins, as they are often formed before 

the transition state is reached.68,194-196 Furthermore, β-hairpins have been observed in 

folding intermediates,197-199 unfolded proteins101 and protein fragments.200,201 
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Several peptides forming monomeric β-hairpins in aqueous solution are known. Hairpin 

sequences derived from tendamistat83,202 and ferredoxin203 showed only a weak tendency 

for structure formation, whereas 16mers derived from the B1 domain of protein G 200 and 

from ubiquitin adopt to some extent stable, native-like β-hairpin conformations.201,204 

These studies stimulated the design of peptides with highly stabilised β-hairpins, like 

peptide I 205,206 or the trpzip family.207 By combining two stable β-hairpin motifs small, 

three-stranded β-sheets can be built as well. 

β-Hairpin peptides served as minimal model systems to investigate the stability 

determinants of hairpin and β-sheet formation,208 mainly using CD and NMR 

spectroscopy. In addition to intra-strand H-bonding three key factors for the stability of 

β-hairpins were identified. First, turn sequences that are compatible with the preferred 

right-handed twist of the strands are beneficial. Typical residues favouring such a 

geometry in two-residue turns (type I’ and II’ turns) are the non-natural D-proline209 or 

Xaa-Gly, where Xaa is often Asn or Asp.206,210,211 Second, the strands are predominantly 

composed of amino acids with bulky side chains like Val, Ile, Phe and Tyr, which have a 

high intrinsic propensity to populate the extended β-sheet region.212 Third, cross-strand 

interactions, often salt-bridges213 or hydrophobic clusters,200,207,214 have a strongly 

stabilising effect. It is, however, difficult to obtain accurate data on the thermodynamic 

stability of hairpins, since the unfolding transitions are broad and the native baselines are 

unknown. Next to this, β-hairpins are not necessarily well approximated as two-state 

systems. 

The folding and unfolding of β-hairpins occurs on the timescale of a few microseconds, as 

deduced from nanosecond T-jump measurements215-217 and NMR lineshape analysis,218 

i.e. their dynamics seem to be an order of magnitude slower than those of α-helices. In 

other studies hairpin folding was triggered by photo-induced cleavage of restraining 

cross-linkers219 or photo-induced trans-cis isomerisation of an azobenzene turn,220 which 

gave folding time constants of 40 ns and 30 µs, respectively. 

1.3 The Fibritin Foldon Domain as a Model System for Oligomerisation 

Many proteins exert their function as homo or hetero oligomers, especially structural 

proteins or systems that have to be well regulated. In principle, oligomerisation can occur 

after folding of the individual subunits has been completed or the two processes might 

occur in a concerted step.49 
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An interesting system is the foldon domain of bacteriophage T4 fibritin.221,222 This 

C-terminally located domain of only 27 amino acid residues is essential for trimerisation 

of fibritin to the large segmental coiled-coil structure.223 Foldon can also be used to 

promote the trimerisation of other proteins, first demonstrated by fusion proteins with 

collagen224 and the HIV envelope protein gp140.225 Furthermore the foldon domain 

trimerises with high efficiency in isolation. The structure of the foldon trimer, determined 

by X-ray crystallography in the context of fibritin221 and later by NMR spectroscopy in 

isolation,226 shows that each foldon subunit forms a twisted β-hairpin that are arranged to 

a trimeric β-propeller (Figure 1.7A). The trimer is stabilised by intermolecular backbone 

H-bonds (Figure 1.7B), a hydrophobic core around Trp20 and an intersubunit salt-bridge 

between Glu5 and Arg15’. 

 

Figure 1.7: (A) Structure of the trimer formed by the foldon domain of 
bacteriophage T4 fibritin. The side chains of Trp20 and the intersubunit 
salt-bridge Glu5 - Arg15 are drawn. Each subunit consists of 27 amino acids with 
the sequence 1GYIPEAPRDG11QAYVRKDGEW21VLLSTFL (the hairpin strands 
are underlined). The model is based on PDB 1RFO 226 and was prepared using 
MolMol.149 (B) Scheme of the central β-hairpin regions showing the backbone 
H-bonds as dashed lines. Taken from Güthe et al..226 

 
The folding/oligomerisation mechanism of foldon trimer was elucidated in a series of 

stopped-flow refolding experiments with different concentrations of foldon, in 

combination with interrupted refolding experiments.226 By this, the folding mechanism 

could be dissected into two bimolecular association steps, followed by a final 

rearrangement within the trimer. The association steps, with bimolecular rate constants of 

2⋅106 M-1s-1 to the dimer and 5⋅106 M-1s-1 to the trimer, are close to the fastest known 

oligomerisation reaction of a natural protein, the dimerisation of wild type P22 

Arc repressor.37,227 
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A detailed amplitude analysis of the stopped-flow experiments revealed an intermediate 

on the monomer level of foldon, which forms within the millisecond dead-time of the 

experiment. This monomeric intermediate is likely of importance to ensure efficient 

oligomerisation. Its fluorescence spectrum differs from the spectra of the denatured and 

the native state and indicates that Trp20 is in a partially hydrophobic environment.226 The 

monomer is however not directly accessible, since in thermodynamic equilibrium it is 

only populated at very low concentrations (< 20 nM) or in the presence of denaturants 

that disrupt its structure. 

The foldon trimer is significantly destabilised at pH 2, which makes it possible to 

investigate the acidic state (A-state) monomer by NMR methods.199 Under these 

conditions the central β-hairpin is formed, remaining stable up to high temperatures, 

whereas the N- and C-terminal regions appear to be unstructured. Folding and unfolding 

of the hairpin motif seem to occur on the microsecond timescale.199 The fluorescence 

spectra however indicate that the A-state is not identical to the monomeric folding 

intermediate, but significantly less structured. 

1.4  The Villin Headpiece Subdomain as a Small Model Protein 

The headpiece subdomain (HP35) of the villin from chicken consists of 35 amino acids.228 

It is the smallest known protein unit folding in a cooperative manner in the absence of 

disulfide bonds or cofactors. High-resolution structures, determined by NMR229 and X-ray 

crystallography,230 show a three-helix bundle with a well defined hydrophobic core 

involving three phenylalanines (Figure 1.8). 

 

Figure 1.8. Ribbon and surface 
representation of the chicken villin 
headpiece subdomain (HP35). The 
complete sequence is 
 1LSDEDFKAVF11GMTRSAFANL 
21PLWKQQNLKK31EKGLF, the 
helical regions are underlined. The 
figure is based on PDB 1YRF 230 and 
was prepared using MolMol.149 

The thermodynamic stability of HP35 is low (ΔG°= 8 - 12 kJ mol-1), but no deviations 

form  two-state  behaviour  have  been  found  in  equilibrium  unfolding experiments. 
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The high protection of the most amide protons against H/D-exchange confirms the 

formation of a stable and well-defined structure.228 The two C-terminal amino acids, 

Leu34 and Phe35, seem to be flexible in HP35 and only ordered within the full headpiece 

domain. Despite the low overall stability and the high sequence homology to headpiece 

domains from other species, a number of reported amino acid substitutions had little 

effect on the structure and stability of HP35.47,231-233 

HP35 is one of the fastest folding proteins. The relaxation kinetics, investigated in several 

T-jump experiments utilizing different probes, were in all cases found to be double 

exponential.119,230,232 The slower, microsecond phase has been attributed to global 

unfolding/folding, the faster phase (~ 100 ns) to either local unfolding, helix-coil 

transitions in the unfolded state or changes in solvation. Assuming two-state behaviour to 

obtain folding and unfolding time constants suggests that folding occurs on the timescale 

of a few microseconds independent of temperature, whereas unfolding has to be much 

slower at room temperature (milliseconds). In T-jump experiments the shift of the 

equilibrium towards the unfolded state is however small and it cannot be proven that 

global folding and unfolding is observed in the relaxation experiments. NMR lineshape 

analysis confirmed that an exchange process occurs within microseconds234 and data from 

a tryptophan triplet quenching experiment119 agree with this observation as well. Several 

amino acid substitutions had only minor effects on the folding kinetics, but in the case of 

a designed variant the time constant for folding could be increased to 700 ns,47 the fastest 

folding time observed for a protein so far.46,48 

A possible explanation for the unusual fast folding of HP35 would be that the unfolded 

state retains residual structure or a native-like topology.235 In fact, an isolated fragment 

consisting of helix 1 and helix 2 forms considerable amount of structure,86,236 whereas the 

isolated helical segments have low intrinsic helix propensities. 

Its small size, simple topology and fast folding made HP35 to a major subject of 

computational studies and molecular dynamic simulations on protein folding, as it may 

allow closing the gap between experimental and computational approaches. Numerous 

molecular dynamic simulations, including the first 1 µs all-atom simulation of Kollman237 

and the distributed computing project of Pande,235 addressed the properties of the native 

and denatured state ensembles, as well as the course of folding. Using replica exchange 

molecular dynamics, Duan and colleagues recently achieved complete folding to the 

native state.238 
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2  Aims of Research 

Folding of proteins involves the formation of local secondary structures and the formation 

of contacts between distant sites along a polypeptide chain. Dynamics of loop formation 

in unstructured model peptides and protein fragments have been characterised in detail 

using triplet-triplet energy transfer (TTET). The aim of this work was to get insight into 

the dynamic properties of secondary structures and into the dynamics of unfolded and 

partially folded proteins. 

 

1. Dynamics of Secondary Structures 

α-Helices and β-hairpins can form in the absence of tertiary interactions. The 

thermodynamics of these structural elements have been extensively characterised. Much 

less is known about their dynamics, since classical relaxation measurements, giving 

access to the kinetics on the nanosecond timescale, are difficult to interpret in the case of 

multi-state systems. 

An alternative approach to study conformational transitions is to couple a fast probing 

reaction to one of the states, which allows to characterise the dynamics of the transition in 

equilibrium. Contact formation between a triplet donor and an acceptor group fulfils the 

requirements for such a probing reaction. If contact formation between the labels is 

prevented in the folded state but can occur in the unfolded state, this method should be 

well suited to characterise local folding and unfolding events in α-helices and β-hairpins.  

We wanted to investigate the local dynamics in a series of alanine-based model helices by 

attaching the labels at residues i and i + 6, which places them on opposite sides of the 

helix. Basic experiments should establish, whether this approach can be used to obtain 

rate constants of local helix folding and unfolding. We further wanted to investigate the 

local dynamics at different helix positions and to study the temperature and length 

dependence of the folding and unfolding rate constants. The comparison of the 

experimental results with simulations based on kinetic models for the helix-coil transition 

should provide new insight into the dynamics of α-helical peptides and the underlying 

processes. 

The same approach should be applicable to study the dynamics of β-hairpin formation. 

The β-hairpin region of the foldon domain from bacteriophage T4 fibritin was chosen as a 

model system for these studies. For this purpose, we planned to synthesise peptides 

comprising the hairpin sequence and to investigate their structure and stability. By 
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attaching triplet donor and acceptor groups at defined positions in the hairpin we intended 

to study its equilibrium dynamics in order to obtain rate constants for hairpin folding and 

unfolding. 

Besides the equilibrium dynamics of secondary structures it would be desirable to follow 

structure formation starting from a fully unfolded state. Substantial helix folding or 

unfolding reactions might be induced using photoswitchable groups. Thioamide bonds, 

which can be incorporated as nearly isosteric backbone modifications, were shown to 

undergo a fast and reversible cis-trans isomerisation upon irradiation with light. We set 

out to investigate the effect of single amide-to-thioamide substitutions on the structure 

and stability of alanine-based model helices, since no conclusive data on this issue were 

available. 

 

2. Structure and Dynamics of a Folding Intermediate 
The dynamics and three-dimensional structure of folding intermediates are still poorly 

understood. Foldon, a small domain promoting the trimerisation of fibritin from 

bacteriophage T4, rapidly forms a monomeric intermediate during the folding process. 

This intermediate associates fast and with high efficiency to the dimer and subsequently 

to the trimer. The transient nature of the intermediate does not allow a detailed 

characterisation, but fluorescence and circular dichroism spectra point to a considerable 

amount of structure formation. The trimer dissociates at low pH and it was shown by 

NMR spectroscopy that the native β-hairpin is still formed in the acidic-state. This state 

does however not represent the folding intermediate, since its tryptophan fluorescence 

differs substantially from the spectrum of the folding intermediate. In order to obtain a 

better model of the folding intermediate for equilibrium studies, we wanted to disrupt an 

intersubunit salt-bridge between Glu5 and Arg15’, which is essential for trimerisation. 

Investigation of a foldon variant with a single amino acid replacement (E5R) by NMR 

and optical spectroscopy should enable us to characterise the structure and dynamics of 

this key folding intermediate under physiological conditions. This should allow us to 

elucidate the structural basis for the rapid and efficient assembly reaction. Further 

experiments aim at the use of TTET to study the dynamics in the intermediate and to 

compare the results to the dynamics of the isolated hairpin. 
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3. Dynamics in the Unfolded and Native State of a Small Protein 

The dynamics in the unfolded state of proteins remain largely unexplored, although they 

certainly affect the folding process and might be influenced by local structure or a 

collapse of the polypeptide chain. TTET measurements between different donor and 

acceptor positions should for the first time provide absolute rate constants of contact 

formation in a small protein, the villin headpiece subdomain (HP35). Besides loop 

formation in the denatured state, we wanted to investigate the dynamics in unfolded 

molecules under conditions strongly favouring the native state. This should contribute to 

understand the fast folding of HP35, which became a subject of many experimental and 

theoretical studies. We also planned to perform TTET measurements in the native state of 

HP35 in order to obtain information on structural fluctuations and local flexibility. 

The extension of TTET measurements to probe the dynamics in larger proteins is highly 

desirable, but requires novel techniques to incorporate the triplet donor and acceptor 

labels. We therefore wanted to explore strategies to introduce the triplet labels into 

proteins using cysteine-reactive derivatives of the labels. 
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3  Summary of Work Ready for Submission 

3.1  Dynamics of α-Helical Peptides Probed by Triplet-Triplet Energy  
       Transfer 

α-Helices can form in the absence of tertiary interactions and hence play likely an 

important role in the early stages of protein folding. Isolated α-helical structures are only 

marginally stable, weakly cooperative and highly dynamic. Peptides mainly consisting of 

alanine are well suited to study the formation of these fundamental structural elements, 

since they form relatively stable helices and are devoid of complex side chain 

interactions. Their thermodynamics have been intensively characterised and can be well 

described by the helix-coil theories originally developed for long homopolymers. The 

kinetics of helix formation in peptides have been investigated as well, mainly using 

T-jump techniques. In the case of α-helices, the interpretation of relaxation kinetics is 

however difficult, since their cooperativity is low, making them to multi-state rather than 

two-state systems. Another problem is associated with the measured probes, which often 

report on global changes and are therefore not directly related to microscopic events. 

For these reasons a different approach was used, studying the dynamics of α-helical 

peptides in thermodynamic equilibrium. We coupled a fast and irreversible probing 

reaction to the helix-coil transition in order to determine the rate constants of helix folding 

and unfolding (Figure 3.1). 

 

Figure 3.1. Probing local helix unfolding ku and folding kf by contact formation 
between i, i + 6 spaced triplet donor (Xan, blue) and acceptor (Nal, red) groups. A 
short laser pulse is used to generate a Xan triplet state (*), which can be monitored 
by its absorption at 590 nm. Upon local unfolding (ku) the labels are free to form 
van der Waals contact with the rate constant kc, as long the helix is not reformed 
(kf). Contact formation leads to an instantaneous transfer of the triplet state from 
Xan to Nal.  
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As probing reaction contact formation between a triplet donor group (Xan) and an 

acceptor group (Nal) was chosen, which can be directly measured by TTET. If the labels 

are introduced at the side chains of residues i and i + 6 they are located on opposite sides 

of a folded helix. This is sufficient to prohibit contact formation between the labels. Upon 

local helix unfolding the chain becomes flexible and allows the labels to form contact, 

which leads to TTET. In the experiments with alanine-based model helices, we observed 

double exponential TTET kinetics as expected for the three-state system depicted in 

Figure 3.1. The apparent rate constants in combination with the amplitude information 

were used to extract the microscopic rate constants ku, kf and kc in a global fitting 

procedure. The probing reaction was in all cases found to occur in the range of 

1/kc ≈ 100 ns. 

After establishing the principle of these measurements we addressed a number of different 

aspects. First we investigated the dynamics at five different positions within a 21 residue 

peptide. Local helix folding was found to be position independent with time constants of 

1/kf ≈ 400 ns. In contrast, unfolding varied from 1/ku ≈ 1.4 µs in the helix centre to 

1/ku ≈ 250 ns at the termini (at 5 °C). This fraying of the helices towards the ends is in 

agreement with a number of equilibrium experiments and predictions from helix-coil 

theories. The experiments point to a slight asymmetry of our helices, since the C-terminus 

appears to be somewhat less stable than the N-terminus. Second, we systematically 

investigated the effect of urea on the local helix dynamics, which also allowed us to test 

our model over a wide range of conditions. We found that the addition of urea slows 

down folding at all helix positions in a similar way but has less pronounced effects on 

helix unfolding. In the helix centre urea slightly accelerates helix unfolding, at the termini 

it decelerates unfolding.  

In order to gain mechanistic insight into the complex behaviour of this multi-state system 

we performed discrete time-step Monte-Carlo simulations on a kinetic Ising model, 

resembling the cooperativity of the α-helical peptides. The simulations demonstrate that 

the observed kinetics mainly result from addition and removal of helical segments to 

existing helix boundaries, whereas nucleation events seem to be of minor importance 

under these conditions. A quantitative comparison suggests that the addition of single 

segments to an existing helix (helix elongation) occurs on the timescale of about 50 ns.  

In a second work we investigated the effect of temperature on the local dynamics in the 

helix centre. Local unfolding encounters a high enthalpic barrier, whereas folding is only 

weakly temperature dependent and shows a pronounced convex curvature in the 

Arrhenius plot. A comparison with predictions from our kinetic Ising model suggests 



28  l    3  Summary of Work Ready for Submission 

 

however, that this behaviour has to originate from high activation energies of both 

elementary processes, helix elongation and unwinding, of around 40 kJ mol-1. 

The experiments and results are described in detail in the following manuscripts (see 10.A 

and 10.B). Data on the dynamics in helices of different length are summarised as 

unpublished results (see 4.1, p. 36). 

Fierz, B., # Reiner, A. # & Kiefhaber, T. (2007). Local Conformational Dynamics in 

α-Helices Measured by Fast Triplet Transfer. To be submitted. 

Reiner, A., # Fierz, B.# & Kiefhaber, T. (2007). Temperature Dependence of Local 

Equilibrium Folding and Unfolding of an α-Helix. To be submitted. 

# equally contributing 
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3.2  Thioamide Backbone Substitutions in α-Helices 

Thioamides ([CS-NH]) possess altered hydrogen-bonding and photophysical properties 

compared to amides, making them to promising backbone modifications for biophysical 

studies of peptides and proteins. A particularly interesting aspect is, that both, fast 

trans→cis and cis→trans isomerisation can be induced by irradiation with light of 

suitable wavelengths.239,240 On the other hand, the rotational barrier in the ground state is 

high and hence relaxation back to the thermodynamic equilibrium is slow. Thioamides are 

nearly isosteric to amide bonds and have therefore a high potential as non-invasive 

photoswitchable backbone modification that might allow to induce and to study fast 

conformational transitions. 

The compatibility of thioamides with secondary structures has been addressed in several 

theoretical and experimental studies, but the effect of thioamide substitutions on α-helices 

remains unclear. For single amide-to-thioamide substitutions in an α-helical coiled-coil no 

destabilisation has been observed,241 whereas theoretical studies suggest that thioamides 

should have a destabilising effect or even might be incompatible with α-helical structures. 

In this context, it was also proposed that thioamides might favour 310-helical 

conformations. Experimental data on thioamide substitutions in α-helical peptides have 

not been reported so far. 

We investigated the effect of single amide-to-thioamide substitutions in alanine-based 

model helices, using CD and NMR spectroscopy. A single thioamide substitution in the 

centre of a 16 residue sequence leads to a significant decrease of the helix content, from 

around 68 % in the reference peptide to around 24 % in the thioamide peptide. This 

destabilisation is comparable to the effect of an alanine-to-glycine substitution at the same 

position. Using helix-coil theory, it can be estimated that the destabilisation caused by the 

thioamide corresponds to approximately 7 kJ mol-1. 

A thioamide substitution close to the N-terminus has a destabilising effect of similar 

strength as revealed by a second thioamide peptide. The overall helix content of this 

peptide is, however, less severely affected, due to the fraying of helical structures at their 

ends, rendering the termini less sensitive towards perturbations. The NMR data show that 

the thioamide bond between residues two and three is unequivocally involved as acceptor 

in an i, i + 4 H-bond. This indicates that despite the strong destabilising effect helical 

conformations can be formed around thioamides and argues against the formation of 

310-helical structures, which are defined by i, i + 3 H-bonds. It had been suggested that 

310-helices might generally prevail at the N-termini of α-helical peptides, as less 
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unsaturated H-bond donor functionalities remain. Thioamides should favour this 

conformation even more, since the somewhat widened conformation of 310-helices 

compared to canonical α-helices might better accommodate the thiocarbonyl group. 

The data on the two thioamide-substituted peptides show that these substitutions have a 

strong destabilising effect on regular α-helices. This was anticipated because the longer 

C=S bond and the larger sulphur encounter a quite densely packed structure. Additional 

effects likely arise from the altered H-bonding properties of thioamides, which are 

stronger H-bond donors but weaker acceptors. In an earlier experimental study on 

thioamide substitutions in a coiled-coil, widened positions of the somewhat irregular 

structure were chosen to place the thioamide groups. This was apparently sufficient to 

avoid steric clashes and led to the general notion that helices tolerate these substitutions 

quite well. The destabilising effect of thioamides limits their use to induce conformational 

transitions in regular alanine-based α-helices. Nevertheless, thioamides can be 

incorporated into α-helical structures and might be used as perturbations in folding 

experiments for determining backbone φ-values. 

 
The experiments and results are described and discussed in detail in the manuscript 

(see 10.C): 

Reiner, A., Wildemann, D., Fischer, G. & Kiefhaber, T. (2007). Effect of 

Thioxopeptide Bonds on α-Helix Structure and Stability. To be submitted. 
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3.3  Structure and Dynamics of the Foldon Monomer 

The foldon domain, located at the C-terminus of bacteriophage T4 fibritin, promotes the 

trimerisation of this large rod-like protein. The foldon domain forms a stable trimer in 

isolation and its folding/oligomerisation mechanism has been elucidated in a number of 

kinetic experiments.  

The monomeric state of foldon seems to be optimised for efficient association into the 

dimer and trimer, as high bimolecular rate constants of 2 - 5⋅106 M-1 s-1 have been found 

for these steps. The fluorescence and CD spectra of the monomeric folding intermediate, 

obtained in stopped-flow experiments, point to a considerable amount of structure 

formation in the monomer.226 Furthermore, it was known that the foldon trimer 

dissociates at low pH and that the central β-hairpin is formed in the acidic-state (A-state) 

monomer, which had been characterised by NMR spectroscopy. However, the CD and 

fluorescence spectra indicate that the A-state is not identical, but less structured than the 

kinetic folding intermediate under physiological conditions.  

In order to get a more adequate model of the monomeric folding intermediate for 

equilibrium studies, we disrupted the intersubunit salt-bridge between Glu and Arg15’ by 

a single amino acid replacement (E5R). This exchange should have minor effects on the 

monomeric state, as Glu5 does not form any pronounced intrasubunit interactions. The 

foldon variant E5R was prepared by solid-phase peptide synthesis and later by expression 

as thioredoxin-fusion protein in Escherichia coli to obtain 15N-labelled protein for NMR 

investigations. 

As expected from previous pH-titration experiments,199 the single amino acid replacement 

E5R destabilises the trimer sufficiently to study the monomeric state in concentrations up 

to ~ 200 µM. The blue-shifted fluorescence emission of Trp20 indicates that its side chain 

is embedded in a hydrophobic environment and the fluorescence quantum yield in foldon 

E5R is much higher than in the previously characterised A-state. Indeed, the fluorescence 

spectrum of foldon E5R closely resembles the spectrum of the kinetic folding 

intermediate.226 Further evidence for the structural similarity between foldon E5R and the 

monomeric intermediate is given by the corresponding CD spectra. The foldon variant 

E5R can hence be used as a model to study the monomeric state of foldon, which 

associates so efficiently. 

Structure and dynamics of the foldon monomer E5R were investigated by NMR methods. 

Similar to the native trimer226 and the previously characterised A-state,199 a central 

β-hairpin is formed in the region from Ala12 to Leu23. However, in foldon E5R 
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additional structure exists compared to the A-state, as a number of defined interactions 

between the hairpin and the N-terminal part of the protein were detected. The side chains 

of Pro4, Ala6 and Pro7 form a small hydrophobic cluster with Tyr13 and Trp20 from the 

hairpin region. The distance restraints obtained by NMR allowed to calculate the structure 

of the foldon monomer E5R. The ensemble of structures shows that the hydrophobic 

interactions between the N-terminal region and the central β-hairpin give rise to a 

compact topology, quite similar to the structure adopted by the individual subunits in the 

trimer. The N-terminal region, however, appears not to be fully structured as indicated by 

sparse contacts between the residues. Some tendency to form native-like conformations is 

observed for the four C-terminal residues, which form a short 310-helix in the native 

trimer.  

The thermodynamic stability of the structure in the foldon monomer appears to be low. 

Large temperature coefficients of Ala6 and Pro7 side chain protons, which are strongly 

shifted due to ring current effects of Trp20 and Tyr13, point to a steady loss of structure 

upon heating. Large negative temperature coefficients of the amide protons of Val14 and 

Val21, involved in cross-strand H-bonds, indicate that also the β-hairpin gets significantly 

unfolded at higher temperatures. 

The dynamics of the backbone were probed by the 15N-relaxation behaviour. The 

longitudinal relaxation rate constants (R1) show, besides end effects, uniform motions of 

the polypeptide chain in the picosecond to nanosecond time range. Several transverse 

relaxation rate constants (R2) in the hairpin region were significantly increased, indicating 

exchange processes on the tens of microsecond timescale, which probably arise from 

hairpin folding and unfolding. 

In summary, the foldon variant E5R is a model that represents the monomeric folding 

intermediate under physiological conditions. The structural preorganisation of the 

monomer, quite similar to the structure of the subunits in the trimer, explains the efficient 

association to the dimer and trimer. The stability of this structure appears to be low. A too 

stable monomer, on the other hand, would likely reduce the free energy gain upon 

trimerisation. 

The experiments and results on the monomeric foldon variant E5R are described in detail 

in the following manuscript (see 10.D):  

Habazettl, J., Reiner, A. & Kiefhaber, T. (2007). NMR Structure of a Monomeric 

Intermediate on the Evolutionarily Optimized Assembly Pathway of the Trimeric Foldon 

Domain. To be submitted. 
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3.4  Contact Formation Dynamics in the Villin Headpiece Subdomain 

Despite continuous progress, mainly in NMR techniques, several timescales and types of 

protein motions remain unexplored. Especially the dynamics in the unfolded state 

ensemble, involving large amplitude motions of the polypeptide chain on the nanosecond 

timescale are difficult to capture. These dynamics, however, are closely related to the 

conformational search towards the native state and determine how fast interactions 

between different sites of a polypeptide chain can form.  

The villin headpiece subdomain (HP35) was chosen as model protein to investigate for 

the first time absolute contact formation dynamics in the native and denatured state of a 

protein. Despite its small size of 35 amino acids it shows all properties characteristic for 

proteins. HP35 folds on the timescale of a few microseconds and thus became a major 

subject of experimental and computational studies. A fragment of HP35 has the tendency 

to form native-like structure, which led to the suggestion that the fast folding might result 

from residual structure in the unfolded state.236 From molecular dynamic (MD) 

simulations it was proposed that the unfolded state may have a native-like topology.235 

In order to investigate the contact formation dynamics in HP35, we chose four different 

pairs of triplet donor and acceptor positions for TTET measurements. We prepared the 

double- and donor-only labelled HP35 variants by solid-phase peptide synthesis and 

introduced the labels at positions, where little effect on the structure of HP35 was 

expected. Characteristic one-dimensional NMR spectra indicated that the double-labelled 

variants folded into the native structure and the thermodynamic stability, assessed by CD 

measurements, was comparable to wild type HP35. 

In two variants we had placed donor and acceptor at distant sites of the structure. In these 

variants no TETT was observed during the lifetime of the Xan triplet state of around 

~ 10 µs under the experimental conditions. This indicates that the labels are well 

separated, and furthermore, that global unfolding has to be significantly slower than 10 µs 

under these conditions. In another variant the labels were attached at the N- and 

C-termini, which are in close vicinity in the native state. As expected, this led to fast 

contact formation in the native state, but on two distinct timescales. In 50 % of the native 

molecules contact formation occurred in a sub-nanosecond process during the dead-time 

of the experiment, i.e. contact between the labels is formed or can be established by a few 

bond rotations. In the remaining molecules the labels formed contact with a time constant 

of ~ 30 ns, indicating that the labels have a larger degree of freedom or that a small 

energy barrier opposes contact formation.  
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In the fourth variant the labels were placed along the C-terminal helix to probe the local 

dynamics of this region. Although the labels are separated by two and a half helical turns, 

efficient contact formation between the labels was observed. The contact formation 

kinetics are double exponential with time constants of 170 ns and 1 µs, the faster being 

strongly sensitive towards denaturants. This points to local unfolding processes of the 

C-terminal helix to a much higher extent than the previously described flexibility of the 

last two amino acid residues. 

The addition of denaturants leads to unfolding of the villin headpiece subdomain, with a 

midpoint of denaturation around 2.5 M GdmCl. Upon unfolding, we detected an 

additional TTET process in all variants, corresponding to contact formation in the 

denatured state. At high concentrations of denaturant (above 4 M GdmCl) HP35 is 

completely unfolded and only this contact formation process remains. In all cases, the 

unfolding transition probed by contact formation is in full agreement with the unfolding 

transition measured by CD, which is a hallmark of two-state behaviour and confirms the 

assignment of the observed phases. 

Loop formation in the fraction of denatured molecules takes place on the timescale of 

100 to 200 ns. These absolute rate constants of contact formation obtained by TTET are 

20-fold faster than previous estimates from a triplet quenching experiment.119 This 

discrepancy is due to the fact that quenching of tryptophan by cysteine is not 

diffusion-controlled, i.e. not every encounter leads to quenching. The conformational 

equilibration of the polypeptide has to be much faster than 100 ns, since single 

exponential kinetics were observed in all cases. The loop formation dynamics, however, 

are already close to the estimated folding time constants of up to 700 ns.47 Comparison 

with data from unstructured model peptides suggests that the chain dynamics in the 

denatured state of HP35 are not affected by residual structure, even under conditions 

strongly favouring the native state. Contact formation is neither slowed down by an 

unspecific collapse of the chain, nor accelerated between side chains forming contact in 

the native state. 

In summary, TTET measurements between different donor and acceptor positions 

revealed heterogeneity in the native state of HP35 and gave an accurate description of the 

chain dynamics in the denatured state. The absolute rate constants of contact formation 

should be of great use for direct comparison with MD simulations. Even under conditions 

strongly favouring the native state no evidence for residual structure was found. 
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The experiments and results are described in detail in the manuscript (see 10.E): 

Reiner, A., Henklein, P. & Kiefhaber, T. (2007). Conformational Dynamics in the 

Native and Denatured State of the Villin Headpiece Subdomain Measured by 

Triplet-Triplet Energy Transfer. To be submitted. 
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4  Summary of Unpublished Results 

4.1  Dynamics in α-Helical Peptides of Different Length 

The experiments on alanine-based model helices have shown that contact formation 

between i, i + 6 spaced triplet donor (Xan) and acceptor (Nal) groups is well suited to 

measure local helix folding and unfolding (see 3.1). Previous studies addressed the 

dynamics at different positions within the helices, as well as the influence of denaturants 

(see 10.A) and temperature (see 10.B). This section summarises the effect of helix length 

on local folding and unfolding dynamics. 

The influence of the peptide length on the dynamics of α-helices is of general interest, 

since the size of the system is a fundamental parameter in all descriptions of the helix-coil 

transition.153,155-157 Length-dependent relaxation data were difficult to obtain with 

homopolymeric model systems and only one study on alanine-based model helices of 

different length has been reported.187 Experimental details on the synthesis and 

characterisation of the peptides, on the TTET measurements and data evaluation and on 

the kinetic Ising model are given in the publication 10.A and the manuscript 10.B. 
 
4.1.1  Design and Helix Content of the Peptides 

Alanine-based model helices, similar to those used in the previous studies 

(see 10.A and 10.B) were chosen to investigate the influence of the peptide length on the 

dynamics and stability of α-helices. The synthesised peptides comprise eleven to 41 

amino acid residues (Table 4.1), consist mainly of alanine148 and carry an arginine in 

every fifth position in order to mediate solubility and to avoid oligomerisation.151 The 

termini were capped to prevent unfavourable interactions with the helix dipole. The 

shortest length of the peptides is given by the critical length necessary to form a 

significant amount of helix (see below), the upper length by practical limitations in 

Fmoc solid-phase peptide synthesis. The triplet donor group Xan was attached as 

carboxylic acid derivative via an amide bond at the side chain of 

α,β-diaminopropionic acid. The triplet acceptor naphthalene was incorporated as 

1-naphthylalanine. 

The labels were introduced at position i (Xan) and i + 6 (Nal), placing them on opposite 

sides of a helix, separated by one and a half helical turns. This is sufficient to prohibit 

contact formation between donor and acceptor as long as helical structure is formed in 

that region (see 10.A). In a series of peptides with 11, 13, 16, 21, 31 and 41 residues the 
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i, i + 6 spaced labels were placed in the centre (11c, 13c, 16c, 21c, 31c, and 41c; 

Table 4.1). In three additional peptides with 16, 21, and 31 residues the labels were placed 

at the N-terminus (16n, 21n and 31n). 

Table 4.1. Alanine-Based Model Helices of Different Length 

Name N Label pos. Sequence 

N-terminal (i, i + 6) probing 
16n 16 X1-Z7 Ac-XAAAA AZARA AAARA A-NH2 
21n 21 X1-Z7 Ac-XAAAA AZARA AAARA AAARA A-NH2 
31n 31 X1-Z7 Ac-XAAAA AZARA AAARA AAARA AAARA AAARA A-NH2 

Central (i, i + 6) probing 
11c 11 X3-Z9 Ac-AAXAA RAAZA A-NH2 
13c 13 X4-Z10 Ac-AAAXA RAAAZ RAA-NH2 
16c 16 X5-Z11 Ac-AAAAX AAARA ZAARA A-NH2 
21c 21 X7-Z13 Ac-AAAAA AXARA AAZRA AAARA A-NH2  
31c 31 X12-Z18 Ac-AAAAA AAARA AXARA AAZRA AAARA AAARA A-NH2 
41c 41 X17-Z23 Ac-AAAAA AAARA AAARA AXARA AAZRA AAARA            

   AAARA AAARA A-NH2 

Donor-only reference 
21d 21 X7 Ac-AAAAA AXARA AAARA AAARA A-NH2 

N gives the number of residues. X denotes the triplet donor Xan, attached to the 
β-amino group of selectively deprotected α,β-diaminopropionic acid; Z denotes the 
triplet acceptor Nal, incorporated as 1-naphthylalanine. 

The shortest peptide 11c was found to be prone to aggregation in the absence of 

denaturant. The Far-UV CD spectra of all other peptides are shown in Figure 4.1A. All 

but peptide 13c form a significant amount of helical structure, indicated by maxima of the 

ellipticity at 190 nm and minima around 208 nm and 222 nm. The triplet labels Xan and 

Nal strongly absorb in the Far-UV and contribute significantly to the CD spectra, 

impeding a quantitative assessment of the helix content. The qualitative comparison of the 

spectra, however, clearly shows two trends, which are also expected from helix-coil 

theory.155,157 First, at a critical length, which is apparently between 13 and 16 residues, a 

sharp increase of the helix content is observed. Then, up to the longest peptide of 41 

residues, the helix content increases more steadily. The incorporation of the i, i + 6 spaced 

triplet labels has a destabilising effect (see 10.A), especially in the helix centre, which is 

most sensitive towards perturbations.162 This explains the higher helix content observed 

for 21d / 21n compared to 21c and of 31n compared to 31c. In contrast, 16n appears to 

have a lower helix content than 16c. This might be a false estimate due to different 
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contributions of the triplet labels in more helical regions (16c) and less helical regions 

(16n) that become more dominant in shorter peptides. 
 

 

Figure 4.1. (A) Far-UV CD spectra of the peptides at 5 °C. The solid lines show 
spectra of 13c (⎯ ), 16c (⎯ ), 21c (⎯ ), 31c (⎯ ), 41c (⎯ ) and 21d (⎯ ), the      
broken lines of 16n (- - -), 21n (- - -) and 31n (- - -). (B) Thermal melting of the 
peptides monitored at 222 nm, lines and colours as in (A). The peptide sequences are 
given in Table 4.1. The data were recorded in 10 mM potassium phosphate, pH 7.0. 

The thermal unfolding transitions monitored by the ellipticity change at 222 nm confirm 

an increase of the helix stability with peptide length (Figure 4.1B). All peptides with an 

α-helical spectrum show signal changes that are indicative for the loss of helical structure. 

In contrast, the CD signal of 13c at 222 nm decreases in an almost linear fashion, which is 

typical for unstructured alanine peptides.242 Hence, no helical structure seems to be 

formed in 13c at all, whereas the signal change observed for 16c clearly confirms the 

presence of helix. A similar 12mer without destabilising labels and with lysine residues 

instead of arginine has been reported to have a helix content of ~ 20 %.242 With increasing 

peptide length the cooperativity of the transitions increases as expected from helix-coil 

theories.154,155,157,161 

 
4.1.2 Local Dynamics in the Helix Centre Measured by TTET 

The dynamics in the helical peptides were investigated using contact formation as probing 

reaction for local folding and unfolding of the segment between the i, i + 6 spaced labels 

(see 3.1). As long as helical structure between the two labels is formed, they point on 

opposite sides and cannot form contact. Upon local unfolding (ku) the labels are free to 
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form contact with a time constant kc, as long as the helical structure is not reformed (kf) 

(Eq. 11).  
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Contact formation between Xan and Nal leads to TTET, which can be directly followed 

by the decay of the Xan triplet absorption band at 590 nm (Figure 4.2) and a concomitant 

increase of the Nal absorption band at 420 nm (data not shown). Under the experimental 

conditions the Xan triplet state has an intrinsic lifetime of ∼ 35 µs, as observed in the 

donor-only helix 21d (Figure 4.2). The intrinsic Xan triplet lifetime is independent of the 

α-helical environment, since it does not change if the helix is denatured by the addition of 

urea (data not shown). The Xan triplet decays in all double-labelled peptides are much 

faster than in the donor-only peptide, indicating that significant TTET occurs (Figure 4.2). 
 

 
Figure 4.2. TTET measurements in peptides of different length (see Table 4.1). 
Shown are the Xan triplet absorption decays at 590 nm of 13c (red), 16c (orange), 
21c (green), 31c (blue) and 41c (violet). For 16c, in addition, kinetics in the 
presence of 2 M, 4 M and 6 M urea are shown (dark to light grey). The solid lines 
represent double exponential functions fitted to data. The intrinsic Xan lifetime in 
the donor-only helix 21d (black) is given for comparison. Measurements were 
performed in 10 mM potassium phosphate, pH 7.0 at 5 ºC. 

Figure 4.2 shows that the fastest triplet transfer is observed in the mainly unstructured 

peptide 13c, the slowest transfer in the longest and most helical peptide 41c. The addition 

of increasing amounts of urea, as shown for 16c, leads to faster TTET kinetics due to 

unfolding of the helices.165 The Xan triplet decays of all double-labelled peptides can be 

well described by the sum of two exponential functions (Figure 4.2), as expected for a 

three-state system as depicted in Eq. 11. The two apparent rate constants λ1 and λ2 and 

their amplitudes are a function of the microscopic rate constants kf, ku and kc. If the 
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microscopic rate constants kf, ku and kc are in a similar range, they can be obtained form a 

global fit of the apparent rate constants λ1 and λ2 in combination with the corresponding 

amplitude information (see 10.A and 10.B). In order to get reliable data on kf, ku and kc 

the kinetics were measured at different urea concentrations, i.e. over a wide range of helix 

stabilities. With exception of 11c and 13c, in which the Xan triplet decays are basically 

single exponential in ≥  2 M urea, the Xan triplet decays curves in all other peptides are 

double exponential over the whole range of denaturant concentrations. The apparent rate 

constants λ1 and λ2 and corresponding amplitudes of 16c, 21c, 31c and 41c measured as 

functions of the urea concentration are shown in Figure 4.3. The apparent rate constants 

are only slightly affected by the addition of urea, whereas the amplitudes change 

drastically. At low concentrations of urea the slow phase has the major amplitude, at high 

concentrations the fast phase prevails. 

The microscopic rate constants kf, ku and kc were determined by a global fit of the Xan 

triplet decays at different urea concentrations (see 10.B), assuming that the logarithms of 

the microscopic rate constants kf, ku and kc are linear functions of the molar urea 

concentration (Eq. 12).  

ln ki = ln ki
0
!
mi "[urea]

RT
 (12) 

This model is able to describe the behaviour of 16c (Figure 4.3A), 21c (Figure 4.3B) and 

31c (Figure 4.3C) and of the N-terminally labelled helices 16n, 21n and 31n (data not 

shown). The apparent rate constants and amplitudes predicted from the global fits are 

nearly identical to those obtained from the double exponential fits of the single decay 

curves. Deviations are limited to λ1 in the absence of denaturant, for which large 

uncertainties are expected due to the low amplitude of the phase (< 15%). The model 

becomes apparently less suitable to describe the kinetics in 41c (Figure 4.3D). Here 

almost all apparent rate constants predicted from the global fit deviate from those 

obtained from fitting the decay curves individually. Applying the same model, as used for 

the global fit of the triplet decays, to fit λ1, λ2 and the relative amplitudes individually, 

gives significantly different results (Figure 4.3D, broken lines). Therefore no reliable 

results can be obtained for helix folding and contact formation in 41c. The rate constant 

for helix unfolding of 41c obtained by the different fitting procedures appears to be more 

robust. 
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Figure 4.3. Urea-dependence of the TTET kinetics and results of the global fitting 
procedure for (A) 16c, (B) 21c, (C) 31c and (D) 41c. The upper panels give the apparent 
rate constants λ1 () and λ2 () of single Xan triplet decays as a function of urea, the lower 
panels the reduced amplitudes. The black and grey lines show the predicted rate constants 
and amplitudes from a global, simultaneous fit of the Xan decay curves. The obtained 
microscopic rate constants kf (green), ku (red) and kc (blue) are shown as solid lines. For 
41c, in addition, results of an alternative fitting procedure are shown (dashed lines, see 
text). The measurements were performed in 10 mM potassium phosphate, pH 7.0 at 5 ºC. 
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The results for all investigated peptides are summarised in Figure 4.4. For 41c the 

different results obtained by the two fitting procedures, global or individual fits to the 

traces, are given. The time constants of contact formation 1/kc are in the range of 80 ns to 

180 ns (Figure 4.4A,B). The directly measured rate constants of contact formation in the 

unstructured peptides 11c and 13c are comparable to those obtained for 16n, 21n and 31n 

using the three-state model (Eq. 11). In 16c, 21c, 31c, and presumably also in 41c, kc is 

somewhat lower, which might be explained by the influence of stable helical structures or 

the influence of tails adjacent at both sides of the probed segments. In a study on the 

effect of end-extensions on contact formation in unstructured peptides tails reduced kc up 

to a factor of 2.5.138 Contact formation in peptides with extensions on both sides is 

additionally 1.7-fold slower than in peptides with one tail.138  

 

 

Figure 4.4. Influence of the peptide length on the local dynamics in the centre (A,C) 
and at the N-terminus (B,D) of α-helical peptides. (A,B) Microscopic rate constants 
of local helix folding kf (), unfolding ku () and contact formation kc (). 
(C,D) Corresponding m-values (see Eq.12), colours and symbols as in (A). Results 
of the alternative fitting procedure for 41c are given as well (). The measurements 
were performed at 5 ºC in 10 mM potassium phosphate, pH 7.0. 
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The m-value of contact formation mc is around 250 J mol-1 M-1 in all centrally labelled 

helices (Figure 4.4C) and somewhat lower for contact formation at the N-terminus 

(Figure 4.4D). In all peptides with 16 or more residues the rate constants of helix folding 

kf in the centre are higher than the rate constants of unfolding ku, indicating that stable 

helices are formed in this region (Figure 4.4A). For 16c and 21c similar stabilities are 

found, as folding in both peptides is around 2.5-fold faster than unfolding. With 

increasing length the stability at the central positions becomes higher and in 31c folding is 

almost ten times faster than unfolding. The stabilisation with peptide length appears to be 

mainly caused by a reduction of ku, which is in 41c almost four times lower than in 16c, 

whereas only small changes were observed for kf. In contrast, the helix dynamics at the 

N-terminus do not vary significantly with length (Figure 4.4B), with exception of helix 

16n in which folding was found to be somewhat slower. In 21n and 31n folding and 

unfolding are equally fast, i.e. at the N-terminus the equilibrium constant of the helix 

stability is one and does not depend on the peptide length. The sensitivities of kf and ku 

towards urea are summarised in Figure 4.4C,D. In the centre the m-value for helix folding 

mf increases with chain length, whereas the trend is less pronounced for mu. At the 

N-terminus a drastic reduction of mf is observed for 31n. 

In summary, the dynamics at the N-terminus of helical peptides are almost independent of 

the peptide length. In the helix centre, unfolding is considerably slowed down with 

increasing peptide length, whereas we do not find a pronounced effect on the rate 

constants of helix folding. In order to discuss these observations it is not sufficient to 

remain in the local two-state description, but the state of the neighbouring segments has to 

be taken into account as well. In the next section the experimentally determined rate 

constants are compared to predictions from simulations based on a kinetic Ising model. 

 
4.1.3  Comparison to Predictions from a Kinetic Ising Model 

Isolated α-helices are systems of low cooperativity and do hence show multi-state 

behaviour. The measurement of local helix folding and unfolding provides rate constants 

of microscopically well-defined transitions, which can be directly simulated with a kinetic 

Ising model in a Monte-Carlo approach. The model and the simulations are described in 

detail elsewhere (see 10.A). Briefly the peptide is simplified to a chain of N identical 

segments (homopolymer), which can be either in the helical state h or the coil state c. A 

statistical weight is assigned to each segment based on its state and the states of the 

nearest neighbours, as it also done in the 2 x 2 approximation of Zimm and Bragg.155,156 

Next, probabilities for transitions from c to h and vice versa are defined, which take as 
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well the states of the nearest neighbours into account and satisfy the equilibrium 

weights.181 Within every discrete time-step of the simulation, the probability for each 

segment to change is compared to randomly generated numbers in order to decide, 

whether the particular transition takes place or not.  

Starting from an arbitrarily chosen helical conformation the behaviour of the system is 

followed over many time steps (> 107). To extract the local dynamics the times that a 

specified segment needs to change from c to h (folding) or to change from h to c 

(unfolding) are measured and stored in histograms. The obtained histograms of first 

passage times are then approximated by a single rate constant, giving reduced rate 

constants of local helix folding kf/k1
0 and unfolding ku/k1

0 (Figure 4.5). These are 

normalized to k1
0, the basic rate constant for adding one segment to an existing helix in 

the absence of denaturant, which is used to define the rate constants of all other transitions 

as well. The comparison of the experimental data with the predictions from simulations 

suggests that k1
0≈ 2⋅107 s-1 (see 10.A). The model can be used to investigate the dynamics 

at different positions (Figure 4.5A) and can be adapted to include the effect of denaturants 

(Figure 4.5C,D). The following discussion focuses on the effect of the peptide length, 

whereas the position- and urea-dependence is discussed in detail elsewhere (see 10.A). In 

general the predicted mf- and mu-values were found to be systematically lower by around 

300 J mol-1 M-1 than the measured m-values, which might be attributed to the influence of 

urea on the chain dynamics (see 10.A). The mf- and mu-values given in Figure 4.5D are 

corrected for this effect. 

Figure 4.5A shows the reduced rate constants of local helix folding kf/k1
0 and unfolding 

ku/k1
0 in systems of different length as a function of the position. A general observation is 

that for all lengths local helix folding varies only slightly with the position, whereas 

unfolding is slow in the helix centre and becomes faster towards the termini. Both has 

been experimentally observed in the previously studied 21mer (see 10.A). The 

simulations suggest that the unfolding rate constants reach a plateau in the centre of long 

systems, which is not yet the case in the previously studied 21mer. For the local stability 

in the centre of a 17mer an equilibrium constant Keq = kf/ku
 of one is found. The local 

stability increases with peptide length, up to Keq = 35 in the centre of a 41mer. At the 

termini the local dynamics are almost length independent and Keq ≈ 1. 
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Figure 4.5. Results obtained from simulations on local folding and unfolding in α-helical 
peptides of different length. (A) Reduced rate constants of local helix folding 
kf/k1

0 (green) and unfolding ku/k1
0 (red) as function of the position in systems of 17, 21, 

31 and 41 residues (grey to black). (B) Reduced rate constants of folding (,) and 
unfolding (,) as function of chain length. Open symbols (,) denote the dynamics at 
the N-terminus (position 5), closed symbols (,) the dynamics in the centre. 
(C) Reduced rate constants of folding and unfolding in the helix centre as function of the 
urea concentration, coloured as in (A). (D) Corresponding mf- and mu-values (shifted by 
+ 300 J mol-1 M-1, see 10.A), colours and symbols as in (B). For the simulations 
s0(5 ºC) = 1.3059, σ = 0.003, γh = γc = 1, meq= 96 J mol-1 M-1 and αD= 0.5 were used,161,165 
for all other parameters refer to Manuscript 10.A. Closed segments were defined as at 
least four out of five residues in the helical state. 

In the helix centre folding is predicted to become faster and unfolding slower with 

increasing peptide length (Figure 4.5B). In the 41mer kf/k1
0 is two times higher and ku/k1

0 

fivefold lower than in the 16mer. In the shorter peptides the chain length is predicted to 

have a strong effect on kf/k1
0 and ku/k1

0, whereas the dynamics in the 31mer and 41mer 

differ only slightly. In the experiments a decrease of ku with peptide length was observed, 

with a much larger difference between 21c and 31c than between 31c and 41c 
(Figure 4.4A,B). However, the strong increase of kf/k1

0 with peptide length was not 



46  l    4  Summary of Unpublished Results 

 

observed experimentally. As a consequence, the measured local helix stabilities in 31c 
and 41c are much lower than predicted. One explanation for the discrepancy between the 

simulations and experimental data might be that the three-state model used to evaluate the 

data (Eq. 11) does not longer work in the centre of long, stable helices, which is also 

indicated by the complications to fit the kinetics of 41c (see above). For the dynamics at 

the N-terminus a good agreement between the experiments and the simulation is found, as 

kf is predicted to increase only slightly in short peptides and then becomes equal to ku, 

which is length independent (Figure 4.4B and Figure 4.5B). 

The response of the simulated system towards urea is shown in Figure 4.5C,D. In the 

studied size range helix folding in the centre is predicted to become slower and unfolding 

faster with increasing concentrations of urea (Figure 4.5C). The behaviour can be 

approximated by linear relations between lnki and the molar urea concentration, as it is 

also done in the evaluation of the experiments (Eq. 12). Only for long systems the 

simulations predict a deviation of lnku from linear behaviour. The deviations are however 

to small to explain the failure of the global fitting procedure in the case of 41c. 

Figure 4.5D shows the resulting mf- and mu-values at the N-terminus and in the helix 

centre. The values for mf are predicted to be high, whereas mu is slightly negative in the 

centre and virtually zero at the N-terminus. The difference increases somewhat with 

peptide length and becomes constant for longer helices. In contrast, the experiments 

showed that both, mf and mu in the helix centre increase with chain length. The predicted 

mu-values for unfolding are higher at the N-terminus than in the centre, which is in 

agreement with the experiments. 

Conclusion. The dynamics of local helix folding and unfolding have been investigated in 

alanine-based peptides from 11 to 41 residues using TTET. In an 11mer and a 13mer no 

stable helices are formed, whereas from 16 residues on helical structure has been detected 

at the N-termini and in the centres of the peptides. In the studied length range, both the 

global helix content and the local stability in the helix centre increase with peptide length. 

Local helix unfolding gets about fourfold reduced from (1.1 ± 0.5) µs in the 16mer to 

(3.7 ± 0.4) µs in the 41mer, whereas folding appears to be independent of the peptide 

length, occurring with time constants between 360 ns and 500 ns. The dynamics at the 

N-terminus are similar in all peptides. The kinetic Ising simulations predicted similar 

behaviour with one major exception - helix folding is expected to become faster with 

increasing peptide length, leading to higher stabilities in longer systems as experimentally 

observed. The origin of this discrepancy is presently unclear. 
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Gai and coworkers studied similar peptides with varying length (19 to 39 residues) by 

T-jump measurements.187 The relaxation time constants after T-jumps form 1 to 11 ºC 

were virtually length independent. The authors compared these relaxation times to 

calculated first passage times of helix formation, which were predicted to increase with 

peptide length.243 The observed discrepancy was attributed to a variation of the elongation 

parameter s with peptide length.187 However, relaxation kinetics obtained with global 

probes after small shifts of the helix-coil equilibrium towards the unfolded state do not 

directly represent the process of helix formation starting from pure random coil. A direct 

comparison of the relaxation data obtained by a global probe with the results of our local 

folding/unfolding experiments is not possible. 
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4.2  Peptide Model of the Foldon Hairpin 

The studies on the monomeric states of the foldon domain from bacteriophage T4 fibritin 

indicate that the amino acid residues Ala12 to Leu23 form a highly stable β-hairpin. In the 

monomeric foldon variant E5R the hairpin region is associated with the N-terminal part of 

foldon (see 10.D), whereas in the A-state (pH 2.0) no tertiary interactions with other parts 

of the protein were detected.199 In order to prove that foldon encompasses an 

autonomously forming β-hairpin under physiological conditions, model peptides were 

synthesised (H-Fhp-OH and Ac-Fhp-NH2, Table 4.2) and characterised by CD and NMR 

spectroscopy.  

Table 4.2. Synthesised Peptides Comprising the Hairpin Region of Foldon 

   Name Sequence 
     H-Fhp-OH  H-12AYVRKDGEWVLL23-OH 
     Ac-Fhp-NH2 Ac-12AYVRKDGEWVLL23-NH2 
     D/A-Fhp-1 Xan-13FVRKDGEZVLL23-OH 
     D/A-Fhp-2 Xan-13VVRKDGEZVLL23-OH 

The numbers refer to the positions in the fibritin foldon domain.226 In 
D/A-Fhp-1 and D/A-Fhp-2 (see 4.2.2) the N-terminus is acylated with 
xanthonic acid (Xan) and Trp20 is replaced by 1-naphtylalanine (Z, Nal). 

In addition, the foldon hairpin might be also suited to study hairpin folding and unfolding 

with a similar approach used to characterise the local dynamics of α-helix formation 

(see 3.1). For this purpose two foldon hairpin peptides with triplet donor and acceptor 

labels were synthesised and investigated (D/A-Fhp-1 and D/A-Fhp-2, Table 4.2). 

4.2.1 Structure and Stability 

CD spectroscopy. Two peptides, H-Fhp-OH and Ac-Fhp-NH2, with the natural foldon 

hairpin sequence but different termini were synthesised (Table 4.2). In H-Fhp-OH the 

termini are free, whereas in Ac-Fhp-NH2 the N-terminus is acetylated (Ac-) and the 

C-terminus amidated (-NH2). The peptides are well soluble in aqueous solution (≥ 1 mM), 

both at pH 2.0 and pH 7.0.  

Figure 4.6A shows Far-UV CD spectra of H-Fhp-OH and Ac-Fhp-NH2 at different 

pH values and temperatures. The CD signal has low intensity and the spectra are 

dominated by contributions form the aromatic side chains.244 At pH 2.0 and 5.0 °C the 

spectrum of H-Fhp-OH shows minima at 195 nm and 210 nm and a positive band at 
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228 nm. The latter band is likely arises from the 1La transition of Tyr13 (~ 230 nm) and/or 

the 1Bb transition of Trp20 (~ 225 nm),244 coupled with nπ* and ππ* transitions of amide 

groups. The intensity of the CD bands of up to [Θ] = 105 deg cm2 dmol-1 can only be 

explained with the chromophores fixed in an asymmetric environment. Further evidence 

for structure formation involving Tyr13 and/or Trp20 is also given by a positive duplet 

centred at 277 nm ([Θ] = 2⋅103 deg cm2 dmol-1, data not shown). 

 

 
Figure 4.6. (A) Far-UV CD spectra of H-Fhp-OH (pH 7.0 dark green, pH 2.0 light 
green) and Ac-Fhp-NH2 (pH 7.0 black, pH 2.0 grey) at 5.0 °C (solid lines). In 
addition the spectra of Ac-Fhp-NH2 at 22.5 °C (dashed line) and 90.0 °C (dotted 
line) are shown at pH 7.0. (B) Far-UV CD spectra of the native foldon trimer (black), 
the monomeric folding intermediate (grey), the monomeric foldon variant E5R (blue) 
and the foldon A-state (red, pH 2.0) measured at 22.5 °C. Taken from 
Manuscript 10.D. (C) Temperature-induced equilibrium unfolding of Ac-Fhp-NH2 
and (D) of foldon E5R monitored at 228 nm (heating: black, cooling: grey) in 10 mM 
potassium phosphate, pH 7.0. 
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Normalized CD spectra with at least two different peptide concentrations were in all cases 

super-imposable, indicating that no oligomerisation occurs in the concentration range of 

5 - 200 µM (see below). Strong deviations from classical β-sheet spectra due to aromatic 

side chain contributions have also been observed for other β-hairpin peptides.207,208 

Similar CD spectra have been observed for the A-state of wild type foldon and the 

monomeric foldon variant E5R (Figure 4.6B). The characteristic band at 228 nm is 

present in all cases. A quantitative comparison of the spectra, however, is not possible, 

since the relative contributions of the aromatic side chains are larger in the 12mer hairpin 

peptides than in the 27 residue full-length foldon.  

In the hairpin peptides the band at 228 nm is less intense at pH 7.0 than at pH 2.0 

(Figure 4.6A). Ac-Fhp-NH2 at pH 2.0 has a spectrum comparable to that of H-Fhp-OH at 

pH 7.0. In the spectrum of Ac-Fhp-NH2 at pH 7.0 the ellipticity at 228 nm is further 

reduced and a pronounced minimum at 197 nm appears. With increasing temperature both 

peptides give spectra typical for random coil at high temperature. The thermal melting 

followed by the ellipticity change at 228 nm is consistent with a loss of structure 

(Figure 4.6C). The transition is however broad and no defined baselines are observed, 

impeding a quantitative thermodynamic analysis. The thermal melting of foldon E5R 

under identical conditions shows a more sigmoidal course (Figure 4.6D), indicative for a 

higher degree of structure formation (see 10.D).  

NMR spectroscopy. In order to obtain more information on the structure of the peptides 

H-Fhp-OH and Ac-Fhp-NH2 one- (1D) and two-dimensional proton NMR spectra were 

recorded. As example the 1D 1H-spectrum of Ac-Fhp-NH2 with well-dispersed signals in 

the amide region is shown (Figure 4.7). A complete assignment of the resonances was 

achieved using total correlation spectroscopy (TOCSY, Figure 4.7) and nuclear 

Overhauser enhancement spectroscopy (NOESY, see below). The complete assignment 

for Ac-Fhp-NH2 at 2 °C and pH 7.0 is listed in Table 4.3. Further assignments for 

Ac-Fhp-NH2 at 25 °C, pH 7.0, Ac-Fhp-NH2 at 2 °C, pH 2.0 and H-Fhp-OH at 2 °C, 

pH 7.0 are given in the Appendix (Table 7.1 - 7.3).  

The amide proton (HN) resonances of Val14, Lys16, Asp17 and Val21 are strongly 

downfield shifted, whereas the HN resonance of Glu19 experiences a strong upfield shift 

(Figure 4.7). In addition, the HN resonances of Val14, Asp17 and Val21 are extremely 

broadened, indicating exchange processes on the NMR timescale. The vicinal 3JH
N

H
α 

coupling constants are generally between 7 – 8 Hz (Table 4.3), pointing to an extended 

conformation.14 The coupling constants are somewhat lower than expected for perfect 
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anti-parallel β-sheets with φ-angles of 140°, which would give coupling constants of 

~ 9 Hz.14 The geometry of isolated hairpins is however less perfect and the β-hairpin is 

likely in fast exchange with unfolded conformations, which leads to an averaging and 

reduction of the coupling constants.  
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Figure 4.7. 1H-NMR characterisation of Ac-Fhp-NH2 at 2 °C in 10 mM potassium 
phosphate, pH 7.0, 5 % (v/v) D2O. The upper panels show regions of a 1D spectrum obtained 
with jump-and-return water suppression, the lower panels regions of a TOCSY spectrum with 
Watergate solvent suppression and MLEV-17 spin lock (110 ms mixing time). Left panels: 
HN and aromatic protons with cross peaks to Hα and side chain protons. Right panels: side 
chain protons with cross peaks to Hα and side chain protons. The assignment is given in 
Table 4.3. 
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Table 4.3. Resonance Assignment of Ac-Fhp-NH2 at pH 7.0 and 2 °C. 

Residue HN 
3JHNHα  Hα Hβ Other 

Ac- - -  1.974   

Ala 12 8.274 7.0 Hz  4.381 1.299  

Tyr 13 8.358 8.1 Hz  4.960 2.858 
2.786 

H2,6   6.932 
H3,5   6.736 

Val 14 8.909 a n.d. a  4.451 1.985 Hγ       0.887, 0.848 
Arg 15 8.548 7.0 Hz  4.382 1.557 Hγ       1.136, 1.047 

Hδ       2.554, 2.418 

Lys 16 8.982 7.6 Hz  4.378 1.751 
1.603 

Hγ       1.362, 1.270 
Hδ       1.626 
Hε       2.936 

Asp 17 9.111 a n.d. a  4.348 2.790 
2.665 

 

Gly 18 8.510 -  4.029 
3.569 

  

Glu 19 7.849 7.7 Hz  4.475 2.041 
1.846 

Hγ       2.248, 2.145 

Trp 20 8.713 7.6 Hz  4.919 3.083 H2,6   7.208 
H4      7.355 
H5      7.069 
H7      7.443 
HN   10.152 

Val 21 9.039 a n.d. a  4.396 2.018 Hγ       0.902, 0.855 

Leu 22 8.461 6.5 Hz  4.126 1.521 Hγ       1.425 
Hδ       0.714, 0.676 

Leu 23 8.492 n.d. b  4.242 1.58 b Hγ       1.58 b 
Hδ       0.891, 0.849 

-NH2 7.686 
7.163 

-     

Chemical shifts in ppm relative to internal DSS. Measurements were performed in 
10 mM potassium phosphate with 5 % (v/v) D2O. 
a Very broad resonance due to chemical exchange. 
b Not resolved. 
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The chemical shifts of the HN and alpha protons (Hα) in H-Fhp-OH and Ac-Fhp-NH2 

closely resemble those found in the monomeric foldon variant E5R (see 10.D) and in the 

A-state monomer.199 The interpretation of the chemical shifts, however, is complicated by 

the presence of aromatic residues. In β-hairpins especially inward pointing Hα are strongly 

affected by ring currents. Nevertheless, strong downfield shifts are observed for the Hα 

resonances of Tyr13, Val14, Glu19, Trp20 and Val21 as expected for β-sheet 

conformations.245 A strong upfield shift is observed for the HN resonance of Glu19, which 

is typical for the first strand position following type I’ turns. Typical is as well the 

positive CSD of the HN resonance of the first turn residue Asp17.246 The HN resonances of 

Val14, Lys16 and Val21 show downfield shifts, as expected for amide protons engaged in 

strong and intact H-bonds (see Figure 4.9 and Figure 4.10).247 H-bonding is also likely the 

reason for the slow exchange process leading to the line broadening of the Val14 and 

Val21 HN resonances (Figure 4.7). A further similarity between the spectra is the strong 

broadening of the Asp17 HN resonance and the large splitting of the Hα resonances of 

Gly18 in the turn region (0.46 ppm for Ac-Fhp-NH2 at 2 oC, pH 7.0, see Table 4.3). 
 

 

Figure 4.8. Chemical shift deviations (CSD) for (A) alpha protons and (B) amide 
protons in the foldon hairpin region. Compared are H-Fhp-OH at 2 oC and pH 7.0 
(green), Ac-Fhp-NH2 at 2 oC and pH 2.0 (violet), Ac-Fhp-NH2 at 2 oC and pH 7.0 
(black), Ac-Fhp-NH2 at 25 oC and pH 7.0 (grey) and the foldon variant E5R at 25 oC 
and pH 7.0 (blue, see 10.D). Random coil values were taken from 
Schwarzinger et al..248,249 
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Another level of structural information is provided by inter-residue NOE cross peaks, 

discussed here for Ac-Fhp-NH2. Strong sequential NOEs are found for all dαN (i, i + 1) 

distances (Figure 4.10), typical for extended conformations like anti-parallel β-sheets.14,250 

Sequential HN-HN NOEs are only observed from Lys16 to Trp20, i.e. in the turn region, 

where short dNN (i, i + 1) distances are expected.14,250  

Next to the sequential information, cross-strand NOEs provide information on backbone 

interactions and the orientation of side chains (Figure 4.10). The only non-sequential 

HN-HN NOE in Ac-Fhp-NH2 is observed between Lys16 and Glu19 across the turn 

region. A short dNN (i, i + 3) distance at this position has also been found for other 

peptides with a type I’ turn.206,211 The proximity of these regions is further supported by 

the Hα-HN NOE between Trp20 and Lys16. The determination of Hα-Hα NOEs should 

provide more detailed information on the alignment of the strands, but affords 

measurements in D2O, which have not been performed yet. However, a number of 

non-sequential side chain – backbone and side chain – side chain NOEs has been 

observed. The medium- and long-range NOEs mainly involve Tyr13, Trp20 and Leu22 

(Figure 4.9). These long-range NOEs clearly confirm that the peptide chain adopts an 

anti-parallel conformation. Tyr13, Trp20 and Leu22 are part of the hydrophobic core of 

the native foldon trimer226 and form the key interactions in the A-state hairpin199 and the 

E5R hairpin (see 10.D). No NOEs were detected that would point to a trimerisation of the 

hairpin peptides. 
 

 
Figure 4.9. Schematic drawing of the foldon β-hairpin found in the foldon 
trimer226, the acidic state monomer199 and the monomeric foldon variant E5R 
(see 10.D). The two anti-parallel β-strands are linked by type I’ β-turn, consisting 
of Asp17-Gly18. The dots indicate the H-bonds present in the native trimer. The 
grey lines show medium- and long-range NOE cross peaks detected in 
Ac-Fhp-NH2 at 2 °C and pH 7.0 (see text and Figure 4.10). 
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Figure 4.10. Regions of a NOESY spectrum of Ac-Fhp-NH2 at 2 °C in 10 mM 
potassium phosphate, pH 7.0, 5 % (v/v) D2O. The spectrum was recorded with a 
mixing time of 350 ms and Watergate solvent suppression. The upper panel shows 
HN/aromatic – side chain proton cross peaks, the lower panel HN/aromatic – 
HN/aromatic cross peaks. Unambiguous inter-residue NOE cross peaks are 
labelled. At the top the amide region of the 1D spectrum is shown, cf. Figure 4.7. 
The assignment is given in Table 4.3. 
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Discussion. The CD and NMR data indicate that the twelve amino acid residue peptides 

H-Fhp-OH and Ac-Fhp-NH2 form a β-hairpin structure in aqueous solution (Figure 4.9), 

similar to the hairpin in the A-state monomer,199 the monomeric foldon variant E5R 

(see 10.D) and the wild type trimer.226 It is not possible to obtain thermodynamic data on 

the stability of this structure, since the unfolding transitions are broad and are not 

necessarily well approximated by two-state behaviour. However, qualitative comparisons 

can be made, based on the strength of the CD band at 228 nm (Figure 4.6) and the 

chemical shift deviations from the random coil values (Figure 4.8). According to these 

criteria H-Fhp-OH appears to be slightly more structured than Ac-Fhp-NH2. In addition, 

the hairpin formation appears to be more favoured at pH 2.0 than at pH 7.0. The first 

observation can be readily explained by the uncapped termini in H-Fhp-OH, which are in 

proximity and thus can add a favourable charge-charge interaction. The stabilisation at 

pH 2.0 has to originate from protonation of Asp17 and/or Glu19. An explanation would 

be an unfavourable interaction between the negatively charged forms of these residues, 

located in close vicinity on the same side of the turn (see 10.D). Favourable electrostatic 

interactions with Arg15 and Lys16 seem to be of minor relevance. However, NOE cross 

peaks have neither been detected between Asp17 and Glu19, nor between the side chains 

of Lys16 and Asp17, which are in close proximity in the hairpin of the native trimer.226 

A pH-titration experiment on the native trimer followed by NMR spectroscopy revealed 

only slightly shifted pKa values of Asp17 and Glu19.199 These, however, would be 

consistent with an unfavourable interaction between Asp17 and Glu19 and a favourable 

interaction of Asp17 with a positively charged group, likely Lys16. 

Several other sequences derived from proteins are known to form stable β-hairpins in 

isolation200,201,204,208 and many designed peptides have been characterised to study their 

stability determinants.205-214 The foldon hairpin sequence (Table 4.2) comprises several 

features that have been described in this context. Of particular importance is the turn 

sequence.207,211,251 Most tight two residue turns have a Xaa-Gly sequence, since only 

glycine allows to form type I’ and type II’ turns that are compatible with the right-handed 

twist of β-sheets.193,211 Moreover, Xaa is often Asn or Asp, which makes the foldon 

hairpin to a typical exponent of this class.207,210 The expected type I’ conformation, 

characterised by an αL-γ conformation of the turn residues, is present in the native foldon 

trimer.199,221 The current NOE data are however not sufficient to fully prove that this 

conformation is present in Ac-Fhp-NH2 as well. It should be noted that for peptides with 

similar turn sequences conformational heterogeneity was observed, with a fraction of 

peptides adopting type I’, the other type II’ conformation.205,251 The strands of the foldon 
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hairpin are mainly composed of aromatic and β-branched residues (Tyr13, Val14, Trp20, 

Val21, Leu22 and Leu23), which have high intrinsic propensities for β-sheet 

φ,ψ-angels.208,212 In addition, these residues are well suited to form hydrophobic 

interactions across the strands.214 Cross-strand salt-bridge interactions213 seem to play a 

minor role in the natural foldon hairpin and protonation of Asp17 and Glu19 even appears 

to stabilise the hairpin conformation. However, free termini of Ala12 and Leu23 

apparently add a stabilising interaction, as observed with H-Fhp-OH. 
 
4.2.2 TTET Measurements to Study β-Hairpin Dynamics 

The dynamics of β-hairpins have been studied in several relaxation experiments.217-219 

The results indicate that conformational transitions mainly occur on the timescale of 

microseconds. Dynamics in this time range can be probed by TTET (see 3.1), which 

would yield more information about the nature of the transitions and would provide an 

independent measurement of the rate constants of folding and unfolding. Similar to the 

experiments on helix folding and unfolding (see 3.1), the triplet donor and acceptor labels 

have to be placed at distant sites of the hairpin in order to prevent contact formation in the 

native state. The foldon hairpin should be particularly suited for TTET measurements, 

since it is well soluble and its high stability does not result from a large cluster of 

aromatic residues, as in other model systems.200,207,208,214 It is important that tyrosine and 

tryptophan can be replaced by the triplet labels or other hydrophobic amino acids, as they 

are known to interfere with TTET.132  

Trp20, which is part of the central hydrophobic cluster, was substituted with the triplet 

acceptor 1-naphthylalanine (Nal, Figure 4.11, Table 4.2), having a high structural 

similarity to tryptophan. The exchange should therefore have a minor influence on the 

hairpin stability and should lead to partial shielding of Nal in the hydrophobic cluster on 

the inner side of the twisted hairpin structure. Tyr13 was replaced by phenylalanine 

(D/A-Fhp-1) or valine (D/A-Fhp-2). The triplet donor xanthonic acid (Xan) was attached 

at the N-terminus replacing Ala12. In the natural foldon hairpin the Tyr13 side chain is 

involved in a hydrophobic cluster with Trp20 and Leu22. The amino group of Tyr13, 

respectively Phe13, which was used to attach Xan via a rigid amide bond, points away 

from the hairpin region. At this position Xan should not interfere with the hairpin 

structure and might be sufficiently separated to form no contact with Nal as long as the 

hairpin is folded. 



4.2  Peptide Model of the Foldon Hairpin    l  59 

 

 
Figure 4.11. Scheme of the foldon β-hairpin with the amino acid replacements to 
facilitate TTET measurements. The N-terminus was acylated with the triplet donor 
xanthonic acid (blue), replacing Ala12. The triplet acceptor was introduced by 
substitution of Trp20 with 1-naphthylalanine (red). In order to avoid triplet 
quenching Tyr13 was replaced by Phe (D/A-Fhp-1) or Val (D/A-Fhp-1). See also 
Table 4.2. 

 
After excitation of D/A-Fhp-1 at 355 nm the intensity of the Xan triplet absorption band 

at 590 nm reached only 25 % of the expected signal (data not shown). One explanation 

would be, that a large fraction of molecules has the labels already in contact or forms 

contact within the 12 ns dead-time of the experiment. However, addition of GdmCl, 

which effectively disrupts the hairpin structure (see below), led only to a small increase of 

the Xan absorption band. 

As alternative explanation for the low Xan triplet yield quenching by the directly 

neighboured Phe13 side chain has to be considered. In bimolecular quenching 

experiments phenylalanine at concentrations up to 50 mM had no effect of on the Xan 

lifetime,132 but in D/A-Fhp-1 the local concentration of phenylalanine is probably much 

higher. To thest this hypothesis, a second peptide was synthesised, in which Tyr13 was 

replaced by valine instead of phenylalanine (D/A-Fhp-2, Table 4.2).  

CD and NMR-spectroscopy indicate that D/A-Fhp-2 still forms a β-hairpin structure. The 

Far-UV CD spectrum is not longer dominated by contributions from tryptophan but from 

the triplet labels Xan and Nal (Figure 4.12A). A negative band at 206 nm, a positive band 

at 229 nm and broad negative band at 254 nm are observed. The strong near-UV band, 

either arising from Xan or Nal, is a strong indication for an asymmetric environment of 

these chromophores. Both the addition of denaturant (Figure 4.12A) and the increase of 

temperature (Figure 4.12B) disrupt the hairpin structure. The addition of GdmCl leads to 
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a strong reduction of the band at 229 nm and in 8 M GdmCl a negative signal is observed 

(Figure 4.12A), typical for denatured peptides in general and for peptides with the labels 

Xan and Nal, as well. Also the near-UV band changes drastically upon denaturation 

confirming structural change in the environment of the labels.  

 
Figure 4.12. (A) Far-UV CD spectra of D/A-Fhp-2 at 22.5 °C without denaturant 
(black) and in the presence of 2 M (blue), 4 M (green) and 8 M GdmCl (red). 
(B) Temperature-induced equilibrium unfolding of D/A-Fhp-2 monitored by the 
ellipticity change at 228 nm (heating: black, cooling: grey). The measurements were 
performed in 10 mM potassium phosphate, pH 7.0. 

 
The 1D 1H-NMR spectrum of D/A-Fhp-2 shows well-dispersed signals in the amide 

region, indicative for structure formation (Figure 7.1, Appendix). A direct comparison of 

the NMR spectrum with those of H-Fhp-OH or Ac-Fhp-NH2 is not possible, since the 

replacements of Trp20 by Nal and of Phe13 by Val change the chemical environment 

drastically and further resonances are added by the incorporation of Xan. Some vicinal 
3JH

N
H
α coupling constants reach values of 8.5 - 9.5 Hz, confirming highly extended 

β-sheet conformations. 

TTET measurements with D/A-Fhp-2 reveal again a low intensity of the Xan triplet 

absorption band (30 %) in the absence of denaturant, but in this case the addition of 

GdmCl led to an increase close to the absorption expected from donor-only peptides 

(Figure 4.13A). The missing amplitude in the folded state probably results from fast or 

permanent contact formation between the labels. This would also explain the fluorescence 

observed in the early time region, arising from triplet-triplet annihilation. The resolved 

part of the Xan triplet decays can be attributed to TTET, since it is much faster than the 

intrinsic Xan lifetime and the formation of the Nal triplet states is confirmed by a 
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concomitant increase of their absorption band at 420 nm (data not shown). The positions 

of the triplet donor and acceptor (Figure 4.11) do therefore not separate the labels in the 

folded hairpin, but appear to favour contact formation. 
 

 

Figure 4.13. TTET measurements 
in D/A-Fhp-2. (A) Representative 
decays of the Xan triplet absorption 
band at different GdmCl 
concentrations (black: 0 M, violet to 
red: 0.9 M, 3.0 M, 4.2 M, 5.3 M, 
6.5 M). At low GdmCl 
concentrations fluorescence is 
observed in the early time region up 
to 20 ns. For comparison the Xan 
triplet decay in a donor-only peptide 
is shown (grey). The solid lines 
show fits of double exponential 
functions. The corresponding rate 
constants and amplitudes are given 
in (B). The fast contact formation 
process (black circles) can be 
described with Eq. 12 (p. 40) and 
kc

0 = (1.5 ± 0.1) ⋅ 107 s-1, 
mc = (343 ± 55) J mol-1 M-1 (solid 
line). The measurements were 
performed with 50 µM peptide in 
10 mM potassium phosphate, pH 7.0 
at 22.5 °C. 
 

At all GdmCl concentrations the Xan triplet decays can be well described by the sum of 

two exponential functions (Figure 4.13A). The addition of GdmCl increases the amplitude 

of the fast phase, whereas the slow process becomes almost negligible at higher 

concentrations of GdmCl. It is therefore likely, that the fast phase with 

kc
0 = (1.5 ± 0.1) ⋅107 s-1 is mainly related to contact formation in unfolded D/A-Fhp-2. 

This is supported by the sensitivity of the reaction towards GdmCl (Figure 4.13B), which 

is with mc = (343 ± 55) J mol-1 M-1 similar to that found for contact formation in 

unstructured model peptides.135 The contact formation process in D/A-Fhp-2 has an 

apparent activation energy of 28 - 31 kJ mol-1 (not corrected for the change in solvent 

viscosity with temperature), both in the absence of denaturant and in 4 M GdmCl (data 
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not shown). For contact formation in unstructured peptides similar barrier heights were 

observed.133,134 The small amplitude of the slow phase does not change upon denaturation 

of the hairpin (Figure 4.13B), which makes it unlikely that it is related to slow 

conformational transitions, as it has been the case in the i, i + 6 labelled α-helical peptides 

(see 10.A and 10.B). The origin of this phase is presently unclear.  

The fast phase, which we assigned to contact formation in unfolded D/A-Fhp-2 is 

considerably slower than contact formation in unstructured model peptides. In poly(Ser) 

peptides contact formation between labels separated by eight peptide bonds is three-fold 

faster with a rate constant of kc
0 = 5.3⋅107 s-1.106 End-to-end contact formation in 

Ser4-Gly-Ser4, which is similar to D/A-Fhp-2, having glycine between the labels, 

kc
0 = 4.8⋅107 s-1 was measured.133  

A somewhat reduced rate constant of contact formation kc
0 = 3.2⋅107 s-1 has been observed 

in the isolated six residue loop region of the GB1 hairpin.134 There the slower contact 

formation was attributed to the presence of large side chains. Also in that case a major 

part of the Xan triplet decay occurred within the dead-time of the experiment. Structural 

data on the donor/acceptor-labelled GB1 loop peptide are not available. A loss of 

amplitude due to fast contact formation processes was also observed in a number of 

unstructured peptides.137 Rate constants on the order of 1.2⋅ 107 s-1 have been observed for 

i, i + 6 contact formation in peptides consisting mainly of alanine (see 10.A), but this can 

be in part attributed to the presence of tails. We cannot exclude that the slow contact 

formation in D/A-Fhp-2 originates from local structures opposing contact formation. 

Since the m-value is only somewhat lower than in unstructured model peptides,135,136 

these structures would be largely insensitive to GdmCl. 

A more detailed interpretation of the TTET data, including the slow process, is 

complicated by the observed fluorescence in the early time region and the change in the 

total amplitude. Apparently the nanosecond dead-time of the experiment is not sufficient 

to capture the major part of the contact formation process in structured D/A-Fhp-2. 

Furthermore, it is likely that the efficient contact formation arises from contact formation 

between the labels in the folded state. In order to assess the kinetics of hairpin folding and 

unfolding, it is however necessary to avoid instantaneous contact formation in the folded 

state. For this purpose, alternative variants of the foldon hairpin or other β-hairpins have 

to be investigated in which the labels are placed at more distant positions. 
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4.2.3 Material and Methods 

Solid-phase peptide synthesis. The peptides were synthesised on an Applied Biosystems 

433A synthesiser, using 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry. Couplings 

were performed with 2-(1H-benzotriazole-1-yl)-N,N,N’,N’-tetramethyl-uronium 

hexafluorophosphate and N-hydroxy-benzotriazole (HBTU/HOBt) on Tentagel S RAM 

or preloaded Tentagel S PHB resin (Rapp Polymere). Backbone protected glycine 

building blocks (Fmoc-Gly(FmocHmb)-OH, Novabiochem) were used to prevent 

aspartimide formation at Asp-Gly sequences. Nal was incorporated via Fmoc-protected 

1-naphthylalanine (Bachem). 

The xanthone derivative 9-oxoxanthene-2-carboxylic acid was synthesised according to 

Graham and Lewis,252 activated with benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) and coupled to the β-amino group of selectively 

deprotected α,β-diaminopropionic acid (Dpr). Methyltrityl was used as orthogonal side 

chain protection group, which was selectively removed with 3 % (v/v) trifluoro acetic 

acid (TFA) in dichloromethane. 

Final cleavage from the resin and deprotection of the side chains was achieved with 

94/2/2/2 (v/v/v/v) TFA / triisopropylsilane / phenole / H2O. The peptides were purified by 

preparative HPLC on a RP-8 column. The identity was verified by MALDI mass 

spectrometry and the purity exceeded 95 % according to analytical HPLC. 

Concentration determination and CD measurements. All measurements were preformed 

in 10 mM potassium phosphate, pH 2.0 or pH 7.0. Concentrations were determined via 

UV absorption spectroscopy, using an extinction coefficient of ε280= 8250 M-1 cm-1 for 

peptides containing tryptophan253 and of ε343= 3900 M-1 cm-1 for peptides containing 

Xan.127 The GdmCl concentrations were calculated from the refractive index.254 CD 

measurements were performed with an Aviv DS62 spectropolarimeter. Spectra were 

recorded with ~ 50 µM protein in a 0.1 cm cuvette. Temperature-induced equilibrium 

unfolding was measured at 228 nm with 7 µM peptide in a 1 cm cuvette. 

NMR measurements. NMR measurements were performed on samples of 700 - 900 µM 

H-Fhp-OH or Ac-Fhp-NH2 at pH 2.0 or pH 7.0 in 10 mM potassium phosphate, 

containing 0.02 % (w/v) NaN3 and 5 % (v/v) D2O. 2,2-Dimethyl-2-silapentane-

5-sulfonic acid (DSS) was added as internal standard.  

Proton NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer, 

processed with XWINNMR 2.6 (Bruker) and evaluated with Sparky 3.112 
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(T. D. Goddard and D. G. Kneller, UCSF). The temperature was calibrated with methanol 

and ethylene glycol reference samples according to the instructions given by Bruker. 

1D NMR spectra were recorded with jump-and-return water suppression.255 Here 1024 

FIDs with 8192 complex data points were recorded and multiplied with a phase shifted, 

squared sine window function before Fourier transformation. 

TOCSY spectra were acquired with a Watergate sequence for solvent suppression and the 

MLEV-17 sequence was applied during the mixing time of 110 ms.256 In indirect 

dimension 600 and in acquisition 3072 complex data points were recorded (16 FIDs), 

zero-filled and multiplied with phase shifted, squared sine bell window functions in both 

dimensions. 

NOESY spectra were acquired with a Watergate sequence for solvent suppression and a 

mixing time of 350 ms.257 In indirect dimension 512 and in acquisition 1024 complex data 

points were recorded (64 FIDs) and multiplied with phase shifted, squared sine bell 

functions in both dimensions. 

TTET measurements. TTET was measured with an Applied Photophysics LKS.60 Laser 

Flash Photolysis Reaction Analyzer. Xan triplet states were generated with a 4 ns laser 

pulse at 355 nm (Nd:YAG, Quantel Brilliant) and the absorbance bands of the Xan and 

Nal triplet states were monitored at 590 nm and 420 nm, respectively. The measurements 

were performed in degassed solutions with ~ 50 µM peptide. At this concentration TTET 

arising from intermolecular contact formation is slower than the intrinsic lifetime of the 

Xan triplet state. For every experiment four Xan triplet decays were averaged and a sum 

of two exponential functions was used to describe the data (A1, λ1; A2, λ2). The signal 

intensity was corrected for small differences in the peptide concentration. All fitting 

procedures were performed with ProFit (QuantumSoft) using non-linear least-square 

methods. 
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4.3  Incorporation of Triplet Donor and Acceptor Labels via Cysteines 

TTET has been intensively used to characterise contact formation dynamics in unfolded 

polypeptide chains,106,113,131-138 α-helices (see 3.1 and 4.1) and in the denatured and native 

state of a small protein (see 3.4). The peptides for these studies were prepared by 

solid-phase peptide synthesis, facilitating the specific attachment of donor and acceptor 

groups. An extension of TTET measurements to larger systems is highly desirable, e.g. to 

investigate protein association reactions, native state dynamics or the dynamic properties 

of folding intermediates. Due to the size limitations in solid-phase peptide synthesis 

alternative labelling strategies have to be developed that allow the specific incorporation 

of two labels, triplet donor and acceptor, into proteins. Particularly native chemical 

ligation techniques, which make it possible to combine expressed or synthesised 

fragments to complete proteins, should be helpful in this context.258,259 

In principal, several amino acid side chain functionalities are suited for labelling. Most 

often the thiol group of cysteine is used, due its low abundance and the unique 

nucleophilic reactivity of its thiolate form (pKa ~ 8.7). Up to now, no cysteine reactive 

naphthalene and xanthone derivatives have been described that are compatible with TTET 

measurements and are suited for labelling in aqueous solution. 
 
4.3.1 Incorporation of Naphthalene 

We first envisaged 2-(bromomethyl)-naphthalene 1 as reactive label to attach a 

naphthalene moiety to the nucleophilic thiol group of cysteine. Since the electronic 

structure is similar to that of routinely used 1-naphtyl acetic acid and 1-naphthylalanine, 

the photophysical properties of the product are likely to be the same. Another advantage 

of compound 1 is the short linker formed between naphthalene and the cysteine side 

chain. 
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However, coupling experiments revealed serious problems. Compound 1 is not well 

soluble in organic solvents that allow solubilising peptides (DMF, NMP, DMSO) and 

hardly soluble in aqueous solution, which is the solvent of choice for protein 
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modifications. No reaction with a cysteine containing model peptide or with Ac-Cys-OH 

could be observed in buffer solutions or aqueous mixtures with organic solvents. 

The search for alternative compounds that are soluble in water, have high reactivity and 

produce short linkers was mainly restricted by the photophysical properties and the 

synthetic access. Many substituted naphthalenes show an unfavourable bathochromic shift 

of the ground state absorption or the substituents can undergo photo-induced 

rearrangements. 2-Bromo-N-(1-naphthyl)-acetamide 2 (BNAA) was identified as 

promising compound, since the starting compound 1-naphththylamine is commercially 

available and the synthesis of compound 2 has been described.260 The absorption 

maximum of N-(1-naphthyl)-acetamide 3, which serves as reference compound is at 

280 nm,261 i.e. well separated from the 1ππ* transition used to excite the triplet donor Xan. 

The solubility of BNAA 2 in water was found to be > 1.5 mM and the reactivity of alkyl 

bromides with electron withdrawing substituents in the α-position is generally quite 

high.262  
 

 

Figure 4.14 Bimolecular TTET experiment with 50 µM 9-oxoxanthene-
2-carboxylic acid as donor and varying concentrations of the acceptor 
N-(1-naphthyl)-acetamide 3. (A) Decay of the Xan triplet absorption band at 
590 nm (upper panel) and concomitant increase of the naphthalene triplet absorption 
band at 420 nm (lower panel). Black to grey indicates increasing concentrations of 
compound 3 (0 – 2.8 mM). (B) Rate constant of the Xan triplet decay under pseudo 
first-order conditions. The slope corresponds to a bimolecular TTET rate constant 
of (4.1 ± 0.3)·109 M-1 s-1. The measurements were performed in 10 mM potassium 
phosphate, pH 7.0 at 22.5 °C. 
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Another prerequisite for the use as acceptor in contact formation experiments is that 

TTET from xanthone occurs in a diffusion controlled reaction.263 In order to test for the 

efficiency of the transfer, a bimolecular TTET experiment with 

9-oxoxanthene-2-carboxylic acid and the reference compound 3 was performed under 

pseudo first-order conditions (Figure 4.14). The experiment gave a bimolecular rate 

constant of (4.1 ± 0.3)·109 M-1 s-1, identical to the rate constant measured with 

1-naphtyl acetic acid as acceptor.106 Absorption measurements at 420 nm show, that like 

in alkyl naphthalene derivatives, the triplet transfer can be also followed by the increase 

of the triplet state absorption band of the acceptor. 

Efficient labelling of a cysteine containing peptide with BNAA 2 worked with 

1:1 stochiometry both in organic and aqueous solution (pH 8.5). The effect of the longer 

linker produced upon coupling of BNAA 2 to a cysteine side chain was addressed in a 

first study.264 The rate constant of end-to-end contact formation in a (GlySer)4-peptide 

labelled with BNAA 2 was found to be only slightly slower than in a peptide with 

1-naphthylalanine.264 In summary, BNAA 2 is well suited for incorporating naphthalene 

as triplet acceptor into proteins. This has been recently exploited to obtain a 

double-labelled carp parvalbumin variant (108 amino acids) after native chemical 

ligation.264 Compound 2 might also be useful to introduce naphthalene for FRET 

measurements.109 

 
4.3.2 Incorporation of Xanthone 

In order to couple the triplet donor xanthone to proteins 

2-(bromomethyl)-9-oxoxanthene 4 had been suggested as cysteine-reactive labelling 

agent.265 The compound was synthesised in three steps according to Eckstein and 

Marona266 with a minor modification of the bromination procedure. 
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Labelling of cysteine-containing model peptides with compound 4 was readily achieved 

in water/DMF mixtures. The water solubility of compound 4 was found to be low and 

therefore 2-(bromoacetyl)-9-oxoxanthene 5 should be considered as an alternative. 

Furthermore, measurements on 2-methyl-9-oxoxanthene revealed that the triplet 

absorption is somewhat weaker as in 9-oxoxanthene-2-carboxylic acid. Using 

compound 5 should again give a higher signal due to the adjacent carbonyl group. The 

synthesis of compound 5 via an Ullmann condensation267 turned out to be less favourable 

as in the case of compound 4, but an alternative route to 2-acetyl-9-oxoxanthene might be 

used.268 

A different problem was encountered when the photophysical properties of a donor-only 

labelled peptide prepared with compound 4 were investigated. After excitation of the 

xanthone moiety at 355 nm the triplet absorption, which has still a broad maximum 

around 590 nm, is reduced to 50 % compared to free 2-methyl-9-oxoxanthene 

(Figure 4.15A). The resolved triplet absorption decays with a time constant of 500 ns, 

whereas the triplet state in free 2-methyl-9-oxoxanthene has a lifetime of ~ 20 µs under 
these conditions (Figure 4.15A). In the presence of 1 M GdmCl the lifetime of 6a was 
even further reduced to around 30 ns.  

 

Figure 4.15. Xan triplet lifetime in the presence of thioethers, sulfoxides and 
sulfones. (A) Triplet decay after coupling 4 to a cysteine-containing peptide, which 
gives a thioether 6a in 0 M GdmCl (green) and 1 M GdmCl (red). For comparison the 
triplet decay of free 2-methyl-9-oxoxanthene is shown (grey), as well as the kinetics 
after oxidation of the thioether to the sulfone (6c, blue). (B) Triplet lifetime of 
9-oxoxanthene-2-carboxylic acid alone (black) and in the presence of 1 M 
dimethylsulfoxide (red) or 1 M dimethylsulfone (blue). The measurements were 
performed at 22.5 °C with 50 µM of xanthone compounds in degassed buffer, 10 mM 
potassium phosphate, pH 7.0. 
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The short triplet lifetime of thioether-linked Xan severely limits its use to investigate 

contact formation in proteins. The fast decay and reduced triplet yield is likely the 

consequence of triplet quenching by the nearby thioether moiety 6a, since also 

methionine has been found to quench the triplet state of xanthone.132 To circumvent 

quenching of the Xan triplet state, a subsequent oxidation of the thioether 6a to a 

sulfoxide 6b or a sulfone 6c was considered. Indeed, it was found that neither 

dimethylsulfoxide nor dimethylsulfone affect the triplet lifetime of 

9-oxoxanthene-2-carboxylic acid, even when added in concentrations up to 1 M 

(Figure 4.15B). Oxidation of the thioether in the labelled peptide 6a to a sulfone 6c was 

achieved using performic acid269 and led to a full recovery of the triplet yield and lifetime 

(Figure 4.15A). This approach should be also applicable to eliminate triplet quenching 

after cysteine labelling in proteins. 
 
4.3.3 Material and Methods 

Labelling compounds. 2-(Bromomethyl)-naphthalene 1 was purchased from Fluka 

(No. 17617). 2-Bromo-N-(1-naphthyl)-acetamide 2 (BNAA) could be obtained from 

Scientific Exchange, Inc. (Ossipee, NH, USA; M-696303). Its purity and identity was 

verified by 1D-NMR and ESI mass spectrometry: 
1H-NMR (CDCl3), δ (ppm) in CDCl3: 4.20 (s, 2 H, CH2Br); 7.48 - 7.61 (m, 3 H), 

7.76 (d, 1 H, J= 8.2 Hz); 7.86 - 7.92 (m, 2H); 7.97 (d, 1H, J= 7.1 Hz); 8.69 

(s, broad, 1 H, HN). 

ESI-MS, [M+H]+: m/zcalc= 264.002, 266.000 (1:1), m/zmeas= 264.000, 265.998 (1:1). 

2-(Bromomethyl)-9-oxoxanthene 4 was synthesised according to Eckstein and Marona266 

with minor modifications in three steps, NMR assignments are given according to Pickert 

and Frahm270: 

2-(4’-Methylphenoxy)-benzoic acid. 10.80 g sodium methanolate (0.20 mol) were 

solved in a mixture of 100 ml dry methanol and 15.66 g 2-chlorobenzoic acid (0.10 mol), 

32.4 g p-cresole (0.30 mol), 0.3 g Cu (< 5 micron) and 0.1 g Cu2O were added. 100 ml 

liquid paraffin were added, the mixture heated to 80 °C until no further evaporation was 

observed and then stirred for 2 h at 190 – 205 °C. The mixture was cooled to r.t. and 

100 ml toluene were added. The solid material was collected and washed with another 

150 ml toluene to remove the paraffin. The residuum was dissolved in 200 ml 

10 % Na2CO3 and the solution purified over charcoal. The product was obtained by 

fractionated precipitation with 10 % H2SO4. Recrystallisation from 70 % ethanol gave 

10.1 g pure product (0.044 mol, 44 % yield). 
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1H-NMR (CDCl3), δ in ppm: 2.38 (s, 3 H, CH3); 6.82 (dd, 1 H, J= 8.3, 0.8 Hz, H3); 

7.02 (m, 2 H, H2’); 7.17 – 7.27 (m, 3 H, H5, H3’); 7.46 (ddd, 1 H, J= 8.3, 7.3, 1.8 Hz, 

H4); 8.20 (dd, 1 H, J= 7.8, 1.8 Hz, H6). 
13C-NMR (CDCl3), δ in ppm: 21.2 (CH3); 118.4 (C3); 120.2, 120.3 (C1, 2 x C2’) 

123.6 (C5); 131.0 (2 x C3’); 133.6 (C6); 135.1, 135.0 (C4, C4’); 153.3 (C1’), 158.3 (C2); 

168.6 (C=O). 
2-(Methyl)-9-oxoxanthene. 4.6 g 2-(4’-Methylphenoxy)-benzoic acid (0.020 mol) 

were solved in 15 ml H2SO4 (conc.), heated for 2 h on a 90 °C water bath and then kept at 

room temperature for another hour. The mixture was poured into 70 ml ice water and the 

precipitate was collected. To remove the acidic starting material the precipitate was 

washed with 10 % Na2CO3 solution. Crystallisation from ethanol gave white needles 

(1.45 g, 0.007 mol, 35 % yield).  

UV (EtOH), λmax: 205 nm, 233 nm, 242 nm, 261 nm, 293 nm, 344 nm. 
1H-NMR (CDCl3), δ in ppm: 2.45 (s, 3 H, CH3); 7.32 - 7.39 (m, 2 H, H4, H7); 

7.45 (dd, 1 H, J= 8.6, < 1 Hz, H5); 7.51 (dd, 1 H, J= 8.7, 2.0 Hz, H3); 7.69 (m, 1 H, H6); 

8.11 (d, 1 H, J= 2.0 Hz, H1); 8.30 (dd, 1 H, J= 8.1, 1.8 Hz, H8). 
13C-NMR (CDCl3), δ in ppm: 21.2 (CH3); 118.1, 118.3 (C4, C5); 121.8, 122.2 (C8a, 

C8b); 124.1, 126.4, 127.1 (C1, C7, C8); 134.0 (C2); 135.0, 136.4 (C3, C6); 154.8, 156.6 

(C4a, C4b); 177.7 (C=O). 
2-(Bromomethyl)-9-oxoxanthene 4. 0.55 g 2-(methyl)-9-oxoxanthene (2.6 mmol), 

0.41g N-Bromosuccinimide (NBS, 2.3 mmol) and 1 mg azobisisobutylonitrile (AIBN, 

0.16 mmol) were solved in 10 ml CCl4. NBS had been dried over P4O10, CCl4 over 

molecular sieve (4A). The mixture was slowly heated and then refluxed for 12 h on a 

water bath. The warm suspension was filtered to remove precipitated succinimide and 

then kept for 1 h at 5 °C. The precipitate was collected and recrystallised from ethanol. 

Preparative RP-HPLC was used to separate unbrominated starting material from product 

(110 mg, 0.4 mmol, 15 % yield). 

EI-MS, [M]+: m/zcalc= 287.98, 289.98 (1:1), m/zmeas= 287.0, 289.0 (1:1). 
1H-NMR (CDCl3), δ in ppm: 4.60 (s, 2H, CH2Br); 7.37 - 7.42 (m, 1H); 7.47 - 7.52 

(m, 2H); 7.71 - 7.79 (m, 2H); 8.31 - 8.35 (m, 2H). 
13C-NMR (CDCl3), δ in ppm: 32.7 (CH2Br); 118.4, 119.3 (C4, C5); 122.1, 122.2 (C8a, 

C8b); 124.6, 127.2, 127.3 (C1, C7, C8); 134.1 (C2); 135.4, 136.1 (C3, C6); 156.3, 156.5 

(C4a, C4b); 177.2 (C=O). 
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The first two steps of the 2-(bromoacetyl)-9-oxoxanthene 5 synthesis were performed 
according to Re et al.267 but with low yield due to problems with the Ullmann reaction. 

Peptide synthesis and labelling reactions. For labelling experiments and donor-only 

measurements the peptide Ac-RSGCGSGRGFG-OH was chosen, containing a single 

cysteine and a phenylalanine for spectrometric detection. It was synthesised by 

Fmoc solid-phase peptide synthesis as described in section 4.2.3. Alternatively 

Ac-Cys-OH (Sigma A-8199) was used as model compound for labelling experiments. 

Preparative labelling of fully deprotected peptide was performed with a slight excess of 

compound 2 or 4 in 1/1 (v/v) DMF/buffer mixtures or in pure buffer (100 mM Tris-HCl, 

pH 8.4). 

Performic acid oxidation. Performic acid for the thioether oxidation269 was generated by 

1 h pre-incubation of a mixture of 50 µl H2O2 and 950 µl formic acid at 4 °C. 7 mg 

labelled peptide, dissolved in 500 µl formic acid, were added. After 1 h incubation at 4 °C 

the mixture was frozen in liquid N2, lyophilized and purified by RP-HPLC. Analysis of 

the reaction mixture by RP-HPLC and subsequent MALDI-MS spectroscopy indicated 

complete conversion of the starting material to the sulfone with formation of some side 

product. The observed mass shift of Δm = + 28 indicates that it probably arises from 

formylation. 

Time-resolved absorption spectroscopy. Bimolecular TTET experiments were performed 

under pseudo first-order conditions with 50 µM 9-oxoxanthene-2-carboxylic acid as 

triplet donor, synthesised according to Graham and Lewis.252 The concentration of the 

acceptor N-(1-naphthyl)acetamide 3 (Acros 347050050) was determined 

spectroscopically (ε280= 6800 M-1 cm-1,261) and varied between 500 µM and 3 mM. 

Dimethylsulfoxide (Fluka 41641) and dimethylsulfone (Fluka 41631) were added in 

concentrations up to 1 M to test for Xan triplet quenching. All triplet measurements were 

performed at 22.5 °C in 10 mM potassium phosphate, pH 7.0 in degassed solution using 

an Applied Photophysics LKS.60 Laser Flash Photolysis Reaction Analyzer (see Section 

4.2.3).  
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5  Summary 

The aim of this thesis was to obtain deeper insight into the dynamics of structure 

formation in peptides and proteins with emphasis on the early stages of protein folding. 

On the route to the native state many conformations have to be sampled, marginally 

stable secondary structures may form, as well as intermediates that are often only 

populated to a low extent. These conformational dynamics were investigated in suitable 

model systems. 

Dynamics in peptides and partially folded proteins are fast. For an adequate description, 

new approaches are required that provide the necessary time resolution and, quite 

important, allow a microscopic interpretation of the events. 

Measurement of contact formation between triplet donor and acceptor groups by 

triplet-triplet energy transfer (TTET) has previously been used to characterise loop 

formation dynamics in unstructured polypeptide chains. In this work, we extended 

TTET measurements to structured systems. The aim was on the one hand to characterise 

their chain dynamics and on the other hand to use contact formation as irreversible 

probing reaction to study fast conformational transitions in equilibrium. This gave 

valuable new insights into structural dynamics on the hundreds of nanosecond 

timescale. 

We used TTET coupled to the helix-coil transition to systematically investigate the local 

dynamics in α-helical peptides. For this purpose, triplet donor and acceptor groups were 

introduced at positions i and i + 6 in a number of alanine-based model helices. Contact 

formation in the coil state is with about 100 ns similarly fast as local helix folding and 

unfolding, which allows to obtain microscopic rate constants of these processes. By 

placing the labels at different positions along a 21 residue helical peptide, the local 

dynamics at different positions were investigated. Local folding occurs with time 

constants of 1/kf ≈ 400 ns, almost independently of the position. In contrast, local 

unfolding 1/ku shows a strong position dependence, accelerating from 1.4 µs in the helix 

centre up to 250 ns at the termini. The low equilibrium stability at the ends, also known 

as helix fraying, is hence a consequence of fast unfolding at the termini. 

Since local folding and unfolding are well-defined events, it is possible to compare the 

experimental results to theoretical descriptions of the helix-coil transition. As 

experiments of this type had not been discussed so far, we modeled our experimental 
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system in kinetic Ising simulations using a Monte-Carlo approach. These simulations 

fully reproduced the observed position dependence and showed that local folding and 

unfolding in our helices are dominated by helix elongation and unwinding at the 

boundaries. Nucleation processes and complete loss of helical structures appear to be of 

minor relevance under these conditions. From a quantitative comparison we can 

estimate that the addition of a segment to an existing helix occurs with a time constant 

of about 50 ns. 

Urea has a strong denaturing effect on helices. We found that this results from a strong 

deceleration of local helix folding upon addition of urea. Temperature accelerates local 

unfolding, whereas folding shows non-Arrhenius behaviour, first becoming faster, then 

slower with rising temperatures. Our comparison with simulations suggests that this 

behaviour has to be the consequence of high activation energies of about 40 kJ mol-1 of 

both basic steps, helix elongation and unwinding. Data from a number of peptides of 

different length show that the dynamics at the N-terminus of helices are independent of 

the peptide length. In the centre, however, unfolding becomes considerably slower with 

increasing peptide length. These data and further experiments should significantly 

contribute to understand the formation and fluctuations of α-helices. 

Besides α-helices we wanted to investigate the dynamics of hairpin formation using the 

same approach. The central β-hairpin of the foldon domain from bacteriophage T4 

fibritin appears to be well suited for that purpose. We synthesised peptides comprising 

the hairpin region and could show by nuclear magnetic resonance (NMR) spectroscopy 

that a 12mer indeed adopts the native-like type I’ hairpin conformation. First 

experiments to find suitable positions for the triplet donor and acceptor groups were 

conducted. 

Photoswitchable groups that impose conformational restraints are promising tools to 

induce conformational transitions. Thioamides, which have a photosensitive cis-trans 

equilibrium and are nearly isosteric to amide bonds, might be excellent candidates to 

trigger substantial helix folding and unfolding reactions. It was however unclear, 

whether backbone thioamide bonds are at all compatible with α-helix formation. We 

therefore synthesised alanine-based model helices with single amide-to-thioamide 

substitutions and characterised them by circular dichroism (CD) and NMR 

spectroscopy. We found that single thioamide substitutions have a strong destabilising 

effect of about 7 kJ mol-1, but that they can be integrated into the backbone of regular 

α-helices. 
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It would be highly desirable to get access to folding intermediates under physiological 

conditions in order to characterise their structure and dynamics. The foldon domain of 

bacteriophage T4 fibritin is optimised for fast trimerisation and forms an intermediate 

on the stage of the monomer. This monomer assembles with high efficieny to the dimer 

and trimer. By disrupting an intersubunit salt-bridge through a single amino acid 

substitution (E5R) we were able to obtain a model of the monomeric folding 

intermediate for equilibrium studies. Optical spectroscopy confirmed that the foldon 

variant E5R resembles the kinetic folding intermediate and a structural model could be 

obtained by NMR spectroscopy. We found that the foldon monomer is folded into a 

compact, native-like structure in which the N-terminal segment forms a hydrophobic 

cluster with the central hairpin. The preorganisation of the monomer explains why 

foldon can associate so efficiently to the dimer and trimer. The dynamics in this 

naturally occurring folding intermediate will be addressed in future studies. 

Several proteins have been reported to fold on the timescale of a few microseconds, 

among them the villin headpiece subdomain (HP35). The fast folding of this model 

protein, extensively studied in experiments and simulations, might be a consequence of 

residual structure in the unfolded state. We introduced triplet donor and acceptor groups 

at four different positions in order to investigate the chain dynamics of HP35. This 

allowed us to obtain for the first time absolute rate constants of contact formation in a 

small protein. In the denatured state contact formation between the different positions 

occurs with time constants of 1/kc≈ 100 - 200 ns, which is similar to loop formation in 

unstructured model peptides. Even under conditions strongly favouring the native state, 

the measured dynamics give no evidence for residual structure or a native-like topology 

in the unfolded state of HP35. At low concentrations of denaturant the native state 

becomes populated and the observed kinetics are in full agreement with the two-state 

equilibrium transition obtained by CD measurements. Global unfolding of the native 

state has to be slower than 10 µs, but we detected local unfolding events at the 

C-terminal helix. 

In order to extend TTET measurements to larger proteins it is necessary to introduce 

triplet donor and acceptor groups into expressed proteins. For this purpose we 

developed cysteine-reactive derivatives of naphthalene and xanthone and invented a 

method to eliminate triplet quenching by thioethers. 
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7  Appendix 
 

 
 
 
• Figure 7.1: 1D 1H-NMR spectrum of D/A-Fhp 2 at 2 °C and pH 7.0 

 
• Table 7.1:  Assignments for H-Fhp-OH at 2 °C and pH 7.0 
 
• Table 7.2: Assignments for Ac-Fhp-NH2 at 2 °C and pH 2.0 

 
• Table 7.3: Assignments for Ac-Fhp-NH2 at 25 °C and pH 7.0 
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Table 7.1. Resonance Assignment of H-Fhp-OH at pH 7.0 and 2 °C. 

Residue HN   Hα Hβ Other 

Ala 12 -   4.073 1.529  

Tyr 13 8.790   5.165 2.900 
2.766 

H2,6  6.933 
H3,5  6.735 

Val 14 9.11 a,d   4.536 2.000 Hγ      0.898, 0.864 
Arg 15 8.549   4.379 1.505 Hγ      1.038, 0.903 

Hδ 

Lys 16 9.015   4.387 1.734 
1.633 u 

Hγ      1.356, 1.265 
Hδ      1.594 u 
Hε      2.933 

Asp 17 9.192 a   4.310 2.813 
2.658 

 

Gly 18 8.525   4.050 
3.524 

  

Glu 19 7.763   4.521 2.056 
1.837 

Hγ       2.263, 2.159 

Trp 20 8.783   4.958 3.061 
3.020 

H2,6  7.209 
H4     7.302 
H5     7.055 
H7     7.445 
HN  10.154 

Val 21 9.11 a,d   4.473 2.042 Hγ      0.917, 0.870 

Leu 22 8.482   4.228 1.608 
1.364 

Hγ      1.469 
Hδ      0.715, 0.679 

Leu 23 8.145   4.197 1.526 Hγ      1.648 
Hδ      0.869, 0.843 

Chemical shifts in ppm relative to internal DSS in 10 mM potassium phosphate with 

5 % (v/v) D2O. 
a Very broad resonance due to exchange. 
d Not resolved. 
u Uncertain assignment. 
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Table 7.2. Resonance Assignment of Ac-Fhp-NH2 at pH 2.0 and 2 °C. 

Residue HN 
3JHNHα  Hα Hβ Other 

Ac- - -  1.968    

Ala 12 8.266 6.8 Hz  4.386 1.300   

Tyr 13 8.370 8.6 Hz  4.990 2.860 
2.769 

H2,6  6.923 
H3,5  6.728 

Val 14 8.970 a n.d. a  4.494 1.984 Hγ      0.891, 0.841 
Arg 15 8.554 7.0 Hz  4.398 1.547 Hγ      1.141, 1.072 

Hδ       2.511, 2.363 
Lys 16 8.981 7.6 Hz  4.381 1.743 

1.586 
Hγ      1.363, 1.270 
Hδ      1.625 
Hε      2.933 

Asp 17 9.151 a n.d. a  4.349 2.826 
2.685 

  

Gly 18 8.529 -  4.023 
3.548 

   

Glu 19 7.816 8.1 Hz  4.505 2.058 
1.857 

Hγ      2.296, 2.215 

Trp 20 8.721 7.6 Hz  4.947 3.068 H2,6  7.207 
H4     7.336 
H5     7.053 
H7     7.436 
HN   10.148 

Val 21 9.120 a n.d. a  4.431 2.028 Hγ       0.901, 0.852 

Leu 22 8.473 6.5 Hz  4.120 1.519 Hγ       1.417 
Hδ       0.699, 0.665 

Leu 23 8.509 n.d. d  4.241 1.571 d Hγ       1.571 d 
Hδ       0.889, 0.849 

-NH2 7.693 
7.163 

-      

Chemical shifts in ppm relative to internal DSS in 10 mM potassium phosphate with 

5 % (v/v) D2O. 
a Very broad and weak resonance due to exchange. 
d Not resolved. 
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Table 7.3. Resonance Assignment of Ac-Fhp-NH2 at pH 7.0 and 25 °C. 

Residue HN   Hα Hβ Other 

Ac- -   1.971   

Ala 12 8.135   4.341 1.282  

Tyr 13 8.173   4.897 2.904 
2.816 

H2,6  6.964 
H3,5  6.750 

Val 14 8.613   4.356 1.961 Hγ     0.876, 0.839 
Arg 15 8.387   4.398 1.604 Hγ     1.263, 1.170 

Hδ     2.706, 2.608 
Lys 16 8.781   4.363 1.757 

1.624 u 
Hγ     1.366, 1.290 
Hδ     1.640 u 
Hε     2.945 

Asp 17 8.826   4.388 2.771 
2.667 

 

Gly 18 8.344   3.997 
3.624 

  

Glu 19 7.889   4.421 2.019 
1.862 

Hγ      2.228, 2.139 

Trp 20 8.485   4.864 3.120 H2,6  7.221 
H4     7.408 
H5     7.082 
H7     7.443 
HN  10.148  

Val 21 8.699 a   4.300 1.991 Hγ      0.877, 0.836 

Leu 22 8.269   4.196 1.551 
1.451 d 

Hγ      1.451 d 
Hδ      0.740 

Leu 23 8.332   4.275 ~ 1.59 d Hγ      ~ 1.59 d 
Hδ      0.885, 0.849 

-NH2 7.529 
7.047 

     

Chemical shifts in ppm relative to internal DSS in 10 mM potassium phosphate with 
5 % (v/v) D2O. 
a Significantly broadened resonance due to exchange. 
d Not resolved. 
u Uncertain assignment. 
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Coupling fast triplet–triplet energy transfer (TTET) betweenxanthone
and naphthylalanine to the helix–coil equilibrium in alanine-based
peptides allowed the observation of local equilibrium fluctuations in
�-helices on the nanoseconds to microseconds time scale. The exper-
iments revealed faster helix unfolding in the terminal regions com-
pared with the central parts of the helix with time constants varying
from 250 ns to 1.4 �s at 5 °C. Local helix formation occurs with a time
constant of �400 ns, independent of the position in the helix.
Comparing the experimental data with simulations using a kinetic
Ising model showed that the experimentally observed dynamics can
be explained by a 1-dimensional boundary diffusion with position-
independent elementary time constants of �50 ns for the addition
and of �65 ns for the removal of an �-helical segment. The elemen-
tary time constant for helix growth agrees well with previously
measured time constants for formation of short loops in unfolded
polypeptide chains, suggesting that helix elongation ismainly limited
by a conformational search.

�-helix–coil transition � protein dynamics � protein folding �
triplet–triplet energy transfer

Conformational dynamics is of fundamental importance for
folding and function of biomolecules (1). Structural fluctua-

tions in proteins occur on different time scales and involve various
degrees of motions from side-chain rotations to complete folding/
unfolding reactions. Only a few methods exist that allow the study
of conformational transitions between different states in equilib-
rium. NMR spectroscopy, single-molecule fluorescence and hydro-
gen/deuterium (H/D) exchange experiments allow the character-
ization of different kinds of equilibrium dynamics, but they are
insensitive for transitions on the nanoseconds to microseconds time
scale (2, 3). On this time scale, large-scale backbone movements (4,
5) and structural transitions in �-helices (6–8) and �-hairpins (9)
occur that play a key role in conformational transitions during
protein folding, misfolding, and regulation. We therefore sought a
method to study site-specific equilibrium transitions on the nano-
seconds to microseconds time scale that allows us to gain insight
into the dynamics of the �-helix-to-coil transition.

Isolated �-helices are multistate systems with higher helix con-
tent in the center compared with the helix ends (10–13). Numerous
theoretical models for the helix–coil transition have been proposed
(10, 11, 13–18). Theoretical models typically assume a nucleation–
growth mechanism with the establishment of a first helical turn
representing an entropically unfavorable, slow nucleation reaction.
In the subsequent growth reactions, helical segments are added,
which is supposed to be a fast process. Experimental studies on helix
dynamics have been limited to perturbation methods starting from
an ensemble of helical states (6–8, 19–23). Dielectric relaxation
measurements (6) and ultrasonic absorption techniques (7) on long
homopolymeric helices revealed relaxation times for helix unfolding
on the hundreds of nanoseconds to microseconds time scale,
depending on the nature of the solvent and on the amino acid
sequence. From these experiments, time constants in the range of
0.1–10 ns were estimated for the growth reaction (7). Nanosecond
temperature-jump (T-jump) methods on short alanine-based pep-
tides also showed relaxation times for helix unfolding on the

hundreds of nanoseconds to microseconds time scale (8, 19–22, 24)
and also yielded similar time constants for helix growth (8). T-jump
relaxation dynamics using an N-terminal fluorescence probe re-
vealed faster helix unfolding in the N-terminal region compared
with the decrease in average helix content (8). Site-specific IR
studies on 13C-labeled peptides, in contrast, suggested only little
position dependence of the relaxation times after a T-jump (22,
25–27). These studies gave insight into the kinetics of perturbation-
induced helix unfolding, but they did not yield information on the
dynamic properties of �-helices under equilibrium conditions.
Equilibrium dynamics may substantially differ from perturbation-
induced kinetics because of the non-2-state nature of the helix–coil
transition. This complexity may lead to different dynamics depend-
ing on the initial conditions as observed for different-size T-jumps
to identical final conditions (22).

Linking an irreversible process to a conformational transition is
a powerful kinetic approach to study stability and dynamics of
chemical equilibria. A well-known example is the use of H/D
exchange to gain information on individual hydrogen bonds in
proteins (2, 28, 29). H/D exchange occurs on the milliseconds to
hours time scale, depending on pH, and is thus not suited to
measure dynamics on the nanoseconds to microseconds time scale.
We have previously applied diffusion-controlled triplet–triplet en-
ergy transfer (TTET) between a xanthone donor and a naphthyl-
alanine acceptor group to observe intrachain loop formation in
unfolded polypeptide chains (4, 5, 30). TTET through loop forma-
tion is an irreversible process that is based onVanderWaals contact
between donor and acceptor. It should thus enable us to monitor
dynamics in folded and partially folded structures when linked to a
folding/unfolding equilibrium. Because loop formation occurs on
the 10–100 ns time scale, depending on loop length, amino acid
sequence, and on the position of the loop within the chain (5, 30),
this approach allows us to monitor dynamics that are 4–5 orders of
magnitude faster than those accessible to H/D exchange. A pre-
requisite for the application of TTET is that contact between the
TTET labels can only occur by loop formation in the coiled state
and is prevented in the folded structure. Experiments by Lapidus et
al. (31) had indicated that contact formation between the ends of
an �-helix does not occur. To investigate local helix folding and
unfolding dynamics, we introduced xanthone and naphthylalanine
with i,i�6 spacing at different positions along an �-helical peptide.
This places the labels at opposite sides of the helix, which prevents
TTET in the helical state and requires at least partial unfolding
before triplet transfer can occur (Scheme 1; see also Scheme S1 in
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the supporting information). This approach allowed us to deter-
mine the local unfolding and refolding rate constants for the
helix–coil transition at equilibrium for different positions in the
�-helix. The results were compared with simulations of the helix–
coil dynamics using a linear Ising model, which gave insight into the
basic dynamics of the helix–coil transition.

Results and Discussion
Design and Global Stability of the Helices. We used an alanine-based
model peptide with the sequence Ac-(A)5-(AAARA)3-A-NH2 to
measure local �-helix dynamics and stability. Similar peptides were
shown to exhibit �70% helical content at low temperature (8, 32),
and their unfolding kinetics have been probed in relaxation studies
(8, 19–22). TTET labels were introduced at different positions
along the peptide by using a xanthone moiety (Xan; X) as triplet
donor and the nonnatural amino acid 1-naphthlylalanine (Nal; Z)
as triplet acceptor (see Table 1). The labels were placed with i, i �
6 spacing to prevent contact between the labels in the helical state
(Fig. 1A). Introducing the labels in the N-terminal region (X1–Z7),
in the interior (X5–Z11, X7–Z13, X11–Z17) or in the C-terminal
region (X15–Z21) allowed us to monitor local dynamics and
stability in different regions of the helix. To compare the local
dynamicswith global helix unfolding and refolding, theTTET labels
were positioned at the ends of the helix in the X0–Z21 peptide.

Xanthone and napthylalanine are expected to have a small
helix-destabilizing effect compared with alanine. Fig. 1B shows that
all peptides form similar amounts of helical structure as judged by
the positive CD bands at 190 nm and the negative bands at �208
and 222 nm. Contributions of Nal to the CD signal at �220 nm
prevent a quantitative determination of the helix content, but the
relative differences between the peptides can be assessed. In the
X0–Z21 reference peptide, the effect of the labels on helix stability
should be negligible because of the low helix content at the termini
(12). Introduction of the labels with i, i � 6 spacing has only little
effect on global helix stability relative to the X0-Z21 peptide. A
slight destabilization is observed when the labels are placed near the
helix center, as expected from helix–coil theory (11–13). Based on
the differences in CD signal at 222 nm, the helix content of the
different peptides varies by �15%. This similarity in helical content

was confirmed by thermal melting transitions, which showed similar
changes in the CD signal upon unfolding for all peptides (Fig. S1).

Kinetics of TTET Coupled to a Helix–Coil Transition. We performed
TTET experiments at 5 °C to measure dynamics in the different
peptides. TTET was monitored by the change in xanthone triplet
absorbance at 590 nm (5). All peptides exhibit double-exponential
TTET kinetics (Fig. 1C), which was confirmed by an analysis of the
distribution of time scales for the observed kinetics (Fig. S2). The
slowest kinetics were found for the X0–Z21 peptide with a main
kinetic phase of �1 � 2.3�105 s�1 (90% amplitude) and a faster phase
of �2 � 2.6�106 s�1 (10% amplitude). In the peptides with local i, i
� 6 spacing, faster TTET kinetics with a larger amplitude of the fast
phase are observed when the labels are attached near the termini
compared with the central positions (Table 2). In all peptides, the
2 observable reactions are faster than spontaneous donor triplet
decay, which occurs with �T � 2.5�104 s�1, measured in donor-only
reference helices. This demonstrates that the observed triplet decay
in the helical peptides is due to intrinsic dynamics in the helix–coil
system and is not reflecting the triplet lifetime. The observed
double-exponential kinetics suggest an equilibrium between 2
distinct populations of molecules. To test for the origin of the 2
kinetic phases, we stabilized the helical state by addition of 40%
TFE (33), which results in slow single-exponential TTET kinetics
with a rate constant of � � 1.2�105 s�1 for the X5–Z11 peptide (Fig.
1) indicating the absence of the fast process. In contrast, addition
of urea, which destabilizes helical structure (34), leads to an increase
in amplitude of the fast phase in all peptides (see below). These
results suggest that the slow process originates from molecules that
contain a critical amount of helical structure between the labels. In
these molecules, TTET can only occur via helix unfolding. The fast
phase is related to TTET in conformations that are at least partially
unfolded between the labels. This model is supported by the
magnitude of the observed time constants. The slow phase has time
constants on the microseconds time scale in the X0–Z21 peptide,
which is similar to the observed relaxation times for helix unfolding
after temperature jump (8, 19–22). The fast phase is on the 100-ns
time scale, which is in agreement with the time constant for loop
formation in unfolded polypeptide chains (5, 30).

Rate Constants for Local Helix Formation and Unfolding. The obser-
vation of 2 observable rate constants, �1 and �2, for TTET in the
helical peptides allows the determination of the microscopic rate
constants ku and kf reporting on unfolding and formation of helical
structure and of kc, the rate constant for loop formation in the
unfolded state in a single experiment (see Scheme 1). We use the
analytical solutions for the mechanism shown in Scheme 1 (see SI
Text) to analyze the kinetics without any simplifying assumptions.
It should be noted that this approach is different from the classical
EX1 and EX2 limits commonly used to analyze H/D exchange
kinetics, which allow the determination of either the equilibrium
constant between a folded and an unfolded state (EX2) or the
microscopic rate constant for the unfolding process (EX1) and is
only applicable if the unfolded state is populated to very low
amounts. It further uses simplified equations that are only valid
under certain conditions (29). Determination of all microscopic
rate constants from these experiments thus requires a change in the
experimental conditions from the EX2 limit to the EX1 limit.

Because of the low amplitude of the fast phase in the central parts
of the helix, the experiments were performed in the presence of
different urea concentrations between 0 and 7 M. This allows a
more reliable determination of all microscopic rate constants and
gives additional mechanistic insight into the dynamics (35). We
assumed that urea has a linear effect on ln(kf) and ln(ku) (34, 36)
as well as on ln(kc) (5, 37) according to

Scheme 1.

Table 1. Sequences of helical peptides used in TTET experiments

Peptide Sequence

X0–Z21 X-AAAAA AAARA AAARA AAARA ZGG-NH2
X1–Z7 Ac-XAAAA AZARA AAARA AAARA A-NH2
X5–Z11 Ac-AAAAX AAARA ZAARA AAARA A-NH2
X7–Z13 Ac-AAAAA AXARA AAZRA AAARA A-NH2
X11–Z17 Ac-AAAAA AAARA XAARA AZARA A-NH2
X15–Z21 Ac-AAAAA AAARA AAARX AAARA Z-NH2

X, xanthonic acid (Xan) attached to the N-terminus (X0–Z21) or to �,�-Dpr
(all other peptides); Z, 1-naphthylalanine (Nal).
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ln ki � ln ki�H2O	 �
mi�
urea�

RT
, [1]

where ki denotes a given microscopic rate constant, ki(H2O) is
the rate constant in the absence of urea, and mi denotes the
sensitivity of the respective reaction to urea (m value).

Double-exponential TTET kinetics are observed for all peptides
and at all urea concentrations. The urea dependences of �1 and �2
and of the respective amplitudes A1 and A2 were fitted globally to
the analytical solution of the 3-state model shown in Scheme 1 (38)
to yield the microscopic rate constants ki(H2O) and their urea
dependences (mi) (see SI Text). Fig. 2 shows the results from the
global fit for all helices, which reveal that �1, �2, A1, and A2 contain
contributions from all microscopic rate constants. This allows a
reliable determination of kf, ku, and kc in all helical peptides. The
kf and ku values obtained for the different peptides reflect the local
dynamics for helix folding and unfolding at different positions in the
helix (Fig. 3 and Table 2). Comparison of the results for the
different helices shows that local helix formation does not system-
atically depend on the position along the helix and has a time
constant (1/kf) �400 ns in all peptides (Fig. 3A). Local helix
opening, in contrast, is �6-fold faster at the termini (1/ku � 250 ns)
compared with the helix center (1/ku � 1.4 �s; Fig. 3B). This
difference does not arise from the effect of the labels on helix
stability, because the destabilization is largest at the helix center
(Fig. 1) (12) where the slowest rate constants for unfolding are
observed. Attaching the labels at the ends of the helix in the
X0–Z21 reference peptide yields slower dynamics compared with
all local folding/unfolding reactions with time constants of 1.1 �s for
helix formation and 3.3 �s for helix unfolding (Fig. 1 and Table 2).
This observation suggests that end-to-end contact formation mon-
itors more global structural transitions.

The urea dependence of kf shows an almost position-
independent mf value of �800 (J/mol)/M (Table 2). The mu values
are much smaller and show complex behavior, with positive values

at the helix termini and negative values for the central positions. In
terms of a classical interpretation of protein folding m values, this
indicates that the transition state for helix formation has native-like
solvent-accessible surface area (35).

The microscopic rate constants for contact formation kc in the
coil state are �100 ns in all peptides (Table 2). These values are
slightly lower than the rate constants observed for formation of i,
i � 6 interactions in polyserine model chains at 5 °C (39), which is
expected, taking into account that loop formation in the helical
peptides involves interior parts of the chain, which are less flexible
than the ends (30). The mc values are approximately 200 (J/mol)/M
and virtually position independent. This value is identical to the mc

values found for loop formation in unfolded model polypeptide
chains (5, 37). These results indicate that in the alanine-based
helical peptides the ensemble of conformations that can form
contact between the labels has similar properties as an ensemble of
unfolded polypeptide chains.

Position Dependence of Local �-Helix Stability. The results from the
TTET experiments reveal higher helix content in the central part
of the helix compared with the termini, which is in agreement with
helix–coil theory (11, 10) and has previously been observed exper-
imentally by amide hydrogen exchange (32, 40), by NMR spectros-
copy (41, 42), and by electron spin resonance (43). The kf and ku
values determined for the different peptides allow the determina-
tion of local helix stability. The equilibrium constant, Keq � kf/ku
obtained from the TTET experiments is �3.9 in the central part of
the helix and �0.5 near the ends (Fig. 3C). These equilibrium
constants for local helix stability are slightly lower in all regions of
the helix compared with equilibrium constants for individual hy-
drogen bonds measured in H/D exchange experiments under the
same conditions (32). This difference can be explained by the
helix-destabilizing effect of the TTET labels. The local equilibrium
constants from the TTET experiments are in good agreement with
predicted helix contents based on the AGADIR algorithm (44)
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Fig. 1. Structure and dynamics of the helical
peptides labeled with donor and acceptor
groups for TTET. (A) Schematic position of the
labels in the helix. For sequences, see Table 1.
(B) Far-UV CD spectra. (C) TTET kinetics mea-
sured by the decrease in xanthone absorbance
at590nm.Thecolorsof the lines correspondto
the colors of the helical segments probed by
TTET as shown in A. The black lines represent
the results fromdouble-exponential fits. As an
example, the residuals for single- and double-
exponential fits are displayed for the TTET ki-
netics in the X5-Z11 helix. Results for the X5-
Z11 helix in the presence of 40% TFE are
additionally shown in gray. Experiments were
performed at 5 °C.

Table 2. Kinetic and thermodynamic parameters

Peptide
�1

(106 s�1)
�2

(106 s�1)
A1,
%

A2,
%

kf
(106 s�1)

ku
(106 s�1)

kc
(106 s�1)

mf

(J/mol)/M
mu

(J/mol)/M
mc

(J/mol)/M Keq

X1-Z7 2.4 � 0.3 12 � 4.0 71 � 5 29 � 5 3.0 � 0.6 3.3 � 0.3 11.1 � 1.5 696 � 224 199 � 89 136 � 102 0.9 � 0.3
X5-Z11 0.78 � 0.08 8.2 � 3.2 88 � 3 12 � 3 4.0 � 0.7 1.0 � 0.1 7.4 � 1.1 908 � 131 �66 � 71 149 � 97 3.9 � 0.9
X7-Z13 0.55 � 0.04 5.6 � 3.5 81 � 2 19 � 2 1.9 � 0.4 0.7 � 0.1 8.0 � 0.7 831 � 116 �222 � 73 230 � 52 2.5 � 0.6
X11-Z17 2.0 � 0.3 8.0 � 2.4 67 � 10 33 � 10 2.5 � 0.6 3.0 � 0.4 8.1 � 1.1 687 � 254 83 � 140 200 � 83 0.8 � 0.3
X15-Z21 2.7 � 0.5 11 � 4.0 58 � 10 42 � 10 1.8 � 0.5 3.7 � 0.4 9.0 � 1.2 772 � 330 321 � 149 154 � 99 0.5 � 0.2
X0-Z21 0.23 � 0.03 2.6 � 0.9 90 � 2 10 � 2 0.9 � 0.2 0.3 � 0.1 1.6 � 0.3 537 � 166 �116 � 63 90 � 80 —

TheXan triplet decays of all peptides can befitted by double exponential functions yielding the apparent rate constants � 1 and � 2 and the relative amplitudes
A, which are given only for the decays in the absence of urea. The microscopic rate constants kf, ku, and kc were obtained by a global analysis of all decays at
different urea concentrations using the 3-statemodel (Scheme 1) and are given for 0Murea. Their sensitivity toward urea is described by themi values.Keq gives
the local equilibrium constant between closed and open conformations between the labels.
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when the TTET labels are modeled with Trp residues. AGADIR
predicts equilibrium constants �5 in the helix center and �1.5 near
the termini. In further agreement with our experimental results,
AGADIR predicts higher helix content in the N-terminal regions
than in the C-terminal region.

Simulation of Local Helix–Coil Dynamics with a Linear Ising Model. To
compare the experimental results with predictions from kinetic
models for the underlying microscopic dynamics, we performed
Monte Carlo simulations of helix–coil dynamics using a linear Ising
model. The helix is represented by a finite sequence of 21 identical
residues, which can be either in the helical state h or the coil state
c. We use the statistical weights of Zimm and Bragg to assign the
equilibrium constants for the following types of reactions (10):

helix elongation:

hccL|;
k1

k2

hhc cchL|;
k1

k2

chh
k1

k2
� s [2]

helix nucleation:

cccL|;
k3

k4

chc
k3

k4
� �s [3]

coil nucleation:

hhhL|;
k5

k6

hch
k5

k6
�

�

s
[4]

This formalism considers only nearest-neighbor interaction as in
the widely used 2  2 matrix approximation of Zimm and Bragg
(10). Additional factors for helix nucleation, 	h, and coil nucle-

ation, 	c, were introduced by Schwarz (16) to allow for additional
kinetic effects on the nucleation reactions relative to elongation:

k3 � 	h���k1 k4 � 	h�k2 [5]

k5 � 	c���k2 k6 � 	c�k1 [6]

Schwarz suggested that it is reasonable to assume that 1 
 	 �
1/�� (16). In the simulations, we used a � value of 0.003 and a
position-independent s value of 1.31, which is the average s value
experimentally determined for a similar peptide at 5 °C (45).
Varying 	h and 	c between 1 and 9 has only little effect on the
results. Values of 	h � 	c � 2 were used for all simulations. The
simulations were performed based on a reduced time, t�, by using
k1 as reference (t� � t�k1). All other rate constants were scaled
to k1 according to Eqs. 2–6. The simulations were started with
an equilibrium ensemble of helices. The time evolution of the
system was simulated with discrete time steps of �t� � 0.05.
These simulations are similar to the method applied by Poland
(46) to simulate nonequilibrium dynamics of helix formation. A
detailed description of the simulations is given in the SI Text.

Fig. 4 shows a typical result from the equilibrium simulations that
yield an average helix content of 58.2%. This value agrees well with
the experimentally determinedhelical content andwith equilibrium
Zimm and Bragg theory, which predicts 58.3% average helical
content. A closer inspection of the results from the simulations
reveals that the equilibrium dynamics are largely dominated by
shrinking and growth of an existing helix, whereas helix and coil
nucleation events are rare. This explains the insensitivity of the
simulations to variations in 	h and 	c and suggests that the equi-
librium TTET experiments do not yield information on the dy-
namics of helix nucleation events. The simulations further reveal
that the commonly used single-sequence approximation (10, 13)
holds most of the time, but 2 separate helical regions are sometimes
observed (Fig. 4).
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Fig. 2. Effect of urea on the TTET kinetics in different
helical peptides at 5 °C. The observable rate constants �1
(F) and �2 (E) (Upper) and their corresponding ampli-
tudes, A1 (F) and A2 (F) (Lower) obtained from double-
exponential fits to theXan triplet decays (see Fig. 1C) are
shown. The results from the global fit to the 3-state
model (Scheme 1) are displayed for the observable rate
constants and their amplitudes (black lines) aswell as for
the microscopic rate constants ku (red lines), kf (blue
lines), and kc (green lines).
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Comparison of Experiment with Simulation. For comparison with
the experimental time constants, we extracted first-passage times
(FPTs) for local folding and unfolding kinetics from the simu-
lations. Histograms of the FPTs for folding and unfolding were
used to calculate rate constants ku/k1 and kf/k1 for the local
unfolding and refolding reactions (Fig. S3). Because TTET
experiments probe a region of 5 residues between the labels, we
calculated kinetics for segments of 5 residues, which are counted
as helical if at least 4 of these residues are helical at a given time.
However, the results do not critically depend on the segment
length used in data analysis. Monitoring the dynamics of single
segments gives nearly identical results (see Fig. S4). Fig. 3 shows
that the simulations yield the same position dependence of the
rate constants for local helix folding and unfolding as the TTET
experiments. The resulting rate constants for helix formation are
virtually position independent. Helix unfolding, in contrast,
occurs faster at the ends compared with the helix center despite
the assumption of position-independent microscopic rate con-
stants in Eqs. 2–6. The rate constants obtained from the
simulations match the experimental values when the reduced
time is scaled with a constant factor of 2.1�107s�1 � 1/(48 ns),
which represents the elementary rate constant k1 for helix
elongation. In combination with the s value of 1.31, this yields an
elementary time constant for helix unfolding, 1/k2, of �63 ns
(Eq. 2). The assumption of a single helical segment between the
labels being sufficient to prevent loop formation yields values of
1/k1 � 37 ns and 1/k2 � 49 ns. The local differences between the
experimental data and the results from the simulations (Fig. 3)
are most likely due to the use of a uniform sequence with
an average s value in the simulations. The experimentally
investigated model helices, in contrast, contain arginine residues

to increase solubility and are asymmetric molecules with a
macrodipole.

The results from TTET experiments and simulations reveal
significantly larger differences in helix dynamics between the ends
and the central part of a helix compared with T-jump relaxation
kinetics. This is due to the different types of processes monitored
by the different techniques. As discussed above, irreversible TTET
coupled to a helix–coil equilibrium allows the determination of
microscopic rate constants for helix opening and closing, whereas
T-jump experiments yield macroscopic relaxation times that con-
tain contributions from forward and backward reactions. The fast
and position-independent rate constant for helix closing observed
in TTET experiments contributes strongly to the observed relax-
ation rate in T-jump experiments at all positions. This explains the
weak position dependence of the relaxation rates. A similar differ-
ence is observed when unfolding kinetics of ribonuclease A are
monitored by either H/D exchange, which measures opening rate
constants for hydrogen bonds, and by optical spectroscopy, which
measures relaxation times with contributions from folding and
unfolding rate constants (47). This explanation is further supported
by simulations of helix relaxation kinetics by using a similar kinetic
helix–coil model as shown in Eqs. 2–6, which reproduced the weak
position dependence of the experimental relaxation rates measured
in T-jump experiments (48).

Mechanism of Equilibrium Helix–Coil Dynamics. Comparison of the
experimental results with the simulations gives a mechanistic ex-
planation for the experimentally observed position dependence of
the unfolding rate constant ku. The comparison reveals that the
observed position dependence for helix unfolding is a consequence
of unzipping from the nearest helix–coil boundary as major mech-
anism for helix unfolding. This 1-dimensional diffusion process
leads to longer diffusion distances for central positions compared
with the terminal regions and thus to lower unfolding rate constants
in the center of the helix. The elementary processes of adding and
removing helical segments occur with position-independent time
constants of �50 and �65 ns, respectively. These rate constants for
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local equilibriumhelix folding andunfoldingmeasured byTTET set
a limit on the time scales for conformational transitions involving
�-helices during protein folding and misfolding.

TTET coupled to helix dynamics is sensitive for processes
between �1 ns and 50 �s. Therefore, the elongation time constant
(1/k1) of �50 ns reflects the time for formation of a helical segment
that is at least stable for some nanoseconds. Much faster local
processes, which do not lead to formation or decay of stable
structure are not monitored, although they may occur during the
experiments. The rate constant for helix elongation, k1, obtained
from the comparison of the simulations with the experimental data
are virtually identical to the experimentally determined rate con-
stant for formation of short protein loops at 5 °C (5), indicating that
helix elongation is mainly limited by a conformational search.

Materials and Methods
Peptide Synthesis. All peptides were synthesized by using standard Fmoc-
chemistry on an Applied Biosystems 433A peptide synthesizer (5). The Xan de-
rivative 9-oxoxanthene-2-carboxylic acidwas synthesized and attached either to
the N-terminus (in the X0–Z21 peptide) or to the �-amino group of a �,�-
diaminopropionic-acid (Dpr) residue (in all peptides with i, i � 6 labeling) (5, 30).
Naphthalenewas incorporated as the nonnatural amino acid 1-naphthylalanine
(Bachem). All peptides were purified to �95% purity by preparative HPLC on a

RP-8 column. Purity was checked by analytical HPLC, and the mass was deter-
mined by MALDI mass spectrometry.

TTET and CD Measurements. TTET measurements were performed on a Laser
Flash Photolysis Reaction Analyzer (LKS.60) from Applied Photophysics with a
Quantel Nd:YAG Brilliant laser (354.6 nm, �4 nm pulse width, �50 mJ).
Transient absorption traceswere recordedat 590nm tomonitor the xanthone
triplet band. All measurements were performed in 10 mM phosphate buffer
(pH 7.0) at 5 °C. Peptide concentrationswere 50�Mas determined by the Xan
absorbance at 343 nm (�343 � 3,900 M�1cm�1). All solutions were degassed
before the measurements. Urea concentrations were determined by the
refractive index according to Pace (49). CDmeasurements were performed on
an Aviv DS62 spectropolarimeter. The experimental data were analyzed by
using the ProFit software (QuantumSoft).

Simulations on the Helix–Coil Transition. Themodel is based on Eqs. 2-6 and the
underlying assumptions as discussed in the article. Details of the simulations are
given in the SI Text.
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37. Möglich A, Krieger F, Kiefhaber T (2005) Molecular basis for the effect of urea and
guanidinium chloride on the dynamics of unfolded polypeptide chains. J Mol Biol
345:153–162.

38. Kiefhaber T, Kohler HH, Schmid FX (1992) Kinetic coupling between protein folding
and prolyl isomerization. I. Theoretical models J Mol Biol 224:217–229.

39. Krieger F, Möglich A, Kiefhaber T (2005) Effect of proline and glycine residues on
dynamics and barriers of loop formation in polypeptide chains. J Am Chem Soc
127:3346–3352.

40. Zhou H-X, Hull LA, Kallenbach NR (1994) Quantitative evaluation of stabilizing interac-
tions in a prenucleated �-helix by hydrogen exchange. J Am Chem Soc 116:6482–6483.

41. Bradley EK, Thomason JF, Cohen FE, Kosen PA, Kuntz ID (1990) Studies of synthetic
helical peptides using circular dichroism and nuclear magnetic resonance. J Mol Biol
215:607–622.

42. Jaravine VA, Alexandrescu AT, Grzesiek S (2001) Observation of the closing of individ-
ual hydrogen bonds during TFE-induced helix formation in a peptide. Protein Sci
10:943–950.

43. Miick SM, Todd AP, Millhauser GL (1991) Position-dependent local motions in spin-
labeled analogues of a short alpha-helical peptide determined by electron spin reso-
nance. Biochemistry 30:9498–9503.

44. Munoz V, Serrano L (1995) Elucidating the folding problem of helical peptides using
empirical parameters. III. Temperature and pH dependence J Mol Biol 245:297–308.

45. Scholtz JM, Qian H, York EJ, Stewart JM, Baldwin RL (1991) Parameters of helix–coil
transition theory for alanine-basedpeptidesof varying chain lengths inwater.Biopoly-
mers 31:1463–1470.

46. Poland D (1996) Discrete step model of helix–coil kinetics: Distribution of fluctuation
times. J Chem Phys 105:1242–1269.

47. Kiefhaber T, Baldwin RL (1995) Kinetics of hydrogen bond breakage in the process of
unfolding of ribonuclease A measured by pulsed hydrogen exchange. Proc Natl Acad
Sci USA 92:2657–2661.

48. Doshi UR, Munoz V (2004) The principles of �-helix formation: Explaining complex
kinetics with nucleation–elongation theory. J Phys Chem B 108:8497–8506.

49. Pace CN (1986) Determination and analysis of urea and guanidine hydrochloride
denaturation curves. Methods Enzymol 131:266–280.

1062 � www.pnas.org�cgi�doi�10.1073�pnas.0808581106 Fierz et al.

A 6  l    10  Manuscripts 

 

 



Supporting Information
Fierz et al. 10.1073/pnas.0808581106
SI Text
Analytical Solution of the Kinetic 3-State Model Used to Determine the
Microscopic Rate Constants for Helix Formation and Unfolding. The

characteristic equation for the mechanism with the 3 states helix
(H), coil (C), and coil with exchanged triplet state (C*) (Scheme
S1) is given by

f��� � �2 � ��ku � kf � kc� � kukc

which yields 2 apparent rate constants �1 and�2

�1,2 �
ku � kf � kc � ��ku � kf � kc�

2 � 4kukc

2

The time-dependent behavior of the 3 species for the case that
the initial concentration of C0

� is zero (i.e., the total concentra-
tion is H0 � C0) is given by

H�t� � H0�ku��1 � kc�

�1��1 � �2�
e��1t �

ku�kc � �2�

�2��1 � �2�
e��2t�

� C0� � kf�1

�1��1 � �2�
e��1t �

kf�2

�2��1 � �2�
e��2t�

C�t� � H0� � �1ku

�1��1 � �2�
e��1t �

ku�2

�2��1 � �2�
e��2t�

� C0� � �1�ku � �1�

�1��1 � �2�
e��1t �

�2�ku � �2�

�2��1 � �2�
e��2t�

C*�t� � H0� kukc

�1��1 � �2�
e��1t �

� kukc

�2��1 � �2�
e��2t �

kukc

�1�2
�

� C0�kc�ku � �1�

�1��1 � �2�
e��1t �

kc��2 � ku�

�2��1 � �2�
e��2t �

kukc

�1�2
�

Furthermore, the starting concentrations are constrained by
H0/C0 � kf/ku.

Simulations on the Helix–Coil Transition. Simulation in discrete time
steps. The simulation was set up in discrete time steps �t�, with
t� � t�k1. A starting conformation of 21 h or c was generated that
satisfies the equilibrium probability and has all h in a row (single
sequence). The state of the first and last residue was set to be c
and did not change throughout the simulation (1). Within each
time step �t�, all 19 triplets of the sequence were read, and the
probabilities pi � ki��t� for a transition of their central residues
were calculated according to Eqs. 2-6. The resulting probabilities
were compared with uniformly distributed random numbers r
(0 	 r 	 1) to decide whether the particular transition occurs (if
ki��t� 
 r) or not (if ki��t� � r). After evaluation of all triplets,
the changes resulting from the transitions within the time step �t�
were made in parallel to obtain the new conformation. Typical
simulations consisted of 106 to 107 steps with �t� � 0.05. Values
of s (278.15 K) � 1.3059 and � � 0.003 for alanine-based helices
were taken from equilibrium experiments (2, 3). Simulations
with � values in the range of 0.001–0.1 revealed that the helix
content of our simulation is influenced by this parameter but not
the general results of the simulations.
Rate constants of local helix folding and unfolding. The local helix
folding and unfolding dynamics at a single position p are given
by the times that the residue remains in the c state (folding time)
or the h state (unfolding time). We decided to analyze first-
passage times (FPTs), which reduces the number of fast f luctu-
ations arising from repeated growth and shrinking when a helix
boundary oscillates around the selected site. This resembles our
TTET experiment, which is not sensitive to very fast f luctuations
and is based on an irreversible triplet-transfer step. To obtain
FPTs of local folding and unfolding, we randomly selected
starting conformations from a time course of 107 steps. This
ensures that the calculations start from a number of unrelated
molecules that represent the equilibrium of conformations
present in the experiment. These separate simulations were only
continued until the criterion for local folding (or unfolding) was
met. In this way, we collected 4,000 FPTs for each event, which
we stored in 50 equally spaced bins, adjusted to the longest
observed FPT (Fig. S3). The distributions of our FPTs can be
reasonably approximated by single-exponential functions to
yield rate constants of local helix folding kf/k1 and unfolding ku/k1
(Fig. S3). The ratios of the obtained rate constants agree with the
expected equilibrium helix content at the position, which con-
firms that FPTs and single-exponential decay curves provide a
good description of the system. Performing this procedure for
different positions of the helix gives the position dependence of
folding and unfolding rate constants shown in Fig. S4. Because
our experiments probe a region of 5 residues between the labels,
we adapted the simulation procedure to monitor the dynamics of
larger segments instead of single site fluctuations. A segment of
5 residues was counted as helical if at least 4 of its residues were
helical at a certain time (Fig. S4). Assuming that only a single
helical segment between the labels is required to prevent TTET
between the labels gives very similar results (Fig. S4).
Technical details of the simulations and data analysis. The operations
were performed using the framework of Matlab 7 R14 (Math-
Works) in combination with compiled C code for time-
consuming iterations. Random numbers were generated using a
Lehmer type algorithm (4). Fitting of exponential functions to
the distributions of FPTs was performed using nonlinear least-
square fitting, applying the Matlab lsqnonlin algorithm.

Scheme S1.
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Fig. S1. Thermalmelting curves of thedifferentpeptides indicated in the legenddetectedby the change inellipticity at 222nm.Measurementswereperformed
in 10 mM phosphate buffer (pH 7).
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Fig. S2. Distributions of rate constants in the Xan triplet decay curves of X5–Z11 in the absence of urea (black) and in the presence of 7.0 M urea (red). The
analysis was performed using the CONTIN package (5). The results from fitting double-exponential functions to the same data are shown in Fig. 2 of the article.
Measurements were performed in 10 mM potassium phosphate (pH 7.0) at 5 °C.
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Fig. S3. Histogram of FPTs (normalized) for local folding (blue) and unfolding (red) in the helix center (position 10) evaluated for a single segment (segment
length � 1). The simulation parameters were chosen as described in Fig. 4 of the article. The broken lines show single-exponential fits, which give an
approximation of the kinetics. The kinetics are shown on a reduced time axis, t� (in units of k1; t� � t�k1). The fits give kf

� � kf/k1 � 0.024, and ku
� � ku/k1 � 0.097.
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Fig. S4. Positiondependenceof the reduced foldingandunfolding rate constants kf
� (blue) and ku

� (red) for a single segment (segment length�1, open symbols)
and segment length � 5 (closed symbols) obtained from the simulations. Segments of 5 residues were counted as closed if 4 or more residues were helical. The
simulation parameters were chosen as described in Fig. 4 of the article.
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Abstract 

Local structure elements such as α-helices or β-hairpins can form in the absence of 

tertiary interactions and may hence be of importance in the early stages of protein 

folding. α-Helical structures in peptides are only marginally stable with the exception of 

alanine-based helices. Despite their structural simplicity and considerable experimental 

and theoretical efforts, the dynamics of these α-helical peptides remain poorly 

understood. We recently used triplet-triplet energy transfer to measure local equilibrium 

folding and unfolding at different positions within helical peptides. Here we extend this 

approach to investigate the effect of temperature on local helix dynamics by placing 

triplet labels with i, i + 6 spacing in the centre of an alanine-based model helix. The data 

are interpreted in terms of a classical two-state formalism and are compared to a more 

realistic multi-state description of the system, obtained from a kinetic Ising model. The 

results from the experiments suggest that the helix folding is an entropy controlled 

process, whereas helix unfolding encounters a mainly enthalpic barrier. Comparison 

with the simulations indicates that the apparent low activation energy for helix folding is 

a result of the multi-state character of the system and that both, the addition and the 

removal of a helical segment at a helix boundary are associated with significant 

enthalpic barriers of about 40 kJ/mol. 
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Introduction 

The folding of proteins is a process of remarkable cooperativity, usually an all-or-none 

transition. Most single domain proteins do not populate any equilibrium intermediates 

and their folding kinetics can be described as a transition over a single energy barrier. 

The microscopic events on the path from the unfolded state to the fully folded structure 

remain therefore hidden and can only be assessed indirectly. The discovery and 

development of peptide sequences that form stable α-helices [1-4] or β-hairpins [5] in 

aqueous solution allows to study the formation of these basic structures individually and 

gives a new perspective to understand the process of structure formation. Isolated 

secondary structure elements have also been observed in unfolded states and folding 

intermediates of several proteins. Their local character suggests that they play a key role 

in the early stages of protein folding. A fundamental difference between secondary 

structure formation and protein folding is the lower cooperativity of secondary structure 

elements, which should make it possible to dissect different microscopic events. 

 

The thermodynamics of α-helix formation have been worked out in the 1950s in the 

context of the helix-coil transition in long homopolymers [6-10]. The use of statistical 

weights accounting for the energetics of nucleation (boundary positions) and elongation 

(interior positions) has also proven to describe the stability of α-helical structures in 

small peptides quite well [2-4,11]. The concept of nucleation and elongation is also 

commonly used to discuss the kinetics of the helix-coil transition [12-17], although a 

direct experimental validation remains elusive. A number of molecular dynamic 

simulations gives little support for the sharp distinction between nucleation and 

elongation, but points to the importance of alternative conformations and non-native 

H-bonds at the initial stages of helix formation, which subsequently rearrange to the 

canonical structure [18-20]. 

 

The most widely used techniques to study the dynamics of helical systems are relaxation 

experiments. Early studies on long homopolymers made use of dielectric [21] and 

ultrasonic relaxation [22], which gave relaxation times of several hundred of 

nanoseconds. The kinetic theory proposed by Schwarz [12] relates the observed mean 

relaxation times to the time constant of helix growth, placing it on the timescale of 0.1 –



B 4  l    10  Manuscripts 

 10 ns [22]. Short alanine-based model helices have mainly been studied by 

laser-induced temperature-jump (T-jump) measurements and sub-microsecond time 

resolution has been attained in a number of experiments [16,23-34]. The use of 

fluorophores [16,35] or the incorporation of isotope labels for IR [28,29,32] or 

UV resonance Raman detection [33,34] even enables site specific measurements. 

However, the T-jumps are often small and thus the multi-state equilibrium is only 

slightly shifted towards the coil state. The interpretation of the relaxation rate constants 

is difficult, as they cannot be attributed to specific events. Furthermore, in multi-state 

systems such as α-helices it is difficult to separate the contributions of forward and 

backward reactions to the relaxation behaviour. 

 

An alternative approach to study helix dynamics is to extract kinetic information from 

thermal fluctuations without perturbing the helix-coil equilibrium. H/D-exchange, which 

was extensively used to directly probe the opening and closing of individual H-bonds in 

proteins, is unfortunately much too slow to capture the kinetics in α-helical peptides. By 

this technique only the local equilibrium stabilities can be obtained, which confirm the 

fraying of helices towards their termini [36]. Microsecond dynamics were detected in a 
13C-NMR relaxation study, but the microscopic origin of the exchange process remained 

unclear [37]. Alternatively, a probing reaction can be coupled to helix unfolding that is 

fast enough to compete with refolding. Hofrichter and coworkers employed 

triplet-quenching to study global helix unfolding in an alanine-based model helix [38]. 

We recently used triplet-triplet energy transfer (TTET) [39-41] to probe the local 

dynamics along a helical peptide of 21 residues [42]. Folding was found to have similar 

time constants (1/kf) of about 400 ns at all positions, whereas the time constants for 

unfolding, (1/ku), varied between 1.4 µs in the helix centre to 250 ns at the termini (at 

5 °C). In addition, we addressed the influence of urea on the helix dynamics and were 

able to rationalize the results with Monte-Carlo simulations of a kinetic Ising model. 

 

Here we report the temperature dependence of local helix folding and unfolding in the 

centre of an α-helical peptide. Despite the wealth of T-jump data on the helix-coil 

transition, the role of enthalpic contributions is intensely discussed [33,34]. We interpret 

our data in two different ways. First, we discuss the local dynamics in terms of apparent 

two-state behaviour, neglecting the influence of the other parts of the helix. This allows 
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comparison with previous experimental results from T-jump experiments. Second, we 

compare our results with a more realistic description of the multi-state system, obtained 

from a kinetic Ising model addressing the effect of temperature on the microscopic rate 

constants for helix growth and unwinding. Surprisingly, there are major differences in 

activation energies and enthalpies between the macroscopic and microscopic rate 

constants. 

 
Results and Discussion 

Measurement of local helix folding and unfolding. 
We previously used TTET between i and i + 6 spaced triplet donor and acceptor labels 

to study local helix folding and unfolding [42]. To investigate the effect of temperature 

on helix dynamics we used an alanine-based helical peptide, in which the triplet donor 

xanthone (Xan) and the triplet acceptor naphthylalanine (Nal) are placed around the 

helix centre (Xan7-Nal13) [42]. The helix content reaches a maximum in the central part 

[11], which allows to investigate the dynamics of the helix-coil transition over a wide 

range of conditions. The sequence of the 21 residue peptide is Ac-AAAAA-AXanARA-

AANalRA-AAARA-A-NH2, for details see Material and Methods. 

 

The peptide forms α-helical structure as indicated by its Far-UV CD spectrum, showing 

a characteristic maximum of the ellipticity at 190 nm and minima around 208 nm and 

222 nm (Figure 1A), as well as a pronounced melting transition (Figure 1B). Due to 

unknown contributions of the labels Xan and Nal in the Far-UV it is not possible to 

determine the helix content of the peptide accurately. The i, i + 6-spaced labels have in 

general a slight destabilising effect [42], especially when placed in the helix centre, 

which is most sensitive towards perturbations [11]. 

 

Figure 1 

 

To characterise the dynamics in the helix centre, we measured TTET in the temperature 

range from 0 – 30 °C. Briefly, a short laser pulse (4 ns at 355 nm) is used to excite Xan 

to the singlet state, from where it undergoes fast and efficient intersystem crossing to the 

triplet manifold [41]. The triplet state resides on Xan (Eq. 1), as long as helical structure 
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is formed in this region, since the i, i + 6 spacing of the labels places them on opposite 

sides of the helix and prohibits contact formation [42]. 
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Upon unfolding of the segment between the labels (ku), the labels become free to form 

contact with a typical rate constant of contact formation (kc), as long as the helical 

structure is not reformed (kf). In unfolded model peptides the time constant 1/kc for 

formation of an i, i + 6 loop was shown to be around 30 ns. In the mechanism depicted 

in Equation 1 contact formation measured by TTET serves as probing reaction, coupled 

to the helix-coil transition. This approach is similar to H/D-exchange experiments, 

which probe opening and closing of single H-bonds in thermodynamic equilibrium. 

There often single exponential kinetics are observed, since only the folded state is 

populated to a significant amount (kf >> ku). Furthermore, usually conditions are chosen 

in which the H/D-exchange is either much faster than kf and ku to obtain ku directly 

(EX1), or much slower than kf and ku, which allows to calculate the equilibrium constant 

Keq = ku/kf (EX2). In our case kf, ku and kc are in a similar range and it is possible to 

determine all three microscopic rate constants from the two apparent rate constants and 

the corresponding amplitude information. 

 

Figure 2 shows TTET kinetics between Xan and Nal placed in the centre of the 21 

residue model helix. The time course of TTET can be directly measured by the decrease 

of the Xan triplet absorption band at 590 nm (Figure 2A) or the concomitant increase of 

the Nal triplet absorption band at 420 nm (data not shown). The Xan triplet decay can be 

well described by the sum of two exponential functions at all temperatures, which 

indicates that both, the helical state (H) and the coil stare (C) are populated to significant 

amounts in equilibrium. With increasing temperature the Xan triplet absorption decays 

become faster (Figure 2A). The apparent rate constants λ1 and λ2 and the corresponding 

amplitudes are shown in Figure 2. Both, λ1 and λ2 increase with temperature and the 

faster process gains amplitude.  

 

Figure 2 
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We additionally varied the urea concentration at each temperature between 0 M and 

8 M, which destabilizes the helical state [43]. This allows to get reliable values for the 

microscopic rate constants ku, kf and kc [42]. As example the urea dependencies at the 

extreme temperatures of 0 °C and 30 °C are shown in Figure 3. 

 

Figure 3 

 

Again all decay curves can be well described with the sum of two exponential functions 

with the apparent rate constants λ1 and λ2 and the amplitudes shown in Figure 3B and 

Figure 3C, respectively. For global fitting of all kinetics obtained at a single temperature 

we assume that the logarithms of kf, ku and kc are linear functions of the molar 

concentration of urea (Eq. 2) [42]. 

 

ln ki = ln ki
0
!
mi "[urea]

RT
 (2) 

 

Results of the global fitting procedure using the analytic solution of Eq. 1 (see Material 

and Methods) are shown for the kinetics at 0 °C and 30 °C (Figure 3). The apparent rate 

constants and amplitudes calculated from the global fits agree well with those 

determined from fitting the traces individually. The obtained microscopic rate constants 

kf, ku and kc are shown as well. The contact formation process kc is always faster than 

local folding kf and unfolding ku. In the absence of denaturant and low temperature 

(0 °C) folding 1/kf
0= (775 ± 65) ns is around three times faster than unfolding 

1/ku
0= (2220 ± 90) ns. At 30 °C the local stability is reduced and folding 

1/kf
0= (348 ± 57) ns is 1.5 fold slower than unfolding 1/ku

0= (229 ± 19) ns. At 0 °C helix 

unfolding is accelerated by urea (mu < 0), but it is decelerated at 30 °C (mu > 0). A full 

representation of the double perturbation experiment is given in Figure 4. Figure 4A 

shows an Arrhenius plot of kf
0, ku

0 and kc
0, the rate constants extrapolated to 0 M urea. 

Figure 4B gives the corresponding mi-values. 

 

Figure 4 
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Similar results as shown in Figure 4A have been reported from a triplet-quenching 

experiment [38]. In that study a triplet label and a triplet quencher had been placed at the 

opposite termini of a 22 residue peptide, i.e. global helix dynamics were measured, 

whereas in our experiment local dynamics are probed with i, i + 6 spaced labels. The 

global probing complicates the interpretation, since contact formation can occur as soon 

as a substantial amount of the peptide is unfolded, but complete unfolding is not 

required. The authors do not further discuss the helix-coil dynamics but focus on the 

contact formation in the coil state. 

 

Contact formation in the open state (kc), which is used as probing reaction for the 

helix-coil transition (Eq. 1), is at all temperatures at least four-fold faster than kf and ku 

and shows linear Arrhenius behaviour with an apparent activation energy of 33 kJ mol-1 

(Figure 4A). This value is in agreement with activation energies found for contact 

formation in unstructured polypeptides [44] and can be partly attributed to the change of 

solvent viscosity with temperature. In model peptides kc has been shown to depend 

strongly on the inverse of the solvent viscosity η (Eq. 3 with β = – 0.7 to – 1.0) 

[39,44,45], as expected for diffusion-controlled reactions [46]. 

 

kc = kc
0 !

"

"0

#

$%
&

'(

)

 (3) 

 

In the studied temperature range the change of solvent viscosity causes in first 

approximation linear Arrhenius behaviour with an apparent activation energy of 

17.7 kJ mol-1 for β = – 1 [47]. Correction for this value reduces the observed activation 

energy of kc to 15 kJ mol-1. The use of a two-state model as shown in Eq. 1 is justified to 

analyse our TTET data and to obtain rate constants for local helix folding and unfolding, 

since we monitor two macroscopic states of the system. The open state includes all 

conformations allowing contact formation between labels, whereas the folded state 

comprises all conformations prohibiting contact formation. For the interpretation of the 

temperature dependence we first keep the local two-state formalism, ignoring the 

influence of the other parts of the peptide. In the second part we will compare our results 
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to a more realistic description that takes the multi-state character of the whole system 

into account. 

 

Interpretation of ku and kf in terms of a two-state description. 

Helix formation in the centre of the peptide varies only moderately with temperature, 

with time constants τ = 1/kf
0 between (348 ± 57) ns and (775 ± 65) ns at 0 °C and 30 °C, 

respectively. Unfolding in contrast is accelerated by factor of ten, from 

1/ku
0 = (2220 ± 90) ns at 0 °C to (229 ± 19) ns at 30 °C (Figure 4A). At around 22 °C 

the rate constants of helix folding kf and unfolding ku become equal, i.e. the equilibrium 

constant for local unfolding in the helix centre are unity at this temperature. The rate 

constant for helix formation, kf, shows non-linear Arrhenius behaviour (Figure 4A) 

indicating a significant ΔCp
‡ for this process. This is a unexpected finding since the 

equilibrium constant for helix formation was shown to have a linear temperature 

dependence, indicating an equilibrium ΔCp close to 0. A less pronounced, but still 

significant curvature is also observed for ku. In protein folding non-Arrhenius behaviour 

can be attributed to the differences in the heat capacities of the transition state and the 

folded or unfolded state [48-50]. The rate constants kf and ku are then expressed by the 

corresponding differences in enthalpy ΔHi
0‡, entropy ΔSi

0‡ and heat capacity ΔCp,i
0‡ 

between the ground state and the transition state at a reference temperature T 0 according 

to Eq. 4. 

  

ki = ki
0 ! exp "

#Gi
0‡

RT
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 (4) 

 

In the Arrhenius plots this leads to a convex curvature for kf (ΔCp
0‡

U-TS < 0) and a 

concave curvature for ku (ΔCp
0‡

N-TS > 0). Usually a major part of the non-polar surface is 

already buried in the transition state and hence the curvature for folding is typically 

more pronounced than the curvature for unfolding (|ΔCp
0‡

U-TS| > |ΔCp
0‡

N-TS|). 
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The temperature dependence of local helix folding kf and unfolding ku can be well 

described by Eq. 4 (solid lines in Figure 4A). The parameters obtained from a non-linear 

least-square fit are summarized in Table 1. It should be noted that ΔHi
0‡ represents the 

actual enthalpy difference between ground state and transition state, whereas ΔSi
0‡, and 

consequently also ΔGi
0‡, are apparent values depending on the pre-exponential factor in 

Eq. 4. For folding reactions involving motions of a peptide chain in solution ki
0 is likely 

in the range of 107 – 108 s-1 [40]. The values in Table 1 were calculated with 

ki
0= 5 ·107 s-1, which is the rate constant for formation of an i, i + 4 contact in unfolded 

polyserine chains [40]. The values obtained for ΔHi
0‡, ΔSi

0‡ and ΔCp,i
0‡ are associated 

with rather large standard deviations (Table 1), but they nevertheless describe the nature 

of the barriers. At 25 °C unfolding is clearly limited by a large enthalpic barrier of 

~ 40 kJ mol-1, close to the change in enthalpy for equilibrium unfolding. This is 

consistent with the view that the rate-limiting step for helix unfolding includes the 

breaking of H-bonds, which appear to be fully lost in the transitions state. However, 

only one third of the overall entropy change upon unfolding has been gained at this 

point. It is therefore likely that the φ,ψ-angels are still severely restricted in the 

transition state, compared to the coil state. Helix formation at 25 °C, in contrast, appears 

to be purely limited by entropic barriers. For the equilibrium between the helical state 

and unfolded state the gain in enthalpy and the loss in entropy largely compensate each 

other and at 25 °C a ΔGeq
0 of ~ 1.4 kJ mol-1 remains. 

 

For both reactions a negative ΔCp,i
0‡ is obtained (Table 1), also evident from the convex 

curvatures in the Arrhenius plot (Figure 4A). The determined values, 

ΔCp
0‡

 U-TS  = (- 2.0 ± 0.8) kJ mol-1 K-1 and ΔCp
0‡

N-TS = (- 1.1 ± 0.4) kJ mol-1 K-1 are 

associated with large errors, allowing only a rough estimate of the heat capacity change 

upon unfolding in the helix centre (ΔCp,eq
0 = (0.9 ± 1.0) kJ mol-1 K-1). From calorimetric 

measurements, which found a temperature independent ΔH0 [51,52] it was estimated that 

ΔCp,eq
0 has to be below ± 0.032 kJ mol-1 K-1 per residue. A large ΔCp,eq

0 for unfolding of 

the segment between the i, i + 6 spaced labels is therefore not expected from the 

calorimetric measurements. Since ΔCp,i
0‡ of both, the forward and the backward reaction 

are negative, the transition state appears to have a lower heat capacity than both, the coil 

state and the helical state. 
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As already discussed for kc, the change of the water viscosity with temperature has to be 

taken into account as well. In first approximation ln(η0/η) is a linear function of 1/T and 

ΔHi
0‡ might have to be reduced by up to 17.7 kJ mol-1 [47], in the case of a fully 

viscosity dependent reaction (β = - 1 in Eq. 3). The small deviation from non-linear 

behaviour leads to a small apparent ΔCp,i
0‡ of minimally - 0.15 kJ mol-1 K-1, which is by 

far not sufficient to explain the observed curvatures.  Temperature significantly affects 

the sensitivity of the kinetics towards urea (Figure 4B). At low temperatures urea 

accelerates unfolding and at high temperatures it reduces ku with 

mu (0 °) = (- 246 ± 54) J mol-1 M-1 and mu (30 °C) = (261 ± 101) J mol-1 M-1, 

respectively. In contrast, the sensitivity of kf towards urea remains unchanged or 

increases only slightly with temperature (mf ≈ 880 J mol-1 M-1). The m-value for contact 

formation kc does not change with temperature (mc ≈ 220 J mol-1 M-1) and is close to the 

value found earlier in the coil state of helical peptides [42]. 

 

These results show that a two-state model is able to describe the temperature 

dependence of local helix folding and unfolding, as it is also often done in the 

interpretation of T-jump experiments. Isolated α-helices are however systems of low 

cooperativity and should therefore be examined with a formalism more appropriate to 

the helix-coil transition. 

 

Effect of temperature on the local dynamics of a multi-state system. 

Our experiments report on a microscopically well-defined event, namely local helix 

unfolding/folding dynamics between an ensemble of helical conformations, in which 

contact formation between the side chain labels is prevented, and an ensemble of open 

conformations, in which contact formation can occur. We have previously used a linear 

Ising model to simulate this processes in discrete time steps [42]. This gave closer 

insight into the dynamics of the helix-coil transition and fully reproduced the local 

equilibrium folding and unfolding behaviour at different positions within the helix. 

Furthermore, the model revealed that different effects of urea on kf and ku at different 

positions are a consequence of the multi-state equilibrium. Here we extend these 

simulations to include the effect of temperature, but limit ourselves to the dynamics in 

the helix centre. 
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In the model the peptide is treated as a chain of 21 identical segments, which are either 

in the helical state h or the coil state c. Cooperativity is introduced by assigning 

statistical weights to individual segments, based on the state of the nearest neighbours, 

as it is also done by the widely used 2 x 2 approximation of Zimm and Bragg [8]. 

Helical segments having at least one neighbour in the helical conformation get a weight 

of s (elongation) and helical segments without helical neighbours a weight of σ ⋅ s (helix 

nucleation). Coil segments with two helical neighbours get a weight of σ / s (coil 

nucleation) and all other coil segments a statistical weight of unity. By this the system is 

dived into independent triplets. Eq. 5 – 7 summarize the possible transitions of the 

central segment, which have been discussed in detail by Schwarz [12]. For 

alanine-based model peptides σ = 0.003 and an average value of s (0 °C) = 1.35 are 

reasonable parameters [53]. The main processes in a helix of our length and stability are 

the addition (k1), respectively the removal (k2) of helical segments at the boundary of an 

existing helical segment (Eq. 5). 

 

 

...hcc... 
k1

k2

! "!!# !!!  ...hhc...

...cch... 
k1

k2

! "!!# !!!  ...chh...

 k
1

k
2

= s  (5) 

 

Next to this, helix nucleation (k3) can occur, which is slow compared to the reverse 

reaction (k4), i.e. isolated nuclei are very unstable (Eq. 6). 
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As third process the nucleation of coil within a helical segment (k5) has to be considered, 

which is much slower than the fusion of helices (k6) (Eq. 7). 
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 (7) 

 

The ratios of the forward and backward reactions are given by σ and s, for which the 

temperature dependencies are known The nucleation parameter σ reflects the entropy 
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loss in order to form the first helical H-bond and is therefore generally assumed to be 

temperature independent [8,10]. Equilibrium measurements on both homopolymeric [7] 

and alanine-based model helices [53] are fully consistent with this assumption and hence 

the temperature dependence of the thermodynamic stability is solely described by s(T) 

(Eq. 8). 

 

ln s(T ) = ln s(T 0 ) +
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We chose σ = 0.003 and an average value for s (0 °C) = 1.35 [53], but the outcome of 

our simulations does not critically depend on the exact values. !H eq

0  of helix unfolding 

is consistently reported to be around 4 kJ mol-1 [7,51-53]. We used the value of 

Scholtz et al. (ΔHeq(25 °C) = 4.2 kJ mol-1 [53]). Regarding the heat capacity change 

some controversy exists [51,52,54], but all studies indicate that ΔCp,eq
0 of helix 

unfolding is small, likely below ± 0.032 kJ mol-1 K-1. For the simulations we set in 

general ΔCp,eq
0 = 0, but later tested also the effect of ΔCp,eq

0 = ± 0.1 kJ mol-1 K-1 (see 

below) to account for our experimental observations (Figure 4). 

 

Next to the equilibrium properties the rate constants k1, k2,…, k6 in Eq. 5 - 7 have to be 

defined. For the rate constant of helix propagation k1 we write (Eq. 9): 
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For the rate constant of the reverse reaction k2 of helix unwinding it follows directly: 
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(9b) 
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k1(T 0) serves as basic rate constant that is used in the expression of the other rate 

constants as well. This “pre-exponential” factor also includes the activation entropy 

ΔSi
0‡, which does not contribute to the temperature dependence. The changes of 

enthalpy ΔHi
0‡ and heat capacity ΔCp,i

0‡ between the ground states and the transition 

state are given explicitly. The parameters ΔCp,i
0‡ and ΔHi

0‡ for the forward and reverse 

reaction are linked by αC and αH, respectively. These α-values are in the range of 0 and 

1, if the heat capacity (or enthalpy) of the transition state is in between the heat 

capacities (or enthalpies) of the ground states [55]. For αH this is less likely, since most 

reactions encounter enthalpic barriers, corresponding to αH < 0. For ΔCp,i
0‡ the 

experimental results also indicate that αC might adopt a non-classical value. Eq. 10 and 

Eq. 11 describe the rate constants for helix nucleation and coil nucleation, respectively. 
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The scaling factors γh and γc account for the fact that in principle these processes could 

have completely different kinetics compared to k1 and k2. As pointed out by Schwarz, it 

is however reasonable to assume that γh and γc are between 1 and σ -1/2 [12]. Since the 

results of our simulations do not depend significantly on the actual values of γh and γc 

[42], we set γh = γc = 1. 

 

The details of the simulation have been given elsewhere [42]. Briefly, the time-

dependent change of the system is simulated in discrete time steps. Each time step is 

much shorter than 1/k1, 1/k2,…, 1/k6. The transition probability for every segment is 

calculated according to the state of the neighbouring residues (Eq. 5 - 7 and Eq. 9 - 11). 

This probability is compared to randomly generated numbers in order to decide, whether 

the particular transition takes place or not. After evaluation of all triplets all changes 

resulting from the transitions within the time step are made in parallel, giving the new 

conformation. In order to calculate helix folding and unfolding at a certain position, the 

first passage times until a segment in the coil state changes to helix (folding), 



“Local Helix Dynamics: T-dependence”    l  B 15 

respectively from helix to coil (unfolding), are measured and collected in a histogram. 

The first passage time distributions are approximated by single exponential functions to 

give kf and ku. The size of the probed part can be extended from single residues to larger 

stretches. Choosing a probing segment of five residues does not change the basic 

outcome of the simulations, but gives a slightly better representation of our experiment, 

in which the labels are attached at positions i, i + 6 [42]. The results of the simulations 

with different parameter sets are summarized in Figure 5. The most simple case is a 

probing segment length of one, i.e. only opening and closing of the central residue is 

measured, with s (0 °C) = 1.35, σ = 0.003, ΔHeq (25 °C) = 4.2 kJ mol-1 and αH = 0. The 

results are given as reduced rate constants kf / k1(T 0) and ku / k1(T 0), since this is 

sufficient to discuss the temperature dependencies. Comparison of experiment and 

simulation has shown that k1(5 °C) is ≈ 2·107 s-1 [42]. 

Figure 5 

 

For all parameter sets used in the simulation kf / k1(T 0) and ku / k1(T 0) become equal at 

the same temperature (Figure 5), which is expected, since ΔHeq(25 °C) = 4.2 kJ mol-1 

and ΔCp,eq
0 = 0 were chosen in all cases. In the experiment the midpoint of thermal 

unfolding in the helix centre is around 22 °C (Figure 4A), in the simulation around 

30 °C. The small difference might be explained by either a somewhat too small ΔHeq
0 

or, more likely, a somewhat too large s(T 0) chosen for the simulations. It should be 

noted that s(0 °C) = 1.35 is an average value for alanine-based peptides with a lysine in 

every fifth position [53], whereas our peptide is somewhat less stable due to the 

incorporation of the triplet donor and acceptor labels. 

 

With increasing temperature ku / k1(T 0) becomes faster (Ea ≈ 30 kJ mol-1), whereas 

kf / k1(T 0) becomes significantly slower. In other words, helix folding is predicted to 

have an apparently negative activation energy of ≈ - 40 kJ mol-1. Essentially similar 

curves are found, when the probed segment is extended to five residues. Changing αH 

from 0 to 1, i.e. attributing the whole change in s to a temperature dependence of k1 

instead of k2, has no drastic effect. For αH = 1 the activation energies of kf / k1(T 0) and 

ku / k1(T 0) are simply lower by 4.2 kJ mol-1 (Figure 5). The apparent negative activation 

energy of around - 40 kJ mol-1 found for kf / k1(T 0) does hence not depend on the 

parameters chosen to model the temperature dependence, but is clearly a consequence of 
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the multi-state character of the system. This can be rationalized as with increasing 

temperature the helix is destabilised in general, slowing down local refolding. This 

prediction is in contrast to the experiment, in which kf gets accelerated with temperature, 

at least at low temperatures (Figure 4A). In order to reconcile this difference, an 

additional enthalpic barrier has to be assumed for both, helix propagation k1 and helix 

unwinding k2 (Eq. 9). The additional enthalpy barrier is estimated to be in the range of 

30 - 50 kJ mol-1, which would roughly correspond to αH ≈ - 8 in the simulation 

(Figure 5). A full agreement between experiment and simulation cannot be obtained, 

since the activation energies of kf / k1(T 0) and ku / k1(T 0) always differ by ~ 65 kJ mol-1, 

whereas the difference in the experiment is significantly lower. A similar discrepancy 

was observed, when the effect of urea on local helix folding and unfolding was 

simulated [42]. In that case the predicted difference in the m-values of kf and ku was 

about 30 % larger than the experimentally found difference. As already discussed for the 

two-state description, the observed activation enthalpies can be attributed in part to a 

change of the water viscosity with temperature, up to 17.7 kJ mol-1 for fully viscosity 

dependent reactions. A T-jump study on the viscosity dependence of helix dynamics 

suggests β = - 0.6 (Eq. 3) [27], corresponding to 10.6 kJ mol-1. 

 

A convex curvature is observed in the Arrhenius plot of kf / k1(T 0) (Figure 5), similar to 

the experimental observation (Figure 4A). Indeed, it is conceivable that the curvatures 

arise form the multi-state character of the system. However, the kinetics obtained for 

helix folding are approximated, but not well described by a single rate constant. The 

curvature might therefore be an artefact of the fitting procedure, as no deviation from 

linear behaviour is observed for ku, for which the first passage time distributions are 

better represented by single exponential functions. In the experiments we also observe a 

slight curvature for ku. 

 

Other causes for the curvatures of kf and ku might have to be considered as well, such as 

heat capacity changes as discussed above (Eq. 9). Negative heat capacities for helix 

unfolding, tested with ΔCp,eq
0 = - 0.1 kJ mol-1 K-1and 0 < αC < 1, introduce a convex 

curvature in ku / k1(T 0) of similar strength as experimentally observed, but lead to an 

apparently sigmoidal behaviour of kf / k1(T 0) (data not shown). Positive heat capacities, 

tested with ΔCp,eq
0 = 0.1 kJ mol-1 K-1, lead to concave curvatures in the Arrhenius plot of 
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ku / k1(T 0), irrespective of whether αC is chosen to be zero, one or intermediate (data not 

shown). With αC = 2.2, corresponding to a transition state with a lower heat capacity 

than both ground states, as suggested by the two-state evaluation, a significant concave 

curvature of ku / k1(T 0) remains, whereas kf appears to become more convex. However, 

the assessment of kf remains problematic, as mentioned above. The simulations do not 

allow to draw sound conclusions on whether the observed curvature is due to the 

behaviour of the multi-state system, the heat capacity of the transition state or other 

factors. The deviation of the water viscosity from Arrhenius-like behaviour [47] is also 

within the multi-state model insufficient to explain the observed curvatures. 

 
Enthalpic barriers in helix folding and unfolding. 

Since many studies on the kinetics of the helix-coil transition used T-jump 

measurements, a wealth of data on activation enthalpies exists. The measured relaxation 

rate constants show in most cases Arrhenius behaviour with high activation enthalpies 

[25,28,30,31]. This is in some contrast to the theory of Schwarz [12], predicting a 

minimum of the mean relaxation rate constant at the midpoint of denaturation, i.e. 

concave Arrhenius behaviour might be expected for the studied temperature ranges. 

Similar to our experiment, high activation enthalpies of the basic processes such as helix 

elongation (k1) and unwinding (k2) would explain why this is not observed 

experimentally. The interpretation of relaxation rate constants in terms of a two-state 

model should be avoided, especially for data that were obtained with global probes. 

“Folding” and ”unfolding” do not correspond to any defined events in this case. 

However, it is not surprising that negative activation enthalpies for “folding” are 

observed [24], as in our case helix formation (kf) is predicted to have an apparently 

negative activation enthalpy due to the linked equilibria at each helical residue, which 

shift towards the helical state with decreasing temperature and thus favour helix 

formation. For more local probes the use of a two-state approximation might be justified 

to extract data on the local stability and dynamics. It is however important to note that 

for a comparison of results, e.g. obtained for different positions or experimental 

conditions, the full system should be taken into account. In our case, a classical 

two-state interpretation of the temperature-dependence of central helix folding and 

unfolding indicates that folding does not encounter any enthalpic barrier (Table 1). The 

comparison with predictions from a multi-state model reveals that the apparent absence 

of an activation enthalpy is very likely the result of a substantial temperature 
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dependence of both helix elongation and unwinding (Figure 5). Similarly, we earlier 

found that the dynamics observed at different positions within a helix can be understood, 

when the complete system is taken into account [42]. It would be interesting to see, 

whether also the data from a recent T-jump experiment, in which deuterated amino acids 

were used to probe the dynamics in different regions [33], could be explained in the 

framework of a multi-state model. Negative activation enthalpies were reported for 

relaxation at the helix ends and strongly positive activation enthalpies for the helix 

centre. The authors take this as evidence for alternative conformations, being in 

equilibrium with the canonical α-helix conformation but showing different melting 

behaviour. 

 

A more elaborate analysis was used by Thompson et al. who measured the relaxation in 

the N-terminal region of a helical peptide using fluorescence techniques [16,35]. In 

these studies a minimum, i.e. concave Arrhenius behaviour of the relaxation rate 

constant was found near the midpoint of unfolding. The relaxation kinetics were 

analysed with a kinetic zipper model and high activation energies were found for helix 

elongation and unwinding [35]. The authors give an upper limit of 24 kJ mol-1 for the 

activation energy after correcting for the change in solvent viscosity, similar to our 

observations for the dynamics in the central region of a helix. 

 

High activation enthalpies for dynamics in helical peptides have also been observed with 

other experimental techniques. A NMR relaxation study on a 13C-labelled peptide 

revealed a microsecond exchange process with an activation energy of 25 kJ mol-1 [37]. 

Activation energies of 31 kJ mol-1 for folding and 37 kJ mol-1 for unfolding were also 

found for conformational transitions in a helical peptide induced by a photoswitchable 

side chain cross-link [56]. 

 

We find that folding and unfolding in the centre of a helical peptide deviate from simple 

Arrhenius behaviour, showing a convex curvature (Figure 4). This is not readily 

explained by a change in the heat capacity, as it is often the case in protein folding 

reactions, but is likely a consequence of the multi-state character of the system. In the 

context of diffusional processes it was also suggested that non-Arrhenius behaviour 

might originate from complex free-energy surfaces [57,58]. 
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Conclusions 

In summary, our findings show that TTET coupled to the helix-coil equilibrium can be 

used to measure the temperature dependence of local helix folding and unfolding, as 

demonstrated for the centre of an alanine-based model peptide. Analysis of the 

temperature-dependence with a two-state model suggests an enthalpic barrier for 

unfolding, whereas folding appears to be limited by a purely entropic barrier. However, 

simulations based on a linear Ising model show that the whole system should be taken 

into account for the interpretation of the local dynamics, especially when different 

positions or the effect of a perturbation (e.g. temperature) are investigated. If we 

combine the experimental data with predictions from this multi-state model, we find that 

both, the addition and removal of single segments to an existing helix encounter a 

significant enthalpic barrier of around 40 kJ mol-1. The temperature dependence of the 

solvent viscosity probably contributes to this activation enthalpy (up to 17.7 kJ mol-1), 

but cannot fully account for it. 
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Material and Methods 

Peptide synthesis, labelling and purification. 

The peptide was synthesized using standard 9-fluorenylmethyloxycarbonyl (Fmoc) 

chemistry on an Applied Biosystems 433A synthesizer. Couplings were performed with 

2-(1H-benzotriazole-1-yl)-N,N,N’,N’-tetramethyl-uronium hexafluorophosphate and 

N-hydroxy-benzotriazole (HBTU/HOBt) on a Tentagel S RAM resin (Rapp Polymere). 

Nal was incorporated via Fmoc-protected 1-naphthylalanine (Bachem). The xanthone 

derivative 9-oxoxanthene-2-carboxylic acid, synthesized according to Graham and 

Lewis [59], was activated with benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) and coupled to the β-amino group of selectively 

deprotected α,β-L-diaminopropionic acid (Dpr). Methyltrityl was used as orthogonal 

side chain protection group, which was selectively removed with 3 % (v/v) trifluoro 

acetic acid (TFA) in dichloromethane. 

Final cleavage from the resin and deprotection of the arginine side chains was achieved 

with 94/3/3 (v/v/v) TFA / triisopropylsilane / H2O. The peptide was purified to > 97 % 

purity by preparative HPLC on a RP-8 column. Purity was checked by analytical HPLC 

and the identity verified by MALDI-TOF mass spectrometry. 

Sample preparation and CD spectroscopy. 

All measurements were performed in 10 mM potassium phosphate, pH 7.0. The peptide 

concentration was determined by the Xan absorption band at 343 nm (ε343= 3900 M-

1 cm-1). Urea concentrations were calculated from the refractive index [60]. CD 

measurements were performed on an Aviv DS62 spectropolarimeter. Spectra were 

recorded with ~ 50 µM peptide in a 0.1 cm cuvette at 5.0 °C. Thermal unfolding 

transitions was measured at 222 nm with ~ 5 µM peptide in a 1 cm cuvette. 

TTET measurements and data evaluation. 

TTET was measured with an Applied Photophysics LKS.60 Laser Flash Photolysis 

Reaction Analyzer. Xan triplet states were generated with a 4 ns laser pulse at 355 nm 

(Nd:YAG, Quantel Brilliant) and the absorbance bands of the Xan and Nal triplet states 

were monitored at 590 nm and 420 nm respectively. The measurements were performed 

in degassed solutions with ~ 50 µM peptide. At this concentration TTET arising from 

intermolecular contact formation is slower than the intrinsic lifetime of the Xan triplet 

state, i.e. > 25 µs. 
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For every experiment two Xan triplet decays were averaged and the signal intensity was 

corrected for small differences in the peptide concentration. A sum of two exponential 

functions was used to describe the data (A1, λ1; A2, λ2).  

The double exponential TTET decays and the change of the amplitudes upon urea 

addition agree with a three-state system as depicted in Eq. 1. The observed rate 

constants λ1,2 are a function of the three microscopic rate constants kf, ku and kc (Eq. 12). 

 

!1,2 =
ku + kf + kc ± (ku + kf + kc )

2
" 4ku # kc

2
 (12) 

 

The amplitudes A1,2 of λ1,2 are as well functions of kf, ku and kc and furthermore depend 

on the starting concentrations, in our case given by the thermodynamic equilibrium 

ku / kf = [C*]/[H*]. The full formula for the amplitudes and their derivation is given 

elsewhere [42,61]. With this analytic solution and Eq. 2 the microscopic rate constants 

can be obtained in a global fit of all Xan triplet decays at a single temperature. All fitting 

procedures were performed with ProFit (QuantumSoft) using non-linear least-square 

methods. 

Monte-Carlo simulations with a kinetic Ising model. 

The basic model, the possible transitions (Eq. 5 - 7), the definition of the elementary rate 

constants k1, k2, …, k6 (Eq. 9 - 11) and the choice of parameters are discussed above. 

Further details are also given in our previous work [42]. Similar to the method described 

by Poland [15] the simulation is performed in discrete time steps Δt’. Δt’ was chosen to 

be 0.05 times the fastest time constant of 1/k1, 1/k2, …, 1/k6. 

The first and the last segment of the 21 residue long homopolymer are constantly set to 

be c. The actual starting conformation is not relevant, since the simulations run much 

longer than equilibrium fluctuations last. We start from a single helix (continuous 

stretch of hs in a row) that satisfies the expected average helix content [8]. All 19 triplets 

of the starting conformation are read and the probabilities pi = ki·Δt’ for transitions of the 

central residues calculated (Eq. 5 - 7). These probabilities are compared to uniformly 

distributed random numbers r (0 < r < 1). If ki·Δt > r the particular transition occurs, 

otherwise the segment remains unchanged. After evaluation of all triplets, the changes 
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resulting from the transitions within the time step Δt’ are made in parallel to obtain the 

new conformation and the procedure is repeated. 

 

The data shown in Figure 5 were obtained in three steps. First, we simulated for each 

condition 107 time steps to have a good representation of the helix in equilibrium. 

Second, we randomly picked starting conformations out of these simulations, started 

new simulations from the chosen conformations and measured the first passage times 

until the defined segment closed (folded) or opened (unfolded). The observations were 

stopped at these points and the first passage times stored in histograms (150 bins). This 

was repeated until 8000 points were collected for the first passage time histograms of 

folding and unfolding under all conditions. Probing segments were either defined as 

single residues (“segment length of one”) or as stretches of five residues, which were 

counted as helical, if four or more residues were h at a certain time (“segment length of 

five”). Third, we approximated the obtained histograms with single exponential 

functions in order to obtain the reduced rate constants kf / k1(T 0) and ku / k1(T 0). 

The described operations were performed using the framework of Matlab 7 R14 

(MathWorks Inc.) in combination with compiled C code for time consuming iterations. 

Random numbers were generated using a Lehmer type algorithm [62]. Fitting of single 

exponential functions to the first passage time distributions was performed using the 

non-linear least-square fitting Matlab algorithm lsqnonlin. The data were further 

analyzed using ProFit (QuantumSoft). 
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Abbreviations 

CD: circular dichroism; TTET: triplet-triplet energy transfer; Xan: xanthonic acid 

attached to the β-amino group of α,β-L-diaminopropionic acid; Nal: naphthylalanine. 

λ1,2 denote the experimentally observed apparent rate constants, kf, ku, kc the underlying 

microscopic rate constants (Eq.1). The rate constants k1, k2,…, k6 describe the 

elementary steps in the kinetic Ising model (Eq. 5 - 7). All equilibrium parameters are 

given in the direction of helix unfolding. 

 

References 

1. Brown, J. E. & Klee, W. A. (1971). Helix-coil transition of the isolated amino 
terminus of ribonuclease. Biochemistry 10, 470-476. 

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

3. Lyu, P. C., Marky, L. A. & Kallenbach, N. R. (1989). The role of ion pairs in α-
helix stability: two new designed helical peptides. J. Am. Chem. Soc. 111, 2733-
2734. 

4. Doig, A. J., Errington, N. & Iqbalsyah, T. M. (2005). Stability and design of 
α-helices. In Protein Folding Handbook (Buchner, J. & Kiefhaber, T., eds.), pp. 
247-313. Wiley-VCH. 

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

6. Schellman, J. A. (1955). The stability of hydrogen-bonded peptide structures in 
aqueous solution. C.R. Trav. Lab Carlsberg Ser. Chim. 29, 230-259. 

7. Zimm, B. H., Doty, P. & Iso, K. (1959). Determination of the parameters for 
helix formation in poly(γ-benzyl L-glutamate). Proc. Natl. Acad. Sci. USA 45, 
1601-1607. 

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

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

10. Poland, D. & Scheraga, H. A. (1970). Theory of Helix-Coil Transitions in 
Biopolymers, Academic Press, New York. 

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

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

13. Poland, D. & Scheraga, H. A. (1966). Kinetics of the helix-coil transition in 
polyamino acids. J. Chem. Phys. 45, 2071-2090. 

14. Craig, M. E. & Crothers, D. M. (1968). Calculation of kinetic curves for the 
helix-coil transition of polypeptides. Biopolymers 6, 385-399. 

15. Poland, D. (1996). Discrete step model of helix-coil kinetics: distribution of 
fluctuation times. J. Chem. Phys. 105, 1242-1269. 



B 24  l    10  Manuscripts 

16. Thompson, P. A., Eaton, W. A. & 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. 

17. Brooks III, C. L. (1996). Helix-coil kinetics: folding time scales for helical 
peptides from a sequential kinetic model. J. Phys. Chem. 100, 2546-2549. 

18. Bertsch, R. A., Vaidehi, N., Chan, S. I. & Goddard III, W. A. (1998). Kinetic 
steps for α-helix formation. Proteins 33, 343-357. 

19. Chowdhurry, S., Zhang, W., Wu, C., Xiong, G. & Duan, Y. (2002). Breaking 
non-native hydrophobic clusters is the rate-limiting step in folding of an alanine-
based peptide. Biopolymers 68, 63-75. 

20. Sorin, E. J. & Pande, V. S. (2005). Exploring the helix-coil transition via 
all-atom equilibrium ensemble simulations. Biophys. J. 88, 2472-2493. 

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

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

23. Williams, S., Causgrove, T. P., Gilmanshin, R., Fang, K. S., Callender, R. H., 
Woodruff, W. H. & Dyer, R. B. (1996). Fast events in protein folding: helix 
melting and formation in a small peptide. Biochemistry 35, 691-697. 

24. Lednev, I. K., Karnoup, A. S., Sparrow, M. C. & Asher, S. A. (1999). 
Nanosecond UV resonance Raman examination of initial steps in α-helix 
secondary structure evolution. J. Am. Chem. Soc. 121, 4076-4077. 

25. Huang, C. Y., Klemke, J. W., Getahun, Z., DeGrado, W. F. & Gai, F. (2001). 
Temperature-dependent helix-coil transition of an alanine based peptide. J. Am. 
Chem. Soc. 123, 9235-9238. 

26. Huang, C. Y., Getahun, Z., Wang, T., DeGrado, W. F. & Gai, F. (2001). Time-
resolved infrared study of the helix-coil transition using 13C-labeled helical 
peptides. J. Am. Chem. Soc. 123, 12111-12112. 

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

28. Werner, J. H., Dyer, R. B., Fesinmeyer, R. M. & Andersen, N. H. (2002). 
Dynamics of the primary processes of protein folding: helix nucleation. J. Phys. 
Chem. B 106, 487-494. 

29. Huang, C. Y., Getahun, Z., Zhu, Y., Klemke, J. W., DeGrado, W. F. & Gai, F. 
(2002). Helix formation via conformation diffusion search. Proc. Natl. Acad. Sci. 
USA 99, 2788-2793. 

30. Wang, T., Du, D. & Gai, F. (2003). Helix-coil kinetics of two 14-residue 
peptides. Chem. Phys. Lett. 370, 842-848. 

31. Wang, T., Zhu, Y., Getahun, Z., Du, D., Huang, C. Y., DeGrado, W. F. & Gai, F. 
(2004). Length dependent helix-coil transition kinetics of nine alanine-based 
peptides. J. Phys. Chem. B 108, 15301-15310. 

32. Pozo Ramajo, A., Petty, S. A., Starzyk, A., Decatur, S. M. & Volk, M. (2005). 
The α-helix folds more rapidly at the C-terminus than at the N-terminus. J. Am. 
Chem. Soc. 127, 13784-13785. 

33. Mikhonin, A. V., Asher, S. A., Bykov, S. V. & Murza, A. (2007). UV Raman 
spatially resolved melting dynamics of isotopically labeled polyalanyl peptide: 
slow α-helix melting follows 310-helices and π-bulges premelting. J. Phys. Chem. 
B 111, 3280-3292. 



“Local Helix Dynamics: T-dependence”    l  B 25 

34. Balakrishnan, G., Hu, Y., Bender, G. M., Getahun, Z., DeGrado, W. F. & Spiro, 
T. G. (2007). Enthalpic and entropic stages in α-helical peptide unfolding, from 
laser T-jump/UV Raman spectroscopy. J. Am. Chem. Soc. 129, 12801-12808. 

35. Thompson, P. A., Munoz, V., Jas, G. S., Henry, E. R., Eaton, W. A. & 
Hofrichter, J. (2000). The helix-coil kinetics of a heteropeptide. J. Phys. Chem. B 
104, 378-389. 

36. Rohl, C. A. & Baldwin, R. L. (1994). Exchange kinetics of individual amide 
protons in 15N-labeled helical peptides measured by isotope-edited NMR. 
Biochemistry 33, 7760-7767. 

37. Nesmelova, I., Krushelnitsky, A., Idiyatullin, D., Blanco, F., Ramirez-Alvarado, 
M., Daragan, V. A., Serrano, L. & Mayo, K. H. (2001). Conformational 
exchange on the microsecond time scale in α-helix and β-hairpin peptides 
measured by 13C NMR transverse relaxation. Biochemistry 40, 2844-2853. 

38. Lapidus, L. J., Eaton, W. A. & Hofrichter, J. (2002). Measuring dynamic 
flexibility of the coil state of a helix-forming peptide. J. Mol. Biol. 319, 19-25. 

39. 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. 

40. 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. 

41. Satzger, H., Schmidt, B., Root, C., Zinth, W., Fierz, B., Krieger, F., Kiefhaber, 
T. & Gilch, P. (2004). Ultrafast quenching of the xanthone triplet by energy 
transfer: new insight into the intersystem crossing kinetics. J. Phys. Chem. A 
108, 10072-10079. 

42. Fierz, B., Reiner, A. & Kiefhaber, T. (2007). Local conformational dynamics in 
α-helices measured by fast triplet transfer. To be submitted. 

43. Scholtz, J. M., Barrick, D., York, E. J., Stewart, J. M. & Baldwin, R. L. (1995). 
Urea unfolding of peptide helices as a model for interpreting protein unfolding. 
Proc. Natl. Acad. Sci. USA 92, 185-189. 

44. Krieger, F., Möglich, A. & Kiefhaber, T. (2005). Effect of proline and glycine 
residues on dynamics and barriers of loop formation in polypeptide chains. 
J. Am. Chem. Soc. 127, 3346-3352. 

45. Möglich, A., Krieger, F. & Kiefhaber, T. (2005). Molecular basis for the effect 
of urea and guanidinium chloride on the dynamics of unfolded polypeptide 
chains. J. Mol. Biol. 345, 153-162. 

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

47. Chemical Rubber Company. (1977). CRC Handbook of Chemistry and Physics. 
58 ed., CRC Press. 

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

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

50. Schönbrunner, N., Pappenberger, G., Scharf, M., Engels, J. & Kiefhaber, T. 
(1997). Effect of preformed correct tertiary interactions on rapid two-state 
tendamistat folding: evidence for hairpins as initiation sites for beta-sheet 
formation. Biochemistry 36, 9057-9065. 

51. Scholtz, J. M., Marqusee, S., Baldwin, R. L., York, E. J., Stewart, J. M., Santoro, 
M. & Bolen, D. W. (1991). Calorimetric determination of the enthalpy change 



B 26  l    10  Manuscripts 

for the α-helix to coil transition of an alanine peptide in water. Proc. Natl. Acad. 
Sci. USA 88, 2854-2858. 

52. Lopez, M. M., Chin, D. H., Baldwin, R. L. & Makhatadze, G. I. (2002). The 
enthalpy of the alanine peptide helix measured by isothermal titration 
calorimetry using metal-binding to induce helix formation. Proc. Natl. Acad. Sci. 
USA 99, 1298-1302. 

53. Scholtz, J. M., Qian, H., York, E. J., Stewart, J. M. & Baldwin, R. L. (1991). 
Parameters of helix-coil transition theory for alanine-based peptides of varying 
chain lengths in water. Biopolymers 31, 1463-1470. 

54. Richardson, J. M. & Makhatadze, G. I. (2004). Temperature dependence of the 
thermodynamics of helix-coil transition. J. Mol. Biol. 335, 1029-1037. 

55. Leffler, J. E. (1953). Parameters for the description of transition states. Science 
117, 340-341. 

56. Ihalainen, J. A., Bredenbeck, J., Pfister, R., Helbing, J., Chi, L., van Stokkum, I. 
H., Woolley, G. A. & Hamm, P. (2007). Folding and unfolding of a 
photoswitchable peptide from picoseconds to microseconds. Proc. Natl. Acad. 
Sci. USA 104, 5383-5388. 

57. Zwanzig, R. (1988). Diffusion in a rough potential. Proc. Natl. Acad. Sci. USA 
85, 2029-2030. 

58. Bryngelson, J. D., Onuchic, J. N., Socci, N. D. & Wolynes, P. G. (1995). 
Funnels, pathways, and the energy landscape of protein folding: a synthesis. 
Proteins 21, 167-195. 

59. Graham, R. & Lewis, J. R. (1978). Synthesis of 9-oxoxanthen-2-carboxylic 
acids. J. Chem. Soc. Perkin Trans. 1, 876-881. 

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

61. Kiefhaber, T., Kohler, H. H. & Schmid, F. X. (1992). Kinetic coupling between 
protein folding and prolyl isomerization. I. Theoretical models. J. Mol. Biol. 224, 
217-229. 

62. Park, S. K. & Miller, K. W. (1988). Random Number Generators. Comm. ACM 
31, 1192-1201. 

 
 



“Local Helix Dynamics: T-dependence”    l  B 27 

 

Figure Captions 
 

Figure 1. (A) Far-UV CD spectrum at 5 °C. (B) Thermal melting of the α-helical 

structure monitored at 222 nm. The data were recorded in 10 mM potassium phosphate, 

pH 7.0. 

 

Figure 2. TTET measurements of the dynamics in the helix centre at different 

temperatures. (A) Decays of the Xan triplet absorption band (590 nm) at temperatures 

from 0 °C to 30 °C (violet to red). The solid lines represent fits of double exponential 

functions. (B) Apparent rate constants λ1 (black) and λ2 (grey) obtained from the double 

exponential fits. (C) Reduced amplitudes A1/(A1+A2) (black) and A2/(A1+A2) (grey) 

corresponding to λ1 and λ2. All measurements were performed in 10 mM potassium 

phosphate, pH 7.0. 

 

Figure 3. Results from TTET measurements with increasing concentrations of urea at 

0 °C (A, C) and 30 °C (B, D). (A, B) Apparent rate constants λ1 (black) and λ2 (grey) 

obtained from double exponential fits to the decays of the Xan triplet state absorption 

band. (C, D) Reduced amplitudes of λ1 and λ2. All data at a single temperature were 

globally fitted to the analytic solution of the three-state system depicted in Eq. 1, 

assuming linear dependencies of ln ki on the urea concentration (Eq. 2). The global fits 

are shown as black and grey lines, the resulting microscopic rate constants as coloured 

lines (kf green, ku red and kc blue). 

 

Figure 4. Results from the double perturbation experiment in the centre of the 

21 residue α-helical peptide. (A) Arrhenius plot of the rate constants for helix folding kf
0 

(), helix unfolding ku
0 () and contact formation kc

0 () in 0 M urea. The data were 

obtained from global fits as shown in Figure 3. The solid lines represent fits of Eq. 4 

with the parameters given in Table 1, dotted lines symbolize simple Arrhenius behavior. 

(B) Temperature dependence of the corresponding mi-values (Eq. 2), coloured as in (A). 

 
Figure 5. Results obtained from the simulations on the dynamics of the helix centre. 

Details on the simulation and the kinetic Ising model are given in the text. The reduced 

rate constants of helix folding (green) and unfolding (red) for different parameter sets 
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are shown. The results for a segment length of one () are compared to results for a 

segment length of five () obtained with ΔHeq (25 °C) = 4.2 kJ mol-1, αH = 0 and no 

heat capacity changes. Furthermore the results for the same parameters, but αH = 1 () 

and αH = - 8 () are shown. The latter corresponds to enthalpic barriers of 

ΔH0‡ = 33.6 kJ mol-1 for k1 and ΔH0‡ = 37.8 kJ mol-1 for k2. It should be noted that all 

points are associated with a significant error, since the first passage time distributions 

are only approximated by a single rate constant. The solid lines are fits of Eq. 4. 

 
 
 
Tables 
 

Table 1. Two-State Evaluation of the Dynamics in the Helix Centre. 

Parameter 
 H → TS‡ 

(ku) 

C → TS‡ 

(kf) 

 H → C 

(Keq) 

 

ΔH0 (kJ mol-1)  43 ± 4.7 - 3 ± 11  46 ± 16  

ΔS0 (kJ mol-1 K-1)  0.1 ± 0.02 - 0.05 ± 0.06  0.15 ± 0.08  

- T⋅ΔS0 (kJ mol-1)  - 29 ± 6.0  15 ± 18  - 45 ± 24  

ΔCp
0 (kJ mol-1 K-1)  - 1.1 ± 0.4 - 2.0 ± 0.8  0.9 ± 1.2  

ΔG0 (kJ mol-1)  13 ± 11 12 ± 30  1.3 ± 41  

Helix folding kf and unfolding ku are described by assuming a transition state TS 

between the ground states helix H and coil C. The activation enthalpies ΔH0‡
u,f, 

entropies ΔS0‡
u,f and heat capacities ΔC0‡

p,u,f were determined by non-linear least-square 

fitting of Eq. 4 with ki
0= 5 ·107 s-1 to the data shown in Figure 4A. From these values the 

activation free energy ΔG0‡
u,f and the equilibrium parameters were calculated. All 

parameters are given with their standard deviation for a reference temperature of 25 °C, 

pH 7.0 and 0 M urea. 
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Abstract: Thioxoamide (thioamide) bonds are nearly isosteric substitutions for amides but have altered
hydrogen-bonding and photophysical properties. They are thus well-suited backbone modifications for
physicochemical studies on peptides and proteins. The effect of thioxoamides on protein structure and
stability has not been subject to detailed experimental investigations up to date. We used alanine-based
model peptides to test the influence of single thioxoamide bonds on R-helix structure and stability. The
results from circular dichroism measurements show that thioxoamides are strongly helix-destabilizing. The
effect of an oxo-to-thioxoamide backbone substitution is of similar magnitude as an alanine-to-glycine
substitution resulting in a helix destabilization of about 7 kJ/mol. NMR characterization of a helical peptide
with a thioxopeptide bond near the N-terminus indicates that the thioxopeptide moiety is tolerated in helical
structures. The thioxoamide group is engaged in an i, i+4 hydrogen bond, arguing against the formation
of a 310-helical structure as suggested for the N-termini of R-helices in general and for thioxopeptides in
particular.

Introduction

Proteins are built from a small set of amino acids linked by
peptide bonds. They can form systems of high complexity and
versatility despite the simplicity of their building blocks. The
introduction of non-natural side chains or backbone linkages
allows the study, alteration, or expansion of the basic properties
of polypeptide chains. The polypeptide backbone plays an
important role in protein structure, stability, and dynamics, since
it mediates solvation,1,2 restricts conformational space,3 and
forms hydrogen bonds. Drastic changes in the backbone
properties as introduced by glycine and proline residues strongly
alter the structural and dynamic properties of polypeptide
chains.4,5 Numerous synthetic backbone modifications have been
introduced, encompassing �-peptides, peptides with reversed
stereochemistry or direction, and several kinds of amide
substitutions, e.g., exchanges to tertiary amides, esters, alde-
hydes, olefins, or thioesters. The replacement of the amide bond
by a thioxoamide (thioamide) bond (Ψ[CSsNH]) represents a
conservative modification of the peptide backbone (Scheme 1),
which has been envisaged to improve the bioactivity and stability

of peptidomimetica (for examples, see refs 6 and 9). Thioxoa-
mide groups are nearly but not completely isosteric to amides.
The CdS bond is 37% longer than the CdO bond (1.65 Å vs
1.20 Å), and sulfur has a 32% larger van der Waals radius than
oxygen (1.85 Å vs 1.40 Å). Theoretical studies indicate that
the conformational space of the residues preceding and following
a thioxoamide is more restricted compared to an amide
bond.10–13 Although the energetic estimates differ, it was
predicted that the typical φ,ψ-regions for the peptide backbone
should remain accessible, including those corresponding to
�-sheets, �-turns, and right-handed R-helices. Up to date a single

† Technische Universität München.
‡ Max Planck Research Unit for Enzymology of Protein Folding.
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Opperdoes, F. R.; Callens, M.; Wierenga, R. K. Angew. Chem., Int.
Ed. Engl. 1992, 31, 328–330.

(8) Yao, S.; Zutshi, R.; Chmielewski, J. Bioorg. Med. Chem. Lett. 1998,
8, 699–704.

(9) Frank, R.; Jakob, M.; Thunecke, F.; Fischer, G.; Schutkowski, M.
Angew. Chem., Int. Ed. 2000, 39, 1120–1122.

(10) Balaji, V. N.; Profeta, S.; Dietrich, S. W. Biochem. Biophys. Res.
Commun. 1987, 145, 834–841.

(11) Cour, T. F. M. Int. J. Peptide Protein Res. 1987, 30, 564–571.
(12) Artis, D. R.; Lipton, M. A. J. Am. Chem. Soc. 1998, 120, 12200–

12206.
(13) Tran, T. T.; Treutlein, H.; Burgess, A. W. J. Comput. Chem. 2001,

22, 1026–1037.

Scheme 1. Oxo-to-Thioxoamide Substitution in a Peptide Bond

Published on Web 05/31/2008

10.1021/ja8015044 CCC: $40.75 © 2008 American Chemical Society J. AM. CHEM. SOC. 2008, 130, 8079–8084 9 8079

10 Manuscripts    l  C 1 

 

 



example of a naturally occurring protein was reported, which
contains a backbone thioxopeptide bond.14 Thioxoamides can
serve as both hydrogen bond donors and acceptors. In mixed
hydrogen bonds between thioxoamides and amides, the thioxoa-
mide is predicted to be a weaker hydrogen bond acceptor and
a better hydrogen bond donor compared to an amide.15 Therefore
thioxopeptide groups may be suitable to evaluate the contribu-
tion of single hydrogen bonds to the stability, folding, and
function of proteins. A special feature of the thioxopeptide bond
arises from the red-shifted absorption bands and the higher
rotational barrier for the cis-trans isomerization.16,17 This
property allows a selective shift of the equilibrium either to the
cis or to the trans isomerization state by irradiation with UV
light of different wavelengths. The photoinduced isomerization
is efficient and fast (<600 ps),18–20 whereas thermal relaxation
back to equilibrium is slow (>10 min).9,16 Thioxopeptides are
therefore good candidates for fast photoswitches in proteins,
either to regulate biological or enzymatic activity21 or to initiate
conformational transitions for time-resolved studies.
In order to use the potential of thioxoamide substitutions to

study protein structure, folding, and dynamics, it is important
to evaluate their effects on protein stability. The introduction
of thioxoamides at hydrogen-bonded positions in �-sheets and
R-helices should be highly unfavorable, since these structures
are optimally packed to accommodate the shorter amide-amide
hydrogen bonds (2.1 Å for an amide-amide hydrogen bond vs
2.7 Å for a thioxoamide-amide hydrogen bond).11 In an
experimental study on a thioxoamide substituted �-hairpin
peptide, steric clashes were avoided by placing the sulfur in a
non-hydrogen-bonded turn position.22 The results suggested
hairpin formation in the thioxylated peptide but did not address
the effect on hairpin stability. In R-helices all carbonyl groups
except for those of the four C-terminal residues are involved in
i, i+4 hydrogen bonds. Thioxoamides are unlikely to fit into
the tight groove between two helical turns, which might cause
helix disruption or kink formation.11 It was further proposed
that thioxopeptide groups favor the 310-helix conformation, since
it is better suited to accommodate the larger sulfur.23 Surpris-
ingly, an experimental study on a dimeric R-helical coiled-coil
structure (GCN4) reported that thioxopeptide groups are struc-
turally tolerated and even a slight stabilizing effect on the coiled-
coil was observed.24 The contradiction to theoretical consider-
ations was attributed to favorable contributions from hydrogen
bonding of the thioxoamide group. However, the two positions

were chosen24 to place the larger sulfur atom in a widened part
of the slightly distorted helix structure present in coiled-coils.25

To investigate the effect of thioxoamides on R-helix structure
and stability we introduced single amide-to-thioxoamide sub-
stitutions at a central and a N-terminal position in alanine-based
helical peptides. Using circular dichroism (CD) and nuclear
magnetic resonance (NMR) spectroscopy we tested the effect
of thioxopeptide bonds on R-helix structure and stability.

Results and Discussions

Thioxoamide Substitution at a Central Helix Position. We
chose a well-characterized 16 amino acid alanine-based model
helix26–31 to investigate the effect of single thioxopeptide
substitutions on R-helix structure and stability (Table 1). The
peptides contain lysine residues at every fifth position to increase
solubility and were shown to be monomeric.26 Capping of the
termini prevents unfavorable electrostatic interactions with the
helix dipole. This peptide was shown to display a helix content
of ∼70%.27,30 We synthesized a peptide with the central amide
bond between Ala8 and Ala9 substituted by a thioxoamide bond
(Ψ[CSsNH]), indicated by the short notation cΨ (Table 1).
The helix content is expected to reach a maximum in the central
region of the peptide,32 rendering this part especially sensitive
to perturbations.27 To characterize the effect of the thioxopeptide
substitution we synthesized three reference peptides. One peptide
has the same amino acid sequence as cΨ but contains the regular
oxopeptide bond between Ala8 and Ala9 (cA). The other two
peptides also have an oxopeptide bond between residues 8 and
9 but have Ala9 replaced by the helix-destabilizing amino acids
glycine (cG) or proline (cP).
To test the effect of the thioxopeptide bond on helix structure

and stability we recorded far-UV CD spectra of all peptides.
Figure 1 compares the spectrum of cΨ to the spectra of the
reference peptides. The cΨ peptide is significantly less struc-
tured than the cA peptide, which shows a characteristic R-helical
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Table 1. Amino Acid Sequences of the Peptides Used in This
Study

central substitution

cΨa Ac-KAAAA KAAΨAA KAAAA K-NH2
cA Ac-KAAAA KAA AA KAAAA KGY-NH2
cG Ac-KAAAA KAA GA KAAAA KGY-NH2
cP Ac-KAAAA KAA PA KAAAA KGY-NH2

N-terminal substitution

nΨ Ac-DFΨAAA KAAAA KAAAA K-NH2
nA Ac-DF AAA KAAAA KAAAA K-NH2
nG Ac-DF GAA KAAAA KAAAA K-NH2
nP Ac-DF PAA KAAAA KAAAA K-NH2

a Ψ denotes the substitution of the amide bond [CO-NH] by a
thioxoamide bond [CS-NH].
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spectrum with minima at 222 and 208 nm and a maximum at
190 nm. However, cΨ retains some helical structure as indicated
by minima around 222 and 201 nm. In the far-UV region the
CD spectrum of cΨ is comparable to the spectrum of the peptide
with the glycine substitution (cG), whereas the reference peptide
with a proline residue (cP) shows a typical random coil spectrum
with a maximum around 218 nm and a minimum around 197
nm. The small differences between the spectra of cΨ and cG
below 215 nm are probably due to contributions from the
thioxoamide bond, which has an additional absorbance band
centered around 210 nm.33 The near-UV CD spectrum of cΨ
differs from the spectra of all reference peptides by an additional
negative band around 266 nm and a very weak positive band
around 350 nm (Figure S1). These bands originate from the
red-shifted πoπ* transition and the nπ* transition, respectively,
of the thioxoamide group.33

In order to quantify the destabilizing effect of the thioxopep-
tide bond, we calculated the helicity of the peptides based on
the mean residual ellipticity at 222 nm ([Θ]222) in the presence
of 1 M NaCl (Table 2). The presence of NaCl was shown to
allow a more reliable determination of the helical content in
alanine-based model peptides and is commonly used for a
quantitative analysis.30,31 For the calculation of the helical
content we used values of [Θ]H ) -44 000 · (1-3/N) deg cm2

dmol-1, where N is the number of residues and [Θ]C ) 2220
deg cm2 dmol-1 for [Θ]222 of the 100% helical and 100%
unfolded state, respectively.34 At 222 nm the influence of the
thioxopeptide group on the CD spectrum of the unfolded state
is small, since thioxopeptide groups in unstructured alanine
peptides give only a weak CD signal, which is, however, slightly
larger than the CD signal of an oxopeptide bond.33 We do not
know the CD signal of a thioxoamide bond in the helical
conformation, but the contribution of a single thioxoamide bond

to the CD signal in the 16 amino acid peptide is expected to be
small. Based on these considerations, we assume an upper limit
for the error of the calculated helix content in our single
thioxoamide bond containing peptides of ∼8%. For cΨ this
results in a helix content of ∼24 ( 8% compared to helix
contents of 68 ( 5%, 26 ( 5%, and 6 ( 5% (Table 2) for cA,
cG, and cP, respectively. The values for the peptides with all-
oxoamide bonds are in good agreement with reported values
for similar peptides.30

The helical content of the different peptides can further be
obtained from the thermal melting behavior monitored by the
change in CD at 222 nm (Figure 1B). The unfolding transitions
of the cΨ and cG peptides show similar cooperativity and a
similar change in ellipticity. At low temperature the [Θ]222-
values of the two peptides and the change in [Θ]222 with
temperature are almost identical. These findings provide further
evidence for similar stability and helicity of the cΨ and cG
peptides. The [Θ]222-value of the unfolded baseline is increased
by about 1000 deg cm2 dmol-1 in cΨ as expected from the
contributions of the thioxoamide to the CD signal of the
unfolded state, but shows the same linear decrease with
increasing temperature as in the cG peptide. The cA peptide
shows a much larger signal change upon thermal unfolding due
to its higher helix content. The cP peptide exhibits a linear
decrease in CD signal with increasing temperature, in accordance
with the presence of a predominately unfolded conformation at
all temperatures.34 Temperature-induced structural changes in
the cΨ peptide are also observed when the additional CD bands
of the thioxoamide bond at 266 and 350 nm are monitored
(Figure S1). However, the CD changes upon helix unfolding in
this region are much smaller than those at 222 nm.
A quantitative evaluation of the effect of side chain or

backbone modifications on helix stability can be obtained using
Lifson-Roig theory for helix-coil transition.32 In Lifson-Roig
theory the propagation parameter, wXaa, is a statistical weight
that describes the tendency of a single amino acid residue to
adopt the helical conformation. It can be interpreted as an
equilibrium constant between a residue in the coiled and in the
helical state. A wAla-value of 1.70 has been determined for
alanine, the amino acid with the highest tendency to adopt the
helical conformation.31 To evaluate the effect of a single

(33) Hollósi, M.; Kollát, E.; Kajtár, J.; Kajtár, M.; Fasman, G. D.
Biopolymers 1990, 30, 1061–1072.

(34) Luo, P.; Baldwin, R. L. Biochemistry 1997, 36, 8413–8421.

Figure 1. (A) Far-UV CD spectra of the peptides with central substitutions
at 5 °C. (B) Thermal melting of the peptides monitored at 222 nm. The
peptide sequences are given in Table 1. The data were recorded in 10 mM
potassium phosphate, pH 7.0.

Table 2. Helix Content Obtained from CD Spectroscopy and Helix
Propagation Parameters Obtained from Lifson-Roig Theory

peptide [Θ]222
a

(deg cm2 dmol-1) fHb (%) wc ΔΔG°d

(kJ mol-1)

cΨ -6900 24 ( 8 0.044 7.2
cA -24 200 68 ( 5 1.70e 0
cG -7900 26 ( 5 0.050 7.0
cP -290 6 ( 5 <0.001 >15.8
nΨ -16 000 48 ( 8 n.d.f n.d.
nA -23 900 69 ( 5 n.d. n.d.
nG -17 000 51 ( 5 n.d. n.d.
nP -14 200 43 ( 5 n.d. n.d.

a [Θ]MRW at 222 nm measured in 10 mM potassium phosphate, pH
7.0 at 0 °C. For the centrally substituted peptides 1 M NaCl was added.
b Mean helix content. The error is estimated to be <5%, for cΨ <
(8%. c Propagation parameter for the single substitutions, obtained
using Lifson-Roig theory with the parameters given in ref 31. d Free
enthalpy difference for helix formation compared to alanine at 0 °C. The
values were calculated using ΔG° ) -RT ln(w/(1 + V)). e Not fitted,
since it is part of the parameter set used for analysis.31 Using this value
Lifson-Roig theory predicts a helix content of 69% for cA. f The
N-terminal position is not very sensitive to perturbations. Thus, no
attempt was made to calculate Lifson-Roig parameters from the CD
signals of the N-terminally substituted peptides.
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thioxoamide bond on helix stability we ascribe a special
propagation parameter, wthio, to the residue C-terminal of the
thioxoamide bond (Table 2). To determine the wthio-value, we
used the wXaa-values for the standard amino acids and a weight
for the boundary positions, V, of 0.036. Additional weights were
introduced to account for capping effects at the helix ends.31,35

Analysis of the cΨ peptide shows that the highly destabilizing
effect of the thioxopeptide group is reflected in a low propaga-
tion parameter, wthio, of 0.044, which corresponds to a helix
destabilizing effect of ∼7 kJ/mol relative to an oxopeptide bond
in the cA reference peptide (Table 2). This leads to a major
decrease of helical content in the central part of the R-helix
(Figure 2). The wthio-value is almost identical to the value of
0.050 determined for wGly in the cG peptide (Table 2). It should
be noted that a thioxopeptide bond in a central helix position
involves hydrogen bonds to amides four residues apart in both
directions and therefore might have a less local effect than the
glycine and proline substitutions in the reference peptides.

Thioxoamide Substitution in the N-Terminal Region of an
r-Helix. The results on cΨ have shown that a thioxopeptide
group in the central region of an R-helix has a strongly helix-
destabilizing effect (Figure 1). The terminal regions of helical
peptides exhibit less helical content compared to the central
parts, and thus perturbations in this region have less effect on
helix content.27 To study the effect of a thioxopeptide bond on
helix structure and stability in a less destabilized environment,
we placed an oxo-to-thioxo substitution between residues 2 and
3 in an alanine-based peptide (nΨ; Table 1). In addition, Lys1
was replaced by a stabilizing aspartate, adding a favorable
interaction with the helix dipole,36 and a phenylalanine was
introduced at position 2 to facilitate structural analysis of this
region of the helix using NMR spectroscopy.37 The correspond-
ing reference peptides nA, nG, and nP have an alanine, glycine,
or proline at position 3, respectively, and regular oxo-peptide
bonds between Phe2 and Ala3 (Table 1).
The CD spectrum of nΨ indicates a significant fraction of

R-helix (Figure 3A). Comparison with the spectrum of the
unsubstituted reference peptide nA reveals again a destabilizing
effect of the thioxoamide bond. However, the decrease in helical
content caused by thioxylation is less pronounced compared to
the cΨ peptide (cf. Figure 1). As for the central substitutions,
the CD spectra of nΨ and nG peptide are similar in the region

between 215 and 240 nm, whereas nP exhibits significantly less
helicity. Also the thermal melting behaviors of nΨ and nG are
similar (Figure 3B) confirming comparable helix contents of
these peptides. Based on the ellipticity at 222 nm the helix
content of nΨ is ∼45%, compared to 69% for nA (Table 1).
Using a wthio-value of 0.044 determined in cΨ (Table 1),
Lifson-Roig theory predicts 46% helix content for nΨ. This
agreement indicates that the destabilizing effect of the thioxoa-
mide bond is similar at different positions within the helix. An
earlier experimental study on a thioxoamide substituted dimeric
GCN4 fragment placed the thioxopeptide group in a widened
position in the N-terminal region of a helical coiled-coil.24 In
this case no destabilization was observed, which led us to the
conclusion that R-helices can tolerate thioxoamide substitutions
without major changes in stability. The discrepancy to our results
may arise from the special features of oligomeric coiled-coil
structures, which have twisted helices with altered hydrogen-
bonding geometry.25

NMR Characterization of nΨ. Lifson-Roig theory predicts
that the N-terminal three amino acids of nΨ have a very low
helix propensity (e16%), whereas the alanine residue following
the thioxopeptide linkage (Ala4) populates the helical conforma-
tion to ∼35% (Figure 2). A plateau of 60% helicity is reached
at the residues following the thioxylated peptide bond. The
substantial amount of helix formation in the N-terminal part of
nΨ allows structural investigations around the thioxopeptide
bond by recording one- and two-dimensional 1H NMR spectra
(Figure 4). The amide protons of nΨ give sharp signals in the
region from 7.3 to 8.4 ppm, whereas the thioxoamide proton
appears as a broadened peak at 9.83 ppm. A downfield shift of
this magnitude is generally observed for thioxoamide protons.6,38

Many of the other resonances overlap, as expected for such a
uniform sequence, which prevents a complete assignment based

(35) Doig, A. J.; Chakrabartty, A.; Klingler, T. M.; Baldwin, R. L.
Biochemistry 1994, 33, 3396–3403.

(36) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin,
R. L. Nature 1987, 326, 563–567.

(37) Scherer, G.; Kramer, M. L.; Schutkowski, M.; Reimer, U.; Fischer,
G. J. Am. Chem. Soc. 1998, 120, 5568–5574.

(38) Jensen, O. E.; Lawesson, S.-O.; Baadi, R.; Piazzesi, A. N.; Toniolo,
C. Tetrahedron 1985, 41, 5595–5606.

Figure 2. Position-dependent helix content of the peptides cA (black), cΨ
(red), and nΨ (blue) as predicted by Lifson-Roig theory with the parameters
given in Table 2. The bold line indicates the location of the thioxopeptide
bond.

Figure 3. (A) Far-UV CD spectra of the peptides with N-terminal
substitutions at 5 °C. (B) Thermal melting of the peptides monitored at
222 nm. Measurements were performed in 10 mM potassium phosphate,
pH 7.0.
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on proton spectra, which was achieved for a similar peptide
without a destabilizing substitution.39 However, in the N-
terminal region a number of resonances can be assigned using
TOCSY and NOESY experiments (Figure 4), since the sequence
is less uniform and some resonances are additionally influenced
by the sulfur atom and by ring current effects of Phe2 (see Table
S2). A key observation in the NMR spectrum is the upfield shift
of the Lys6 amide proton (δ ) 7.68 ppm). This is due to the
influence of the thioamide sulfur atom, since a similar Lys NH
upfield shift is absent in the spectra of the all-oxoamide bond
containing reference peptides (data not shown). This points to
the close vicinity of the sulfur atom and the Lys6 amide proton
and makes Lys6 a likely hydrogen bonding partner of the
thiocarbonyl group of Phe2. This is supported by the positive
temperature coefficient of the Lys6 amide proton resonance (Δδ/
ΔT ) 2.4 ppb/K) indicating that this proton is involved in a
hydrogen bond (Figure S2 and Table S1). In contrast, the amide
protons of Asp1, Phe2, Ala3, and Ala4/Ala5 have negative

temperature coefficients with ΔδΔT e -8 ppb/K (Figure 5 and
Table S1), which is typical for non-hydrogen-bonded amide
protons.40,41

NOE cross-peaks from the thioxoamide proton become
detectable upon lowering the pH from 7.0 to 5.0, which slows
down thioxoamide proton exchange with water. The chemical
shifts of all resonances (Figure 4) as well as the CD spectrum
(data not shown) remain unchanged in the range from pH 5 to
pH 7. The pattern of NOE cross-peaks in the NOESY spectrum
reveals interactions between residues in the region from Phe2
to Lys6 pointing toward helical structure in this region.42 The
well-resolved CR-proton of Ala3 gives particularly useful
structural information on the N-terminal region, since it shows
cross-peaks to the amide protons of residues Ala3 (i), Ala4
(i+1), Lys6 (i+3), and likely also to the unresolved Ala7 (i,
i+4) (Figure 4). NOEs from Ala3 to Ala5 (i+2) are absent, as
expected for an R-helical structure, since these residues are on
opposite sides of the helix. These observations indicate the
formation of an R-helical structure in the region between Phe2
and Lys6. No NOE information can be obtained for the
C-terminal region of Lys6 due to spectral overlap of the
resonances (Figure 4).
The observed R-helical NOE pattern in the N-terminal region

is in agreement with the strong upfield shift of the Lys6 amide
proton, caused by the vicinity of the Phe2 thioxoamide group,
and with the temperature-dependence of the Lys6 amide proton
chemical shift (Figure 5). These findings indicate partial R-helix
formation in the N-terminal region of nΨ including an i, i+4
hydrogen bond between the thiocarbonyl group of Phe2 and
the amide proton of Lys6.
No evidence for a 310-helical structure was found for nΨ,

which was proposed to be generally present at the N-termini of
helical peptides39,43 and was also predicted to be well suited to
incorporate the larger sulfur of thioxoamides.23 Formation of a
310-helix would result in an i, i+3 hydrogen bond, i.e., from
the thiocarbonyl to the amide proton of Phe2 to Ala5, which
can be excluded from the NMR spectra, since the NH proton
of Ala5 experiences a similar chemical shift (Figure 4) and a
similar temperature-dependence (Figure 5) as the neighboring
Ala4.

(39) Millhauser, G. L.; Stenland, C. J.; Hanson, P.; Bolin, K. A.; van de
Ven, F. J. J. Mol. Biol. 1997, 267, 963–974.
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Figure 4. NMR characterization of nΨ. The upper panel shows the amide
region of the 1D spectrum at pH 7.0 The lower panel displays the
corresponding region of the NOESY spectrum recorded with a mixing time
of 460 ms at pH 5.0. Some resonances are labelled; the other assignments
are listed in Table S1. Measurements were performed in 10 mM potassium
phosphate at 2 °C.

Figure 5. Temperature-dependence of the chemical shifts of the amide
and thioxoamide protons in the N-terminal region of nΨ. The amide protons
of Asp1 ([), Phe2 (0), Ala4/Ala5 (9), and Lys6 (b) are displayed in
addition to the thioxoamide proton of Ala3 (O). Experiments were carried
out in 10 mM potassium phosphate, pH 7.0.
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The finding that thioxoamide bonds can be incorporated into
R-helical structures confirms the results from measurements on
a thioamide substituted S-peptide, which is mainly unstructured
in solution but forms an R-helical structure in complex with
S-protein (RNase S).21 A thioxopeptide bond introduced in the
N-terminal part of the S-helix had no effect on the catalytic
activity of the RNaseS complex. This was interpreted as
evidence for helix formation around the thioxopeptide bond.

Conclusions

Introducing thioxopeptide groups at two different positions
in alanine-based R-helical peptides reveals a highly helix-
destabilizing effect of ∼7 kJ/mol, independent of the position
within the helix. This can be explained by the longer CdS bond
and the larger sulfur atom, which are difficult to integrate into
the densely packed R-helix.23 Additional contributions are likely
to arise from the altered hydrogen bonding properties of
thioxopeptide groups. The destabilizing effect of a thioxopeptide
bond may be different in native protein structures due to tertiary
interactions, as observed for alanine-to-glycine substitutions in
protein helices compared to peptide models.44 The NMR data
obtained on the peptide with a thioxoamide bond in the
N-terminal region of the helix point to the formation of an i,
i+4 hydrogen bond involving the thiocarbonyl acceptor group,
whereas no evidence for an i, i+3 hydrogen bond was observed,
which would indicate a 310-helical structure. This contrasts with
the idea that a 310-helical conformation prevails at the N-
terminus of helical peptides,39,43 which should be even more
favored since it is better-suited to accommodate the thioxopep-
tide bond.23

Our results indicate that it is possible to incorporate thiox-
opeptide groups into R-helical structures despite their strong
helix-destabilizing effect. This shows that R-helical regions of
proteins can be targets for thioxoamide substitutions in order
to test the role of individual backbone hydrogen bonds for
protein dynamics and stability. The observed destabilizing effect
of an oxo- to thioxoamide bond in the range of 7 kJ/mol is
large enough for a reliable determination of protein folding
�-values to test the formation of individual hydrogen bonds in
the transition state of a folding reaction or in folding intermedi-
ates.45 In addition, the possibility of fast, light-induced cis-trans
isomerization reactions around thioxopeptide bonds18–20 should
allow the use of thioxoamide groups incorporated into helical
structures to trigger fast time-resolved measurement of protein
folding reactions.

Materials and Methods

Peptide Synthesis. Peptides were synthesized using standard
9-fluorenylmethyloxycarbonyl (Fmoc) chemistry on an Applied
Biosystems 433A synthesizer. Couplings were performed with

HBTU/HOBt on Tentagel S RAM resin (Rapp Polymere). Cleavage
from the resin and side chain deprotection were achieved with 96/
2/2 TFA/TIPS/H2O (v/v/v). For the synthesis of the thioxoamide
substituted peptides a special protocol was used.46 All peptides were
purified to >95% purity by HPLC on an RP C8 column. Purity
was checked by analytical HPLC, and the identity was verified by
MALDI mass spectrometry.

Concentration Determination. Concentrations of peptides with
a thioxoamide bond or a phenylalanine were determined spectro-
scopically using the extinction coefficients ε266) 12 000 M-1 cm-1

21 and ε257 ) 197 M-1 cm-1,47 respectively. A Gly-Tyr sequence
was added to the C-terminus of peptides containing neither a
phenylalanine nor a thioxo group. The addition of the tyrosine
residue facilitates spectrometric concentration determination (ε275
) 1450 M-1 cm-1) and does not significantly affect the far-UV
CD spectrum, when introduced at the C-terminus and separated by
a glycine.30 Concentrations were additionally checked by one-
dimensional NMR measurements (see Supporting Information) and
differed by less than 5% from the spectroscopically determined
concentrations.

CD Measurements. CD measurements were performed on an
Aviv DS62 spectropolarimeter. The spectra were independent of
the irradiation length, indicating that no significant trans to cis
isomerization of the thioxoamide bond occurred during the mea-
surements. Thermal unfolding transitions were monitored at 222
nm and were fully reversible. Peptide concentrations were between
50 and 100 μM.

NMR Measurements. Proton NMR spectra were recorded on a
Bruker DRX 600 spectrometer at 2 °C and referenced to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) at 0.0 ppm. A detailed
description of the one- and two-dimensional experiments is given
in the Supporting Information.

Determination of Helix Stability. Lifson and Roig theory32 was
applied as described by Doig et al.35 to determine the effect of a
thioxo substitution on helix stability. The Lifson-Roig parameters
for the alanine-based helices were taken from ref 31. The matrix
products were calculated without any further approximations using
MATLAB 7.2 (MathWorks). To estimate wthio, the w of the alanine
residue following the thioxoamide bond was adjusted to give the
observed helix content.
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Supporting Information 
Experimental Details of NMR Experiments 
Proton NMR spectra were recorded on a Bruker DRX 600 spectrometer with peptide concentrations 
of about 300 µM in buffered solution containing 5 % (v/v) D2O. The spectra were processed with 
XWINNMR (Bruker) and evaluated with Sparky (T. D. Goddard and D. G. Kneller, UCSF). One-
dimensional spectra were recorded with solvent suppression by excitation sculpting using 180° 
water-selective pulses. Typically 8192 complex data points were recorded and multiplied with a 
squared cosine bell window function before Fourier transformation. 
 
One-dimensional spectra were acquired between 2 ºC and 35 ºC at pH 7.0 to determine the 
temperature coefficients. Additional spectra with a jump-and-return water suppression were 
recorded to observe the thioxoamide proton, which is in exchange with solvent. 2048 complex data 
points were recorded and processed as above. Temperature was calibrated with methanol and 
ethylene glycol reference samples. 
 
The TOCSY spectrum was acquired with a pulse program incorporating a WATERGATE pulse 
sequence for solvent signal suppression and the MLEV-17 sequence was applied during the 
TOCSY mixing-time of 110 ms. 4096 and 450 complex data points were recorded in direct and 
indirect dimension, respectively. Data in the indirect dimension data were zero-filled. Data were 
multiplied with squared cosine bell window functions in both dimensions. 
 
NOESY spectra at pH 7.0 and pH 5.0 were acquired with a WATERGATE pulse sequence for 
solvent signal suppression and a mixing time of 460 ms. 4096 and 328 complex data points were 
recorded in direct and indirect dimension, respectively. Data in the indirect dimension data were 
zero-filled. Data were multiplied with squared cosine bell window functions in both dimensions. 
 
Peptide concentrations were determined using standard one-dimensional experiments at 30 ºC. A 
calibration curve was measured, which relates the integrated signal of the acetyl protons of the 
peptide cG (concentration determined by UV absorption) to the integrated signal of the methyl 
protons of 100 µM trimethylsilyl propionate (TMSP). The linear calibration curve was used to 
determine peptide concentrations by evaluating the ratio of the integrals of the well resolved 
N-terminal acetyl groups and the one of 100 µM TMSP that was added as internal reference. 
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Figure S1: Near-UV CD spectra of cψ (A, B) and nψ (C, D) at 5 ºC (blue), 22.5 ºC (green) and 
90 ºC (red). Panels A and C display the bands of the πoπ* -transition. Panels B and D show the 
nπ* - transition. The CD signal was normalized to the molar concentration of thioxoamide bond, i.e. 
to the peptide concentration. Spectra were recorded in 10 mM potassium phosphate at pH 7.0. 
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Table S1: NMR characterization of nψ. 

 

residue HN Δδ/ΔTa  Hα Hβ other 

Ac-    1.966   

Asp 1 8.365 -11.2  4.509 2.651, 
2.499 

 

Phe 2 8.433 -11.5  5.037 3.399, 
3.142 

H2,6  7.321 
H3,5  7.391 
H4  7.342 

Ala 3 9.826b -8.1  4.637 1.547  

Ala 4 8.282 -8.6c  4.184 1.432  
Ala 5 8.268 -8.6c  4.216 1.478  

Lys 6 7.682 2.4  4.199 1.913 HC  1.568, 1.469 
HD  1.690 
HE  2.963 

…       

Lys 11 8.071   4.159 1.895 HCd 
HD  1.690 
HE  2.978 

...       

Lys 16 7.988   4.219 1.898, 
1.829 

HC  1.549 
HD  1.699 
HE  2.999 

-NH2 7.462 
7.303 

     

Chemical shifts in ppm relative to internal DSS in 10 mM potassium phosphate, 
pH 7.0 at 2 °C. 
aTemperature coefficient of amide proton in ppb/ºC measured between 

2 - 25 ºC. 
bBroad resonance due to exchange. 
cThe resonances of the Ala4 and Ala5 amide protons are not separated in the 

1D 1H spectrum over the complete temperature-range. 
dNot resolved. 
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Abstract 

The foldon domain is an evolutionarily optimized trimerization module that is essential 

for assembly of the large, trimeric protein fibritin. Monomers consisting of the 27 amino 

acids comprising a single foldon domain subunit spontaneously assemble into a native 

trimer. During the folding/association process a monomeric �intermediate is formed on the 

submillisecond time scale, which is the starting point for two consecutive very fast 

association reactions. Disruption of an intermolecular salt bridge by mutation leads to a 

monomeric state that structurally resembles the kinetic intermediate. NMR spectroscopy 

revealed native topology of �the monomeric intermediate with defined hydrogen bonds and 

side chain interactions, but largely reduced stability compared to the native trimer. The 

native topology in the intermediate is mainly determined by a hydrophobic cluster formed 

by five amino acids from different parts of the sequence. This structural preorganization 

leads to an asymmetric charge distribution on the surface, which can direct rapid subunit 

recognition. All interactions within the monomer are more flexible compared to the trimer 

and the intermediate is in equilibrium with the unfolded state on the 100 µs time scale. 

The low stability of the intermediate leads to a large gain in energy upon formation of the 

intermolecular subunit � interactions, which serves as driving force for rapid assembly. 

These results indicate different free energy landscapes for folding of small oligomeric and 

monomeric proteins, which typically avoid the transient population of intermediates. 
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Introduction 

Fibritin is a trimeric rod-like structural protein from bacteriophage T4 which consists of 

an N-terminal anchor domain (residues 1-46), a large central coiled-coil part (residues 

47-456), and a small C-terminal globular domain (residues 457-486) (1). The C-terminal 

domain is essential for fibritin folding and assembly in vivo and in vitro and was termed 

foldon domain (1-3). The foldon domain was proposed to be an evolutionarily optimized 

trimerization/folding motif, since its only known function is to promote folding and 

association of fibritin (3). This idea is supported by the observation that a covalently 

attached foldon domain can substitute for the effect of molecular chaperones during 

assembly of other trimeric proteins from phage T4 (4) and induces trimerization of other 

proteins (5-7). Each subunit of the foldon domain consists of an N-terminal extended 

structure, a β-hairpin, a 310-helix near the C-terminus and three unstructured C-terminal 

residues (Fig. 1A,B). Three identical subunits assemble into a β-propeller structure, which 

is stabilized by hydrophobic interactions involving Trp20 of each subunit, intermolecular 

salt bridges between Glu5 and Arg15, and intermolecular backbone hydrogen bonds 

between Tyr13 and Arg15 (Fig. 1A) (1, 8). The first 27 amino acid residues of the foldon 

domain (residues 457-483 in fibritin, in the following denoted as residues 1-27) were 

chemically synthesized and shown to form the same trimeric β-propeller structure as in 

full-length fibritin (8). The 3x27 amino acid foldon trimer undergoes a two-state 

equilibrium unfolding transition from folded trimer to unfolded monomers and is very 

stable with ΔG0= -89.2±0.6 kJ/mol at 20 ˚C, which corresponds to ΔG= -29.7 kJ/mol at 5 

µM monomer concentration (8). 

 

The small size of the foldon domain, which makes it accessible to chemical synthesis, its 

simple fold and its high stability make it an ideal model for detailed mechanistic studies 
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on a folding reaction linked to an intermolecular assembly processes. Kinetic studies 

showed that 19 % of the unfolded molecules assemble slowly, limited by proline 

isomerization reactions (8). The remaining unfolded molecules have all Xaa-Pro bonds in 

the native isomerization state and assemble via a sequential pathway comprising several 

rapid folding and association reactions (Scheme 1). 

 

 

 
Scheme 1 
 

Within the dead-time of stopped-flow mixing (~1 ms) a monomeric intermediate (I) is 

formed which reacts in two consecutive bimolecular steps first to a dimeric (D) and then 

to a trimeric (T) intermediate with rate constants of 1.9x106 M-1s-1 and 5.4x106 M-1s-1, 

respectively (8). Both reactions are about as fast as the fastest known bimolecular folding 

reaction of a natural dimeric protein reported for dimerization of arc repressor (k=6.2x106  

M-1s-1) (9). The trimeric intermediate is rapidly converted to the final native state in a 

concentration-independent reaction with a rate constant of 210 s-1. This reaction becomes 

rate-limiting at high protein concentrations. This sequence of very fast unimolecular and 

bimolecular reactions allows the foldon domain to assemble very rapidly with a half-life 

of about 100 ms at 10 µM monomer concentration and of about 3 ms at high protein 

concentrations (≥100 µM). An especially intriguing feature of the folding pathway is the 

rapid formation of a monomeric intermediate, which is surprising considering the small 

size of a subunit. This observation is in contrast to the folding behavior of small 

monomeric proteins, which typically avoid to transiently populate intermediates (10), 

although they seem to be important for folding (11, 12). Therefore, it is very likely that 



“Structure of an Assembly Intermediate”    l  D 5 

5 

the monomeric intermediate is the key to understanding the rapid and efficient assembly 

process of the foldon domain. Due to the transient nature of the intermediate it is not 

directly accessible to structural investigations. Earlier NMR studies on a monomeric state 

populated at pH 2 (A-state) revealed a native β-hairpin und unstructured N- and C-

terminal regions (13). However, the fluorescence spectra of the A-state and the folding 

intermediate differ significantly indicating major structural differences (8). 

 

To obtain a better model for the monomeric folding intermediate we destabilized 

intersubunit interactions by mutation in order to populate a monomeric state of the foldon 

domain at neutral pH. The results show that replacement of Glu5 by arginine (E5R 

variant) leads to a strong destabilization of the native trimer by removing an 

intermolecular salt bridge. The E5R variant forms a monomeric state at neutral pH with 

essentially the same fluorescence and CD properties as the transient folding intermediate. 

This allowed us to determine the NMR structure of the monomeric state at pH 7 in order 

to characterize the structural and dynamic properties of the rapidly formed transient 

folding intermediate. 

 

Results & Discussion 

Comparison of foldon E5R with the transient folding intermediate. The native foldon 

trimer is stabilized by three intermolecular salt bridges between Glu5 and Arg15 of 

adjacent subunits (Fig.1A). NMR studies revealed a pKa-value of 1.7 for Glu5 in the 

native trimer indicating that each salt bridge contributes about 16 kJ/mol to trimer 

stability (13). To obtain a monomeric state of the foldon domain at pH 7 we replaced 

Glu5 by arginine (foldon E5R), which removes the salt bridge and additionally introduces 

an electrostatic repulsion between the positive charges at Arg5 and Arg15. The 
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fluorescence and CD properties of the E5R variant reveal major structural differences 

compared to the native wild-type trimer (Fig. 2). Fluorescence of the single tryptophan 

residue at position 20 of each subunit is a good probe to test for trimer formation, since 

Trp20 is located at the subunit interface and is completely solvent-shielded in the native 

state resulting in a largely blue-shifted fluorescence emission maximum at 318 nm. The 

emission maximum is significantly red-shifted to 336 nm in the E5R variant and the 

fluorescence intensity is decreased (Fig. 2A), indicating increased solvent exposure of 

Trp20 and arguing for the disruption of the trimer interface. Fluorescence contributions 

from tyrosine residues around 303 nm are not detectable in the E5R variant, which points 

at a folded structure with efficient fluorescence resonance energy transfer from the two 

tyrosine residues at position 2 and 13 to Trp20. The fluorescence properties of the E5R 

variant differ from those of the GdmCl-unfolded state, which has weaker intensity, a 

further red-shifted maximum (λmax=342 nm) and a shoulder around 303 nm arising from 

contributions of the tyrosine residues. The E5R variant gives virtually the same 

fluorescence spectrum as the monomeric intermediate that transiently populates during 

the assembly process in the wild-type protein (Fig. 2A) indicating that the E5R variant 

has the same structural properties as the transient folding intermediate. This finding is 

supported by the far-UV CD spectrum of the E5R variant, which is identical to the 

spectrum of the folding intermediate but differs from both the spectra of the native trimer 

and from the unfolded state (Fig. 2B). These results show that foldon E5R is better suited 

to elucidate the structural properties of the monomeric intermediate than the A-state 

which shows reduced fluorescence intensity (Fig. 2A) (8). 

 

To obtain information on the stability of the E5R variant we monitored thermal unfolding 

at different protein concentrations by the change in CD at 228 nm (Fig. 2C). The 
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unfolding transition is broad and concentration-independent as expected for a monomeric 

protein consisting of only 27 amino acids. The unfolding transition of the wild-type 

trimer, in contrast, is much steeper and shifted to higher temperatures (Fig. 2C). In 

addition, unfolding of the wild-type protein shows a strong concentration-dependence in 

accordance with an unfolding transition from a trimer to three monomers. The ill-defined 

baselines of the unfolding curves of the E5R variant make it difficult to obtain accurate 

thermodynamic data on the stability of foldon E5R. 

 

These results indicate that E5R variant forms a monomeric folded state, which resembles 

the transient folding intermediate of the wild-type protein in its spectroscopic properties. 

Foldon E5R thus represents a good model to characterize the structural, dynamic and 

energetic properties of the monomeric folding intermediate. 

 

NMR structure of foldon E5R. We used NMR spectroscopy to determine the solution 

structure of the foldon E5R variant. Thermal unfolding transitions suggested a monomeric 

state of foldon E5R at protein concentrations up to 30 µM (Fig. 2C). Two-dimensional 

TOCSY experiments gave identical spectra at 30 µM and 200 µM protein concentration 

indicating the absence of trimers even at higher protein concentrations. The chemical 

shifts of foldon E5R in the HSQC spectrum are different from those of the wild-type 

trimer (Fig. 3) but similar to those of the previously characterized monomeric A-state 

(13), which is in slow-exchange with the native trimer at pH 2. In contrast to the A-state, 

we did not observe a second set of cross peaks in the HSQC spectrum of foldon E5R at 

any investigated protein concentration and all NOEs could be fulfilled with a monomeric 

structure. These results indicate the population of less than 5 % of any trimeric form in 
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the foldon E5R variant, which shows that the E5R substitution has the expected stronger 

destabilizing effect on the trimer interface compared to the protonation of Glu5 at low pH. 

 

The NMR structure of the monomeric E5R variant was determined based on 1H TOCSY 

and NOESY spectra (pdb accession code: ???). Some cross-peaks were assigned with the 

help of 15N-edited spectra. All NMR spectra contain only a single resonance line per 1H or 

15N nucleus, indicating that putative alternative protein conformations are in rapid 

exchange on the chemical shift time scale. Ensembles of structures were calculated using 

139 medium and long-range, 141 sequential and 80 intra-residue NOE restraints. Details 

of the structure calculation and of the refinement procedure are given in the Supporting 

Information (SI). The structure of the E5R variant has the same topology and very similar 

intramolecular interactions as a subunit in the native trimer (Fig. 1), although the 

chemical shift dispersion of foldon E5R is smaller compared to the wild-type trimer. The 

β-hairpin region from Ala12 to Leu23 is well-defined in the E5R variant, with the 

expected β-sheet NOE pattern (14), except for some cross peaks involving the weak 

amide resonances of Val14, Asp17 and Val21. The hairpin of foldon E5R has essentially 

the same conformation as in the native foldon trimer (Figs. 1B,C). This is reflected by the 

pair-wise root mean square deviation (RMSD) of 0.7 Å for the backbone atoms and 1.5 Å 

for all heavy atoms in the hairpin between a subunit in the trimer and the E5R variant. 

Also the hydrophobic residues Ala12, Tyr13, Val14, Val21, Leu22 and Leu23 at the ends 

of the β-hairpin have native side chain orientations. In addition, hydrophobic contacts 

between Tyr13, Trp20 and Leu22 across the two strands indicate a similar, but slightly 

weaker, hairpin twist compared to the native trimer. 
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Long-range NOEs are further observed from mostly weak contacts between the side 

chains of Pro4/Trp20, Ala6/Tyr13, Pro7/Tyr13 and Pro7/Trp20. These interactions show 

that the extended N-terminal region in the E5R variant packs against one side of the 

hairpin and participates in a hydrophobic cluster involving residues of the N-terminal 

region (Pro4, Ala6, Pro7), both strands of the hairpin (Tyr13, Trp20) and the C-terminal 

region (Leu22; Fig. 1B,C). The side chains of Tyr2 and Ile3 that are involved in 

hydrophobic contacts along the trimer symmetry axes have different orientations in 

foldon E5R. The ring of Tyr2 is flipped back to Ile3 and Pro4 and points towards the 

hairpin, which is reflected by NOE contacts from the side chain of Ile3 to Trp20 and 

Lys16. The complete region from Gly1 to Gln11 of foldon E5R is less well defined than 

the hairpin region, with RMSD-values of 1.9 Å for the backbone atoms and 2.4 Å for all 

heavy atoms (Table S1). In the native trimer the peptide bonds involving Pro4 and Pro7 

are exclusively in the trans conformation. The Ile3-Pro4 bond shows 10–14 % cis isomer 

in the E5R variant, in agreement with structural flexibility in this region. The spectra did 

not show any signature of the cis isomer at the Ala6-Pro7 bond suggesting the importance 

of a trans peptide bond at this position for the interactions of the N-terminal region with 

the hairpin. 

 

We did not observe any backbone NOEs indicative for a native helical turn in the 

C-terminal region. However, interactions involving Val14, Val21 as well as the side 

chains of Leu23, Thr25 and Phe26 are detected indicating the presence of a defined 

structure in this region, similar to the 310-helical turn in the trimer. The side chains of 

Phe26 and Leu27, which are part of the hydrophobic interactions along the trimer 

symmetry axis, have different orientations in foldon E5R compared to the native trimer. 

The C-terminal region appears to be less structured than the N-terminal region and the 



D 10  l    10  Manuscripts 

 

hairpin with RMSD-values of 1.7 Å for the backbone atoms and 2.2 Å for all heavy 

atoms. The RMSD-values are much smaller (0.3 Å and 1.2 Å, respectively) when the 

backbone atoms of the C-terminal region are fitted onto each other. A similar effect is 

observed for the N-terminal region indicating that both terminal regions form native-like 

structure but their orientation relative to the hairpin is less well defined than in the native 

trimer. 

 

Characterization of intramolecular interactions by chemical shift analysis. A protein 

structure determined by NMR typically includes many redundant distance constraints. 

Medium or long range NOEs are usually only absent for unstructured loops and terminal 

ends. The distance constraints of foldon E5R define a native-like topology with specific 

side chain and backbone interactions. The structure of the hairpin region is particularly 

well defined, whereas distance constraints in the N- and C-terminal regions are more 

scarce. To gain further information on the presence of specific interactions we studied the 

chemical shifts, which are usually more sensitive to residual structure than NOEs (15). 

Ring current effects in the vicinity of aromatic side chains are the major source for 

chemical shift deviations relative to the random coil values, Δδ(1HN) (16, 17). Hydrogen 

bonds and exchange with water represent an additional source for chemical shift changes 

for amide protons. Almost all Δδ(1HN)-values in foldon E5R are closer to their random 

coil values compared to the trimer but the Δδ(1HN)-values of amide protons in the β-sheet 

show a similar chemical shift pattern as in the trimer (Fig. 4A). Especially resonances 

from Val14 and Val21, which are involved in hydrogen bonds, show strong downfield 

shifts. With increasing temperature the chemical shift deviations decrease and approach 

their random coil values at high temperature. Only minor chemical shift perturbations are 

observed for the amide protons from Gly1 to Ile3 and Leu24 to Leu27 indicating the lack 
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of stable structures in the terminal regions and the absence of ring current effects, which 

are only observed near aromatic residues in tightly packed structures. In the native foldon 

trimer, in contrast, the C-terminal 310-helices of the three monomers are packed against 

each other via hydrophobic contacts involving an aromatic ring (residues Thr25, Phe26 

and Leu27), which causes large Δδ(1HN) values for Thr25 (Fig. 4A). 

 

Several side chain protons in the E5R variant show chemical shift deviations. The protons 

of Ala6 CH3, Pro7 Hδ3/ Hγ1,2 and Leu22 CH3 are significantly shifted from their random 

coil values indicating their vicinity to the ring systems of Trp20 and Tyr13 (Fig. S3), in 

agreement with their involvement in the hydrophobic cluster formed between residues of 

the N-terminal region and both strands of the hairpin (Fig. 1C). 

 

Temperature-dependence of the chemical shifts. The temperature dependence of 

chemical shifts, Δδ/ΔT gives further insight into the presence of weak interactions (18). In 

general, proton chemical shifts display linear temperature dependencies in the native and 

unfolded state. Deviations from typical Δδ/ΔT-values can be caused by altered rotation 

rates, by specific orientations of aromatic side chains, by formation of hydrogen bonds 

and by formation of defined interactions. These effects may also lead to a sigmoidal 

temperature dependence in the region of a structural transition. Solvent-exposed amide 

protons typically have a much stronger temperature dependence compared to non-

exchangeable protons with Δδ/ΔT-values ranging from -5.8 to -9.1 ppb/K. Formation of 

hydrogen bonds leads to typical Δδ/ΔT-values >-4.5 ppb/K (19). The Δδ/ΔT-values of 

amide protons in foldon E5R fall in different categories (Fig. 4B). Although the NOEs 

revealed hydrogen bonds between Val14 and Val21 and between Lys16 and Glu19 in the 
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β-hairpin region, only the Glu19 NH shows a typical Δδ/ΔT-value of +4.7 ppb/K. The 1HN 

chemical shifts of Val14 and Val21 show identical strong and non-linear temperature-

dependencies, which indicates unfolding of the central β-hairpin structure with increasing 

temperature (Fig. S2). These findings suggest the presence of weak hydrogen bonds 

within the β-hairpin that break upon heating. 

 

All amide resonances in the C- and N-terminal regions, except for Ala6 and Asp9, depend 

linearly on temperature with typical random coil Δδ/ΔT-values (Fig. S2). With increasing 

temperature Ala6 and Asp9 show almost identical non-linear shifts towards their random 

coil values suggesting that they are also involved in residual structure that unfolds at high 

temperature. Similar temperature dependencies were previously observed for residues in 

loop regions of proteins containing a hydrogen bonding donor (19). Pro7 and Pro4 are 

possible hydrogen bonding acceptors for Ala6 and Asp9, respectively. 

 

The temperature coefficients of side chain resonances of Ala6 (CH3) and Pro7 (δ3H, δ2H, 

γ1,2H) are very large and non-linear, which indicates that their vicinity to the ring systems 

of Trp20 and Tyr13, respectively, is lost with increasing temperature (Fig. 5). Above 320 

K the resonances of Ala6 and Pro7 reach their unperturbed values as seen from the 

comparison with the temperature dependencies of the side chains of Pro4 and Ala12 as 

reference (Fig. 5). The methyl groups of Leu22, which are located above the ring of 

Tyr13, exhibit temperature coefficients of 2.3 ppb/K and 5.3 ppb/K, indicating that they 

are also forming specific interactions. These observations confirm the presence of a well-

defined hydrophobic cluster involving residues from the N-terminal region (Ala6, Pro7), 

from the central part (Tyr13, Trp20) of the β-hairpin and from the C-terminal end (Leu22) 
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of the hairpin. Our results indicate that the cluster is stabilized by backbone hydrogen 

bonds and unfolds upon increasing temperature. Analysis of the NOEs has suggested that 

Pro4 is also part of this cluster. The lack of perturbed chemical shifts of the Pro4 protons 

is probably due to the larger distance and/or different orientation between Pro4 and the 

aromatic ring systems of Tyr13 and Trp20. Formation of the hydrophobic cluster 

involving residues from all regions of the foldon sequence seems to be the key to the 

formation of the native topology in the monomeric intermediate (Fig. 1C). 

 

The amide protons of Thr25 (-3.2 ppb/K) and Phe26 (-3.7 ppb/K) have Δδ/ΔT-values 

typical for weakly hydrogen-bonded amides. In combination with the observation of a 

few NOEs in the C-terminal region these results suggest some helical structure in the 

C-terminal region without stable hydrogen bonds. This interpretation is confirmed by the 

R1 and R2 values, which indicate that the 1HN-15N vectors of residues 24 to 26 are less 

flexible than expected for unstructured terminal residues in proteins but more flexible 

than those of residues in the β-hairpin and in stable secondary structures. 

 

pH-dependence of chemical shifts. The NOEs together with the chemical shift analysis 

show that all parts of foldon E5R have native-like structure. The presence of a 

hydrophobic cluster involving residues from the N-terminal region and from different 

parts of the β-hairpin distinguishes the structure of the E5R variant from the previously 

characterized monomeric A-state, which is formed at low pH and has only the β-hairpin 

region formed (13). This difference is confirmed by TOCSY experiments on the E5R 

variant at different pH. Upon lowering the pH from 7 to pH 2 the chemical shifts of the 

side chain resonances of Ala6, Pro7, Tyr13 and Trp20 experience a similar shift towards 

their random coil values as observed when the temperature is increased from 290 K to 
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320 K (Fig. S4). This result demonstrates that the interactions between the N-terminal 

region and the hairpin are lost both at low pH and at high temperature, which explains the 

major difference in the fluorescence spectrum of the A-state and the E5R variant. No 

obvious electrostatic interactions between the hairpin and the N-terminal region can be 

inferred from the structure and none of the pKa values of the acidic side chains coincides 

with the pKa value for the structural transition (data not shown) indicating that the loss of 

the hydrophobic cluster may be due to a general electrostatic repulsion caused by net 

positive charge at low pH. A similar effect was observed for the structure of the acid 

molten globule state of cytochrome c (20). 

 

Backbone dynamics measured by 15N relaxation experiments. The atomic positions of 

residues in the N- and C-terminal regions and of residues in the hairpin turn are 

significantly less defined by distance and dihedral angle constraints than the rest of the 

protein. To determine whether the lack of consensus of the calculated structures in these 

regions is due to conformational flexibility, we performed 15N relaxation experiments 

(Fig.4 C,D). The R1 and R2 values of residues in the N-terminal (Tyr2, Ile3, Arg5) and 

C-terminal (Thr25, Phe26, Leu27) regions are decreased, typical for less structured or 

unstructured protein ends (21). For the rest of the protein R1 displays remarkable little 

variation along the sequence, suggesting that these backbone atoms undergo similar 

degrees of motion on the picoseconds to nanoseconds time scale. Asp9, Val14, Lys16, 

Asp17, Gly18, Glu19, Val21, and Leu22 show significantly increased R2/R1 values, which 

are too large to be accounted for by internal motions. This indicates chemical exchange 

processes with motions in the nanosecond to microsecond time scale. Applying different 

spin-lock powers during transverse relaxation of 15N gave a time constant below 40 µs for 
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the conformational exchange process for residues Gly18 and Glu19 and time constants of 

98±10 µs for Asp9, 88±12 µs for Val14 and 78±17 µs for Leu22. 

 

Residues Gly10 and Ala12 could be used to estimate a global molecular rotational 

correlation time, τc, due to their small temperature coefficients and their 

pH-independence. The results gave τc of 2.7 ns consistent with isotropic rotational 

correlation times for a monomer of this size (22). 

 

Structural basis for rapid assembly of the foldon trimer. The CD and fluorescence 

properties of the foldon E5R variant reveal that it resembles the transiently formed 

monomeric folding intermediate in its structural properties and thus provides a good 

model to elucidate the structural basis for the fast association reactions during assembly 

of the foldon domain. NMR characterization showed essentially native topology and 

intramolecular side chain interactions in the intermediate, which demonstrates that the 

intermolecular interactions of the native trimer are not required to define the monomer 

structure. The main effect of trimerization is a large increase in stability and a decrease in 

conformational flexibility. These findings suggest that the native topology serves as 

template for the fast bimolecular association reactions, which may be especially important 

for assembly processes with consecutive association reactions. During trimer formation 

two monomeric intermediates react to form a dimer but a monomer also reacts with a 

dimer to form the trimer (Scheme 1). Thus, the structure of the monomer has to be 

optimized to efficiently interact with different partners. Natively pre-organized 

recognition sites for intermolecular interactions most likely increase the chance for 

productive monomer-monomer and monomer-dimer encounters. The structure of the 

monomeric intermediate reveals the nature of the recognition sites for rapid 
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intermolecular interactions. The extended hydrophobic cluster formed by residues in the 

N-terminal region (Pro4, Ala6 and Pro7), in the central part of the β-hairpin (Tyr13, 

Trp20) and in the C-terminal region (Leu22) (Fig. 1C) defines the native topology which 

leads to the formation of well-defined positively and negatively charged regions on 

opposite sides of the foldon monomer (Fig. 1E,F). This asymmetric charge distribution is 

well suited to provide recognition sites for rapid assembly into a dimer. In addition, the 

two oppositely charged sides of the foldon monomer have hydrophobic regions in their C-

terminal regions around Leu22 and Phe26, which may support the correct orientation of 

the monomers. This arrangement of opposite charges and hydrophobic regions should 

further be able to guide the third monomer to the correct orientation relative to the dimer 

during formation of the native trimer. A similar recognition between positively and 

negatively charged surfaces was identified as crucial for efficient interaction between the 

folded states of barnase and its inhibitor barstar (23). 

 

The fast consecutive bimolecular reactions during foldon assembly with rate constants 

around 5x106 M-1s-1 in the presence of 0.6 M GdmCl are in the same range as the fastest 

reported rate constants for folding of the small homodimeric arc repressor (2x56 amino 

acids) (9) and of a designed heterodimeric leucine zipper (2x29 amino acids) (24). In 

contrast to the foldon domain, no evidence for the formation of partially folded monomers 

was found for these proteins. Rapidly formed momeric intermediates have, however, been 

observed during folding of larger homo- and heterodimeric proteins (25). 

 

Despite the presence of the native topology and defined intrachain interactions, the 

monomer is only marginally stable and is in rapid equilibrium with the unfolded state. 

Formation of the native intermolecular interactions upon assembly into the trimer leads to 



“Structure of an Assembly Intermediate”    l  D 17 

17 

a large gain in free energy, which serves as a driving force for the rapid assembly 

reactions. This large increase in stability is expected, since the loss in conformational 

entropy has already occurred upon formation of the native topology in the monomer. 

Thus, formation of the intermolecular interactions and stabilization of the intramolecular 

interactions mainly results in a gain in enthalpy during assembly. These considerations 

indicate a perfect balance between native-like topology, required for efficient recognition 

of the monomers at the different stages during assembly, and low stability, required to 

provide a driving force for rapid assembly. 

 

Comparison of the folding/assembly process of the foldon domain to folding of small 

monomeric proteins reveals major differences in the free energy landscapes. Small 

monomeric proteins typically fold in the absence of detectable intermediate states. 

However, the frequent observation of non linear rate-equilibrium free energy relationships 

revealed the importance of obligatory high-energy intermediates in apparent two-state 

folding (11, 12). It is obviously important for monomeric proteins to keep the stability of 

partially folded states low in order to optimize the free energy landscape for fast folding 

(26) and to prevent aggregation of partially folded states. Optimized folding landscapes 

for oligomeric proteins seem to include highly populated monomeric intermediates. These 

intermediates can provide specific recognition sites for intersubunit interactions, which 

probably facilitates formation and stabilization of specific intermolecular interactions 

upon encounter of the subunits. Comparison with the folding reactions of monomeric 

proteins further reveals that the monomeric foldon intermediate has similar structural 

properties as transition states for folding of small single domain proteins, which often 

have native-like topology, but loosely formed side chain interactions with the major gain 

in enthalpy typically occurring between the transition state and the native state. 
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The foldon monomer represents the smallest known natural sequence that folds into a 

well-defined monomeric tertiary structure with specific side chain and backbone 

interactions. It thus provides a good model for experiments and simulations on the 

structure and dynamics of the monomer and on the assembly reactions from the monomer 

to the native trimer. 

 

Materials and Methods 

Chemical Synthesis and Expression of Foldon E5R. The foldon variant E5R with the 

sequence GYIPRAPRDG QAYVRKDGEW VLLSTFL was either synthesized using 

9-fluorenylmethyloxycarbonyl (Fmoc) chemistry or expressed in E. coli and purified as 

described (8, 13). Site-directed mutagenesis was used to change Glu5 to Arg, and to 

replace the thrombin cleavage site by an enterokinase cleavage site (DDDDK|G-1S0). 

Protein concentrations were determined using ε280= 8250 M-1 cm-1 (27). 

 

Fluorescence and CD measurements. All measurements were performed in 10 mM 

potassium phosphate, pH 7.0 at 20 °C. Fluorescence measurements were performed with 

an Aminco Bowman Series2 spectrofluorimeter (SLM Aminco) with 5 µM protein. CD 

measurements were performed on an Aviv DS62 spectropolarimeter with 50 µM protein. 

The CD spectrum of the monomeric intermediate of wild-type foldon was obtained in 

refolding experiments in an Applied Photophysics π* CD stopped-flow instrument with a 

final monomer concentration of 20 µM in 0.58 M GdmCl, 10 mM potassium phosphate, 

pH 7.0. 
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NMR measurements. NMR measurements were performed with 200 µM foldon E5R 

and 210 µM 15N-labelled foldon E5R in 10 mM potassium phosphate, pH 7.0, containing 

0.02 % (w/v) NaN3 and 5 % (v/v) D2O.  

2,2-Dimethyl-2-silapentane-5-sulfonic acid (DSS) was added as internal standard. NMR 

experiments were carried out on a Bruker DRX 600 spectrometer at a temperature of 

296.7 K. Two-dimensional homonuclear TOCSY and NOESY experiments and a three-

dimensional 15N-edited TOCSY experiment were used for 1H and 15N assignments. 

Further details of the NMR experiments and of the structure calculations are given in the 

SI. Calculated structures were visualized using MOLMOL (28). The Bruker software 

XWINNMR and NMRPipe were used to process the NMR data (29). Spectra were 

displayed and analyzed with the program SPARKY (30). 
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Figure Legends 

Fig. 1: Structural comparison of the monomeric foldon E5R variant with the wild-type 

protein. The structure of the wild-type trimer (A; 1RFO) and of a single subunit in the 

native trimer (B) are compared to the ten lowest energy structures of the E5R monomer 

(C; ???). Trp20 is shown in green in panel A. The side chains of the amino acids forming 

the hydrophobic cluster between the hairpin and the N-terminal region are shown in red. 

(D): Overlay of the ten lowest energy structures in the E5R monomer showing all side 

chains. (E, F): Charge distribution on the different sides of a foldon monomer based on 

the E5R structure. Negative charges are shown in red, positive charges in blue. 

 

Fig. 2: (A) Comparison of the fluorescence and  (B) far UV CD spectra of foldon E5R (–) 

with the spectra of the monomeric transient folding intermediate (I, ), the native trimer 

(–), the GdmCl-unfolded state (–, U) and the A-state (–, A) of the wild-type protein. The 

spectrum of the A-state was taken from Güthe et al. (8). (C) Temperature-induced 

equilibrium unfolding transitions of 5 µM (–) and 30 µM (–) foldon E5R and foldon wild-

type at 5 µM (–) and 30 µM (–) monomer concentration monitored by the change in CD 

at 228 nm. 

 

Fig. 3. Comparison of the 15N-edited HSQC spectra of foldon E5R (red) and native foldon 

trimer (blue). The wild-type trimer resonances are indicated by asterisks (*). Spectra were 

taken in 10 mM potassium phosphate, pH 7.0 at 297 K. 

 

Fig. 4: (A) Secondary amide proton chemical shifts 1HN of foldon E5R () and native 

foldon trimer () at 297 K, pH 7. The values correspond to the difference between the 

experimental shifts and typical random coil shifts of the protons, corrected for 
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neighboring residue effects (31). (B) Temperature coefficients for the backbone 1HN 

chemical shifts () in foldon E5R. Ala6 and Asp9 show non-linear temperature-

dependencies with an average slope around 0 (see SI). (C) 15N longitudinal, R1, and (D) 

transversal, R2, relaxation rates for the backbone amide groups in foldon E5R at 297 K, 

pH 7. 

 

Fig. 5: Effect of temperature on the chemical shift for selected side chain protons of 

located in the N-terminal region of foldon E5R. Temperature coefficients for additional 

protons are shown in Fig. S4. 
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Supporting Information 

containing a detailed description of the NMR methods and NMR data analysis, one table 

containing the statistics of the NMR structure determination and five “Supporting 

Figures” for the manuscript. 

 

NMR experiments. 

In homonuclear two-dimensional and 15N-edited three-dimensional TOCSY experiments 

the MLEV17 sequence with gradients was used (1). In NOESY and HSQC pulse 

programs the WATERGATE pulse sequence for solvent signal suppression was 

incorporated (2). To determine NOE intensities for structure calculations, an additional 

two-dimensional NOESY spectrum was recorded with a mixing time of 300 ms on a 

Bruker DRX 800 MHz spectrometer equipped with a cryo-probe. Coupling constants 3JHN-

HA, determined from homonuclear TOCSY experiments, were used to establish constraints 

on φ dihedral angles. HSQC experiments at 13 temperatures in the range from 275 K to 

337 K and 9 homonuclear TOCSY experiments from 284 K to 327 K were measured for 

the temperature dependence of the chemical shifts of the 15N and 1HN resonances and the 

carbon bound 1H resonances, respectively. The probe temperature was calibrated using 

100 % methanol for below 305 K and 100 % ethylene glycol for higher temperatures (3). 

DSS was used as reference for 1H chemical shift. The 15N chemical shift was referenced 

relative to the 2H lock resonance of water. Longitudinal (R1) and transverse (R2) 15N 

relaxation rates were recorded interleaved at 296.7 K as described (4, 5). R2 data were 

measured with Carr-Purcell-Maiboom-Gill (CPMG) spin-echo experiments using a delay 

of 0.5 ms between the 180º pulses. The contributions from chemical exchange to the 

transverse 15N relaxation rates were investigated with different delays between the π 

pulses in the CPMG sequence, assuming two state exchange in the fast exchange limit (6). 

 

Structure calculation. 

NOE intensities were determined by integrating the cross-peaks in the 800 MHz 

two-dimensional NOESY spectrum and were converted to distance constraints by 

classifying them into strong (di,j ≤ 2.7 Å), medium (di,j ≤ 3.5 Å) and weak (di,j ≤ 5 Å). An 

uniform averaging model for NOE distance constraints involving peripheral amino acid 

side chain protons was applied to account for time variations of the proton-proton 

distances due to internal mobility of the protein (7). In this procedure an upper limit of 
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5 Å was attributed to all observable medium and long-range NOEs. As lower distance 

limit the van der Waals radius of 2 Å was applied. A more quantitative evaluation was not 

justified, considering the fact that the mixing time in the NOESY experiment was 300 ms 

and that some residues show line broadening. The common corrections were added to the 

upper distance limits when pseudo atoms were used to represent methyl, not 

stereospecifically assigned methyl or aromatic ring protons (8). For residues with two β-

protons, the relative values of the JHA-HB coupling constants were estimated from a 

homonuclear TOCSY spectrum collected with a short mixing time (20 ms). Together with 

the HN-HB and HA-HB distances stereospecific assignments were made for the β protons 

of 9 residues. The methyl groups of Val21 were stereospecifically assigned during 

preliminary structure calculations applying random exchange of valine methyl groups. 

 

The protein structures were calculated with the molecular dynamics program XPLOR (9) 

using a standard simulated annealing protocol. Distance constraints consisted of 80 intra-

residue NOEs, 141 sequential NOEs, and 139 medium and long range NOEs. The 

dihedral constraints comprised 13 φ angles. A total of 40 structures were calculated 

starting from 20 different randomized structures. For each structure, a total of 6400 time 

steps were performed, 2400 at high “temperature” and 3000 at decreasing “temperature”, 

followed by 1000 steps of conjugated gradient minimization. From the initial structures 

NOE constraint violations were used to re-evaluate the assignments in the two 

dimensional NOESY spectrum. After this process four hydrogen bonds (Val14-Val21 and 

Lys16-Glu19) between the two hairpin strands were uniquely identified and introduced as 

additional distance constraints for a final set of calculations. The results of the simulated 

annealing calculations in vacuo show that the medium and long-range NOEs at the N- and 

C-terminal end are not sufficient to define a closely packed protein structure. 

Furthermore, many hydrophobic contacts along the trimer symmetry axis in the native 

wild type are on the surface and in contact with water in the E5R variant. The structures 

were submitted to further refinement in a thin layer of explicit water molecules using the 

TIP3P water model (10) to account for the most prominent effects of water, to provide 

polar and no polar interactions on the surface of the protein and to prevent unrealistic 

packing of the side-chains (11). The non-bonded interactions included Lennard-Jones, van 

der Waals and electrostatic interactions from the OPLS force field (12). Coulomb 

interactions were set to zero energy at a distance of 8.5 Å. The refinement was performed 
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by a simulated annealing protocol with a first heating stage from 100 K to 500 K, a 

refinement stage with 2500 steps of molecular dynamics and cooling stage from 500 K to 

100 K. This procedure was followed by one hundred steps of conjugate gradient 

minimization. Ten structures were chosen with lowest target energy values and all NOE 

constraint violations less than 0.5 Å and dihedral angle violations less than 5°. 
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Table S1. Statistics of the foldon E5R NMR structurea 

RMSDs from experimental distance constraints (Å) of all 360 NOEs 

RMSDs from experimental dihedral constraints (º) of all 15 angles 

 

Deviation from idealized covalent geometry 

    bonds (Å) 

    angles (º) 

    impropers (º) 

 

Coordinate precision of the whole proteina (Å) 

    pairwise RMSD of all heavy backbone atoms 

    pairwise RMSD of all heavy atoms 

 

Coordinate precision of the β-sheeta (residues 12 to 23) (Å) 

    pairwise RMSD of all heavy backbone atoms 

    pairwise RMSD of all heavy atoms 

 

Coordinate precision of the N-terminal region (residues 1 to 11) (Å) 

    pairwise RMSD of all heavy backbone atomsa 

    pairwise RMSD of all heavy atomsa 

    pairwise RMSD of all heavy backbone atomsb 

    pairwise RMSD of all heavy atomsb 

     

Coordinate precision of the C-terminal end (residues 24 to 27) (Å) 

    pairwise RMSD of all heavy backbone atomsa 

    pairwise RMSD of all heavy atomsa 

    pairwise RMSD of all heavy backbone atomsc 

    pairwise RMSD of all heavy atomsc 

0.062 ± 0.002 

0.95 ± 0.19 

 

 

0.018 ± 0.0001 

0.68 ± 0.02 

0.77 ± 0.03 

 

 

1.08 

1.77 

 

 

0.51 

1.34 

 

 

1.91 

2.45 

0.85 

1.81 

 

 

1.72 

2.18 

0.28 

1.18 
a All heavy backbone atoms of the hairpin (Ala12-Leu23) were used in the fit. 
b  All heavy backbone atoms of the N-terminal region (Gly1-Gln11) were fitted. 
c All heavy backbone atoms of the C-terminal region (Ser24-Leu27) were fitted. 
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Fig. S1: Stereo view of the ten foldon E5R structures with the lowest energy (red) and a 

single monomer structure from the foldon trimer (blue) (13). The backbone and the heavy 

side chain atoms of Tyr2, Ile3, Pro4, Ala6, Pro7, Ala12, Tyr13, Val14, Trp20, Val21, 

Leu22, Leu23, Phe26 and Leu27 are shown. 
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Fig. S2:. Temperature dependence of the amide proton resonances in (A) the N-terminal, 

(B) the central β-hairpin and (C) the C-terminal part of foldon E5R. The results of the 

linear fits shown as lines are given in Fig. 4A. Resonances displaying non-linear behavior 

are colored in blue. The measurements were performed in 10 mM potassium phosphate, 

pH 7.0. 
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Fig. S3: Temperature dependence of selected side chain proton resonances. The results of 

the linear fits are shown as lines. Resonances displaying non-linear behavior are colored 

in blue. The measurements were performed in 10 mM potassium phosphate, pH 7.0. 
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Fig. S4: Comparison of (A,B) the temperature dependencies at pH 7 and (C,D) the pH 

dependencies of the proton resonances of Ala6, Pro7 and Ala12 at 297 K. The 

hydrophobic interaction between the N-terminal strand and the central β-hairpin, reported 

by the shift deviations of P7 and A6 protons, is lost: their chemical shifts move toward 

typical random coil values, both with increasing temperature and with decreasing pH. 

 

 
Fig. S5: pH-Dependencies of the side chain proton resonances of Tyr13 and Trp20. 
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Abstract 

Conformational dynamics are an inherent feature of folded proteins and are the 

prerequisite for the conformational search within the unfolded state ensemble. We 

investigated dynamics in the native and denatured states of the villin headpiece 

subdomain using triplet-triplet energy transfer. This technique allows the measurement of 

absolute rate constants for van der Waals contact formation between a triplet donor and a 

triplet acceptor group. Labelling villin headpiece with donor and acceptor groups at 

different positions enabled us to study the dynamics of loop formation in the unfolded 

state and to probe for local unfolding events in the native protein. The experiments 

revealed efficient contact formation in the native state if the labels are attached at the 

opposite ends of the C-terminal α-helix, indicating local unfolding of this helix on the 

microsecond time scale. The results further point to conformational heterogeneity at the 

C-terminus giving rise to fast and slow electron transfer reactions between labels attached 

at the N- and C-terminus, which are in close proximity in the native state. Single 

exponential kinetics for loop formation on the timescale of hundreds of nanoseconds were 

observed for all donor acceptor positions in the unfolded state. Comparison with data on 

unstructured model sequences suggests that the chain dynamics in the denatured state are 

not affected by residual structure, even under conditions strongly favouring the native 

state. The dynamics of loop formation can be compared to molecular dynamic simulations 

and are important in context of the fast folding reaction of the villin headpiece 

subdomain. 
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Introduction 

Conformational dynamics play an essential role, both for protein folding and protein 

function. Conformational fluctuations occur over a wide range of timescales and include 

all levels of structural organization. In the native state of proteins flexibility is usually 

necessary to facilitate processes such as catalysis, binding or signalling. In the unfolded 

state proteins sample a vast number of conformations in short times, eventually leading to 

a folding event. Although the conformational search is closely related to the folding 

process itself, little is known about the dynamics in the unfolded state ensemble of 

proteins, since many experimental techniques fail to give an accurate experimental 

description of their heterogeneity and dynamic nature. 

The properties of unfolded state ensembles are controversially discussed, as well as the 

actual consequences for folding. In some proteins, residual structure is found [1-4], which 

might serve as nucleation site for folding. Even in the absence of any specific interactions 

local conformational preferences exist as a result of steric factors [5], polymer properties 

and hydration, which are not well understood [6]. To assess the role of the unfolded state 

for the folding process, it is important to know which conformations are populated to 

which extent and how fast they interconvert. Despite recent progress, mainly in NMR 

techniques, several timescales and types of motions remain unexplored. Of particular 

interest for folding are the chain dynamics, large amplitude motions of the polypeptide 

chain occurring on the nanosecond timescale. These dynamics determine, how fast two 

positions within a polypeptide can form contact, i.e. how fast single interactions can be 

established. 

 

An experimental method well suited to measure chain dynamics is triplet-triplet energy 

transfer (TTET) [7-9] from xanthone (Xan) to naphthylalanine (Nal) which reports on 
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contact formation between the two groups attached to specific sites on a polypeptide 

chain. The triplet donor Xan is excited to its triplet state by a short laser pulse. Upon van 

der Waals contact with the triplet acceptor Nal, the triplet state is exothermically 

transferred within 1 ps [10]. The high efficiency of this Dexter exchange ensures that 

even very short encounters will result in TTET, making the system completely diffusion 

controlled. Therefore absolute rate constants of contact formation can be measured 

directly, monitoring the characteristic triplet absorption bands of the donor or acceptor. 

TTET provided detailed insight into the dynamics of unstructured model peptides ranging 

from picoseconds to microseconds [8,11]. The influence of peptide length, composition 

[7,8], end-extensions [12], the role of proline [13] and the effects of denaturants were 

investigated in detail [8,9,14]. 

 

In this study, we introduced the donor and acceptor groups at different positions in the 

chicken villin headpiece subdomain (HP35) to investigate contact formation in the native 

and denatured state. This three-helix bundle consists of 35 amino acids and is the smallest 

known naturally occurring protein unit which folds cooperatively without stabilization by 

disulfide bonds or cofactors [15]. It forms the last part of the C-terminal headpiece 

domain of villin, where it is involved in actin binding [16]. High resolution structures 

determined by NMR [17] and X-ray crystallography [18], show a well-packed 

hydrophobic core mainly formed by three phenylalanines. T-jump experiments [18-22] 

and NMR line-shape analysis [23] suggested that folding is fast on the timescale of 

microseconds. This was also confirmed by measuring unfolding followed by 

loop-formation [24]. Recently a variant of HP35 has been reported, that even folds on the 

sub-microsecond timescale [20]. Ultrafast folding of HP35 was suggested to be a 
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consequence of residual structure in the unfolded state, which was detected in a fragment 

of HP35 comprising the first two helices [25,26]. 

 

The small size and fast folding of HP35 attracts not only experimentalists, but made it to a 

popular subject of simulations, as it may allow to close the gap between experimental and 

computational approaches. Numerous MD simulations, including a 1 µs all-atom 

simulation of Kollman in 1998 [27] and the distributed computing project of Pande [28], 

addressed both the properties of the native and denatured state ensembles, as well as the 

course of folding. Only recently Duan and colleagues [29] achieved complete folding to 

the native state and extracted a free-energy surface, using replica exchange MD. 

 

The chain dynamics in the unfolded state of an ultrafast folding protein, such as HP35, are 

of particular interest, since the timescales for contact formation, representing the early 

stages of folding, and for the completion of the folding reaction differ only by a factor of 

thousand. If the folding process would be facilitated by residual structure, this would most 

likely also affect loop formation dynamics in the unfolded state. TTET provides absolute 

rate constants of contact formation, which should be also of great use for direct 

comparison with MD simulations. In addition, contact formation in the native state is 

suitable to probe local dynamics or partial unfolding events on the nanosecond to 

microsecond timescale [30], which are difficult to access with other techniques. 

We measured TTET between four different donor-acceptor positions in HP35 to address 

these aspects of protein dynamics. We detected significant flexibility at the C-terminus 

and characterised the chain dynamics in the presence of high concentrations of 

denaturant, as well as under conditions strongly favouring the native state. 
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Results 

Positions of the Triplet Donor and Acceptor Groups. 

We chose four different donor–acceptor positions in HP35 to measure contact formation 

(Fig. 1). The double-labelled variants of HP35, which had the general sequence 

H-1LSDEDFKAVF11GNleTRSAFANL21PLFKQQNLKK31EKGLF-OH, were prepared 

by solid-phase peptide synthesis. The naturally occurring Met12 was replaced by 

norleucine (Nle), since methionine is prone to oxidation during peptide synthesis. In 

addition, methionine is a quencher of the Xan triplet state and would interfere with TTET 

[31]. For the same reason Trp23 was substituted by phenylalanine, unless the site was not 

used to incorporate the triplet acceptor. The triplet donor Xan was attached as carboxylic 

acid derivative to either the N-terminal amino group of Leu1 (Xan0), the ε-amino group 

of Lys7 (Xan7) or the β-amino group of α,β-diaminopropionic acid replacing Phe35 

(Xan35). The non-natural amino acid Nal was used as triplet acceptor substituting either 

Phe23 (Nal23) or Phe35 (Nal35). For all Xan positions donor-only variants of HP35 were 

synthesized as references to determine the donor lifetimes in the absence of acceptor. 

 

Figure 1 

 

The donor-acceptor positions were chosen in order to probe different features of the 

native and denatured state. In the variant Xan0-Nal23 donor and acceptor are placed far 

apart from each other in the folded state (Fig. 1A). They are separated by helix 1 and 

helix 2, a region that retains helical structure even in the absence of tertiary contacts with 

helix 3 [25,26]. The same positions were used by Buscaglia et al. in a tryptophan triplet 

quenching experiment [24]. Moving Xan to the side chain of Lys7 (Xan7-Nal23) places 

the labels at the ends of helix 2 (Fig. 1B), which is likely sufficient to separate the labels 
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from each other and to investigate the local dynamics of this region. In the Xan0-Nal35 

variant the labels are in close proximity in the native state (Fig. 1C), which should result 

in efficient contact formation. This should lead to fast transfer in the native state and will 

give information on the dynamics of formation of this native contact in the unfolded state. 

The variant Nal23-Xan35 was synthesized to probe the dynamics of helix 3 and the 

conserved C-terminal GLF-motif (Fig. 1D). Structural data indicate that helix 3 is well 

defined but slightly different orientations relative to the other helices were reported 

[17,18]. The three C-terminal amino acid residues, however, seem to remain flexible in 

the context of HP35 [17,32]. Contact formation experiments are likely to provide data on 

the extent and the timescale of these local dynamics. 

 

Structure and Stability of the HP35 Variants. 

All donor-acceptor and donor-only labelled HP35 variants show α-helical Far-UV CD 

spectra (Fig. S1, Supporting Information), with signal intensities comparable to the wild-

type protein reported by other groups [15]. One-dimensional NMR spectra of the variants 

are similar to those reported for the wild-type subdomain with some well resolved 

resonances (Fig. 2A and Fig. S2). Especially the upfield shift of the Val9 methyl group, 

and the downfield shift of the amide protons of Ser2 and Asp3 are indicative for a folded 

structure. This shows that the overall structure is not affected by introducing the TTET 

labels. 

 

Figure 2 

 

To evaluate the thermodynamic stability of the different donor-acceptor variants we 

recorded GdmCl-induced unfolding transitions at 5.0 °C by measuring the change in 
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ellipticity at 222 nm (Fig. 2B, Fig. S1). Table 1 summarizes the data obtained from fitting 

the equilibrium transitions with a two state-model (see Material and Methods). The free 

energies for unfolding, ΔGD
5°C, are in the range of 6 - 9 kJ mol-1. The mD values are 

around 3 kJ mol-1 M-1, which is identical to reported values [24] and in agreement with 

the value expected by considering the change in accessible surface area [33]. The ΔGD 

values are lower than those reported for wild-type HP35, which is likely a consequence of 

the Met12 replacement with Nle [34]. The corresponding midpoints of the unfolding 

transitions vary between 2.1 M and 2.6 M GdmCl (Tab. 1). 

 

Table 1 

 

TTET in Xan0-Nal23 and Xan7-Nal23. 

In the TTET measurements a short laser pulse is used to generate the Xan triplet state, 

which can be monitored via its absorption band at 590 nm. Under the experimental 

conditions the Xan triplet state has an intrinsic lifetime of about 10 µs, as observed in the 

donor-only variant Xan0 (Fig. 3A), as well as in the donor-only variants Xan7 (Fig. S3) 

and Xan35 (Fig. 5A). The intrinsic triplet lifetime is independent of the protein 

environment. It remains unchanged during the GdmCl-induced unfolding transitions of 

the HP35 variants (data not shown). The Xan triplet state can only be transferred to the 

acceptor Nal when the labels form van der Waals contact. In the native state of the Xan0-

Nal23 variant this requires at least partial unfolding of the protein (Fig. 1A). In the 

presence of 1 M GdmCl, where HP35 is mainly folded, the Xan triplet decay resembles 

the decay observed in the donor-only reference (Fig. 3A) arguing against local unfolding 

on the ns to µs time scale in the folded state of HP35. At higher GdmCl concentrations 

the unfolded state of HP35 becomes significantly populated and the Xan triplet states 
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decay faster (Fig. 3A). Around the transition midpoint of 2.2 M GdmCl the decays show a 

pronounced double exponential behaviour with equal contributions of the two phases. At 

high GdmCl concentrations, where HP35 is mainly unfolded, the fast process on the 1 µs 

timescale dominates. This fast process can be attributed to TTET, which is confirmed by 

a subsequent increase of the Nal triplet state absorption band at 420 nm (data not shown). 

Over the whole range of GdmCl concentrations the decay curves can be well described by 

the sum of two exponential functions. The obtained rate constants and their amplitudes 

are shown in Fig. 3B and Fig. 3C, respectively. 

 

Figure 3 

 

The amplitude of the fast phase representing TTET corresponds well to the fraction of 

unfolded molecules determined by CD (Fig. 3C), indicating two-state behaviour. This 

means that in the fraction of folded molecules no contact formation occurs within the Xan 

triplet lifetime of 10 µs, whereas in the denatured state ensemble all molecules form 

contact equally fast. A small fraction (~10 %) of slow phase remains in all TTET 

experiments, which may result from molecules with bleached acceptor or from molecules 

which cannot form contact, e.g. in small aggregates. This behaviour has also been 

observed for other peptides [8]. 

 

High concentrations of GdmCl slow down the contact formation in the denatured state 

ensemble (Fig. 3B). The logarithm of the rate constant of contact formation, ln kc, 

depends linearly on the denaturant concentration [D] (Eq. 1). 
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ln kc = ln kc
0
!
mc[D]

RT
     (1) 

 

The slope mc reflects the sensitivity of the contact formation processes towards 

denaturant. A linear reduction of ln kc has also been observed in earlier studies on 

unstructured model sequences [13,14], where it could be shown to result from additive 

effects of solvent viscosity and denaturant binding to the polypeptide chain. Remarkably, 

at low concentrations of GdmCl, where the folded state is favoured, no deviation from 

this behaviour is observed. Extrapolating kc to 0 M GdmCl gives kc
0 = 2.7⋅106 s-1 at 5 °C 

(τ~ 370 ns; Tab. 1) for formation of this 22 amino acid loop in the unfolded state in the 

absence of denaturant. 

 

TTET measurements with the HP35 variant Xan7-Nal23 reveal a similar behaviour as in 

Xan0-Nal23. For the native state population the triplet decay corresponds to the Xan 

lifetime (Fig. S3), indicating the absence of local unfolding of helix 2 on the ns to µs time 

scale. In the GdmCl-denatured state TTET occurs, leading to double exponential kinetics 

in the transition region (Fig. S3). The logarithm of the contact formation rate constant 

depends again linearly on the GdmCl concentration. With kc
0= 4·106 s-1 (Tab. 1) this 

process is faster than for Xan0-Nal23, which is expected, since the labels are separated by 

only 13 amino acids. 
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TTET in Xan0-Nal35.  

In the variant Xan0-Nal35 the labels are located at the termini of HP35, which should 

allow rapid TTET in the native state (Fig. 1C). The results show that part of the Xan 

triplets are transferred to Nal within the 12 ns dead-time of our nanosecond laserflash 

experiment, leading to a dead time amplitude change of about 45 % compared to the 

donor-only reference protein. The remaining Xan triplets are transferred with a rate 

constant of ∼ 3·107 s-1 (Fig. 4B), which is ten times faster than loop formation in the 

denatured state of this variant. This process becomes slower as the GdmCl concentration 

is increased, until it disappears together with the dead-time amplitude when the protein is 

completely unfolded (Fig. 4C). The chain dynamics in the denatured state are similar to 

those observed for Xan0-Nal23 and Xan7-Nal23. 

 

Figure 4 

 

TTET in Nal23-Xan35. 

In the HP35 variant Nal23-Xan35 the labels are placed to probe the dynamics of the 

C-terminal helix. The model based on the X-ray structure (Fig. 1D) suggests that the 

2.5 helical turns should avoid direct contact formation between positions 23 and 35. 

TTET kinetics in this variant are complex (Fig. 5). Two kinetic phases for TTET are 

observed at low denaturant concentrations indicating that in the native state contact 

formation is double exponential (Fig. 5B,C). In the absence of GdmCl the major phase 

(80 % amplitude) has a time constant of ∼ 1 µs, which remains virtually unchanged by the 

addition of GdmCl. The second, faster phase (τ ∼ 170 ns) becomes strongly accelerated 

with increasing concentrations of denaturant. At higher denaturant concentrations the 
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unfolded state becomes populated and a third phase appears, representing contact 

formation in the denatured state ensemble. 

 

Figure 5 

 

Discussion 

The TTET data from the four donor-acceptor labelled HP35 variants agree with two-state 

behaviour, i.e. all contact formation processes can be attributed to either the native or the 

denatured state ensemble indicating the absence of partially folded states with altered 

dynamics. In the following, contact formation in the native state and denatured state 

ensemble is discussed independently from each other. 

 

Dynamics in the Native State. 

In the native state of the variants Xan0-Nal23 and Xan7-Nal23 the donor triplet state 

decays with its intrinsic triplet lifetime. This indicates, that within 10 µs no local or global 

unfolding occurs that leads to contact formation between these positions. T-jump data 

[19,24] on other HP35 variants gave unfolding time constants of more than 400 µs in the 

absence of GdmCl and of about 30 µs in the presence of 4 M GdmCl at 20 °C. Using the 

longer lived triplet state of tryptophan (~ 100 µs) in a cysteine quenching experiment, 

Buscaglia et al. were able to extract contributions arising from global unfolding [24].  

 

In the variant Xan0-Nal35 the labels are close to each other in the folded state and form 

contact much faster than in the denatured state. Contact formation occurs on two 

well-separated timescales, pointing to heterogeneity within the native state ensemble. 

Accordingly, the interconversion between the substates has to be slower or on a similar 
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time scale as TTET. In about 50 % of native molecules contact is formed in a 

sub-nanosecond process, as inferred from TTET during the dead-time of the experiment. 

In these molecules van der Waals contact might be established at the time point of 

excitation or can be accomplished by a few bond rotations. The second TTET process in 

the native state has a time constant of about 30 ns. In these molecules the encounter is less 

probable, either due to larger conformational freedom of the labels or due to an energy 

barrier encountered by contact formation. The process is slowed down by the addition of 

GdmCl (m = (750 ± 140) J mol-1 M-1) similar to contact formation in unfolded peptide 

chains (mc ∼ 500 J mol-1 M-1, [14]). Therefore, this reaction seems to be associated with 

only little change in the accessible surface area. The observed heterogeneity may be 

attributed to different orientations of the labels or to local flexibility at the termini of 

HP35. Indeed, NMR experiments have shown that Leu1 and the last two amino acids, 

Leu34 and Phe35, are not well ordered. This was deduced from a lack of NOE constraints 

[17], low protection factors [15] and low order parameters [32].  

 

Additional evidence for local flexibility in the C-terminal region of HP35 is provided by 

the variant Nal23-Xan35. In the native state efficient contact formation is observed, 

although the segment between the labels compromises helix 3 with 2.5 turns and the 

C-terminus. TTET in the native state is described by two exponential functions, with the 

main process occurring on the timescale of ~ 1 µs. While this is somewhat slower than 

contact formation in the denatured state, the second phase is considerably faster with a 

time constant of 170 ns. It makes up ~20 % of the amplitude and is strongly accelerated 

by the addition of GdmCl up to a time constant of 30 ns indicating that it reflects an 

unfolding reaction. As already discussed, the C-terminal two amino acids, Leu34 and 

Phe35, seem to be flexible, although they are highly conserved and important for actin 
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binding [16]. Together with the inherent flexibility of Gly33 the last segment might be 

highly mobile, consistent with the different conformations reported [17,18]. This local 

flexibility at the C-terminus might be sufficient to allow eventual contact between Xan35 

and Nal23. However, this does not explain the strong denaturant dependence of the 

process. It is more likely that the fast process originates from local unfolding of helix 3, in 

agreement with the acceleration of this process by addition of GdmCl. Helices in isolation 

show end-fraying on the hundreds of nanoseconds timescale, which results in double 

exponential kinetics [30].  

 

 

Interestingly, in all T-jump experiments on HP35 a fast process on the 100 ns timescale 

was observed as well. This process was detected with different probes, such as 

fluorescence quenching of Trp23 by the engineered His27 in the middle of helix 3 [19], 

by the bulk IR signal [21] and by a site-specific IR measurement with an isotope-labelled 

carbonyl in helix 2 [22]. In all cases the fast phase was attributed to helix-coil transitions, 

which might originate from local unfolding events. 

 

Dynamics in the Denatured State. 

While the native state structure of HP35 is well known and the folding process has been 

investigated in a number of T-jump experiments, less is known about the denatured state 

ensemble. An accurate description of this heterogeneous and quickly converting ensemble 

is especially desirable in the case of HP35 for several reasons. Firstly, it makes up the 

bulk of data in molecular dynamic simulations, which are difficult to validate with 

experimental data. Secondly, HP35 is an ultrafast folding protein with folding time 

constants up to 700 ns, observed in a designed variant [20]. This raised the question, 
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whether this might be the consequence of residual structure in the denatured state. We 

measured contact formation in the GdmCl-denatured state of HP35 at 5.0 °C (Fig. 3-5) 

and at 22.5 °C (Fig. 6A). In all cases contact formation in the unfolded state is described 

by a single exponential function. This points to a rapid equilibration of chain 

conformations in the denatured state ensemble [35], much faster than the observed contact 

formation processes on the 100 ns timescale. The logarithms of the rate constants for 

contact formation, ln kc, depend linearly on the GdmCl concentration (Eq. 1). Even under 

conditions strongly favouring the native state (~ 80 % in 1 M GdmCl at 5.0 °C) no 

evidence for deviations from this behaviour was found. The GdmCl dependencies give mc 

values of ~ 500 J mol-1 M-1 (Tab. 1), which are identical to those obtained for unstructured 

model peptides [14]. Hence there is no evidence for specific residual structure present at 

low GdmCl concentrations. Also the rate constants can be directly compared to those 

obtained in model peptides by extrapolating to 0 M denaturant (kc
0, Eq. 1 and Tab. 1). 

End-to-end contact formation in poly(GlySer) and poly(Ser) depends on the number of 

peptide bonds between the labels N, scaling with kc ~ N -1.7 and kc ~ N -2.1, respectively [8]. 

End-to-end contact formation in HP35, probed with the variant Xan0-Nal35, is exactly as 

fast as expected from the data on poly(Ser) peptides (Fig. 6B). In the other three variants 

the labels are located in the interior of the chain. For model peptides it was found that N- 

and C-terminal extensions reduce kc up to factor of 2.5 [12]. When this effect is taken into 

account, the rate constants of contact formation between all donor-acceptor positions are 

comparable to those observed for unstructured poly(Ser) chains (Fig. 6B). 

 

Figure 6 
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Contact formation data for HP35 were also reported by Buscaglia et al., who measured 

the quenching of the tryptophan 23 triplet state by a cysteine added at position 0 [24]. The 

reported rate constants of triplet quenching are about 20-fold slower than the rate 

constants for contact formation we obtain for the identical positions using TTET 

(Xan0-Nal23). This can be attributed to the fact, that triplet quenching by cysteine is not 

fast enough to occur upon every encounter [36,37], i.e. the system is not diffusion 

controlled. In contrast, TTET gives absolute rate constants for contact formation, since 

the triplet state is transferred within ~ 1 ps after van der Waals contact has been 

established [10]. The absolute rate constants for contact formation reported in Table 1 

should be of great use for direct comparison with molecular dynamics simulations. 

 

For all variants temperature dependencies of the contact formation rates were measured in 

4 M GdmCl, which gave linear Arrhenius plots with activation energies of about 

28 kJ mol-1 (Tab. 1). These are apparent activation energies, since the temperature 

dependence of the solvent viscosity is not taken into account, which would amount to 

~ 15 kJ mol-1 [38] in the case of fully viscosity dependent reactions. Similar activation 

energies were observed for contact formation in unstructured peptides [13,39]. 

 

Contact formation in the HP35 variant Xan0-Nal35 was also investigated as a function of 

the urea concentration (data not shown). In contrast to GdmCl, urea is non-ionic and 

seems to be less efficient in disrupting hydrophobic clusters [3]. Also in the presence of 

urea, contact formation in the unfolded state is described by a single exponential function 

and ln kc depends linearly on the urea concentration. The rate constants of contact 

formation extrapolate to the same kc
0 as found with GdmCl (Tab. 1). The mc value for 

urea is 190 J mol 1 M-1. Similar values were found for urea interacting with hydrophobic 
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host-guest peptides [40]. Increasing the ionic strength by adding up to 500 mM NaCl did 

not affect contact formation in 8 M urea (data not shown). This indicates that the chain 

dynamics in the urea-denatured state are not directed by electrostatic effects. 

 

In summary, the dynamic properties of the denatured state ensemble of HP35 do not 

differ from unstructured peptides, a behaviour that is retained down to 1 M GdmCl. In 

contrast, Havlin and Tycko detected conformational preferences in ≥ 5 M GdmCl using 

solid-state NMR in frozen glycerol/water mixtures [41]. Our experiments further gave no 

indication for a general loss of tertiary contacts prior to loss of secondary structure, since 

the unfolding transitions probed by CD and contact formation agree well. Raleigh and 

coworkers could show that a fragment spanning the first two helices has a considerable 

bias towards helical structure and native side chain clustering [25,26]. These 

conformational propensities seem to be absent in the presence of low amounts of GdmCl 

or they do not significantly affect the dynamics in the denatured state, as contact 

formation along this region (Xan0-Nal23) and within this region (Xan7-Nal23) is 

comparable to the dynamics of unfolded model peptide chains. However, the observation 

that contact formation in HP35 does not differ significantly from contact formation in 

poly(Ser) does not exclude the presence of residual structure or a collapsed state. It rather 

indicates that the chain dynamics and hence the early stages of folding are not influenced 

in a specific manner. This is also demonstrated by the formation of the native-like contact 

between Xan0 and Nal35. These positions form very fast or instantaneous contact in the 

native state, but the denatured state dynamics are not faster than for the non-native 

contacts obtained for unstructured poly(Ser). We have therefore no evidence for biased 

dynamics or “mean native-like” topology in the denatured state, which was proposed 

from MD simulations [28]. 



E 18  l    10  Manuscripts 

 

Implications for Folding of HP35. 

HP35 attracted much interest since it belongs to the fastest folding proteins known [42]. 

The wild-type folds within a few microseconds and a variant has been reported, which 

folds with a time constant of 700 ns [20]. Ultrafast folding might be a consequence of 

residual structure in the unfolded state, a view that was supported by the fragment study 

of Raleigh [25,26]. However, as discussed above, the chain dynamics in the GdmCl- and 

urea-denatured state do not deviate from those in unstructured model peptides, even under 

conditions strongly favouring the native state, where folding is still very fast [20]. It is 

therefore unlikely, that specific residual structure or a collapse governs the folding 

process. This is in agreement with the observation that a drastic change of the 

hydrophobic core residues, which would be likely to affect residual structure as well, had 

not effect on the folding rate constant [21]. 

The N- and C-terminal regions, which are close to each other in the native state, form 

contact with a time constant of ~ 180 ns at 22.5 °C. This seems to be close to the folding 

time constant of 700 ns and might suggest that folding in this variant is already close to 

the speed limit. However, it should be noted that the conformational re-equilibration in 

unfolded HP35 itself, i.e. sampling of the free-energy surface, has to be significantly 

faster, since single exponential kinetics are observed. In addition, local contacts can be 

formed much faster than long-range contacts [7] and folding might proceed from local 

folding nuclei. 

 

The application of TTET to HP35, a small model protein, demonstrates the unique 

potential of the method to characterise dynamics in native states, intermediates or 

unfolded state ensembles in larger systems. 
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Material and Methods 

Synthesis, Labelling and Purification of the HP35 Variants. 

All HP35 variants were synthesized using standard 9-fluorenylmethyloxycarbonyl (Fmoc) 

chemistry on an Applied Biosystems 433A synthesizer. Couplings were performed with 

HBTU/HOBt or HATU on preloaded Tentagel S PHB-resin (Rapp Polymere). 

The xanthone derivative 9-oxoxanthene-2-carboxylic acid was synthesized according to 

Graham and Lewis [43], activated with PyBOP and coupled to a selectively deprotected 

amino functionality. This was either the N-terminal amino group, the ε-amino group of 

Lys7 or the β-amino group of an α,β-diaminopropionic acid incorporated at position 35. 

In the latter cases methyltrityl was used as orthogonal side chain protection group, which 

was selectively removed with 3 % (v/v) TFA in dichloromethane. Nal was incorporated 

via Fmoc-protected 1-naphthylalanine (Bachem). 

Final cleavage from the resin and deprotection of all other side chains was achieved with 

94/2/2/2 TFA/TIPS/phenole/H2O (v/v/v/v). All peptides were purified to > 95 % purity by 

preparative HPLC on a RP-8 column. Purity was checked by analytical HPLC and the 

identity verified by MALDI or ESI mass spectrometry. 

 

Sample Preparation and Characterisation by CD and NMR Spectroscopy. 

For all measurements 10 mM potassium phosphate buffer, pH 7.0 was used. The 

concentration of the HP35 variants was determined by the Xan absorption band at 343 nm 

(ε343= 3900 M-1 cm-1). GdmCl and urea concentrations were calculated from the refractive 

index [44]. 

CD measurements were performed on an Aviv DS62 spectropolarimeter at 5.0 ºC. Spectra 

were recorded with 50 µM HP35 in a 0.1 cm cuvette. Equilibrium unfolding transitions 
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were measured at 222 nm with 5 µM HP35 in a 1 cm cuvette and evaluated according to 

Santoro & Bolen [45]. 

Proton NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer at 

25.0 ºC and referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0.0 ppm. 

Details on two-dimensional spectra and assignments are given as Supporting Information. 

 

TTET Measurements and Data Evaluation. 

TTET was measured with an Applied Photophysics LKS.60 Laser Flash Photolysis 

Reaction Analyzer. Xan triplet states were generated with a 4 ns laser pulse at 355 nm 

(Nd:YAG, Quantel Brilliant) and the absorbance bands of the Xan and Nal triplets states 

were monitored at 590 nm and 420 nm respectively. The measurements were performed 

in degassed solutions at 5.0 °C or 22.5 °C with 50 µM HP35. At this concentration 

intermolecular TTET can be excluded, since the Xan triplet decay of 50 µM donor-only 

HP35 is unaffected by the presence of 50 µM acceptor-only HP35. 

For every experiment four Xan triplet decays were averaged and a sum of up to three 

exponential functions was used to describe the data. The signal intensity was corrected for 

small differences in peptide concentration. All fitting procedures were performed with 

ProFit (QuantumSoft) using a non-linear least-square method. 
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Figure Captions  

 

Figure 1. Ribbon diagrams of the donor-acceptor labelled villin headpiece subdomain 

(HP35) variants used to measure triplet-triplet energy transfer (TTET). The triplet donor 

xanthone (Xan) is shown in red, the triplet acceptor naphthalene (Nal) in blue. The 

models are based on the X-ray structure of HP35 [18] (PDB 1YRF) and were prepared 

using MolMol [46]. 

 

Figure 2. Structure and stability of HP35 Xan0-Nal23. (A) One-dimensional NMR 

spectrum in 5 % (v/v) D2O at 25.0 °C. (B) GdmCl-induced unfolding transition at 

5.0 °C monitored by CD at 222 nm. The line represents the fit of a two-state model with 

the data given in Table 1. In all experiments 10 mM potassium phosphate, pH 7.0 was 

used as buffer. 

 

Figure 3. TTET in the HP35 variant Xan0-Nal23 at 5.0 °C. (A) Representative decays 

of the Xan triplet absorption band (590 nm) at different GdmCl concentrations (violet to 

red: 1.0 M, 1.7 M, 2.1 M, 2.5 M, 3.0 M, 4.2 M). The intrinsic lifetime of Xan0 is 

represented by the donor-only decay (grey). In donor-acceptor labelled HP35 the triplet 

state decays faster at higher GdmCl concentrations, due to TTET upon contact 

formation in the denatured state. The solid lines show fits of double exponential 

functions, with the rate constants given in (B) and the normalized amplitudes in (C). 

The slow phase corresponds to the triplet lifetime of Xan0 in the native state (grey). In 

the denatured state contact formation between Xan0 and Nal23 (black) can be described 

according to Eq. 1 (line), the parameters are given in Table 1. For comparison the 

fraction of unfolded molecules obtained by CD (Fig. 2B) is shown in blue. 
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Figure 4. TTET in the HP35 variant Xan0-Nal35 at 5.0 °C. (A) Representative decays 

of the Xan triplet absorption band (590 nm) at different GdmCl concentrations (violet to 

red: 1.3 M, 2.2 M, 2.6 M, 4.2 M, 5.5 M, 7.4 M). The intrinsic lifetime of Xan0 is 

represented by the donor-only decay (grey). At low GdmCl concentrations amplitude is 

missing and fast TTET is observed. Upon unfolding with GdmCl, TTET becomes 

slower and the whole Xan triplet decay can be resolved. The solid lines show fits of 

double exponential functions with the rate constants given in (B) and the normalized 

amplitudes in (C). The phases reflect contact formation in the native state (green, closed 

symbols) and contact formation in the denatured state (black). An additional faster 

TTET process in the native state cannot be resolved, as amplitude is missing (green, 

open symbols). Contact formation in the denatured state is described by Eq. 1 (black 

line), the parameters are given in Table 1. For the native state contact formation the fit 

gives kc  = (2.9 ± 0.3)⋅107 s-1 and mc = (750 ± 140) J mol-1 M-1 (green line). For 

comparison the fraction of unfolded molecules obtained by CD (Fig. S1) is shown in 

blue. 

 

Figure 5. TTET in the HP35 variant Nal23-Xan35 at 5.0 °C. (A) Representative decays 

of the Xan triplet absorption band (590 nm) at different GdmCl concentrations (violet to 

red: 0 M, 1.3 M, 1.7 M, 2.7 M, 3.9 M, 6.2 M). The intrinsic lifetime of Xan35 is 

represented by the donor-only decay (grey). Efficient TTET is observed at all GdmCl 

concentrations, independent of whether HP35 is folded or not. (B) Rate constants 

obtained from the double or triple exponential fits and (C) the normalized amplitudes of 

the phases. Contact formation in the native state compromises two phases (red, green), 

the third phase can be attributed to contact formation in the denatured state (black). The 
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parameters for Eq. 1 describing the denatured state dynamics (line) are given in Table 1. 

The open symbols indicate that this rate constant was fixed for fitting the corresponding 

traces. For comparison the fraction of unfolded molecules obtained by CD (Fig. S1) is 

shown in blue. 

 

Figure 6. Contact formation in the denatured state of the HP35 variants Xan0-Nal23 

(orange), Xan7-Nal23 (green), Xan0-Nal35 (violet) and Nal23-Xan35 (brown) at 

22.5 °C. (A) GdmCl-dependencies of the rate constants for contact formation, kc, which 

can be described by Eq. 1 (parameters given in Table 1). (B) Comparison of kc with 

those determined for end-to-end contact formation in unstructured poly(Gly-Ser) and 

poly(Ser) peptide chains of different length [8]. Tails were found to slow down kc up to 

a factor of 2.5, indicated by the dotted line [12]. 
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Supporting Information 

1. Abbreviations of Chemicals 

2. CD and NMR Characterisation of Double-labelled HP35 Variants 

3. TTET Data on Xan7-Nal23 

 

1. Abbreviations of Chemicals 

GdmCl: guanidinium chloride; HATU: O-(7-azabenzotriazol-1-yl)-N,N,N',N'-

tetramethyluronium hexafluorophosphate; HBTU: O-(benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexafluoro-phosphate; HOBt: N-hydroxybenzotriazole; Nle: 

norleucine; PyBOP: (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluoro-

phosphate; TFA: trifluoroacetic acid; TIPS: tripropylsilane. 

 

2. CD and NMR Characterisation of Double-labelled HP35 Variants 

 

 
Figure S1. (A) Far-UV CD spectra of the HP35 variants Xan0-Nal23 (orange), 

Xan7-Nal23 (green), Xan0-Nal35 (violet) and Nal23-Xan35 (brown) at 5.0 °C. 

(B) GdmCl-induced unfolding equilibrium transitions at 5.0 °C monitored by CD at 

222 nm. The lines show fits of a two-state model, with the parameters given in 

Table 1. The slopes of the native baselines were assumed to be zero. For the 

measurements 10 mM potassium phosphate, pH 7.0 was used as buffer. 

 
The deviations observed for Xan0-Nal35 are likely due to contributions of Xan or Nal, 

which absorb strongly in this spectral region (ε ≈ 103 - 105 M-1 cm-1). In this variant they 

seem to sense an asymmetric environment. 
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Figure S2. One-dimensional 1H NMR spectra of Xan0-Nal35 and Nal23-Xan35 in 

5 % (v/v) D2O at 25.0 °C, pH 7.0. The spectrum of Xan0-Nal23 is shown in Fig. 2. 

The assignment of the amide protons of Ser2 and Asp3, of the aromatic side chain 

proton of Phe10 and of the Val9 methyl group protons was confirmed with 

NOESY spectra. See also Reference [15]. 
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3. TTET Data on Xan7-Nal23 
 

 
Figure S3. TTET in the HP35 variant Xan7-Nal23 at 5.0 °C. (A) Representative 

decays of the Xan triplet absorption band (590 nm) at different GdmCl 

concentrations (violet to red: 1.0 M, 1.3 M, 2.5 M, 3.2 M, 6.3 M). The intrinsic 

lifetime of Xan7 is represented by the donor-only decay (grey). In donor-acceptor 

labelled HP35 the triplet state decays faster at higher GdmCl concentrations, due to 

TTET upon contact formation in the denatured state. The solid lines show fits of 

double exponential functions with the rate constants given in (B) and the normalized 

amplitudes in (C). The slow phase reflects the triplet lifetime of Xan7 in the native 

state (grey). In the denatured state contact formation between Xan7 and Nal23 

(black) can be described according to Eq. 1 (line) with the parameters given in 

Table 1. For comparison the fraction of unfolded molecules obtained by CD 

(Fig. S1) is shown in blue. 


	Conformational Dynamics and Stability of Structured Peptides and Small Proteins
	Table of Contents
	1 Introduction
	1.1 Proteins and Protein Folding
	1.2 Elementary Steps in Protein Folding
	1.3 The Fibritin Foldon Domain as Model System for Oligomerisation
	1.4 The Villin Headpiece Subdomain as a Small Model Protein

	2 Aims of Research
	3 Summary of Work Ready for Submission
	3.1 Dynamics of α-Helical Peptides Probed by Triplet-Triplet Energy Transfer
	3.2 Thioamide Backbone Substitutions in α-Helices
	3.3 Structure and Dynamics of the Foldon Monomer
	3.4 Contact Formation Dynamics in the Villin Headpiece Subdomain

	4 Summary of Unpublished Results
	4.1 Dynamics in α-Helical Peptides of Different Length
	4.2 Peptide Model of the Foldon Hairpin
	4.3 Incorporation of Triplet Donor and Acceptor Labels via Cysteines

	5 Summary
	6 References
	7 Appendix
	8 Curriculum Vitae
	9 Acknowledgements
	10 Manuscripts
	A Local Conformational Dynamics in �α-Helices Measured by Fast Triplet Transfer
	B Temperature Dependence of Local Equilibrium Folding and Unfolding of an α-Helix
	C Effect of Thioxopeptide Bonds on α-Helix Structure and Stability
	D NMR Structure of a Monomeric Intermediate on the Evolutionarily Optimized Assembly Pathway of the Trimeric Foldon Domain
	E Conformational Dynamics in the Native and Denatured State of the Villin Headpiece Subdomain Measured by Triplet-Triplet Energy Transfer





