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1. Introduction 

“I was supposed to be a doctor. I realized what I really wanted to do was understand biologi-

cal systems, and the only way to do this was to do chemistry and physics. Because all of what 

goes on inside of us is governed by chemistry and physics.” 

Martin Karplus, Nobel Prize laureate in chemistry (2013)
1
  

A functional proteome is essential to all kinds of life. In the human body proteins undertake a 

huge variety of tasks including signal transduction, transport processes inside and outside of 

cells, catalysis of reactions and defense against pathogens. Many scientists from various dis-

ciplines like biology, chemistry, physics and medicine work together not only to get a better 

understanding of the functionality of proteins, but also to contingently control and manipulate 

them. This is of particular relevance as proteins with impaired function might be the cause for 

many human and faunal diseases. In turn, the functionality of a protein is often directly de-

termined by its three-dimensional structure. Recently several diseases rooted in misfolded 

proteins have increasingly come into the focus of science.
2-5

 These include Parkinson
6
 and 

Alzheimer
7
 which are attributed to the accumulation of pathogenic proteins in the human 

brain. Mutated versions of the Huntingtin protein that have an increased number of glutamine 

repeats evoke Chorea Huntington resulting in the death of brain cells.
8-9

 The Creutzfeldt–

Jakob disease is caused by misfolded proteins, so-called prions,
10

 as well as Bovine spongi-

form encephalopathy (BSE) occurring in cattle.
11

 It is therefore necessary to develop a deeper 

understanding of the factors and mechanisms responsible for the outbreak of those neuro-

degenerative diseases.
12

 This might contribute to the development of drugs which target the 

cause of the illness on the protein level. 

In order to find possible approaches for the prevention of misfolding, at first the fundamental 

principles of protein folding have to be understood. Which forces and interactions are in-

volved, which factors control the folding pathway and what might lead the folding process in 

a disadvantageous direction? Important answers to these questions can be found in experi-

ments monitoring folding dynamics. These are often conducted in vitro to accurately control 

the experimental conditions, which is more difficult in the complex environment of a cell. In 

vitro systems can also be accessed more easily by methods which are able to monitor the very 

early steps of protein folding. As visualized in Figure 1, the development of secondary struc-

ture elements like α-helices and β-sheets is very important in these early stages. These small 

structural segments can act as nuclei for the formation of the whole structure of the protein
13-

14
 or they might assemble to result in the final folded conformation.

15-17
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Figure 1. Schematic representation of some of the many conformational states that can be 

adopted by polypeptide chains after release from the ribosome. In a non-pathological scenario 

the protein reaches its native conformation after adopting already partially folded states, as 

indicated by the red box. However, given certain unfavorable conditions, the protein instead 

might be driven into an aggregated structure. On the pathway to extended amyloidic fibrils 

often β-structured aggregates (black box) are involved. Taken from Chiti et al.
3
 with permis-

sion from Annual Reviews (license number: 4683691389860). 

The observation of such processes, which take place on time scale of some hundred nanosec-

onds to microseconds,
18

 requires the utilization of an appropriately sensitive and time-

resolved method. Infrared (IR) spectroscopy is a common and successful technique of molec-

ular spectroscopy, particularly for observing secondary structure elements.
19-21

 Both proper-

ties in thermodynamic equilibrium
20, 22

 as well as dynamic processes
23-24

 during folding can 

be monitored. In this study, IR spectroscopic techniques will be utilized to shed light on the 

influence of the smallest proteogenic subunits (up to single amino acids) upon the stability 

and folding mechanism of secondary structure elements.  
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2. Thesis Objectives 

The very early stages of protein folding, i.e. the formation of secondary structure elements, 

occur on a nanosecond to microsecond time scale,
17

 which is too fast to be covered with con-

ventional mixing or dilution experiments. However, pulsed laser techniques in combination 

with time-resolved IR spectroscopy allow the observation of these critical events. One funda-

mental part of this work was the modification and expansion of our home-built IR-laser spec-

trometer. Hereby, the most important changes affected both the laser used for the excitation of 

a temperature-jump (T-jump) as well as the probe laser. Moreover, a comparative study be-

tween different techniques for the generation of a perturbation (T-jump and pH-jump) was 

performed. Applied on the same peptide, poly-L-glutamic acid (PGA), the folding process 

triggered by a rapid release of caged protons was contrasted to the unfolding triggered by T-

jump. 

In the further course, the laser spectrometer was used to examine the folding properties of 

secondary structure elements. The focus hereby was on three-stranded anti-parallel β-sheet 

structures. β-Structures play an important role upon the generation of extended amyloidic fi-

brils (Figure 1), which are involved in a large number of neurodegenerative diseases.
4, 25

 In 

comparison to β-hairpins,
26-29

 three-stranded sheets are more akin to large extended β-sheets 

as the central strand is not H-bonded to the solvent. However, the generation of soluble, mon-

omeric β-structures in aqueous solution is intricate in the absence of the tertiary contacts oc-

curring in a protein. To stabilize the β-sheet structure, strong turn promoting sequences or 

aromatic interactions between the strands were introduced into the peptide sequence and their 

particular influence on the folding process was analyzed. It was also investigated whether not 

only the presence of aromatic interactions has an influence, but also their positioning. 

In many cases 
D
Pro – Gly sequences were used, which simultaneously provided a site-specific 

IR probe, as 
D
Pro forms a tertiary amide with its preceding amino acid. This allowed a differ-

entiation of the localized turn against the global β-sheet and disordered structure kinetics. 

However, due to their inherent nature, these probes were limited to the turn region. In order to 

offer site-selective probes for the individual strands, 
13

C=O isotope labels were introduced. 

The T-jump relaxation kinetics provided a sensitive measure to differentiate turn and sheet 

dynamics. Those differences in the kinetics enabled us to propose a possible folding mecha-

nism for these β-sheet structures. Coupling between separate probes within one peptide was 

also investigated. Alterations of the relaxation times at a specific frequency for multiply la-

beled variants in contrast to single labeled peptides showed the high sensitivity of isotopes as 

a site-specific probe. 

The thesis is structured as follows: The ensuing chapter 3 is tended to give an overview on the 

methods and model peptides used in this work. Chapter 3.1 will give an introduction to pro-

tein folding pathways and kinetics. In chapter 3.2 a description of the applied IR spectroscop-

ic techniques is given, first discussing the IR-spectroscopic characteristics of proteins and 

peptides as well as experiments in equilibrium (chapter 3.2.1), followed by laser-excited per-

turbation methods (chapter 3.2.2). Afterwards (chapter 3.3), peptide designs suitable to ap-

proach the issues addressed in this work will be discussed. Chapter 3.4 elucidates the benefits 

of modifying these sequences with isotopic labels. The possibilities and limits of other IR-

spectroscopic probes will also be discussed. Chapter 4 comprises all publications together 
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with a record of contributions of the authors. In chapter 4.1 both T-jump and pH-jump meas-

urements were conducted on PGA to evaluate if there are mechanistic differences or similari-

ties between the folding and unfolding process of an α-helical peptide. In the following publi-

cations attention is shifted to β-sheet structures, where the relative importance of turn versus 

intrastrand stability in β-sheet formation was evaluated (chapter 4.2). The role of aromatic 

crosslinks was pursued in chapter 4.3, where the stability and dynamics of a β-sheet depend-

ing on the placement and location of an aromatic interaction were studied. In chapter 4.4 iso-

topic labels were introduced into the structure, to obtain site-specific insight into the folding 

process. The complex interactions between various labels within one structure were investi-

gated in chapter 4.5. As an addition, chapter 4.6 contains a summary of the abstracts pub-

lished as conference proceedings. Chapter 5 concludes the work and highlights future applica-

tions and directions. A German summary is presented in chapter 6. 
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3. Thematic Background 

3.1. Protein Folding Pathways and Kinetics 

Evidence for a relation between the function of a protein and its structure was found as early 

as the first protein structures were solved.
30-31

 However, it was initially not possible to eluci-

date how the folding of a protein works. In order to carry out its biological function, an un-

folded polypeptide chain, as it is released from the ribosome, has to find its way into the na-

tive structure within an enormous conformational space. The number of possible 

conformations a protein can adopt was illustrated by Levinthal.
32-33

 If each bond connecting 

two amino acids has just three stable configurations, already a small protein of just 101 amino 

acids would have 3
100

 = 5 × 10
47

 possible conformations. Even if the protein is able to adopt a 

new configuration at a rate of 10
13

 per second, the time necessary to sample through these 

configurations would be 10
27

 years, what would exceed the age of the universe by far. In re-

ality, protein folding reactions take place on a time scale of a few milliseconds to several 

minutes and cannot be explained by randomly testing the huge number of possible confor-

mations. Already in 1954, Anfinsen used experiments on a ribonuclease to show the relation-

ship between the amino acid sequence and the spatial structure of the protein.
34

 A few years 

later, he demonstrated that the secondary and tertiary structure of a protein is determined by 

its primary structure.
35

 The native structure is stated as a unique, stable and accessible mini-

mum of the free energy.
36

 In agreement to these requirements, the folding energy landscape 

can be described as a funnel, which directs the folding process in the course of minimizing the 

energy of the system (Figure 2).
37-38

  

  

Figure 2. Protein folding funnel. The funnel-shaped free-energy surface describes possible 

conformations proteins might explore on their way from unfolded towards the native or an 

aggregated state. On their path, different intermediates with various secondary structure ele-

ments are adopted. Some of those partially folded states can be trapped kinetically, as they 

have to traverse free-energy barriers to reach a favorable downhill path (green arrow). If mul-

tiple molecules fold simultaneously in the same compartment, the formation of intermolecular 

contacts might be energetically favored resulting in the generation of aggregates (red arrow). 

Adapted from Hartl et al.
38

 with permission from the Nature Publishing Group (license num-

ber: 4683691391062). 
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As a result, not only a single path to the native structure exists, there are several possibilities 

to reach the free energy minimum from an arbitrary position on the folding funnel. Simulta-

neously, the conformational space is restricted in a way that the protein is driven into the 

global minimum of the potential energy surface relatively rapidly. Spontaneous folding of a 

protein follows a minimization of the free energy G. The change of G involves an enthalpic 

(ΔH) as well as an entropic (ΔS) component. If the sum of both contributions 

                 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆                 (1) 

results in a negative value (ΔG < 0), a folding reaction will occur. Oppositely, if ΔG > 0, de-

naturation takes place. In a physiological environment, ΔH is negative due to the favorable 

formation of H-bonds, van der Waals interactions or salt bridges. The entropic component can 

again be subdivided into two contributions, whereof one is associated with the increase of 

configurational freedom in the polypeptide chain (ΔScnf) and the other with the hydration of 

groups that become exposed upon unfolding (ΔShyd).
39

 Thus, the value of all contributions 

(ΔH, ΔScnf, ΔShyd) to the folding process is crucial. 

In virtue of the ruggedness of the folding funnel, the successive lowering of the free energy is 

slowed down by trapping the molecule in several local minima, which can be described as 

transient metastable conformations (Figure 2). If the protein is caught in this conformation not 

temporarily but permanently, such misfolding might have severe consequences for the organ-

ism as described above. The rate constant for the formation of either the native or a misfolded 

state k is determined by the magnitude of the energy barrier ∆𝐺# for the corresponding reac-

tion: 

                        𝑘 =
𝑘B𝑇

ℎ
exp (

−∆𝐺#

𝑅𝑇
)                 (2) 

where kB is the Boltzmann constant, h the Planck constant, T the absolute temperature and R 

the molar gas constant.
17, 40

 From a macroscopic point of view, protein folding kinetics often 

can be described as simple two-state transitions, where both folding and unfolding processes 

are monoexponential functions of time.
41-43

 However, additional complexity has been ob-

served for larger proteins with structural subdomains
44-45

 or for ultrafast folding domains ad-

hering to a downhill folding scenario.
46

 Such deviations hint the underlying complexity and 

emphasize the need for a detailed analysis of folding mechanisms. Various techniques includ-

ing nuclear magnetic resonance (NMR) spectroscopy,
47-49

  fluorescence spectroscopy,
50-51

 or 

atomic force microscopy (AFM)
52

  have been developed and are supported by computational 

methods.
53-55

 The investigation of the formation and stability of secondary structure elements, 

which was focused on in this study, can be accomplished particularly well with vibrational 

spectroscopy. 
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3.2. Infrared Spectroscopy 

The great importance of IR spectroscopy is based on the variety of possibilities for sample 

measurement and substance preparation as well as on the high information content of a spec-

trum, which can be used by both analytical and preparative scientists. It is based on the inter-

actions of an electromagnetic wave (EM) with the rotations and vibrations of molecules. 

Spectral information gained upon the absorption of specific frequencies allows for example 

drawing conclusions about the presence of certain functional groups or structural changes 

within a molecule. Inferences are not restricted to the observed molecule itself, also infor-

mation about its environment can be accessible.  

In order to interpret the informational content of the IR spectrum, an understanding of its 

physical principles is required. For a description of objects as small as atoms classical me-

chanics are not suited anymore, thus a quantum-mechanical approach has to be used, which 

results in discrete energy levels.
56

 To describe the motion processes in a molecule, simple 

physical models are employed, in which atoms are thought of as mass points held together by 

massless springs. The simplest case is a diatomic molecule, for which as a model the harmon-

ic oscillator is given as a first approximation, physically realized by a mass hanging from a 

spring. The energy levels of the vibrations of a molecule can be determined by solving the 

corresponding Schrödinger equation. In one dimension, in Cartesian coordinates this is given 

by  

                  �̂�𝛹(𝑥) = −
ℏ2

2µ

d2𝛹(𝑥)

d𝑥2
+

1

2
𝑘𝑥2𝛹(x) = 𝐸𝛹(𝑥) (3) 

where �̂� is the Hamiltonian operator, 𝛹(x) the wave function, 𝐸 the energy, ℏ the reduced 

Planck constant and 𝑘 the force constant. µ is the reduced mass of the point masses of the two 

atoms. In contrast to the classical harmonic oscillator the resulting vibrational energies 𝐸𝑛 

(eigenvalues) are quantized dependent on the vibrational quantum number 𝑛: 

                 𝐸𝑛 = (𝑛 +
1

2
) ℏ√

𝑘

µ
 

(4) 

𝑛 can take all natural numbers, including zero, what represents the ground state. The vibration 

can get excited to a higher state upon the absorption of radiation of the appropriate energy. 

According to the selection rules, which can be derived from the time-dependent Schrödinger 

equation, only transitions with Δn = ±1 are possible. An interaction between the molecule and 

EM radiation can only happen if the vibration is associated with a change in the dipole mo-

ment. These vibrational modes are called IR-active. If a dipole moment does not exist from 

the outset, then at least those oscillations can be excited, in which a dipole moment is created 

by antisymmetric shifting of the charge centers. Vibrations which are not associated with a 

change in dipole moment, like those of homonuclear diatomic molecules, are IR-inactive.  

In experimental spectra, effects are observed, that cannot be adequately described by a har-

monic oscillator. A better description of real molecules is given by an anharmonic potential 

like the Morse potential. Here the dissociation of the molecule for long distances is taken into 

account as well as the increasing repulsion of the nuclei for small distances. Consequently, 
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not only transitions between adjacent levels are allowed but also transitions to higher energy 

levels. As a result, overtone vibrations (Δn = ±2, ±3, …) can be observed, but are less likely 

than ground vibrations. Combination modes, linear combination of multiple normal modes, 

have also to be regarded as well as Fermi resonances.
56

 For a large molecule such as a protein, 

which has a vast number of normal modes – for example, an average yeast protein has more 

than 20000 normal modes of vibration
19, 57

 – this results in an complex IR spectrum, which 

has a high content of information. 

3.2.1. Biomolecular Spectroscopy 

Nowadays, numerous techniques for studies on the function and structure of proteins exist. 

While, for example, with X-ray crystallography
30, 58

 and NMR spectroscopy
47, 59

 protein struc-

tures can be obtained in atomic resolution, fluorescence
60

 and electron paramagnetic reso-

nance (EPR) spectroscopy
61-62

 are used for the investigation of intrinsically disordered pro-

teins (IDPs). IR spectroscopy offers another possibility that is particularly suitable for the 

analysis of secondary structures, as these structural elements give rise to characteristic bands. 

The sample can be analyzed in its native state and has not to be crystallized like for X-ray 

diffraction. The low photon energy of IR radiation provides another advantage, as it does not 

damage the sample. Although the spatial resolution cannot match high-resolution techniques 

like NMR or X-ray diffraction, site-specific probes can be utilized to differentiate the charac-

teristics of different segments of a large protein or peptide structure.
29, 63-66

 Depending on the 

method applied, also a very high time resolution can be possible.
64, 67-72

 IR spectra of proteins 

in mid-infrared (MIR) region contain contributions of both the peptide backbone as well as 

from the amino acids side chains.
19, 73

 For static Fourier-transform infrared (FTIR) absorption 

spectra the bandwidth, peak position and band intensity can yield information about the pro-

teins secondary structure, its molecular surrounding or the protonation state of its side 

chains.
22

 Time-resolved experiments can give further insight into processes during fold-

ing/unfolding,
29, 74

 reactions with other proteins or substrates
23

 or also photoreactions.
67

 

In the MIR region there are nine bands which can be attributed to peptide backbone vibra-

tions. They are called amide A-, amide B and amide I – VII bands and are arranged by de-

scending wavenumber (Figure 3). For this work the amide I band is of most significance as it 

is representative of secondary structure elements. In comparison to the amide II or amide III 

the interpretation is easier, as the amide I band can be attributed mostly to the C=O stretching 

vibration (~ 80 %) with minor contributions of the N–H bending vibration and the C–N 

stretching vibration (~10  % each).
75

 Additionally, certain amino acids have supplementary 

bands within this spectral region which could be used as localized spectroscopic probes. In 

this context, especially 
D
Proline has to be mentioned, which is forming a tertiary amide with 

its preceding amino acid. Since this unnatural amino acid in combination with glycine is able 

to promote the formation of β-structures (see chapter 3.3–3.4),
76-77

 it is of particular im-

portance for this work. 



9 

 

 

Figure 3. Vibrational modes of the amide group with a depiction of representative amide I 

modes. The table on the left contains all different types of amide modes found in proteins with 

an elucidation of the contributing vibrations. For structural analysis mainly the amide I band 

is used. Representative spectra of the most important secondary structure elements as acquired 

in D2O are shown on the right. Depicted are amide I’ (I’ indicates H–D exchanged) spectra of 

α-helical poly-L-glutamic acid (PGA, black curve) and a three-stranded β-sheet peptide in its 

folded (β-sheet, blue curve) as well in its unfolded (disordered structure, red) state. Table 

adapted from Susi
78

 with permission from Elsevier (license number 4683691012872). 

As Figure 3 demonstrates, different amide I band shapes are observed for individual second-

ary structure elements. In particular, for the antiparallel β-sheet structure a splitting of the 

band (1636 cm
-1

, 1678 cm
-1

) is observed. Due to the great importance of β-sheet structures for 

this work, possible explanations for this splitting will be detailed. Three different effects have 

to be considered:  

i) Through-bond coupling: Amide groups are linked together by chemical bonds, however, it 

was shown that couplings along the chemical bonds only have a minor effect on amide I vi-

brations and fail to explain the band splitting for β-sheets.
79

 

ii) Hydrogen bonding: Stronger hydrogen bonds correlate with a larger downshift of the am-

ide I band. While this can explain the downshift for large, aggregated β-structures up to 

1620 cm
-1

 as well as the upshift for helical structures, it has been pointed out that this cannot 

satisfyingly explain the band splitting for β-structures.
79-81

  

iii) Transition dipole coupling (TDC): In the TDC theory interactions between neighboring 

oscillating amide dipoles are taken into account, whereby the strength of the dipole couplings 

depends on the relative orientation and distance of the vibrating dipoles.
79-80, 82

 Two effects 

are predicted by TDC. Firstly, energy can be transferred from one oscillator to another leading 

to a delocalized excited state over a length of around 0.8 nm. Secondly, TDC can lead to a 

band splitting (exciton splitting), for example considering two interacting dipoles can vibrate 
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in- or out-of-phase, leading to two different energy levels (Figure 4a).
19

 The magnitude of the 

splitting depends on the orientation and distance of the interacting dipoles. In the case of larg-

er β-sheet systems TDC can explain the splitting of the amide I band into two components 

with a spectral distance of more than 70 cm
-1

.  The exciton splitting is also existent for other 

secondary structures, but much weaker.
19

 The quantity of the splitting can be determined by 

considering the potential energy 𝑉AB of the two coupled dipoles A and B:  

                      𝑉𝐴𝐵 =  
ℎ

8𝜋2𝑣

1

4𝜋𝜀r𝜀0

|〈𝜕µ/𝜕𝑞〉|2𝑋AB 
(5) 

where 𝑣 is the frequency of oscillation, 𝜀r is the dielectric constant, 𝜀0 is the dielectric con-

stant in the vacuum. 〈𝜕µ/𝜕𝑞〉 is the change of the dipole moment with the normal coordinate 

𝑞 at equilibrium position.
19

 The complicated dependence on the orientation of and the dis-

tance between the two oscillators is summed up in a geometrical factor:  

                      𝑋𝐴𝐵 =
(cos 𝛼 − 3 cos 𝛽 cos 𝛾)

𝑅3
 (6) 

with 𝛼 being the angle between the two transition dipole moments (TDM), 𝛽 and 𝛾 being the 

angles between the line joining the centres of the TDMs and either the TDM of oscillator A or 

B, 𝑅 is the distance between the centres of the TDMs (Figure 4b).
19

 Thus the absorbance 

bands for the coupled oscillator system are positioned at the wavenumbers 

                  �̃� = �̃�noIA ±
𝑉𝐴𝐵

ℎ𝑐
 = �̃�noIA ±  

1

8𝜋2𝑣𝑐

1

4𝜋𝜀r𝜀0

|〈𝜕µ/𝜕𝑞〉|2𝑋𝐴𝐵 (7) 

with �̃�noIA being the wavenumber in the absence of interaction. According to this equation, 

further consequences can be drawn. Due to the term 〈𝜕µ/𝜕𝑞〉 the splitting is larger the more 

the dipole moment changes with the vibration. Additionally, the splitting is also dependent on 

the geometrical factor 𝑋AB and thus on the relative orientation of the two oscillators.
19

 

 

Figure 4. a) Energy levels of two isolated oscillators A and B and of the coupled two-

oscillator system (AB). When the excitation energy is no longer localized on one oscillator, an 

exciton splitting of the two excited states (AB)1+ and (AB)1- is observed. b) Parameters used 

to define the geometrical factor 𝑿𝐀𝐁 for two oscillators A and B. Adapted from Barth et al.
19

 

with permission from Cambridge University press (license number: 4683691279641). 

Taken together, TDC has been applied successfully for explaining the experimental band 

shapes of β-sheets,
80, 82

 α-helices
83

 or even globular proteins.
84

 Nevertheless, it was also 

shown that TDC is only valid as long as the distance between the dipoles is larger than the 
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dipole length.
85-86

 Furthermore, a combination of TDC with the through-bond coupling and 

hydrogen bonding models can also provide very good agreement with experimental spectra.
87

 

The choice of solvent also impacts the spectrum. Studies on the amide I region are often con-

ducted in D2O, due to the strong absorption of H2O at 1645 cm
-1

.
88

 If a deuterated solvent is 

used, the amide N–H gets exchanged and the heavier mass of the deuteron in comparison to 

the proton shifts the vibrational frequency to lower wavenumbers (Equation 4), what is indi-

cated by an prime: amide I → amide I’. In particular, this applies for measurements in trans-

mission mode like the laser-excited time-resolved measurements that will be discussed in the 

next chapter. 

3.2.2. Time-Resolved Laser-Excited Perturbation Techniques 

A protein´s structure is influenced by thermodynamic parameters like pressure and tempera-

ture, but also by chemical denaturants, the pH value and salt concentration of a solution. Rap-

id changes of one of these parameters can enable kinetic folding studies. The determination of 

protein folding dynamics is often done by “stopped-flow” techniques, which are based on a 

fast mixing with reagents like urea capable of denaturing the protein. The usual dead time 

(time between the end of mixing the two solutions and the beginning of observation) of these 

techniques is about 1 – 10 ms, what is suitable for native protein structures but too slow to 

observe the formation of secondary structure elements occurring on a submillisecond time 

scale.
18

 Consequently, methods are needed which allow for a faster change of the experi-

mental parameters. Lasers are able to evoke perturbations on an adequately fast time scale, i.e. 

the release of chemical reagents
89

 or inducing a pH-jump.
90

 Of particular interest for this work 

is the possibility to generate a T-jump.
91

 

T-jump. Pioneering work on the field of fast T-jump methods was performed by Eigen and 

De Mayer, using the rapid discharge of a capacitor to produce Joule heating in conducting 

solutions.
92

 However, this approach was limited to a microsecond time scale. T-jumps on a 

nanosecond time scale became viable by the advent of pulsed, high power lasers.
93

 Here, the 

miniscule absorbance of most solvents at VIS/NIR wavelengths posed a problem, which was 

initially circumvented using dyes to absorb and redistribute laser energy.
94-95

 In turn, this can 

introduce complications with sample-dye interactions. This issue was bypassed by Flynn and 

coworkers who used Raman-shifted light of a Nd:YAG laser (1064 nm) to directly heat the 

solvent at 1909 nm,
96-97

 a concept that was subsequently used by several groups, including 

ours.
29, 51, 70, 98-102

 More recently, the emission of a Ho:YAG laser at 2090 nm was found to be 

suitable for the generation of a T-jump directly without the need for a Raman shifter.
103

  

For absorption studies of proteins in solution, the T-jump is generated by exciting an overtone 

stretching vibration of D2O (5080 cm
-1

/1969 nm).
88

 Excitation of the solvent takes places in a 

spectral region where the protein or peptide does not have any absorption bands to prevent 

undesired side effects. Furthermore the molar decadic extinction coefficient of the solvent is 

quite small (0.18 M
-1 

cm
-1

) at 5080 cm
-1

,
88

 preventing a temperature gradient in the direction 

of propagation of the excitation pulse. This reduces cavitation effects, that is the nucleation 

and growth of bubbles in the fluid medium, which obscure the evaluation, especially for early 

time scales.
104
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Although D2O has a smaller extinction coefficient in the amide I´ region than H2O, the ab-

sorbance change in this region upon an increase in temperature is still significant for D2O. 

Consequently, the contribution of the solvent to the detected kinetics is very large (Figure 5). 

For small β-sheet structures, at a peptide concentration of 10 mg/mL the absorbance change 

of the solvent is about 40 times stronger than for the peptide, even if peptide bands with large 

absorbance changes are monitored. For an accurate determination of the relaxation kinetics of 

the peptide, the contribution of solvent kinetics has to be evaluated very carefully. Due to 

nonexponential cooling of the solvent,
105

 fitting the relaxation with biexponential model
102

 

might not be accurate enough. Therefore both peptide and solvent were measured sequential-

ly. The solvent-only signal was scaled appropriately and subtracted from the peptide sample 

signal. A detailed analysis on different procedures for solvent subtraction is given in chapter 

4.2.2.6 (publication 2).
106

 

 

Figure 5. Representative transients after a T-jump. After a short laser puls (15 ns) at 2090 nm, 

the solvent (green) is heating up very rapidly, leading to an absorbance change of ~ 40 mOD. 

For the peptide sample (black), an additional change in absorbance can be observed as the 

peptide is unfolding. At a peptide concentration of 10 mg/mL the absorbance change of the 

peptide is much smaller (~ 1 mOD), even for the intense β-sheet band (~ 1630 cm
-1

) that is 

shown. Therefore the solvent signal was scaled and subtracted from the combined kinetics, 

resulting in the blue curve. The time range until 10 µs, in which relaxation kinetics of small 

secondary structure elements usually take place, is highlighted by the inset. The red line indi-

cates a monoexponential fit to the experimental data. Data before 300 ns was perturbed by 

cavitation interference and not included in the fit.  

It is also important to note, that the absorption of the bands used for excitation often is tem-

perature dependent. Therefore the absorbance change of the solvent at the respective wave-

length was referenced to the corresponding temperature dependent FTIR spectra to determine 

the magnitude of each jump.
106

 The magnitude of the T-jump can be adjusted by controlling 

the laser power using neutral density attenuators. 
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pH-jump. For the excitation of a pH-Jump by a photochemical release of caged protons ra-

diation at 266 nm is required. This is generated as the fourth harmonic of an Nd-YAG laser´s 

emission at 1064 nm. The UV pulses photochemically induce the photolysis of o-

nitrobenzaldehyde (oNBA) resulting in the formation of an o-nitrosobenzoic acid product, the 

release of protons and a persistent reduction of the pH.
90, 107-110

 The reaction mechanism has 

been studied in detail and is depicted in Figure 6.
110

 The magnitude of the pH-Jump can be 

estimated indirectly by calculating the number of protons released into the solution. Taking 

into account the quantum yield of the photon absorption and proton release the number of 

released protons is 25 % of the number of photons in each pulse (nph = 1.14×10
14

 photons for 

a pulse energy of 85 µJ).
90, 108, 111

 

 

 

Figure 6. Photolysis of oNBA after Donten and coworkers.
110

 After excitation at 266 nm o-

nitrobenzaldehyde is reacting to a keten with a time constant of 700 fs. The ketene afterwards 

transforms into the o-nitrobenzoic acid, which releases its proton leading to a reduction of pH.  

Setup development. A comprehensive description of the setup used for this thesis is given in 

publication 2 (chapter 4.2.2.6).
106

 As there have been some modifications, Figure 7 shows the 

complete laser setup in its current state. For a better understanding of the development of the 

setup, also parts that have been used in publications 1-3 (chapter 4.1–4.3) are shown. Basi-

cally, an IR spectrometer (red beam line) in conjuction with two lasers (blue, yellow and pur-

ple beam lines) for excitation is shown. The IR spectrometer tracks the absorbance changes 

after the laser excitation at a given frequency of interest. In publications 1-3 (chapter 4.1–4.3) 

a tunable quantum cascade laser (QCL)
112

 (Daylight Solutions Inc., U.S.A.) covering a spec-

tral range of 1580–1715 cm
-1

 (L2a in Fig. 7) was used as a light source. QCL´s offer a high 

tunability at narrow line widths (≤100 MHz) in combination with an energy output up to 

100 – 500 mW. The coherent emission of electronically pumped semiconductor lasers is gen-

erated by intersubband transitions in a repeated stack of multiple quantum well heterostruc-

tures.
113-114

 The accessible spectral range of this spectrometer was extended by using a MIR-

cat-QT laser system
115

 (Daylight Solutions Inc., U.S.A.). Within this laser system, four 

different QCL heads (L1-4 in Fig. 7) are available, enabling for example the analysis of 
13

C-

labeled carbonyl groups (publications 4-5 / chapter 4.4–5). The laser beam emitted by the 

QCL is enlarged by a reflecting telescope to allow for a better focusing at the sample location 

resulting in a beam diameter of 300 µm. The spot size is significantly smaller than for the 

exciting beams (~1 – 2 mm) allowing the observation of an utmost homogenously excited ar-

ea. Absorbance changes are monitored by a photovoltaic HgCdTe detector.
116
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Figure 7. Quantum cascade laser spectrometer combined with laser-excited perturbation 

techniques. A quantum cascade laser is used to monitor the relaxation kinetics (red beam line) 

initiated by a T-jump (excitation at 2090 nm, purple beam line) or by a photochemically in-

duced pH-jump (excitation at 266 nm, blue beam line). QCL: quantum cascade laser, usable 

are either a MIRcat-QT laser system with several laser heads (1-4) or a single-headed QCL 

(2a); LP: long pass filter; T: telescope; P: polarizer; MCT: photovoltaic HgCdTe detector; 

Ho:YAG: Q-switched Ho:YAG laser (pump pulse for the T-jump); FI: Faraday isolator; 

HWP: half wave plate; ND: neutral density attenuator; Ch: chopper; BS: beam splitter; L: 

focusing lenses for the pump pulse at 2090 nm; M: dichroic mirrors directly in front of the 

sample to allow an exact adjustment of pump pulses; Nd:YAG: Q-switched Nd:YAG laser 

(pump pulse for the pH-jump); BBO, KD ∗ P: non-linear crystals for fourth harmonic genera-

tion; WSB: wavelength separation box; RS: Raman shifter; PP: Pellin-Broca-Prisma; GP: 

glass plate; LUV: focusing lens for the 266 nm pump pulse.  

For the excitation of a pH-jump, a 5 ns UV light pump pulse at 266 nm is produced by a Q-

switched Nd:YAG laser (Surelite III, Continuum, Excel Technology, UK) equipped with a 

fourth harmonic generator (blue beam line). A wavelength separation box contains placed 

after the laser contains dichroic mirrors, that separate the fundamental emission at 1064 nm 

from higher harmonics. Alternatively, the 1064 nm pulses (yellow beam line) can be focused 

into a Raman shifter (a gas cell filled with H2) to create the Stokes line at 1909 nm. This setup 

was used in publications 2 (chapter 4.2) to create the T-jump, but was replaced a Ho:YAG 

laser
117

 (IPG Photonics Corporation, U.S.A.) for publications 1,3-5 (chapter 4.1,4.3-4.5). The 

Ho:YAG emission wavelength at 2090 nm (purple beam line) is directly suited for the genera-

tion of the T-jump,
103

 thereby bypassing unfavorable side effects generated by the Raman 
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shifter. On the one hand a much more homogenous beam profile without hot spots of high 

energy can be achieved, on the other hand also the pulse-to-pulse stability of the individual 

pulses is improved.
118

 For the both purple and yellow beam line, a Faraday isolator in combi-

nation with a half-wave plate (HWP) is used to prevent any reflections heading back into the 

laser. A chopper was synchronized with the pump laser to block alternate pulses resulting in 

an effective excitation repetition rate of 5 Hz. This allows both the relaxation of the sample 

back to the initial conditions (< 200 ms) before triggering a new excitation as well as the ac-

quisition of reference signals under identical conditions but with no pump light at the sample 

(𝐼0/1). By referencing the signal intensity 𝐼1/1 to 𝐼0/1, 𝐼0/0, which is the correction terms for 

dark current (intensity without excitation/without detection light), and 𝐼1/0 (intensity with 

excitation/without detection light) the transient absorption ∆𝐴 can be calculated. 

                                                      𝐴excited = − lg (
𝐼1/1−𝐼1/0

𝐼0 ) (8) 

                                                  𝐴not excited = − lg (
𝐼0/1−𝐼0/0

𝐼0 ) (9) 

                                     ∆𝐴 = 𝐴excited −  𝐴not excited = −lg (
𝐼1/1−𝐼1/0

𝐼0/1−𝐼0/0) (10) 

 

 

Usually about 2000 transients were averaged and processed using a MATLAB script.
106, 119-120

 

This script was also used to sort out transients distorted by cavitation effects.
104

 

Effects of different perturbation techniques. Laser pulses in these two perturbation experi-

ments can trigger different events. A system that can be studied with both techniques is poly-

L-glutamic acid.
90, 102

 For this homopolypeptide a reduction in pH leads to a folding reaction, 

as the repulsive force of the negatively charged side chains decreases in consequence to their 

protonation. In contrast, in T-jump experiments an unfolding of the α-helical structure is ob-

served. Whereas both T-jump and pH-jump studies have been conducted on PGA individual-

ly, in combination they have not been applied so far. This is of particular interest, as often 

conclusions about a folding mechanism are drawn from T-jump experiments, which in most 

cases (except for cold denatured proteins
121

) trigger an unfolding. Consequently, in publica-

tion 1 (chapter 4.1) a comparison between both of perturbation techniques was conducted, in 

order to evaluate, if the mechanism for helix folding and unfolding are similar to each 

other.
120

 Experimental parameters were chosen in a way that they end up in the same final 

conditions (pDfinal = 5.8, 𝑇final = 25 °C) for both experiments. Starting from different initial 

conditions small perturbations were applied (𝛥pD = − 0.2, 𝛥𝑇 = 6.6 °C) and the relaxation 

dynamics to the same final degree in helicity were monitored upon folding or unfolding. In 

both experiments the kinetics indeed were similar thus independent from the perturbation 

technique indicating the same mechanism for helix folding and unfolding.  

While publication 1 provides insight into the folding process of helical peptides, the ensuing 

chapters will mainly deal with β-structured peptides, which are at the center of this work.  
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3.3. Peptides as Models for Secondary Structure 

Small subunits of large proteins consisting of only one secondary structure element offer ac-

cess to the folding mechanisms of these structures in a relatively straightforward way. Artifi-

cially synthesized model peptides are popular objects of research, because their primary se-

quence can be modified quite easily during synthesis. In recent decades, especially α-helical 

peptides have been studied intensively. For homopolypeptides like poly-L-glutamic acid 

(PGA) 
102, 120, 122

 as well as for alanine based peptides
123-124

 relaxation times in the ns-µs re-

gion have been revealed. Even long peptides with bulky side chain have similar time con-

stants.
125

 

However, the observation of β-sheets turned out to be difficult for a long time, what is mainly 

rooted in their high propensity to aggregate.
126

 Furthermore, amino acids sequences which 

adopt a β-sheet structure within a protein often are not able to maintain their structure in 

aqueous solution. The stabilizing effect of tertiary contacts within a protein structure therefore 

must not be neglected.
127

 Nevertheless, with regard to the toxic impact of fibrillar aggregates 

in the context of neurodegenerative diseases
2, 6

 the study of β-sheets is of great interest. 

Moreover, β-hairpins as the smallest fragments of β-sheets are credited a very important role 

as nucleation spots during protein folding.
128-130

 

In 2001 Cochran et al. succeeded in the synthesis of several stable and monomeric β-

hairpins.
131

 The primary sequences of the “Trpzip” (tryptophan zipper) called models consist 

of only 12 – 16 amino acids. The most stable sequences are thereby stabilized by cross-strand 

aromatic Trp-Trp pairs, which form well-defined edge-to-face interactions (Figure 8).
27

  

 

Figure 8. Structure of the β-hairpin forming peptide Trpzip2.
131-132

 a) Schematic representa-

tion with the aromatic residues highlighted in red. Blue dotted lines represent H-bonds be-

tween the strands. b) Three-dimensional structure determined by NMR spectroscopy (PDB-

Code:1LE1), Trp residues highlighted in red. Cross-strand tryptophan pairs form well-defined 

edge-to-face interactions with less contact between adjacent tryptophan pairs. 

Due to their low propensity to aggregate even at high concentrations as well as the good solu-

bility in water these structures have been prime targets for spectroscopic investigations with 

NMR, Circular Dichroism (CD) and IR techniques.
131, 133-134

 Multiple groups including ours 

conducted time-resolved folding studies elucidating the role of aromatic residues for the fold-

ing mechanism.
27-29, 65, 72, 135-137

 The role of the turn forming residues has also been targeted.
26

 

In the case of the Trpzip2 peptide
131

 an Asn – Gly sequence is present which has minor turn 

promoting properties.
138

 However, there are other sequences which have much stronger struc-
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tural constrictions and favor the formation of a turn (and therefore also β-structures) very 

heavily. These include 
D
Pro-Gly sequences, which were used by the group of Gellman for the 

synthesis of a three-stranded antiparallel β-sheet.
76, 139-140

 Based on the two unnatural 
D
Pro 

residues present (one in each turn) this 20 amino acid peptide was called 
D
P

D
P (Figure 9).  

 

Figure 9. Schematic representation of 
D
P

D
P.

139
 The folding of this three-stranded antiparallel 

β-sheet peptide is initiated by the two highly constrained 
D
Pro – Gly turns. 

Independently from Gellman´s work Balaram et al. succeeded in the design of stable multi-

stranded β-sheets with 
D
Pro-Gly turns.

141-144
 However, due to the large proportion of apolar 

residues, these sequences needed to be dissolved in organic solvents or methanol/water mix-

tures. In water, invasion of the solvent results in a loss of cross-strand hydrogen bonds, alt-

hough the nucleating turns and hydrophobic clusters within the peptides remain intact.
144

 The 

stability and thermodynamic properties of three-stranded 
D
Pro-Gly systems have been studied 

with FTIR and CD spectroscopic techniques as well as with molecular dynamics (MD) simu-

lations.
70, 106, 145-147

 Folding dynamics experiments revealed a remarkably fast relaxation 

time.
70, 148

  

Another monomeric three-stranded β-sheet structure was developed by Serrano and cowork-

ers. The peptide named Betanova was described as a cooperative two-state folder.
149

 The 

group of Kelly identified the WW domain of the human Yes associated protein
150-151

 as one of 

the rare examples where an isolated domain remains as a monomeric β-sheet after being cut 

from the protein environment.
152

 Its extraordinary properties are assisted by the eponymous 

Trp-Trp interaction between residues 17 and 39.The multi-state folding mechanism of the 

WW domain has been studied intensively by Dyer and coworkers with laser-excited T-jump 

IR and fluorescence spectroscopy.
74, 153-156

 The wavelength dependent relaxation monitored 

by IR spectroscopy revealed three kinetic phases, with the fastest process corresponding to the 

relaxation kinetics of the turn of loop 1. The kinetics probing interstrand coupling across the 

sheet (~ 1634 cm
-1

) are dominated by the slower phase. While the second phase is on a similar 

microsecond time scale as for 
D
Pro-Gly systems

70, 106
 the slow phase (100 µs) is the tight 

packing of the side chains in the transition from the dry molten globule intermediate to the 

native structure.
74

 



18 

 

For a deeper elucidation of the importance of strand cohering effects in comparison turn pro-

moting residues in publication 2 (chapter 4.2) systems with different sheet-stabilizing effects 

were studied.
106

 The first one is the three-stranded β-sheet 
D
P

D
P (Figure 9), which has very 

rigid 
D
Pro-Gly turn sequences but no aromatic interactions between the strands. In contrast, 

the two-stranded β-hairpin WVYY–
D
P (SWTVE-

D
PG-KYTYK–NH2) has a contact between 

the aromatic Trp and Tyr residues as well as the stable 
D
Pro-Gly turn.  Finally, relaxation ki-

netics were also compared to the known relaxation times of the Trpzip variants which solely 

had aromatic interactions between the strands (WYWY, WYYW and YWWY).
27

. The contri-

butions of different forces to the nucleation of a β-sheet in the folding process were reflected 

by differences in the T-jump relaxation kinetics. The fast dynamics of 
D
P

D
P confirmed that 

hairpin formation nucleated by a turn is expected to be intrinsically rapid for a strong turn as 

the folding process is driven by local forces at the turn. The β-hairpin WVYY–
D
P revealed 

dynamics that were still on the submicrosecond time scale, but slower than those of 
D
P

D
P. For 

a hairpin with additional hydrophobic cross-strand interactions, the folding process needs to 

involve a hydrophobic collapse, resulting in a slower nucleation, as solvent molecules must be 

displaced, structural rearrangements occur, and interactions of the hydrophobic residues must 

be formed. If the hydrophobic interactions of the sheets are the main contributors to the stabi-

lization of a hairpin and the turn is weakly promoted, the hydrophobic collapse mediated dy-

namics lead to significantly slower folding, on a microsecond time scale. The weaker turn-

promoting sequence Asn-Gly does not enhance the strand-assisted folding. 

In a second study (publication 3, chapter 4.3) the impact of the presence and location of aro-

matic cross-strand interactions on a three-stranded structure was focused.
157

 Therefore a series 

of closely related peptide sequences was designed having an aromatic interaction either be-

tween the first and second strand, between the second and third strand or with no aromatic 

interaction at all. Structures of the three-stranded models were determined with NMR meth-

ods and temperature-dependent equilibrium studies were performed using CD and FTIR spec-

troscopic techniques. The equilibrium data showed that the presence of a direct cross-strand 

aromatic interaction does not automatically attribute to the thermal stability of the peptide like 

for the Trpzip hairpins, in contrast, it might even distort the structure of an otherwise folded 

peptide. Beside the three-stranded structures, also the respective constituent hairpins (forming 

either strands 1+2 or strands 2+3) were studied. Melting temperatures were found to be much 

higher for the N-terminal hairpins than for the C-terminal ones, while no significant impact of 

the aromatic interaction was found. Its larger impact on the three-stranded structures may be 

evident of a distortion caused by the aromatic contact in the alignment of the third strand. The 

effect on the conformational dynamics was studied with IR T-jump and revealed a high sensi-

tivity to the presence and the location of the aromatic cross-links. In agreement to the preced-

ing work (publication 2)
106

 aromatic contacts slow down the relaxation kinetics and the site-

specific impact seems to be related to the distance from the turn. The observed complexities 

suggest that the underlying mechanisms are multistate processes. To further evaluate kinetic 

mechanisms on the basis of individual amino acids, site-selective IR probes are needed. Iso-

tope labeling can provide such insight and its potential as well as that of other probes will be 

discussed in the following chapter.  
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3.4. Site-Specific IR-Spectroscopic Probes 

Although vibrational spectra are much more resolved than electronic and for example can 

contain information about secondary structures (publications 1–3), the contributions of single 

amides are generally unresolved, as the individual normal modes are coupled to each other 

(chapter 3.2.1). However, site-directed isotope-editing has turned out to be a powerful method 

for gaining specific insights on a residue level, thus it is a technique commonly used in IR 

spectroscopy. By a specific substitution of a 
12

C=O backbone atom with its stable 
13

C isotope 

the amide I’ vibrational frequency is shifted down. According to Equ. 4, the frequency of the 

particular vibrational mode depends on the masses of the atoms involved, correspondingly for 

an uncoupled C=O stretching vibration a downshift by 40 cm
-1

 is induced,
158

 so the respective 

oscillator can be distinguished from other amide I’ vibrations. Here the study of small β-sheet 

peptides as they were used for this thesis has the advantage of narrow amide I’ bandwidths, 

thus in comparison to larger proteins the shifted frequency can be detected more easily.  

The labeled mode reports on a specific residue located within the peptide. Introducing isotope 

labels into different peptide segments enables the structural characterization of each of those 

segments. The contributions of natural 
13

C can be neglected for small peptides as the natural 

abundance of 
13

C is 1.1%.
159

 The labeled residues can be introduced into the sequence rela-

tively easily during peptide synthesis on a solid phase. A further benefit of isotope labels is 

that the structure remains unaffected if just the mass of the atoms is altered. This might not be 

the case for other spectroscopic techniques which require the introduction of larger molecules 

like fluorophores in fluorescence techniques or spin labels in EPR. If the spectroscopic shift 

of solely the 
13

C=O label is not large enough, carbonyl groups can be labeled with 
13

C
 
=

18
O.

63, 

160-162
  

Other functional groups can also be used as probes for IR spectroscopy. For example the tri-

ple bonds of nitriles and azides appear in the region around 2100 – 2200 cm
-1

 which is other-

wise spectrally silent for peptides and proteins.
163

 Certain derivatives of the canonical amino 

acids like L-azidohomoalanine (Aha) can be introduced into peptides via solid phase synthesis 

or fed to cultured cells and incorporated into proteins during active protein synthesis.
164

 

Moreover, prolines form tertiary amides with their preceding amino acid (Xxx – Pro) which 

give rise to a unique band at ~ 1610 cm
-1

.
77, 165

 This is of particular interest for this work, as 

most of the β-sheet peptides investigated contain a 
D
Pro-Gly turn. Therefore, a residue ensur-

ing the β-sheet character of the peptide simultaneously can be used as a spectroscopic probe. 

This was utilized in the publications 2 – 4 (chapters 4.2 – 4).
106, 157, 166

 In each of these three 

cases the FTIR spectra clearly showed the Xxx-
D
Pro band as a shoulder to the β-sheet band. 

However, for the 
D
P

D
P the relaxation dynamics did not show a significant difference to over-

all β-strands components.
106

 This was also the case for the hairpins in publication 3
157

 but not 

for the three-stranded structures, albeit the overall trends are the same. The differences in turn 

dynamics for the three-stranded structures were correlated to less well-defined turns observed 

also in the NMR structures.
157

 As each of the turns contains the 
D
Pro-Gly sequence, the Xxx –

 
D
Pro band monitors both turns simultaneously. To probe each turn or strand individually site-

selective isotopic labeling has to be performed.  

This approach was pursued in publication 4 (chapter 4.4) where 
13

C=O-labeled amides were 

incorporated at five representative positions.
106

 As peptide sequence the best folded structure 
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of publication 3
157

 was chosen (SVKFITS-pG-KTYTEV-pG-TKTLQE-NH2, where p de-

notes 
D
Pro). To simplify the notation, here this peptide is 

referred to as pG2, as it contains 2 
D
Pro-Gly (pG) turns. 

Thus pG2-5X (labeled on residue 5) and pG2-21X are 

labeled on the first and third strand, respectively, pG2-9X 

and pG2-17X on the glycine residues of the corresponding 

turn (Figure 10). pG2-15X is likewise able to discriminate 

between the turns with Val15 next to the second turn la-

beled. Labeling this tertiary amide leads to a shift down to 

1568 cm
-1

. Concurrently the unlabeled tertiary amide 

next to the first turn stays at ~ 1612 cm
-1

, resulting in a 

total number of 6 separately examinable residues (Figure 

10). The alternative turn labels provided a control for the 

glycine labeled variants. Indeed, it was found that the 

labeled mode of pG2-15X relaxes very similarly to the 

1590 cm
-1

 band of pG-17X. The variants which solely 

monitor the first turn were both found to have a significantly slower relaxation. Placing 
13

C=O labels on specific in-strand residues gave shifted modes that overlap the Xxx – 
D
Pro 

amide I′ modes at ~ 1612 cm
-1

. Density functional theory (DFT) computations were employed 

by our collaborators to show that the local, isotope-selected vibrations were effectively un-

coupled from the other amide I’ modes. Thus their impact could be separated from the turn 

dynamics by a novel difference transient analysis approach. The N-terminal first strand has 

dynamics similar to the second turn. The C-terminal third strand shows the fastest relaxation, 

what adds to the picture created by the NMR results of this strand being very flexible. Moreo-

ver, this interpretation is strengthened by MD simulations showing H-bonds to be better 

formed between strands 1 and 2 than between strands 2 and 3. The MD trajectories also indi-

cated the turns to be bistable, with the first turn being type I′ and the second turn flipping from 

I′ to II′. On the basis of our data, we proposed a folding mechanism for this three-stranded 

sheet model. Structure formation progresses from the rigid turns, with turn 1 forming more 

easily and probably faster than turn 2. Strands 1 and 2 align on a similar time scale like the 

second turn, while the loose hairpin of strands 2 and 3 is formed last (Figure 11). This is in 

contrast to the hydrophobic collapse driven Trpzip peptides 
27, 72, 131

 and might result of from 

the structurally strongly constrained 
D
Pro – Gly sequences. In order to better mimic biological-

ly systems, folding of the β-structure should be dominated less by the turns. 

 

Figure 11. Proposed folding mechanism for pG2. Folding is driven by the rigid 
D
Pro – Gly 

turn sequences forming the turns. Turn 1 is particularly stable and formed first, followed by 

turn 2. Strands 1 and 2 align on a similar time scale like the second turn, while the hairpin of 

strands 2 and 3 is formed last. 

Figure 10. Representation of the 

three-stranded structure. Residues 

which were individually examina-

ble (by using tertiary amides 

and/or isotopic labeling) are indi-

cated as red spheres. 
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In the fifth project
i
 (chapter 4.5) the 

D
Pro-Gly turn sequences were replaced with Aib – Gly 

(Aib is short for α-aminoisobutyric acid).
167-169

 These turn promoting sequences can relieve 

some of the conformational constraints in the turns and eliminate spectral overlap of 
13

C=O 

labeled peptide modes with those of the Xxx – 
D
Pro peptide link. The ensemble of the best-fit 

NMR structures showed a more-or-less continuous variation between two extrema for the 

Aib-Gly turn. ϕ,ψ torsions did not show the flipping observed for the 
D
Pro – Gly turns.

166
 Fur-

thermore, the NMR results indicate a strong twist and disorder at the termini. This addresses 

the main focus of this investigation, which is the complex interactions between multiple la-

beled oscillators in a real, non-ideal β-structure. Coupling between different oscillators de-

pends strongly on their orientation (Figure 4). In order to assess the impact of this effect, pep-

tide variants with one, two or three 
13

C=O labels were synthesized. Contrary to expectations 

based on simpler hairpin models,
167-168, 170-171

 multiple labels yielded resolved IR bands occur-

ring at about the same frequencies as for single labeled variants. Whereas equilibrium FTIR 

spectra provided little evidence of the impact of coupling, the T-jump induced relaxation dy-

namics showed an enhanced sensitivity to even this weak coupling. Relative to the corre-

sponding single labeled variants, a significant alteration of the relaxation times probed for a 

labeled oscillator (at one wavenumber) was evoked by the introduction of additional 
13

C=O 

labels. Similarly, the introduction of isotopic labels also had an influence on the kinetics of 

the global β-sheet and disordered kinetics. The removal of the contribution of a distinct oscil-

lator by down-shifting its vibrational frequency alters the apparent relaxation time of the re-

maining 
12

C carbonyls in the opposite direction (Figure 12), suggestive of an additive interac-

tion.  

 

Figure 12. Impact of the removal of one oscillator (single labeled variants) on global β-sheet 

and disordered dynamics. The size of the column indicates the relaxation time measured at the 

corresponding probe frequency (black: 
13

C-labeled modes, blue: β-sheet, red: disordered 

structure). The various labels have different contributions to the globally observed kinetics, as 

indicated by the change to the dashed boxes. On the one hand, labeling an oscillator on the 

less well-structured third strand mainly changes the disordered kinetics, the β-sheet kinetics 

are hardly affected. On the other hand, labeling the first strand has a stronger impact on the β-

sheet. 

The influence on β-sheet or disordered kinetics is related to the degree of folding for the cor-

responding residue as seen in the NMR structures or MD simulations. Whereas isotopic sub-

                                                 
i Manuscript submitted 
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stitution of a residue in the less well ordered third strand does change the kinetics observed 

for the disordered structure, it hardly has any effect on the β-sheet kinetics. For the more or-

dered strand 1 the impact on β-sheet kinetics is larger. It has also to be noted that significant 

differences in relaxation time could be observed for residues which are directly neighbored  

once more demonstrating the sensitivity of isotopic labeling. 

The Results, which here have only briefly been put into scientific context, are detailed in the 

ensuing chapter within the full text of the publications.  
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4. Author Contributions and Full Text of Publications 

4.1. Publication 1: Biomolecular Dynamics Studied with IR-Spectroscopy 

Using Quantum Cascade Lasers Combined With Nanosecond 

Perturbation Techniques 

Alexander Popp
ii
, David Scheerer

ii
, Benjamin Heck and Karin Hauser; Spectrochimica Acta 

Part A: Molecular and Biomolecular Spectroscopy 2017, 181, 192–199; DOI: 

10.1016/j.saa.2017.03.053 (Reproduced according to the Elsevier business policy for non-

commercial use) 

4.1.1. Author Contributions 

David Scheerer did parts of the premising FTIR equilibrium studies, the preparation and anal-

ysis of the CD experiments and T-jump experiments, helped with the pH-jump experiments 

and writing of the original draft and contributed major parts to the visualization and revision 

of the paper. Alexander Popp performed preparative FTIR studies for the pH-jump experi-

ments, which he also carried out. He also wrote the MATLAB script for the evaluation of the 

kinetic experiments and the initial draft of the manuscript. Moreover, he contributed to the 

visualization. The CD measurements were performed by Benjamin Heck. Karin Hauser creat-

ed the outline and supervised the project, acquired funding and contributed significantly to the 

writing of the original draft as well as its editing. All authors have given approval to the final 

version of the manuscript. 

4.1.2. Full Text of Paper 

4.1.2.1. Abstract 

Early events of protein folding can be 

studied with fast perturbation techniques 

triggering non-equilibrium relaxation dy-

namics. A nanosecond laser-excited pH-

jump or temperature-jump (T-jump) was 

applied to initiate helix folding or unfold-

ing of poly-L-glutamic acid (PGA). PGA 

is a homopolypeptide with titratable car-

boxyl side-chains whose protonation de-

gree determines the PGA conformation. A pH-jump was realized by the photochemical re-

lease of protons and induces PGA folding due to protonation of the side-chains. Otherwise, 

the helical conformation can be unfolded by a T-jump. We operated under conditions where 

PGA does not aggregate and temperature and pH are the regulatory properties of its confor-

mation. The experiments were performed in such a manner that the folding/unfolding jump 

proceeded to the same PGA conformation. We quantified the increase/ decrease in helicity 

                                                 
ii These authors contributed equally 
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induced by the pH-/T-jump and demonstrated that the T-jump results in a relatively small 

change in helical content in contrast to the pH-jump. This is caused by the strong pH-

dependence of the PGA conformation. The conformational changes were detected by time-

resolved single wavelength IR-spectroscopy using quantum cascade lasers (QCL). We could 

independently observe the kinetics for α-helix folding and unfolding in PGA by using differ-

ent perturbation techniques and demonstrate the high sensitivity of time-resolved IR-

spectroscopy to study protein folding mechanisms. 

4.1.2.2. Introduction 

Understanding the molecular mechanisms of protein folding is of fundamental importance 

since misfolded proteins can lose their function or even cause diseases. Much of our 

knowledge has been derived from in vitro studies revealing that protein folding involves sev-

eral structural transitions including backbone ordering, hydrogen bond formation and side-

chains packing. These fundamental processes are difficult to observe with equilibrium meas-

urements and are better analyzed with perturbation techniques. Infrared (IR) spectroscopy is 

well established to investigate secondary structure formation and to gain insights into the mo-

lecular mechanisms of protein folding on all relevant time-scales. In order to observe early 

events in protein folding, submillisecond time-resolution and fast triggering methods are re-

quired. Pulsed laser-excitation can be used to generate fast jumps in temperature or in pH and 

to study relaxation dynamics of peptides and proteins.
89, 98

 

We built-up a quantum cascade laser based IR-spectrometer combined with a laser-excited 

temperature-jump (T-jump) or alternatively with a pH-jump for the fast (nanosecond) initia-

tion of non-equilibrium protein folding dynamics. The T-jump was induced by a Q-switched 

Ho:YAG laser pulse exciting the frequency of an overtone vibration of the solvent D2O. The 

change in water absorbance acts as an internal thermometer and is used to determine the mag-

nitude of the T-jump spectroscopically. The perturbation in a T-jump experiment is often 

small resulting in a transition of overlapping ensembles of states. However, even if the in-

duced conformational dynamics might be minor, T-jump studies can provide insights into 

protein folding mechanisms as we and others have shown. For example, we have probed dif-

ferences in relaxation dynamics on the basis of individual amino acids using site-specific la-

beling or mutations.
27, 29

 A larger perturbation might be induced by a pH-jump if titratable 

amino acid side-chains have a significant impact on the protein conformation. The pH-jump 

was induced photochemically by UV photolysis of o-nitrobenzaldehyde (oNBA) resulting in 

the formation of an o-nitrosobenzoic acid product, the release of protons and a persistent re-

duction of the pH.
90, 107-109

 The photoreaction of oNBA has been characterized in detail
107

 and 

is not infinitely fast, but the proton release occurs after a few tens of nanoseconds which lim-

its the time-resolution of the pH-jump experiment. The UV pulse was produced by a Q-

switched Nd:YAG laser equipped with a fourth harmonic generator. Since all experiments 

were performed in D2O, a “pD-jump” rather than a “pH-jump” was applied. However, we use 

the expression “pH-jump” when we refer to our triggering method in order to be consistent 

with the literature. IR folding studies commonly use the amide I band for secondary structure 

analysis (mainly C=O stretching vibration of the polypeptide backbone) and are performed 

with the solvent D2O instead of H2O since the strong absorbance of the OH bending vibration 

overlays the amide I region (1700 cm
−1 

– 1600 cm
−1

). Due to the isotope effect, the OD bend-

ing vibration is frequency-shifted to lower wavenumbers and the amide I band is called amide 
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I′. In our spectrometer setup we use a quantum cascade laser (QCL) as IR source. The QCL is 

tunable over the whole amide I′ region and conformational dynamics can be probed after per-

turbation at various single wavelengths. Poly-L-glutamic acid (PGA) is a homopolypeptide 

with solely titratable side-chains and an ideal model peptide to study helix formation. At neu-

tral pH, disordered (coil) conformation is favored due to the electrostatic Coulomb repulsion 

of the ionized side chains. At acidic pH, more side-chains of PGA are protonated and the frac-

tion of helical conformation increases. The conformation respectively the free energy of PGA 

depends on several factors, e.g. concentration, temperature, the ionic strength of the solvent 

and the number of titratable groups (chain length). Several T-jump
102, 172-173

 and pH-jump
90, 108

 

measurements on PGA have been carried out recently. These and other studies
122, 174-178

 ana-

lyzed the stability and folding mechanism of PGA including helix nucleation, H-bond for-

mation and helix propagation. The methods and measurement conditions differ among the 

studies and thus the conclusions about folding mechanisms are sometimes difficult to com-

pare. 

In this study, we compare the relaxation dynamics of PGA after a T-jump and after a pH-

jump. The T-jump shifts the new equilibrium to a conformation with less helical content upon 

thermal unfolding and at a constant pD. In the pH-jump experiment, the released protons neu-

tralize the carboxylate groups of the side-chains of the peptide that in turn folds into an α-

helix due to the diminished repulsive charges. Conformational dynamics were induced at a 

constant temperature towards an increased helical content. The starting conditions of both 

experiments were different, i.e. the initial temperature Ti in the T-jump experiment (pDf, Ti → 

Tf) and the initial pDi in the pH-jump experiment (Tf, pDi → pDf), but the magnitudes of the 

jumps were adjusted to proceed to the same final conditions (pDf, Tf). Thus, presumably the 

same final conformation was adopted by PGA after perturbation to the new equilibrium in 

both experiments as illustrated schematically in Fig. 1. We measured the relaxation times for 

the pH-induced folding and the temperature-induced unfolding towards equal PGA helicity 

and evaluated if there are mechanistic differences or similarities. Both, T-jump and pH-jump 

methods have been applied to PGA previously, however never in combination with each oth-

er.  

 

Fig. 1. Scheme illustrating the change in helicity of poly-L-glutamic acid (PGA) in depend-

ence of temperature and pD. Nanosecond perturbation techniques, a laser-excited T-jump or 

pH-jump, were applied to study relaxation dynamics. A pH-jump initiates α-helix folding 

whereas a T-jump induces unfolding of PGA. The parameters were chosen in that manner that 

both perturbation experiments proceed to the same final conformation. 
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4.1.2.3. Experimental section 

Sample preparation for IR measurements. Poly-L-glutamic acid sodium salt with an aver-

age degree of polymerization of 136 residues was obtained from Sigma-Aldrich and used 

without further purification. All IR experiments were performed in D2O as solvent using CaF2 

cells with a path length of 100 μm. The pH values were measured by a calibrated glass elec-

trode (BIOTRODE, Metrohm AG, Switzerland) and corrected by 0.4 in order to obtain the 

corresponding pD value.
179

 For pH-jump experiments, PGA was dissolved at a concentration 

of 2 mg/mL in a saturated solution of oNBA in D2O. Accordingly, the concentration of the 

protonatable glutamic acid side chains amounts to 13 mM. Before addition of PGA, the 

oNBA solution was filtered and the final oNBA concentration was measured by the absorb-

ance at λ = 266 nm leading to a value of c = 8 mM (using an extinction coefficient ε of 8300 

M
−1

 cm
−1

)
90

. An initial pD of 6 was adjusted by adding 0.1 M DCl to the PGA/oNBA/D2O 

solution. For T-jump measurements, a PGA concentration of c = 20 mg/mL in D2O was pre-

pared. As the sample has a basic pD directly after dissolving, addition of 0.1 M DCl was nec-

essary to obtain the desired pD value of 5.8. In order to reach the same (pH- and temperature-

dependent) PGA conformation with both perturbation techniques, the final temperature (Tf) 

and pD value (pDf) were chosen to be nearly identical, i.e. Tf = 25.6 °C at pD 5.8 after the T-

jump and pDf 5.8 at T = 24.9 °C after the pH-jump. 

CD measurements. CD measurements were carried out with a J815 spectrometer (JASCO). 

Data were recorded between 300 nm and 180 nm with a scanning speed of 200 nm/min and a 

digital integration time of 0.25 s. The spectral resolution was 1 nm. Final spectra were aver-

aged out of five scans, smoothed and a D2O background spectrum was subtracted. The tem-

perature was controlled by a regulated flow from a water bath (FL300, Julabo) through the 

cell holder. The measurements were carried out in Quartz cells (Starna) with 1 mm path 

length and at a concentration of 0.5 mg/mL. To adjust the desired pD value, deuterated sulfu-

ric acid (D2SO4) was used instead of DCl due to the strong absorbance of chloride ions at low 

wavelengths. According to Rohl et al.,
176

 the ellipticity recorded at 222 nm, 𝜃222, is assumed 

to be linearly related to the mean helix content 𝑓𝐻. The conversion of 𝜃222 to 𝑓𝐻 requires the 

knowledge of the base line ellipticities for the disordered (coil) conformation, 𝜃𝐶 , and for 𝜃𝐻, 

assumed for a completely folded α-helix, 

                                                           𝑓𝐻 = (𝜃222 − 𝜃𝐶)/(𝜃𝐻 − 𝜃𝐶)                                                    (1) 

𝜃𝐶  and 𝜃𝐻 are dependent on temperature and are given by the following expressions:
180

 

                                                                      𝜃𝐶 = 2220 − 53𝑇                                                             (2) 

                                                         𝜃𝐻 = (−44000 + 250𝑇)(1 − 3/𝑁𝑟)                                        (3) 

where 𝑇 is the temperature in °C and 𝑁𝑟 is the chain length in residues. The helix content 𝑓𝐻 

was set to zero when 𝜃222 values become positive and indicate a complete disordered confor-

mation. Errors which were mostly caused by uncertainties in the amount of added acid are 

estimated to be in the range ±4 % helix content for the pH-jump measurements. 
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Time-resolved IR measurements using a quantum cascade laser spectrometer. The quan-

tumcascade laser (QCL) spectrometer was described in detail previously [20] and the current 

setup is shown in Fig. 2. Briefly, the mid-IR single wavelength emission of the QCL (Day-

light Solutions Inc., U.S.A.) is used as cw probe source to monitor the relaxation dynamics. 

The tunable range lies between 1715 cm
−1

 and 1580 cm
−1

 and covers the whole amide I′ re-

gion. The QCL beam (Fig. 2, red beam line) is focused to a diameter of ~300 μm at the center 

of the excited volume. A photovoltaic HgCdTe detector (18MHz, KMPV11-1-J2, Kolmar 

Technologies, U.S.A.) was used to measure the transient changes in transmission. The signals 

were digitized and recorded by a transient recorder board with 16 bit resolution (Spectrum, 

Germany). 

 

Figure 2: Scheme of the quantum cascade laser spectrometer combined with laser-excited 

perturbation techniques. A quantum cascade laser is used to monitor the relaxation kinetics 

(red beam line) initiated by a T-jump (excitation at 2090 nm, purple beam line) or by a photo-

chemically induced pH-jump (excitation at 266 nm, blue beam line). QCL: quantum cascade 

laser tunable between 1715 – 1580 cm
-1

(IR probe laser); LP: long pass filter; T: telescope; A: 

attenuator; MCT: photovoltaic HgCdTe detector; Ho:YAG: Q-switched Ho:YAG laser (pump 

pulse for the T-jump);  FI: Faraday isolator; λ/2: λ/2 plate; ND: neutral density attenuator; Ch: 

chopper; BS: beamsplitter; L: focusing lenses for the pump pulse at 2090 nm; Nd:YAG: Q-

switched Nd:YAG laser (pump pulse for the pH-jump); BBO, KD*P: non-linear crystals for 

fourth harmonic generation; WSB: wavelength separation box; GP: glass plate; ND: neutral 

density attenuator; LUV: focusing lens for the 266 nm pump pulse. 

Laser-excited T-jump. Some modifications related to the T-jump excitation were made re-

cently in our spectrometer setup compared to a preceding description.
106

 The previously used 

combination of a Nd:YAG laser and a Raman-shifter was replaced by a Q-switched Ho:YAG 
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laser (IPG Photonics Corporation, U.S.A.) with an emission wavelength of 2090 nm. The 

Ho:YAG laser pulses excite directly (without need of Raman-shifting) an overtone vibration 

of D2O leading to a rapid temperature jump within the excited volume. The pulse duration is 

9 ns and the maximum pulse energy E = 14 mJ at 10 Hz repetition rate. A chopper was syn-

chronized with the pump laser for acquisition of reference signals without pump light result-

ing in a repetition rate of 5 Hz for the excitation of the sample. The spot size of the beam was 

adjusted by the use of lenses and dichroic mirrors to heat an area of about 2 mm in diameter in 

the center of the sample cell. To enable a homogeneous heating of the sample volume, the 

pump pulse is split by a 50:50 beam splitter into two counter-propagating beams. Different 

neutral density attenuators were used in order to adjust the magnitude of the temperature 

jump, in this study to ΔT = 6.6 °C. The final temperature was calculated at the respective 

wavenumber used for the T-jump measurement by referencing the temperature change to 

temperature-dependent FTIR spectra of the solvent D2O. The final temperature of the excited 

volume was 25.6 °C. The pD of the peptide sample was set to 5.8, corresponding to the final 

pD value in the pH-jump experiments. 

Laser-excited pH-jump. A 5 ns UV light pump pulse at 266 nm is produced by a Q-switched 

Nd:YAG laser equipped with a fourth harmonic generator as described previously.
106

 The 

pulse energy E= 85 μJ and spot size ~ 1 mm in diameter were adjusted by neutral density at-

tenuators and a UV focusing lens to ensure an appropriate proton release from oNBA to initi-

ate the folding of PGA, but also to prevent distortions and damage of the IR cell. As the pH-

jump experiment was performed in a non-reversible manner, the sample was placed in a flow-

through IR cell. In this experiment the repetition rate of the pump laser was set to 10 Hz. The 

sample was pumped through the cell by use of a peristaltic pump and the pumping velocity 

was adjusted in the way that the bleached volume was removed from the probed volume just 

before the next excitation pulse. The excited volume remained undisplaced for at least 1 ms as 

long as the relaxation kinetics were monitored. A small temperature jump of ~ 1 °C was iden-

tified in the recorded transients caused by the heating of the 266 nm excitation pulses. It was 

monitored by a negative change in the transient absorbance spectra ΔA directly after the exci-

tation pulse. This absorbance change is attributed to the change in the sample temperature and 

it was quantified by reference measurements of oNBA in D2O in the absence of PGA. Ac-

cordingly, the final sample temperature for the pH-jump measurements including this heating 

was T = 24.9 °C. The pH-jump was estimated indirectly by calculating the number of released 

protons into the solution. One laser pulse consists of nph = 1.14ˑ10
14

 photons. Due to the quan-

tum yield of the photon absorption and proton release by oNBA, the number of released pro-

tons is 
1

4
 nph = 2.85ˑ10

13
.
90, 108, 111

 As the number of protonatable side chains of PGA in the 

excited volume is 6.4·10
14

 (c = 2 mg/mL and 𝑉ex = 0.0785 μL) only a small part of the side 

chains, 4.5 %, is additionally protonated. From this change in protonation, the corresponding 

pH-jump can be calculated. For the initial pD of 6.0 and using Table 1, the final pDf after the 

pH-jump was determined to be 5.8. 

Data evaluation. In both experiments, pH-jump and T-jump, the solvent and peptide sample 

were measured separately in a refillable IR cell. This has the advantage of highly reproducible 

measurement conditions, e.g. the path length and the positioning of the IR cell in respect to 

the overlap adjustment of the pump and probe beams in the excited sample volume, what 
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leads to a more reliable subtraction of the solvent from the peptide kinetics. Several thousands 

of transients were collected and processed using an in-house developed software filter 

(MATLAB software) to increase the data quality by discarding those transients distorted by 

cavitation. About 900 transients for the T-jump and 1200 transients for the pH-jump were 

averaged. The solvent signal subtraction is an important step which has to be performed care-

fully. As PGA does not show any millisecond kinetics its transient signal reaches a final value 

in this time region. The solvent signal (~1000 transients, for both T-jump and pH-jump) was 

scaled appropriately and subtracted from the peptide/ solvent mixture signal. The solvent-

corrected transients were further subjected to averaging, so that an equal number of points (20 

points per decade) were distributed in each time decade. This quasilogarithmic averaging pro-

cedure leads to a significant reduction of noise and signal distortions (Fig. 3). Furthermore, 

the weighting of the data points in every decade is evenly distributed and the data points at 

early time scale are not underrepresented in the fit procedure, as it is often the case with linear 

data recording. The method ensures a more reliable data fitting of transient spectra on a loga-

rithmic time scale. After evaluation of several fit functions, the transients of PGA at 

1630 cm
−1

 were fitted by a biexponential function 

                                                        𝛥𝐴 = 𝐴0 + 𝐴1𝑒
−

𝑡
𝜏1 + 𝐴2𝑒

−
𝑡

𝜏2                                                        (4) 

and in the time interval between 340 ns and 1 ms. 

 

Fig. 3: Quasi-logarithmic averaging. A comparison of the raw data with previous solvent sub-

traction is shown before and after a quasi-logarithmic averaging with N = 20 points per dec-

ade. A significant reduction of the noise amplitude is achieved and the data points at early 

time scale are not underrepresented in the fit procedure.  
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4.1.2.4. Results and discussion 

Helical content in dependence of temperature and pH. CD measurements of PGA have 

been performed in dependence of temperature (at a pD of 5.8) as well as in dependence of pD 

(at T = 25 °C) in order to determine the helical content. The titration data for PGA are the 

cornerstone for the design of the kinetic pH-jump experiments since they provide the correla-

tion between pD, side chain protonation and helicity of PGA. Accordingly, an exactly known 

amount of PGA was titrated with D2SO4. The pD was measured as a function of the added 

titrant starting from pD 8.3 down to pD 4.1. No additional buffers were present in the solu-

tion, therefore a 1:1 neutralization reaction between D2SO4 and PGA was assumed neglecting 

the minimal presence of hydroxyl groups at the initial pD and of free protons at pD 4.1. 

Table 1: Helical content (𝑓𝐻) and protonation degree of PGA in dependence of pD (at 

T = 25 °C). 

Degree of protonation pD Θ222 [deg cm
-2

 dmol
-1

] fH [%] 

0% 8.3 4.81E + 05 0 

10% 7.6 3.86E + 05 0 

20% 7.2 3.67E + 05 0 

30% 6.9 2.22E + 05 0 

40% 6.7 2.76E + 03 0 

50% 6.4 -1.71E + 05 4.4 

60% 6.3 -5.88E + 05 14.9 

65% 6.2 -1.75E + 06 44.4 

70% 5.9 -2.56E + 06 64.8 

75% 5.7 -3.66E + 06 92.8 

80% 5.2 -3.75E + 06 94.9 

90% 4.8 -4.09E + 06 103.5 

100% 4.1 (-3.59E + 06) (91) 

 

Table 1 depicts the helical content of PGA (𝑓𝐻) in dependence of the degree of protonation at 

a temperature of 25 °C. The helix content was determined by the CD signal at 222 nm as de-

scribed in the Experimental section and 𝑓𝐻 was set to zero for positive values of 𝜃222 which 

indicate a complete disordered conformation.
176

 A threshold of about 40 % protonation was 

observed before folding starts. Above 80 % protonation, the peptide adopts an almost com-

plete helical structure. However, the strongly protonated PGA molecules also tend to aggre-

gate due to the loss of the electrostatic repulsion. Aggregation is indicated for pD 4.1 since the 

continuous decrease in band intensity at 222 nm upon lowering the pH is interrupted and the 

intensity increases again between pD 4.8 and 4.1 (Table 1). In addition, at pD 4.1, the relative 

intensity of the band at 222 nm is increased in comparison to the band at 208 nm in contrast to 

all other pD values (data not shown) what was interpreted as evidence for aggregation.
181

 

Thus the data point at pD 4.1 was disregarded for the fit in the helix content (Fig. 4, blue 

curve). The sigmoidal shape of the curve was described by a Boltzmann function with an in-

flection point at 66 % protonation what corresponds to a pD of 6.1. The initial pD was chosen 

to be close to the inflection point and set to 6.0 in the pH-jump experiment. As pointed out in 

the Experimental Section, the pH-jump increases the protonation of the side chains of about 

4.5 %. This change in protonation leads to an increase in helix content from 60 % to 80 %. 
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With the quantification of  20 % helicity change, the magnitude of the pH-jump can be de-

rived from the calibration curve. A pH-jump of ΔpD = -0.2 was determined leading to the 

final value pDf  5.8. For comparison with the T-jump experiment, thermal unfolding of PGA 

at pDf  5.8 was also monitored (Fig. 4, red curve). Due to the repulsion of negatively charged 

glutamate groups at pD 5.8, PGA is not completely helical even at low temperatures about 

5 °C. The helix content decreases from 90 % to 31 % with increasing temperature. The ther-

mal unfolding transition is much broader than the pH induced folding transition under the 

chosen conditions. Therefore, a T-jump of 6.6 °C from Ti = 19 °C to Tf = 25.6 °C corresponds 

to an unfolding and loss of helicity of just 4 %. 

 

Figure 4: Temperature- and pD- dependent helix content of PGA. The thermal unfolding pro-

cess was monitored from 5 °C to 90 °C at pD 5.8 (red curve). Fitting the data yields a transi-

tion temperature of Tm = 44 °C. The applied T-jump corresponds to a change in helix content 

of about 4 %. The titration of PGA was carried out at 25 °C (blue curve). An increase in helix 

content of 20 % corresponds to a to a pH-jump of ∆pD of -0.2. The dotted line indicates that 

both perturbation experiments proceed to the same final PGA conformation with 80 % helix 

content. 

Kinetic studies and data evaluation. For a reliable interpretation of the kinetic data, the 

choice of an appropriate fit function is very important. Relaxation dynamics of PGA have 

previously been described with monoexponential,
102, 108, 182

 biexponential
90

 or stretched expo-

nential
172

 functions. We applied all these functions to our T-jump and pH-jump kinetic data in 

order to evaluate the best fit (Fig. 5). Compared to our previous PGA measurements
102

 where 

we applied a monoexponential fit function, we now have a much better data quality in particu-

lar due to a significantly reduced signal noise and the accessibility of an extended fit interval 
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including time points below 500 ns. Several efficient improvements were made in our spec-

trometer setup. One is the replacement of the previously used lead salt diodes
72

 by quantum 

cascade lasers.
106

 The power of the emission spectrum is increased by a factor of 100 – 1000 

resulting in a significantly better signal-to-noise of the data. In addition, QCLs are character-

ized by a continuous tunability of the IR modes in contrast to lead salt diodes which exhibited 

mode hopping and thereby restricting the accessibility of probe wavelengths. Furthermore, for 

excitation of the T-jump, the Nd:YAG/Raman shifter combination was replaced by a 

Ho:YAG laser. As has been shown recently, the Ho-YAG laser's fundamental wavelength can 

be used to excite the water overtone vibration directly without a Raman shifter.
103

 The 

Ho:YAG laser provides a much better shot-to-shot stability and beam profile quality com-

pared to the Raman shifted Nd:YAG laser. The non-linear processes in Raman shifting result 

in a non-uniform beam profile with hot spots and large shot-to-shot fluctuations. Thus the use 

of a Ho:YAG laser contributes significantly to improve the T-jump data since the T-jump 

magnitude is better defined and also the adjustment of the pump pulse with the probe beam 

can be performed more accurately. Due to the reduced distortions caused by the excitation, we 

could extend the evaluable data and thus the fit interval to earlier data points compared to 

previous studies,
102

 but also to later data points due to a different treatment of the water dy-

namics. In the preceding work
102

 we included the water cooling in a biexponential model to 

decompose the contributions from the water and the peptide, each represented by a mono-

exponential function. This is a decent approximation only for early time scales since the water 

dynamics becomes strongly non-exponential on longer time scales.
105

 Previously we used a 

fit-interval restricted up to 200 μs.
102

 Here, we subtracted the water dynamics by separate 

measurements and thus the water dynamics had not to be implemented in the fit model as be-

fore. A better data quality could also be achieved by the quasi-logarithmic averaging proce-

dure as described above. 

Fig. 5 shows the relaxation dynamics of PGA probed at 1630 cm
−1

 after the T-jump/pH-jump 

and the evaluation of the transients with various fit functions. Fig. 5a reveals that the decrease 

of α-helical content measured at 1630 cm
−1

 is only poorly described by a monoexponential 

function (dashed green line). This becomes also obvious in the corresponding residuals of the 

fits shown in the lower panels. In contrast, biexponential (red line) or stretched exponential 

(blue line) functions fit the experimental data well. However, for the stretched exponential 

function the stretching factor β strongly varies upon the evaluated fit interval (e.g. β = 0.44 for 

340 ns – 1 ms and β = 0.31 for 500 ns – 1 ms) and adapts values far below 1 indicating a heav-

ily stretched function. In contrast, the biexponential function is very robust and shows only 

marginal changes in the resulting relaxation times if the fit-interval is varied. A similar behav-

ior is observed for the pH-jump relaxation data (Fig. 5b). We concluded that a biexponential 

function is best-suited to describe our data. The relaxation times obtained for the T-jump and 

pH-jump measurements are given below.  
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Figure 5: Relaxation dynamics of PGA probed at 1630 cm
-1

 after laser-excited perturbation. 

The transients of PGA were fitted by a monoexponential (dashed green line), a biexponential 

(red line) and a stretched exponential function (blue line). Residuals of the fits are shown in 

the lower panels. a) T-jump and unfolding b) pH-jump and folding of PGA to the helical con-

tent of ~ 80 % at pD 5.8 and T ≈ 25°C.  

T-jump induced conformational dynamics. The T-jump experiment was performed in the 

amide I′ region at 1630 cm
−1

 reflecting the changes in the α-helical structure of PGA under 

the influence of the elevated temperature from 19 °C to 25.6 °C. The pD was adapted to 5.8, 

the final value in the pH-jump experiment. Under those conditions unfolding of PGA remains 

fully reversible and shows no signs of aggregation confirmed by FTIR-measurements (data 

not shown). The temperature-dependent FTIR measurements show an absorbance change ΔA 

~ 3.6 mOD at 1630 cm
−1

 upon temperature increase from 18.8 °C to 25.5 °C correlating well 

with ΔA ~ 3.4 mOD in our T-jump measurements (Fig. 5a). Thus the FTIR-measurements 

confirm our estimate of the T-jump magnitude. The applied T-jump induced a relatively small 

change in helicity decreasing from ~ 84 % to 80 % α-helical conformation (Fig. 4). Fig. 5a 

presents the relaxation kinetics for the decrease in helical content. The biexponential fit func-

tion yields one fast component τ1 = 548 ns with an amplitude of 1.71 mOD and a slow com-

ponent τ2 = 2.84 μs with an amplitude of 0.43 mOD. We could now resolve an additional ki-

netic step compared to our previous T-jump studies on PGA
102

 that were performed using lead 

salt diodes as IR source yielding a much poorer signal-to-noise as compared to the now used 

QCL. 

pH-jump induced conformational dynamics. The CD-calibration curve shown in Fig. 4 

indicates the steepest transition in the pD range between 6.5 and 5.5. Thus the initial pD value 

was chosen to be at pD 6.0. Despite the relatively small pH-jump of -0.2, the amplitude of the 

folding signal was high enough to monitor the growth of the α-helical content. The tempera-

ture was adjusted to T = 23.9 °C since the final sample temperature was elevated by ~1 °C 

due to the additional temperature jump which arises from the UV excitation beam as de-

scribed in the Experimental Section. Thus the pH-experiment was performed with a final 

temperature of Tf = 24.9 °C. The biexponential fit function yielded the time constants τ1 = 629 

ns with an amplitude of -1.91 mOD and τ2 = 3.00 μs with an amplitude of -0.2 mOD. The pH-
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jump induced an increase in helicity from ~ 60 % to ~ 80 % (Fig. 4). The helix unfolding due 

to the intrinsic T-jump is marginal and was neglected in the quantification of the helicity. The 

pH-jump experiment was not carried out in a double beam geometry (as it was the case for the 

T-jump experiment) and the estimated pH-jump amplitude is an average. The used oNBA 

concentration is relatively high and thus the strong absorbance at 266 nm will cause an inho-

mogeneity along the beam path since the pump beam intensity at the back face of the sample 

is significantly less than that at the front face. The beam inhomogeneity along the optical path 

contributes to the deviations from a monoexponential behavior observed here, however not to 

a sufficient extent. 

Comparison of both perturbation techniques. PGA is a well suited peptide model system 

to gain insights into the process of α-helix folding, a multi-step mechanism involving helix 

nucleation, hydrogen bond formation and helix propagation. The peptide is particularly chal-

lenging for pH-jump and T-jump measurements since both, pH and temperature are parame-

ters that control its conformation, but not in an independent manner. The pH determines the 

protonation degree of the PGA side chains and in turn the degree in helicity. Acidic pH is 

necessary for PGA helix folding and it can be reversibly unfolded and refolded by tempera-

ture in a certain pH range, but there are also pH/temperature conditions where it irreversibly 

aggregates.
102, 183

 Previous pH-jump studies of PGA revealed that helix nucleation occurs in 

less than 40 ns and that the folding kinetics depend on the initial fraction of helical residues
90

 

and peptide length/number of residues.
108

 Also T-jump studies have been performed and re-

laxation dynamics were observed with IR
102, 172

 and CD probing.
173, 182

 The absolute values 

and numbers of observed relaxation times depend on the experimental conditions used and it 

becomes obvious that PGA helix formation is a process with several kinetic steps. 

In the current study, we performed T-jump and pH-jump measurements on the same PGA 

sample and thus could directly compare the two perturbation techniques. We designed the 

experiments in that way that the same pD and temperature, and thus a comparable final con-

formation is captured at the new equilibrium. We assume that we operate under experimental 

conditions where the PGA conformation is only determined by the two parameters tempera-

ture and pH. One should note that the two excitation paths, one changing the temperature 

whereas the other changes the proton concentration, are not completely independent. For ex-

ample, the proton concentration depends on the pKa and the pKa is temperature-dependent. 

Thus a T-jump might result in a pH change. However, in the case of glutamic acid, the tem-

perature dependence of the pKa is very weak
184-185

 so that we assume to have a negligible T-

jump induced protonation change in our PGA studies. The starting conformations were differ-

ent, but both had a significant initial helix fraction, ~ 84 % for the T-jump experiment and 

~ 60 % for the pH-jump experiment. The change in helicity was much less upon T-jump un-

folding (4 %) than pH-jump folding (20 %) what can be explained by the strong pH-

dependence of this specific homopolypeptide with solely titratable side-chains. The observed 

transients were best described by a biexponential fit for both perturbation experiments. In 

comparison to our previous PGA T-jump study,
102

 we could now resolve an additional kinetic 

step due to the significant improvements in our spectrometer setup, resulting in a much higher 

data quality. The replacement of lead salt diodes by quantum cascade lasers was a crucial con-

tribution. Although the helicity change is significantly larger in the pH-jump than in the T-
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jump experiment, the time constants are only marginally slower and might be regarded as 

similar within the experimental error. 

As shown in Fig. 5, a biexponential function fits our data very well. The deviations from a 

monoexponential behavior which the data show for both, T-jump and pH-jump measure-

ments, are relatively minor (also indicated by the relative amplitudes of the time constants 

given in the corresponding sections) and may have a number of reasons. Some of these are 

experimental, e.g. the inhomogeneity of the pH-jump, or the inhomogeneous molecular 

weight of the polypeptide sample. However, non-exponential helix-coil relaxation has been 

observed before
172

 and is in fact expected for this process, since helical polypeptides do not 

adopt a homogeneous state, but rather a very broad and dynamic distribution of states with 

more or less helical content, which could easily have slightly different helix relaxation kinet-

ics. Also, helical unfolding of 4 % of a peptide with 136 residues means that five residues lose 

helical structure (on average), which most likely occurs consecutively, i.e. in a multi-step be-

havior, necessarily yielding small deviations from exponential behavior even if each step has 

the same rate constant. Residue reorientation upon helix propagation might also contribute to 

a non-exponential relaxation. Since we have partially folded helices before and after the per-

turbation in both of our experiments and we never reach a completely unfolded state, we can-

not observe any helix nucleation step. Our applied T-jumps and pH-jumps are relatively small 

and induce melting or propagation of the helix by a limited number of residues. The initial 

and the jump conditions were chosen to achieve the same final state in both perturbation ex-

periments. Thus, by applying the combination of laser excited T-jump and pH-jump perturba-

tion methods, we observe helix folding and unfolding of PGA under comparable conditions. 

The observed time constants are similar and indicate that helix folding and unfolding proceed 

with the same molecular mechanism. 

4.1.2.5. Conclusion 

We have built a quantum cascade laser-based IR-spectrometer to study folding mechanisms 

with perturbation techniques. Pulsed lasers are used to induce a nanosecond pH-jump or T-

jump, and to monitor the relaxation dynamics of the biomolecule to the new equilibrium. We 

applied both perturbation methods to study the conformational dynamics of PGA and com-

pared pH-induced folding and T-jump induced unfolding by the quantitatively determined 

change in helicity. Temperature and pH are the main determinants for the conformation of 

PGA. Small perturbations have been applied (ΔpD = −0.2 °C, ΔT = 6.6 °C) and relaxation 

dynamics to the same final degree in helicity were monitored upon folding respectively un-

folding. In both experiments the observed kinetics were similar thus independent from the 

perturbation technique indicating the same mechanism for helix folding and unfolding. Prob-

ing non-equilibrium dynamics is useful, in particular when the protein under study folds in a 

multi-step process with a variety of intermediate states. 
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4.2. Publication 2: Site-Specific Dynamics of β-Sheet Peptides with DPro–Gly 

Turns Probed by Laser-Excited Temperature-Jump Infrared 

Spectroscopy 

Alexander Popp, David Scheerer, Heng Chi, Timothy A. Keiderling and Karin Hauser; A Eu-

ropean Journal of Chemical Physics and Physical Chemistry 2016, 17, 1273-1280; DOI: 

10.1002/cphc.201501089 (Reproduced with permission from John Wiley and Sons, license 

number:4683680330576) 

4.2.1. Author Contributions 

David Scheerer performed FTIR equilibrium and T-jump studies on the β-hairpin WYVV-
D
P 

and assisted with the visualization and the revision of the manuscript. Alexander Popp did 

FTIR equilibrium and T-jump studies on the three-stranded β-sheet 
D
P

D
P, wrote the MATLAB 

script for the analysis of the kinetic data as well as the original draft of the manuscript. He 

also contributed majorly to the revision and the visualization of the publication. The synthesis 

of the peptides was done by Heng Chi. Karin Hauser conceptualized and supervised the pro-

ject, acquired funding and took part in writing and editing the manuscript. Timothy A. Keider-

ling took part in creation and acquisition of funding of the project as well as in writing and 

editing of the manuscript. All authors have given approval to the final version of the manu-

script. 

4.2.2. Full Text of Paper 

4.2.2.1. Abstract 

 

Turn residues as well as side-chain interactions play an important role for the folding of β-

sheets. We investigated the conformational dynamics of a three-stranded β-sheet peptide 

(
D
P

D
P) and a two-stranded β-hairpin (WVYY-

D
P) by time-resolved temperature-jump infrared 

spectroscopy. Both peptide sequences contain 
D
Pro-Gly residues that favor a tight β-turn. The 

three-stranded β-sheet (Ac-VFITS
D
PGKTYTEV

D
PGOKILQ-NH2) is stabilized by the turn 

sequences, whereas the β-hairpin (SWTVE
D
PGKYTYK-NH2) folding is assisted both by the 

turn sequence and by hydrophobic cross-strand interactions. Relaxation times after the T-

jump were monitored as a function of temperature and occur on a submicrosecond time scale, 
D
P

D
P being faster than WVYY-

D
P. The Xxx – 

D
Pro tertiary amide provides a detectable IR 

https://doi.org/10.1002/cphc.201501089
https://doi.org/10.1002/cphc.201501089
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band allowing us to site-specifically probe the dynamics. The relative importance of the turn 

versus the intra-strand stability in β-sheet formation is discussed. 

4.2.2.2. Introduction 

The early kinetic steps in protein folding provide insights into the molecular driving forces of 

protein structure formation. Particular interest in understanding the factors affecting β-sheet 

formation is prompted by the fact that β-sheet structures are often involved or even initiate 

protein aggregation. Peptides are ideal model systems to assess the relative importance of 

individual residues in forming a stable β-sheet. A complex balance of factors is involved in 

structural stabilization, that is, hydrogen bonding, side chain–side chain interactions, and turn 

geometry, and varying the sequence can systematically test the impact of specific interactions 

on the structure. However, the generation of nonaggregating, water-soluble β-sheet models is 

not trivial. Isolated sequences that form sheet segments in folded proteins do not often result 

in independent, soluble β-sheet structures, as tertiary contacts and, in particular, hydrophobic 

interactions in the protein fold are missing and these are important for stability. Model se-

quences of β-hairpins and three-stranded β-sheets that are stable in aqueous solutions have 

been designed by utilizing residues that favor a turn, cross-strand hydrophobic interactions, or 

both.
76, 131, 186

 One example of a turn-initiated folding of a three-stranded β-sheet model is the 

sequence Ac-VFITS
D
PGKTYTEV

D
PGOKILQ-NH2 (abbreviated to 

D
P

D
P), which was origi-

nally designed by Gellman and Schenck.
139

 The two 
D
Pro–Gly segments promote the for-

mation of tight β-turns, resulting in a structure having two β-hairpins with one strand in com-

mon (Scheme 1). The sequence was designed to have a net charge of +2 at acidic pH to 

discourage aggregation and to form a monomeric triple-stranded antiparallel β-sheet in aque-

ous solutions. Its β-sheet structure was confirmed by NMR spectroscopy,
139

 and subsequently, 

by equilibrium infrared (IR), vibrational circular dichroism (VCD), and fluorescence reso-

nance energy transfer (FRET) studies.
187

 

 

Scheme 1. The sequence of 
D
P

D
P. The peptide consists of 20 amino acids with three antipar-

allel strands that are connected by two highly constrained 
D
Pro–Gly turns. 

Kinetic studies of β-sheet model peptides with 
D
Pro–Gly turns have shown folding and refold-

ing dynamics on a submicrosecond time scale by using various methodological approaches.
70, 

188-189
 Besides the turns, cross-strand interactions between nonsequential residue side chains 



38 

 

can assist β-sheet folding. For example, Trp residues have been utilized to stabilize small β-

hairpin peptides through cross-strand hydrophobic interactions.
131, 133, 190-191

 Side-chain inter-

actions have significant impact on conformational stability and dynamics, as we have shown 

for variants based on Cochran’s Trpzip2 sequence (SWTWENGKWTWK-NH2), which has an 

Asn–Gly turn and four Trp (W) residues that form cross-strand pairs, due to strong edge-on-

face hydrophobic interactions. Substitutions of the Trp–Trp pairs by either Tyr or Val destabi-

lize the structure and have an influence on the folding pathway.
27, 133

 Furthermore, we studied 

different turn residues with respect to their role in β-hairpin conformation and stability. Sub-

stitution of Asn – Gly with a 
D
Pro – Gly sequence stabilizes the turn, but at the same time, the 

β-structure (cross-strand H bonds) becomes less stable, owing to the constraints of the 
D
Pro –

 Gly turn.
138

 This demonstrates that turn and sheet residues can have a significant impact on β-

sheet folding. Here, we designed a β-hairpin with the sequence SWTVE
D
PGKYTYK–NH2 

(abbreviated to WVYY-
D
P), which combines turn-enhanced folding by the use of a 

D
Pro – Gly 

turn as well as strand-assisted folding by cross-strand interactions of pairs of hydrophobic 

residues, Trp – Tyr and Val – Tyr. 

Time-resolved infrared spectroscopy (TRIR) is a versatile technique for the analysis of pep-

tide and protein folding dynamics, as it is structure sensitive and offers high temporal resolu-

tion. Whereas stopped-flow methods are restricted to folding events on the millisecond or 

slower time scale, due to limitations of rapid mixing, laser-initiated relaxation measurements 

can access faster kinetics. The dead time of such experiments is effectively limited only by 

the length of the excitation pulses and the response function of the detection electronics and is 

short enough to access the fast processes in peptide and protein folding.
192-193

 We utilize a 

laser-excited temperature-jump (T-jump) technique that shifts the thermal equilibrium and 

monitors the relaxation of the excited system to a new equilibrium at the higher temperature. 

An appropriate infrared laser pulse excites solvent vibrational modes, the fast nonradiative 

relaxation of which thereby generates a rapid T-jump. Thermalization of the solvent occurs on 

a picosecond time scale
194-196

 and is completed within the width of the nanosecond excitation 

pulse used in our spectrometer setup. By following the time course of the spectral changes in 

the amide I’ region (mainly the C=O stretching vibrations of the polypeptide backbone), the 

relaxation dynamics of the backbone structural rearrangement can be monitored. 

In this study, we analyze a three-stranded β-sheet and β-hairpin with 
D
Pro – Gly turns. The 

Xxx – 
D
Pro amide yields a distinct amide I’ component and was used to probe the dynamics 

site-specifically for the turn-to-strand link, as well as monitoring the overall β-hairpin decay 

and the rise of disordered structure. Relaxation times were determined as a function of tem-

perature to provide insights into the interplay between turn and sheet-stabilizing residues and 

their contribution to folding dynamics. Modifications and improvements of our current T-

jump laser IR setup are described in detail in the Experimental Section. 

4.2.2.3. Results 

Three-Stranded β-Sheet 
D
P

D
P. FTIR spectra were used to monitor the thermal unfolding of 

D
P

D
P under equilibrium conditions. Figure 1 shows a set of temperature-dependent and sol-

vent-corrected FTIR spectra. At low temperatures, 
D
P

D
P has an antiparallel β-sheet structure, 

as seen by the characteristic amide I’ absorbance, having a strong component with a maxi-
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mum at 1636 cm
-1

 and a weak component, which is observed as a shoulder at 1675 cm
-1

 (Fig-

ure 1a). In addition, a shoulder is observed at 1610 cm
-1

, which can be attributed to the Xxx–
D
Pro tertiary amides that sequentially precede the two β-turns.

77, 165, 187
 This band component 

can be used as a site-specific probe that, for 
D
P

D
P, represents the links of strand 1 with the 

first turn (Ser – 
D
Pro) and strand 2 with the second turn (Val – 

D
Pro; Scheme 1). 

 

Figure 1. Equilibrium FTIR absorbance (a) and difference (b) spectra of 
D
P

D
P at acidic pD as 

a function of temperature. The temperature variation between 7 (blue spectrum) and 85 °C 

(red spectrum) in steps of ∆𝑇 ≈ 5 °C reveals the increase in the disordered structure at 

1663 cm
-1

, the loss of β-sheet at 1630 cm
-1

, and additionally a decrease of the Xxx-
D
Pro am-

ide I’ component corresponding to the turn region at 1612 cm
-1

. 

The amide I’ maximum at 1636 cm
-1

 shifts to 1643 cm
-1

 upon heating, thus indicating unfold-

ing to a disordered structure. The thermal transition, which was monitored by the amide I’ 

frequency shift, lacks a sigmoidal shape; consequently the fitted transition temperature, Tm 

= 55 °C, is subject to larger errors. We performed the measurements at acidic pD, where 

thermal unfolding and refolding is completely reversible, which is not the case at neutral pD 

(data not shown). Reversibility is a prerequisite for the T-jump measurements, as several 

thousands of transients are averaged. Difference spectra (Figure 1b) are a useful means to 

better identify the major absorbance changes upon thermal unfolding and were used to select 

the probe wavenumbers for the T-jump experiments, that is, 1630 cm
-1

 to monitor the decay 

of the β-hairpin structure, 1612 cm
-1

 for the dynamics of the turn-to-strand link, and 

1663 cm
-1

 for the increase in the disordered structure. 

T-jump studies were performed with our home-built quantum cascade laser (QCL)-based T-

jump spectrometer. The current design, improvements, measurement procedure, and the data 

analysis approach used are described in detail in the Experimental Section. Transients were 
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measured at three different probe wavenumbers described above as a function of temperature 

between 6 and 50 °C. Figure 2 shows the relaxation kinetics for 
D
P

D
P at 𝑇 = 8 °C (the final 

temperature after the T-jump). 

 

Figure 2. Relaxation of 
D
P

D
P after the laser-excited temperature-jump, shown as an example 

for one temperature (18 °C) at each wavenumber probed. The transient signal reflects the de-

cay of the β-sheet and Xxx–
D
Pro turn region (1630 and 1612 cm

-1
, blue and green, respective-

ly) and the increase in the disordered structure (1663 cm
-1

, red). Shorter time kinetics for the 

latter were distorted by cavitation interference. 

The signal amplitudes when the probe was tuned to the turn (1612 cm
-1

) and β-sheet 

(1630 cm
-1

) amide I’ components both have negative amplitudes, but different magnitudes, as 

expected. Relaxation time constants, which were determined for different final temperatures, 

are shown in Figure 3 in the form of an Arrhenius plot. All values are given in Table S2 in the 

Supporting Information.  

 

Figure 3. Arrhenius plot for the relaxation kinetics of 
D
P

D
P shows the temperature dependen-

cies of the rate constants measured at selected wavenumbers (1630 cm
-1

, blue squares: β-

sheet; 1612 cm
-1

, green triangles: Xxx-
D
Pro turn region; 1663 cm

-1
, red dots: disordered struc-

ture). The temperature refers to the final peptide temperature after the T-jump. Apparent acti-

vation energies were obtained by fitting each data set to the Arrhenius equation: ln(𝑘) =

−
𝐸𝑎

𝑅𝑇
+ ln (𝐴). 
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The relaxation time constants probed for the β-sheet (Figure 3, blue data points) and the turn 

region (Figure 3, green data points) are similar and reveal similar temperature dependencies. 

It becomes obvious that the time constants for the increase of the disordered structure are 

slower overall than those for the loss of sheets or change in the turn, and thus, correspond to 

lower rates in the Arrhenius plot (Figure 3, red data points). The apparent activation energies 

derived from fits of the rate constants to the Arrhenius relationship are summarized in Table 

1. The disorder rate constants also show less temperature dependence, and thus, a smaller ap-

parent activation energy (Ea) of 23.9 kJ mol
-1

 was derived, compared with the turn and strand 

loss of 37.8 and 42.5 kJ mol
-1

, respectively. Within the experimental error, these latter two 

values can be considered as equal. 

Table 1. Relaxation times τ (µs) at ~ 25 °C (final peptide temperature) and apparent activation 

energies Ea (kJ mol
-1

) for 
D
P

D
P, WVYY-

D
P. 

 
D
P

D
P

[b] 
WVYY-

D
P

[b]
 

τ [µs]
[a]

 

D
P-band 0.32 0.53 

β-band 0.27 0.41 

disordered 0.60 0.81 

Ea [kJ mol
-1

] 

D
P-band 37.8 ± 4.5 49.8 ± 3.3 

β-band 42.5 ± 4.3 48.3 ± 3.7 

disordered 23.8 ± 3.0 36.8 ± 3.1 
[a]

 Relaxation times for all studied temperatures can be found in Tables S1 and S2 in the Supporting Information, 
D
P

D
P for and WVYY-

 D
P, respectively. 

[b]
 The error of repeated measurements is in the range of 150 ns 

β-Hairpin WVYY-
D
P. Scheme 2 shows the sequence of the β-hairpin WVYY–

D
P. The se-

quence is based on the Trpzip2 sequence of Cochran,
131

 with substitution of the Asn – Gly turn 

by 
D
Pro – Gly and substitution of the two cross-strand Trp – Trp pairs by Trp – Tyr and Val –

 Tyr. 

 

Scheme 2. The sequence of WVYY–
D
P. The β-hairpin consists of 12 amino acids stabilized 

by a 
D
Pro – Gly turn and cross-strand hydrophobic interactions of Trp (W) with Tyr (Y) and 

Val (V) with Tyr (Y). 

Thus, the turn rigidity is enhanced and the hydrophobic cross-strand interactions are some-

what weakened, but remain strong enough to assist the folding.
197

 The antiparallel β-hairpin 

structure was confirmed by the FTIR equilibrium data (Figure S1 in the Supporting Infor-

mation). There is a distinct shoulder in the amide I’ band at 1612 cm
-1

, which can be assigned 

to the tertiary Glu – 
D
Pro amide and used as a site-specific probe for the turn region. Upon 
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heating, the peptide unfolds reversibly, for which we determined a transition temperature of 

Tm = 33 °C by fitting the temperature-dependent variation of the first component and SVD 

analysis of the equilibrium FTIR data. The melting temperature (Tm) is much lower than for 

Trpzip2 (Tm = 67 °C at acidic pH) and also lower than for the previously studied Trpzip2 var-

iants that contained substitutions of just one of the Trp–Trp pairs by either Val or Tyr.
27, 133, 197

 

For the latter variants, two of the four Trp (WWWW) of the Trpzip2 sequence were substitut-

ed pairwise (WYWY, WYYW, YWWY, WVVW, VWWV) to modify the hydrophobic cross-

strand interactions. All of these formed a β-hairpin structure, but with reduced thermal stabil-

ity and lower Tm and resembled the substitutions of the peptide studied here in terms of 

strength of the hydrophobic interactions. The folding of the Trpzip2 variants is driven by 

cross-strand hydrophobic interactions with minor stabilization by the Asn–Gly turn, which we 

term “sheet-assisted” folding. In the peptide variant studied here (WVYY–
D
P) the hairpin 

folding is additionally enhanced by the 
D
Pro–Gly turn, which we term as “sheet-assisted and 

turn-enhanced folding”. 

The T-jump relaxation dynamics were probed at selected wavenumbers derived from the 

maximum absorbance changes in the FTIR data (Figure S1 in the Supporting Information), 

namely at 1632 (β-sheet decay), 1659 (rise of disorder), and 1612 cm
-1

 (turn-sheet link). An 

example of WVYY–
D
P relaxation and values of all measured time constants are given in the 

Supporting Information (Figure S2 and Table S1, respectively). Figure 4 summarizes the rates 

in an Arrhenius plot. The change in the 1659 cm
-1

 component, corresponding to increasing 

disorder, is again slower than the changes at 1632 and 1612 cm
-1

 for the loss of sheet and the 

turn-sheet link, respectively. The latter two, related to the strands, have almost the same rates 

and similar slopes with temperature variation, whereas the former, that is the gain in disorder, 

has less slope, and consequently, a lower apparent activation energy. 

 

Figure 4. Arrhenius plot for the relaxation kinetics of WVYY–
D
P. Rates were measured at 

selected wavenumbers characteristic for strand (1630 cm
-1

, blue squares), Xxx – 
D
Pro turn 

region (1612 cm
-1

, green triangles) and disorder (1663 cm
-1

, red dots). Lines indicate best fits 

to the Arrhenius relation as for Figure 3. 
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4.2.2.4. Discussion 

A Comparison between 
D
P

D
P and WVYY–

D
P. Both peptides have relaxation kinetics in the 

submicrosecond time range. Table 1 summarizes the relaxation times determined at 25 °C for 

the decay of the β-sheet probed at 1630 cm
-1

 for 
D
P

D
P and at 1632 cm

-1
 for WVYY–

D
P (β-

band), the Xxx–
D
Pro band probed at 1612 cm

-1
 for both peptides (

D
P band) and the rise of the 

disordered structure probed at 1663 cm
-1

 for 
D
P

D
P and at 1659 cm

-1
 for WVYY–

D
P (disor-

dered). The complete set of our measured relaxation times can be found in the Supporting 

Information (Tables S1 and S2). As noted in Section 2, for both peptides, the relaxation dy-

namics of the disordered structure are slower in comparison to those for the strand and turn 

decay, and overall, the relaxation dynamics of the three-stranded sheet 
D
P

D
P are faster than 

for the hairpin WVYY–
D
P. 

Comparing the relaxation times of WVYY–
D
P (hundreds of nanoseconds) with those of the 

Trpzip2 variants WYWY, WYYW, and YWWY (microseconds),
27

 the turn influence on the 

dynamics is clearly observed. For example, at 25 °C, WYWY has a relaxation time of approx-

imately 3.5 ms for the β-sheet component and that of WVYY–
D
P is approximately 400 ns 

(Table 1). The strength of hydrophobic interactions for these two hairpins is similar, but the 

more constrained turn geometry in the 
D
Pro–Gly turn enhances the relaxation rate for the 

WVYY–
D
P hairpin. From the Arrhenius plots for both peptides (Figures 3 and 4), the rates 

show no significant difference for the strand (blue) and turn region (green), but slower rates 

are seen for the disordered state (red). However, there are some noticeable differences: the 

loss of sheet is systematically faster than the turn-associated change for WVYY–
D
P, which is 

not the case for 
D
P

D
P, where the fit lines and data points are more overlapped. This suggests 

that in the case of the WVYY–
D
P hairpin, the β-sheet change has a faster component than that 

of the turn (Glu–
D
Pro turn-to-strand link), whereas in 

D
P

D
P, sheet and turn dynamics cannot 

be differentiated. This difference doesn’t have a substantial impact on the apparent activation 

energies (Table 1), and for both peptides no significant difference can be observed for the fits 

to the strand (blue) and turn region (green) dynamics within the experimental error. The ap-

parent activation energies that were determined for the rise of disordered state are smaller 

than for the loss of strand and change of turn regions, as evidenced by less slope in the Arrhe-

nius plots. Comparing the two peptides, the gain in disorder for the three-stranded β-sheet 
D
P

D
P has a lower apparent activation energy (23.8 kJ mol

-1
) than for the hairpin WVYY–

D
P 

(36.8 kJ mol
-1

). The apparent activation energies were determined from the temperature de-

pendencies of the observed relaxation rates, which must include contributions from both fold-

ing and unfolding changes. In a two-state model the rate constants for folding and unfolding 

can be extracted by using the equilibrium constant (𝐾eq). The folding and unfolding process-

es can then be described by evaluating their associated activation energies. However, the fold-

ing/unfolding mechanism of the peptides studied here is more complex, the transition curves 

are nonsigmoidal and broad, and separate probes indicate different relaxation processes, thus 

a multistate mechanism. Nevertheless, we can use the observed rates measured at characteris-

tic wavenumbers and compare their temperature dependence, and apparent activation ener-

gies, relative to each other to gain insights into differences in the energy barriers on the ener-

gy landscape for different structural components. 
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Turn-Initiated and/or Strand-Assisted Folding. The 
D
Pro–Gly segment is known to facili-

tate the formation of a stable type I’ or II’ β-turn.
140, 143, 198-200

 The 
D
P

D
P sequence forms an 

antiparallel three-stranded β-sheet in aqueous solution without stabilization of the structure by 

strong cross-strand interactions. The cross-strand residues, Phe – Thr, Thr – Thr, Glu – Lys and 

Tyr – Leu do not form hydrophobic interactions or a salt bridge at acidic pH. The observed 

relaxation kinetics are extremely fast (on the submicrosecond time scale) and agree well with 

other studies of similar three-stranded peptide sequences.
70, 188-189

 The fast kinetics suggest 

that 
D
P

D
P folding encounters either a relatively small free energy barrier between two distin-

guishable conformational states or downhill folding without well-defined minima for folded 

and unfolded states. A previous study of a β-hairpin stabilized by a 
D
Pro – Gly turn that in-

volved 2D-IR and dispersed vibrational echo (DVE) T-jump spectroscopy showed it to also 

have fast dynamics, again on the submicrosecond time scale.
66

 They proposed a multistep 

mechanism with the initial steps attributed to the disordering of the cross-strand hydrogen 

bond contacts of the midstrand region followed by unfolding of the rest of the peptide strand 

structure, except for the turn region, which does not undergo significant structural variations. 

If the folding initiated by the 
D
Pro – Gly turn is assisted by hydrophobic cross-strand interac-

tions of the strands, the kinetics are still in the submicrosecond time scale, but are slower, as 

we have measured for WVYY–
D
P (Table 1 and the Supporting Information). Studies of the 

dynamics associated to the collapse of the hydrophobic side chains have been reported previ-

ously for other β-sheet peptides with 
D
Pro – Gly turns

188-189
 or cross-linking modifications near 

the turn region.
201

 The nucleation of the hairpin should be slower as the solvent molecules 

must be displaced to facilitate the formation of cross-strand hydrophobic interactions and hy-

drogen bonds in the folding mechanisms. The apparent activation energies measured for 

WVYY–
D
P are higher than for 

D
P

D
P (Table 1), which is consistent with the reduced rates for 

WVYY–
D
P. The folding of the WVYY–

D
P β-hairpin is turn-enhanced and strand-assisted and 

its kinetics reflect the contribution of different forces from the turn and the hydrophobic resi-

dues. 

The turn has a strong influence on β-sheet folding, as many studies have shown.
133, 138, 190-191

 

However, a hairpin can be stabilized, mainly by the hydrophobic interactions of the strands, 

and have a weak turn-promoting sequence, as is the case for Trpzip2 and its variants. The 

hydrophobic interactions in Trpzip2 are significantly stronger than those in WVYY–
D
P, but 

the Asn – Gly turn is a much weaker turn promoter than 
D
Pro–Gly. The kinetics for solely 

strand-assisted hairpin folding are significantly slower (microseconds), again reflecting the 

effects of turn and strand stabilization. 

D
Pro as Site-Specific IR Probe. The distinct amide I’ component of the Xxx – 

D
Pro amide 

group provides the possibility of studying site-specific dynamics of the turn region with resi-

due-specific resolution. For both peptides, 
D
P

D
P and WVYY–

D
P, we measured the same dy-

namics for the Xxx – 
D
Pro amide as for the overall β-strand components (Table 1). One reason 

might be that the central part of the turn is not probed directly, rather the turn-to-strand link is 

sensed and that matches the β-strand dynamics. It would be interesting to determine if Gly –

 
D
Pro turns might provide a suitable probe for turn dynamics in the center of the turn, while 

still contributing to the stability of the turn. 
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4.2.2.5. Conclusions 

Our studies illustrated the interplay between turn stability and cross-strand hydrophobic inter-

actions in influencing the kinetics of β-sheet folding. The contribution of different forces to 

the nucleation of a hairpin in the β-sheet folding process was reflected by differences in the T-

jump relaxation kinetics. Hairpin formation that is nucleated by a turn is expected to be intrin-

sically rapid for a strong turn, as the folding process is driven by local forces at the turn. This 

was confirmed by the fast dynamics of the three-stranded β-sheet 
D
P

D
P, which is stabilized by 

two rigid 
D
Pro – Gly turns. For a hairpin with additional hydrophobic cross-strand interactions, 

the folding process must involve hydrophobic collapse, resulting in slower nucleation, as sol-

vent molecules must be displaced, structural rearrangements occur, and interactions of the 

hydrophobic residues must be formed. The β-hairpin WVYY–
D
P, which is stabilized by one 

constrained 
D
Pro–Gly turn plus modest hydrophobic cross-strand interactions (Trp – Tyr, Val –

 Tyr), revealed dynamics that were still on the submicrosecond time scale, but slower than 

those of 
D
P

D
P. If the hydrophobic interactions of the sheets are the main contributors to stabi-

lizing a hairpin and the turn is weakly promoted, the hydrophobic collapse mediated dynamics 

lead to significantly slower folding, on the microsecond time scale, which has been observed 

by many groups for Trpzip2 variants, β-hairpins that are stabilized by hydrophobic residues, 

and the less rigid Asn – Gly turn. The weaker turn-promoting sequence does not enhance the 

strand-assisted folding. 

4.2.2.6. Experimental Section 

Peptide Synthesis and Sample Preparation. The WVYY-
D
P peptide sample was synthe-

sized at the University of Illinois at Chicago (UIC) using standard Fluorenylmethoxycarbonyl 

(Fmoc)-based solid-state methods.
202

 Crude peptides were purified by HPLC. The 
D
P

D
P pep-

tide was obtained from SciLight Biotechnology LLC, Beijing, China. To eliminate spectral 

interference from trifluoroacetate counterions remaining from the peptide synthesis, peptides 

were dissolved in 0.1 M DCl and lyophilized three times. After lyophilization, the peptide 
D
P

D
P was redissolved in a 20 mM deuterated phosphate buffer at a concentration of 

20 mg mL
-1

 and adjusted to pD 5 by the addition of DCl. The β-hairpin WVYY-
D
P was dis-

solved at 20 mg mL
-1

 in D2O (pD 1.5). 

FTIR Spectra at Thermal Equilibrium. The FTIR spectra were acquired with a Bruker 

Equinox 55 FTIR spectrometer (Bruker, Germany) equipped with a mercury cadmium tellu-

ride (MCT) detector. At each temperature, 128 scans with a spectral resolution of 4 cm
-1

 were 

averaged for one FTIR spectrum. The acquisition of each set of spectra was carried out in the 

temperature range of 7 – 85 °C in steps of ΔT ≈ 5 °C. The temperature of the sample holder 

was controlled by a water bath (Lauda Ecoline E300, Germany) and the exact temperature of 

the sample cell was recorded by a Pt100 sensor. A home-built software-controlled shuttle de-

vice was used to measure the sample and reference signal successively for each temperature. 

Temperature-Jump Experiments and Spectrometer Setup. Relaxation methods allow the 

fast relaxation of a system into a new equilibrium state after a previous disturbance to be 

monitored. This can be initiated by a rapid change in pressure, temperature, or another physi-

cal quantity related to the equilibrium constant. We use the laser-excited, direct solvent ab-

sorbance initiated temperature-jump technique for time-resolved studies of peptide folding. 
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One of the main advantages of this method is the absence of any additives in the sample, 

which are used in other studies,
105

 to initiate the rapid increase of the sample temperature. In 

this way any disturbing chemical or spectral interactions between the additive and sample are 

avoided. Moreover, a distinct vibrational band of the solvent can be excited in a spectral re-

gion where the peptide has no absorbance. The choice of the band is dependent on the solvent 

used (e.g. H2O, D2O and MeOH), the peptide sample (solubility) and the available excitation 

wavelengths (of the pump laser). Frequency and intensity variations in the amide I region re-

flect changes in the secondary structure of polypeptides. By monitoring the spectral changes 

at single wavelengths, it is possible to differentiate the dynamics for different secondary-

structure components, for example, β-sheets or α-helices. 

Figure 5 shows a schematic drawing of our laser spectrometer. To generate a rapid increase of 

temperature in the D2O-based sample, the fundamental (1064 nm) of a Q-switched Nd:YAG 

laser (5 ns full width at half maximum, 700 mJ, Continuum, Excel Technology, Europe) was 

Raman shifted to 1.9 mm. The 1.06 mm laser pulse was focused into the Raman shifter, a gas 

cell (Radiant Dyes, Cologne, Germany) filled with H2 gas at 30 bar as the active medium. 

Raman shifting produced several (Stokes and Anti-Stokes) lines simultaneously, which were 

then separated by a Pellin-Broca prism. The Stokes line at 1909 nm (5238 cm
-1

) was used to 

excite an overtone of the stretching vibration of the D2O solvent and to heat the illuminated 

sample volume rapidly. Filters and apertures prevented the other Raman-shifted lines and 

scattered light from reaching the sample chamber and interfering with the probe beam, as well 

as from hitting the detector element and risking damage. 

 

Figure 5. IR spectrometer setup. The home-built spectrometer was used to monitor the relaxa-

tion kinetics that were either triggered by a T-jump (excitation at 1909 nm) or by a photo-

chemically induced pH-jump (excitation at 266 nm). QCL: quantum cascade laser tunable 

between 1715 – 1580 cm
-1

, probe laser; LP: long pass filter; T: telescope; A: Attenuator; 

MCT: photovoltaic HgCdTe detector; Nd:YAG: Q-switched Nd:YAG laser, pump laser; 

WSB: wavelength separation box; FI: Faraday isolator; λ/2: λ/2 plate; RS: Raman shifter; PP: 

Pellin–Broca prism; Ch: chopper; FF: color filters; BS: beam splitter; L1, L2: focusing lenses 

for the pump pulse at 1909 nm; BBO, KD*P: nonlinear crystals for fourth harmonic (266 nm) 

generation; GP: glass plate; ND: neutral density attenuator; LUV: focusing lens for 266 nm 

pump pulse. 
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The NIR pump pulse was split by a 50:50 beam splitter into two counter-propagating beams, 

leading to homogeneous sample heating at the sample to minimize cavitation, with one de-

layed by 5 ns, the pulse length of the Nd:YAG laser. The small absorbance coefficient of D2O 

at 5238 cm
-1

 in combination with counter-propagation by two subsequently arriving pump 

pulses prevented unwanted temperature gradients in the excited sample volume. The pump 

beams were focused behind the sample cell, to avoid burning the sample–cell interface, by use 

of two CaF2 lenses and were adjusted by dichroic mirrors to overlap spatially, thus forming a 

heated area (Ø ~ 2 mm) in the center of the sample. The pump energy excites the solvent on 

the time scale of ps
194-196

 and the final temperature is reached within the 10 ns pumping length 

of the two consecutive 5 ns heating pulses. An additional excitation branch (Figure 5; dark-

blue beam line) was added to enable measurement of photochemically-induced pH-jump re-

laxation kinetics.
174

 This technique allowed the study of pH-sensitive conformational changes 

of the proteins.
90, 108-109, 203-204

 Dissolved o-nitrobenzaldehyde, a photoreactive compound, can 

for example be used as caged proton source that releases protons rapidly after irradiation by a 

UV light pulse.
110

 The excitation pulse was provided by generation of the fourth harmonic at 

266 nm of a Q-switched Nd:YAG laser. The intensity of the 266 nm pump pulse and illumi-

nated area controlled the amount of free protons produced in the sample per pulse and in this 

manner adjusted the size of the pH-jump in the excited volume. To probe the relaxation kinet-

ics in the amide I region, a quantum cascade laser (QCL, Daylight Solutions Inc., USA) was 

used as a tunable cw IR source. The mid infrared emission could be tuned between 1715 and 

1580 cm
-1

 to obtain a single wavelength output with a narrow line width (<100 MHz). The 

QCL was built with an external cavity in a Littrow configuration, allowing the suppression of 

all laser modes except for the particular mode needed for the measurement. The probe laser 

provides energies up to about 100 mW, depending on wavenumber and the applied current. 

The high power output of the QCL, as the IR probe source, has a dramatically improved sig-

nal-to-noise ratio, as compared with that of the formerly used lead salt diodes.
72

 The laser 

beam was focused on a probe spot (Ø ~ 300 – 400 mm) that was significantly smaller than the 

excitation spot used for the T-jump or pH-jump.  

There are different approaches to separate solvent from peptide dynamics,
105, 205

 one of which 

is to measure the solvent separately and to subtract it, which is the approach that we used in 

this study. The absorbance change of the solvent after the T-jump is much higher than that of 

the peptide of our samples, thus tracking relatively small peptide absorbance changes upon 

unfolding requires that the subtraction of the solvent contribution is done as precisely as pos-

sible. Due to the small probe volume we used, the absolute absorbance value was sensitive to 

the sample position and slight differences in sample positioning could cause big errors when 

measuring the solvent reference. Thus, we used a refillable cell composed of two CaF2 win-

dows separated by a Teflon spacer with a path length of 100 mm (Figure 6). 
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Figure 6. Refillable cell for T-jump experiments. The cell consists of two CaF2 windows sep-

arated by a Teflon spacer. Two holes were drilled in one window allowing the exchange of 

the reference and sample solutions without changing the alignment of the pump and probe 

beams and their overlap in the cell. Darker area schematically represents the region excited by 

the pump beam, and red spot in the center that probed by the QCL beam. For FTIR measure-

ments a non-refillable cell consisting of two plane CaF2 windows (no holes) was used. 

To allow simple exchange of the solvent by the peptide sample, the top window was equipped 

with two holes, one of them connected by a tube for pipetting. To minimize the peptide sam-

ple required, the volume of the cell was adjusted to 10 mL, by limiting the aperture. The cell 

openings were sealed for the measurements to prevent evaporation and loss of the sample in 

the cell. Firstly, the entire series of T-jump experiments with different starting temperatures 

was measured for only the solvent. Next, the cell was refilled with the peptide sample and the 

same series of T-jump experiments was performed. The averaged solvent transients were sub-

tracted from the averaged peptide (plus solvent) transients resulting in the pure peptide kinet-

ics without the solvent contributions and/or the convoluted instrument response. 

The main advantage of the refillable cell is the ability to obtain the exact same configuration 

and position of the CaF2 cell with respect to the overlap adjustment of the pump and probe 

beams in the excited sample volume, as the exact positioning of the beams is crucial for the 

quality of the T-jump experiments.
104

 We additionally tested a home-built split cell consisting 

of two compartments, one for the solvent and the other filled with the peptide sample, mod-

eled on a cell geometry that has been used before.
206

 An advantage of a split cell is that both 

peptide and solvent are thermally equilibrated in one cell, and thus, have the same starting 

temperature for the T-jump experiments. However, we found that the major drawback of the 

split cell was that lateral translation of the split cell resulted in a different overlap of the 

beams within the cell in our setup. This effect could be minimized by readjustment of the an-

gle between the cell and the probe beam, but this could not always be achieved perfectly and 

in addition was time consuming, as it had to be done at each repositioning step. Moreover, the 

compartments in our design had a slightly different path length, due to uneven window and 

spacer surfaces. In both cell configurations (refillable and split), the final T-jump magnitude 

and final temperature could be controlled with an overall error of ∆𝑇 = 1 – 2 °C. Better repro-

ducibility of the results was obtained by use of the refillable cell, which was employed in this 

study. 
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After passing through the sample, the IR probe beam was redirected and refocused onto a fast, 

liquid-N2-cooled photovoltaic HgCdTe detector (18 MHz, KMPV11–1 J2, Kolmar Technolo-

gies, USA, 19 ns response time). To operate the QCL in a stable mode, the high energy densi-

ty of the probe beam had to be attenuated to prevent damage of the detector element. Several 

apertures and bandpass filters were introduced into the beam path, as scattered light and ther-

mal radiation from the heated sample can perturb the signal. Scattered light may also be back-

reflected into the laser optics, thus causing damage to the QCL. The entire spectrometer setup 

was encased in purpose-built boxes and purged with dried air to minimize the absorbance of 

water vapor in the MIR. The signal was digitized by a transient recorder board (16 bit, 

105 MHz, Spectrum, Germany), triggered by the TTL signals from the Nd:YAG laser. The 

time interval was evaluated up to 1.2 ms. Usually around 2000 transients were averaged to 

reduce noise before further evaluating the data. 

To account for the background signal, a chopper was synchronized to the pump laser to create 

different illumination conditions for a series of pulses. Correction for a reference signal S(-/+) 

(without pump, with probe) was necessary to eliminate any remaining electronic distortion 

signals, as well as background light contributions at the detector. Additionally, a signal with-

out pump and without probe light [S(-/-)] was recorded. The reference signals [S (-/+), S(-/-)] 

were used for the proper calculation of the transient absorbance changes (∆𝐴). To exclude 

distorted transients caused by cavitation effects, a self-developed software filter (MATLAB 

2010, The MathWorks, MA, U.S.A.) was applied to sort out the most reliable data after col-

lection. The final solvent-corrected transient traces for each temperature were further subject-

ed to an averaging procedure, so that an equal number of points were distributed in each time 

decade (20 points per decade). This resulted in a significant reduction of signal distortions, 

such as detector ringing and thermal lensing effects. Furthermore, the fast time points were 

then not underrepresented in the fit procedure, as is often the case with linear signal recording. 

These modifications allowed the fast time range between 100 – 200 ns to be investigated, 

which improved the quality of the final transient data. This method ensured a more reliable 

fitting of transient spectra on a logarithmic time scale. 

The magnitude of the instantaneous absorbance change (∆𝐴) after the laser pulse was used to 

determine the related T-jump. The final temperature of the peptide (after the T-jump) was 

calculated by referencing the temperature change to the temperature dependent FTIR spectra 

of the solvent at the wavenumber and initial sample temperature used for the measurement. 

Solvent and peptide sample kinetics were recorded separately as described above. The solvent 

kinetics were scaled before the subtraction from the peptide signal. Due to the remaining dis-

torted signal in the early phase for the 1663 cm
-1

 measurements, the data for 
D
P

D
P could only 

be fitted from 270 – 500 ns to 1.2 ms, whereas the 1630 and 1612 cm
-1

 measurements were 

evaluated starting from 160 ns. The WVYY–
D
P data for 1612, 1632, and 1659 cm

-1
 were 

evaluated from 150 – 300 ns up to 1.2 ms depending on the quality of the transients. A mo-

noexponential decay function 𝛥𝐴 = 𝐴0 + 𝐴1 ⋅ 𝑒−𝑡/𝜏 was sufficient to fit both the three-

stranded β-sheet 
D
P

D
P and the β-hairpin WVYY–

D
P data for all probed wavenumbers. 
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4.2.2.7. Supporting Information 

 

Figure S1:  FTIR equilibrium measurements of the β-hairpin WVYY–
D
P. 

 

FTIR absorbance (a) and difference (b) spectra in thermal equilibrium. The temperature 

variation between 7 °C (blue spectrum) and 85 °C (red spectrum) in steps of ∆𝑇 ≈ 5°C reveals 

the rise of a disordered structure at 1659 cm
-1

, the loss of β-sheet at 1632 cm
-1

 and the Xxx-
D
Pro amide signal of the turn region at 1612 cm

-1
. 
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Figure S2: Exemplary transients of the β- hairpin WVYY–
D
P. 

 

Relaxation of WVYY–
D
P after the laser-excited temperature-jump of ~ 4 – 5 °C, shown as an 

example for one final temperature (T = 25 °C) at each wavenumber probed. The transient 

signal reflects the decay of the β-sheet and Xxx-
D
Pro turn region (1632 cm

-1
 and 1612 cm

-1
, 

blue and green, respectively) and the rise of the disordered structure (1659 cm
-1

, red). The 

probed wavenumbers were selected from the FTIR difference spectra. Black lines represent a 

mono-exponential fit 𝛥𝐴 = 𝐴0 + 𝐴1 ⋅ 𝑒−𝑡/𝜏. The corresponding relaxation constants can be 

found in Table S1. 
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Figure S3: Dependence of the relaxation times on the final peptide temperature   

for WVYY–
D
P.  

A decrease of relaxation times τ with increasing temperature 𝑇 can be observed for all wave-

numbers probed (1632 cm
-1

, blue squares: β-sheet; 1612 cm
-1

, green triangles: Xxx-
D
Pro turn 

region; 1659 cm
-1

, red dots: disordered structure). Trend lines show differences between dif-

ferent structural features in respect of the relaxation kinetics over the whole experimental 

temperature region. 
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Table S1: Time constants and apparent activation energies for WVYY–
D
P. 

 

The temperature given in the Table S1 refers to the final sample temperature after a 

temperature-jump of ~ 4 – 5 °C (1632 cm
-1

: β-sheet; 1612 cm
-1

: Xxx – 
D
Pro turn region; 

1659 cm
-1

: disordered structure). The experimental error for the measurement is approx. 

150 ns. The values for the apparent activation energy were determined by evaluating the 

Arrhenius equation ln(𝑘) =
−𝐸𝑎

𝑅𝑇
+ ln(𝐴). 

 

 

1612 cm
-1

 1632 cm
-1

 1659 cm
-1

 

T /°C τ/ µs T /°C τ/ µs T /°C τ/ µs 

9.3 1.81 9.0 1.39 9.3 2.05 

18.9 0.84 15.7 1.03 15.8 1.34 

24.6 0.53 19.1 0.70 19.1 0.79 

25.4 0.65 20.9 0.67 20.5 0.90 

28.9 0.36 24.6 0.41 25.0 0.81 

28.9 0.45 29.2 0.30 28.8 0.68 

33.8 0.37 34.6 0.28 29.7 0.58 

38.7 0.24 39.5 0.21 34.3 0.44 

38.8 0.23 

  

38.5 0.50 

    

38.8 0.39 

  

    43.6 0.32 

Ea (kJ*mol
-1

) 

  

  

49.8 ± 3.3 48.3 ± 3.7 36.8 ± 3.1 
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Figure S4: Dependence of the relaxation times on the final peptide temperature for the 

three-stranded β-sheet  
D
P

D
P. 

A decrease of relaxation times τ with increasing temperature T can be observed for all wave-

numbers probed (1630 cm
-1

, blue squares: β-sheet; 1612 cm
-1

, green triangles: Xxx – 
D
Pro turn 

region; 1663 cm
-1

, red dots: disordered structure). Trend lines show differences between the 

structural components in respect of the relaxation kinetics over the whole experimental tem-

perature region. 
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Table S2: Time constants and apparent activation energies for 
D
P

D
P. 

 

The temperature given in the Table S2 refers to the final sample temperature after a 

temperature-jump of ~ 1 – 3 °C (1630 cm
-1

: β-sheet; 1612 cm
-1

: Xxx – 
D
Pro turn region; 

1663 cm
-1

: disordered structure). The experimental error for the measurement is approx. 

150 ns. The values for the apparent activation energy were determined by evaluating the 

Arrhenius equation ln(𝑘) =
−𝐸𝑎

𝑅𝑇
+ ln(𝐴). 

 

 

 

1612 cm
-1

 1630 cm
-1

 1663 cm
-1

 

T /°C τ/ µs T /°C τ/ µs T /°C τ/ µs 

6.3 1.26 6.2 1.64 6.2 1.38 

7.8 1.53 7.8 1.07 7.8 1.25 

15.8 0.44 12.1 1.07 12.1 1.19 

17.2 0.42 15.5 0.73 13.1 0.80 

26.4 0.32 15.7 0.36 15.5 0.98 

28.7 0.27 18.6 0.48 18.2 0.79 

36.3 0.26 22.3 0.40 18.6 0.70 

38.6 0.17 26.2 0.27 23.6 0.60 

46.7 0.18 28.7 0.34 28.7 0.56 

48.9 0.13 36.3 0.16 33.4 0.37 

  39.0 0.22 39.0 0.56 

  46.8 0.10 44.5 0.30 

  49.2 0.14 49.2 0.36 

Ea (kJ*mol
-1

) 
  

  

37.8 ± 4.5 42.5 ± 4.3 23.8 ± 3.0 

 

 

  



56 

 

4.3. Publication 3: Role of Aromatic Cross-Links in Structure and Dynamics 

of Model Three-Stranded β-Sheet Peptides 

David Scheerer, Heng Chi, Dan McElheny, Ayesha Samer, Timothy A. Keiderling and Karin 

Hauser; The Journal of Physical Chemistry A 2018, 122, 543-553; DOI: 

10.1021/acs.jpca.7b10190 (Reprinted with permission from the American Chemical Society) 

4.3.1. Author Contributions 

FTIR measurements and T-jump studies were done by David Scheerer. He assisted with the 

conceptualization of the project and also took part in writing the initial draft of the manuscript 

as well as in its visualization and revision. Heng Chi synthesized the peptides, studied them 

with CD and FTIR spectroscopy and acquired funding for the synthesis. Ayesha Samer helped 

with the acquisition of the CD data. Dan McElheny determined the NMR structures and was 

involved in the creation of the MD simulations. Karin Hauser and Timothy A. Keiderling both 

created the concept of the project and applied for funding. Beside the supervision of the pro-

ject they also contributed significantly to the writing of the original draft as well as its revi-

sion. Timothy A. Keiderling also performed computations with DFT and MD. All authors 

have given approval to the final version of the manuscript. 

4.3.2. Full Text of Paper 

4.3.2.1. Abstract 

A series of closely related peptide 

sequences that form triple-strand 

structures was designed with a varia-

tion of cross-strand aromatic interac-

tions and spectroscopically studied as 

models for β-sheet formation and sta-

bilities. Structures of the three-strand 

models were determined with NMR 

methods and temperature dependent equilibrium studies performed using circular dichroism 

and Fourier transform infrared spectroscopies. Our equilibrium data show that the presence of 

a direct cross-strand aromatic contact in an otherwise folded peptide does not automatically 

result in an increased thermal stability and can even distort the structure. The effect on the 

conformational dynamics was studied with infrared-detected temperature-jump relaxation 

methods and revealed a high sensitivity to the presence and the location of the aromatic cross-

links. Aromatic contacts in the three-stranded peptides slow down the dynamics in a site-

specific manner, and the impact seems to be related to the distance from the turn. With a 

Xxx – 
D
Pro linkage as a probe with some sensitivity for the turn, small differences were re-

vealed in the relative relaxation of the sheet strands and turn regions. In addition, we analyzed 

the component hairpins, which showed less uniform dynamics as compared to the parent 

three-stranded β-sheet peptides.   

https://doi.org/10.1021/acs.jpca.7b10190
https://doi.org/10.1021/acs.jpca.7b10190
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4.3.2.2. Introduction 

β-Sheets are essential elements of protein secondary structure and have become a prime focus 

for analysis of initial steps in protein misfolding. Experimental study of sheets is impaired by 

their nonsequential character in which strand segments must come together to form sheets in a 

manner that can be independent of their sequence in a larger molecule (polypeptide). If single, 

separate strands interact in this way, the result is an oligomer of indeterminate size, which can 

even grow (sometimes irreversibly) to become a larger aggregate or fibril.
3-4

 Folding studies 

of peptide models then must be able to discriminate intermolecular from intramolecular cross-

strand H-bonds leading to β-sheet formation. One approach used in many laboratories has 

been to design and study hairpins, where a single strand folds back on itself to create two an-

tiparallel segments that are cross-strand H-bonded with a turn or loop between them.
126, 186

 

These hairpins can then be studied as monomeric species, but each strand has intramolecular 

H-bonds on only one side, being solvated on the other. In practice such structures are also 

highly twisted, and the ends tend to fray.
29, 167

 Designing a sequence with added turns and thus 

more β-strands thereby creating a multistrand sheet model is the natural extension of the hair-

pin approach. In such a design the inner segments can be fully cross-strand H-bonded, assum-

ing minimal distortion at the turns or loops and the termini. Several examples of such struc-

tures exist in the literature.
70, 139, 152, 207-208

 Analysis of β-sheet formation is best done with 

infrared (IR) methods,
70, 74, 99, 135, 209

 since electronic circular dichroism (ECD) yields very 

weak bands in the near-UV for sheet structures. By contrast, ECD has been used to monitor 

changes in the interactions of aromatic side chains, particularly for the Trpzip series of mole-

cules that were initially designed by Cochran and co-workers.
131, 133, 191, 197, 210

 Such an aro-

matic interaction is essentially a tertiary effect that is at some level independent of the cross-

strand H-bonding of the sheet secondary structure. Using ECD to monitor temperature varia-

tion of structures with interacting aromatic residues can yield insight into the stabilizing ef-

fects of hydrophobic interactions distinct from structure formation associated with backbone 

H-bonds. IR of the amide C=O stretch (amide I band) is sensitive to the H-bonding but even 

more to the coupling of these amide modes both in the strand (through-bond) and cross-strand 

(through-space). Following the IR absorbance changes with variation in temperature permits 

determination of stability and equilibria of folded and unfolded β-sheet-like conformers, as-

suming simple behavior. In contrast to the ECD, the IR changes are independent of and re-

solved from the spectral effects of aromatic coupling. Dynamics of the folding and unfolding 

processes can be followed using IR methods, but peptide folding processes are quite fast 

(submillisecond),
18, 91, 98

 so that conventional mixing or denaturant dilution experiments are 

inadequate. To address this, laser-induced temperature-jump (T-jump) relaxation kinetics 

methods are employed here to access these faster rates. 

In this study, three related triple-strand model peptides (Scheme 1) were designed and synthe-

sized along with their constituent (two-stranded) hairpins. The peptide folds were stabilized 

by use of 
D
Pro-Gly residues to initiate the turns, but the sequences varied in the location of 

cross-strand hydrophobic interaction by Trp-Tyr aromatic residues. Modeling the folding is 

enhanced by determination of the folded structure for the target three-stranded peptides by 

NMR methods. Stabilities of the β-sheet structures were studied with equilibrium tempera-
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ture-dependent circular dichroism (CD) and IR. The focus of this report is the comparison of 

their β-strand dynamics as determined with amide I′ IR-detected T-jump relaxation kinetics. 

Scheme 1. Generic Layout of the Three-Stranded Sheet Model
a
 

 

a
Red boxes indicate residues interchanged, dashed black frame shows the location of possible 

aromatic crosslinks. Positions 5 and 21 are Trp and Leu for 1W-2Y-3L and vice versa for 1L-

2Y-3W. To place the aromatics on opposite sides, so there can be no interaction, three chang-

es are needed, where positions 4, 5, and 21 are Phe, Ile, and Leu, respectively, for 1I-2Y-3L. 

The component hairpins make up either the N-terminal strands 1 and 2 or the C-terminal 

strands 2 and 3 of the corresponding three-stranded β-sheet. 

4.3.2.3. Methods 

The peptides used in this study are modeled after the sequence design principles developed by 

Gellman and co-workers for their 
D
Pro – Gly stabilized hairpins

139, 199
 with additional stabili-

zation by cross-strand Trp – Tyr interactions following designs of Cochran and Waters.
131, 191

 

Three  different three-stranded β-sheet peptides were prepared (see Table 1 and Scheme 1): 

1W-2Y-3L has a Trp-Tyr interaction between strands 1 (Trp) and 2 (Tyr) with a Leu on 

strand 3, while 1L-2Y-3W interchanges the Leu and Trp residues to give an aromatic interac-

tion between strands 2 (Tyr) and 3 (Trp). As a control, 1I-2Y-3L has an alternate design with 

essentially the same sequence but with the aromatic residues, in this case Phe and Tyr, now on 

opposite sides of the designed sheet. Naturally this requires the exchange of an added residue 

to eliminate the cross-strand stabilizing interaction but still retains the 
D
Pro-Gly turns as the 

main structure-forming element and maintains the relative hydrophobicity of the three-

stranded structure. For comparison, a series of two-stranded β-hairpins were prepared, which 

have sequences identical to either the strands 1 − 2 or 2 − 3 of the corresponding three-stranded 

peptides. These are used to investigate the relative influence of the first or third strand on the 

equilibria and dynamics of the other two. 

Peptide Synthesis and Purification. Peptides were obtained from SciLight Biotechnology 

LLC, Beijing, China, after being synthesized using standard fluorenyl-methyloxycarbonyl 

(FMOC) methods, cleaved from the resin, purified with HPLC (95−99% purity), and charac-

terized with matrix assisted laser desorption/ionization (MALDI) mass spectroscopy. For IR 

studies, to eliminate spectral interference from trifluoroacetate (TFA) counterions remaining 
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from the peptide preparation, peptides were dissolved in 0.1 M DCl and lyophilized three 

times. Then the peptides were redissolved in D2O at concentrations of ∼10 mg/mL. 

NMR Structure Determination. Peptides were dissolved in 90:10, H2O/D2O, at ∼ 6 mg/mL 

concentration (∼ 2 − 3 mM). One-dimensional (1D) 
1
H-NMR and two-dimensional (2D) 

COSY spectra were obtained on a Bruker 500 MHz instrument, and NOESY and TOCSY 

spectra were obtained with a Bruker Avance 800 MHz instrument, all at 283 K, with gradient 

selection and excitation sculpting for water suppression.
211

 2D NOESY were acquired (mix-

ing times = 80 and 300 ms) with 12 ppm sweep widths, 2048 × 1024 complex points in 𝜏2 × 

𝜏1, and 16 scans per increment. 2D TOCSY were acquired under similar conditions with 

DIPSI2 mixing of 70 ms and a radio frequency field of 8 kHz. All spectra were processed 

within NMRPipe
212

 and viewed/assigned in NMRView.
213

 Data regarding spectra accumula-

tion and results used for the structure determinations are available in Table S1 of the Support-

ing Information. The NOESY peaks were manually selected and assigned with CYANA 

2.0.
214

 The lowest-energy structures were selected from an ensemble of 100 and further re-

fined by restrained molecular dynamics (MD) following a previously described methodology 

within AMBER8,
215

 using the ff99sb force field.
216

 The resulting 10 unique structures with 

the lowest AMBER and restraint violation energies were subjected to structure validation 

within PROCHECK_NMR.
217

 

Equilibrium CD, Fluorescence, and IR. Samples for CD study were prepared at 

∼ 0.2 − 0.3 mg/mL in phosphate buffer (H2O) at pH 7.5 and were measured in a 1 mm path 

quartz cell on a JASCO 815 spectrometer using 1 s time constant, 1 nm bandwidth, and aver-

aging 8−12 scans (spectra were corrected using UV absorbance to determine actual concentra-

tions, which ranged from 0.1 to 0.6 mM). Temperature was fixed by a JASCO Peltier sample 

holder operated under instrument control and varied from 5 to 85 °C in steps of 5 °C. Fluores-

cence of the same samples was measured on a Horiba Fluoromax 4, also with a Peltier sample 

temperature control accessory. Spectra were measured every 5 °C from 5 to 80 °C by scan-

ning emission from 300 to 500 nm with excitation at 270 nm. 

IR and vibrational circular dichroism (VCD) samples were prepared in D2O at ∼ 10 mg/mL at 

acidic pH (after lyophilization from DCl) and were placed in homemade demountable cells 

consisting of CaF2 windows separated by a Teflon spacer with 100 μm optical path length. IR 

and VCD spectra for the same samples were acquired on a Bruker Vertex 80 FTIR with a deu-

terated triglycine sulfate (DTGS) detector and on a homemade dispersive VCD 

spectrometer
218

 (in Chicago) or on a Bruker Equinox 55 FTIR spectrometer equipped with a 

mercury cadmium telluride (MCT) detector (in Konstanz). IR measurements in both laborato-

ries were in agreement, and only IR spectra done in Konstanz, on the same samples as used 

for the T-jump experiments, are further discussed here. The room-temperature VCD con-

firmed formation of β-sheet conformation in the three-stranded constructs but, for this dynam-

ics-oriented study, did not add to the analyses and will not be discussed further. For each Fou-

rier transform infrared (FTIR) spectrum, 128 scans with a spectral resolution of 4 cm
−1

 were 

averaged at each temperature. Thermal variation of the IR spectra was performed in the tem-

perature range of 5 − 95 °C in steps of ∆𝑇 = 5 °C. The temperature of the sample holder was 

controlled by a water bath (Lauda Ecoline E300, Germany), with the sample cell temperature 

recorded by a Pt100 sensor. A home-built software-controlled shuttle device was used to 
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measure the sample and reference signal successively for each temperature allowing the sub-

traction of the solvent signal. 

Temperature variations of the CD and IR data were typically quite gradual, with no character-

istics of a sharp transition. Several methods of analyses were attempted, and the best fits in 

terms of scatter of the data points, statistical quality of fit, and reproducibility of repeated 

measurements on separate samples were obtained by use of singular value decomposition 

(SVD).
219

 SVD naturally segregates the noise to higher components and utilizes changes in 

the entire band shape being considered. The second component represents the major variance 

from the average (or first component), and its loading is typically the most sensitive to the 

change being studied, particularly for amide I’ IR spectra, where the absorbance is roughly 

constant and the differences are relatively small band shape and frequency shifts. The fits 

were made to a sigmoidal equation with flat baselines (for details see Supporting Information) 

to obtain just the transition temperature Tm (inflection point), since the data sets did not have 

enough curvature to fit more variables (e.g., sloped baselines or ΔH). Parameters describing 

such gradual transitions might be sensitive to singular poor data points, so this was tested us-

ing the Jack Knife error analysis in the fitting program GLOVE,
220

 whereby the data set with 

one data point successively left out was fit, and the process was repeated dropping the next 

point and continuing through the entire set. The standard error of this set of fits provides a 

measure of quality of fit and sensitivity to data point deviations. Further details on analyses of 

multiple sample data sets are in the Supporting Information. 

Temperature-Jump Dynamics Measurements. T-Jump data were obtained on similarly 

prepared samples as used for IR thermal studies. Some samples showing small absorbance 

changes were rerun at higher concentration without qualitative changes in the kinetics. T-

Jump measurements were performed using the quantum cascade laser-based (QCL) spectrom-

eter that has been described in detail previously.
106, 120

 Briefly, the T-jump excitation is pro-

vided by a Q-switched Ho:YAG laser (IPG Photonics Corporation, U.S.A.) operated at 2090 

nm. The Ho:YAG laser pulses excite a D2O overtone vibration leading to a rapid increase in 

temperature within the excited volume. For a 10 Hz repetition rate the pulse duration is 9 ns, 

and the maximum pulse energy is 14 mJ. A chopper was synchronized with the pump laser to 

block alternate pulses, which allows acquisition of reference signals under identical condi-

tions but with no pump light at the sample and results in an excitation repetition rate of 5 Hz. 

The pump pulse is split by a 50:50 beam splitter into two counter-propagating beams to pro-

vide more homogeneous heating. The spot size of the excitation beam is ∼ 2 mm in diameter. 

To adjust the magnitude of the T-jump, different neutral density attenuators were used to re-

duce the excitation energy. For most samples, a T-jump of 𝛥𝑇 ≈ 8 °C was used, but a smaller 

jump was needed to obtain the lowest final temperatures of ∼ 5 °C. To monitor the relaxation 

dynamics, the single wavelength emission of the QCL (Daylight Solutions Inc.), with a tuna-

ble range between 1715 and 1580 cm
−1

, was used as a continuous wave (cw) probe source. 

The QCL beam was focused to a diameter of ∼ 300 μm at the center of the excited volume. A 

photovoltaic MCT detector (18 MHz, KMPV11−1-J2, Kolmar Technologies) was used to 

detect the transient changes in the probe beam transmission. The signals were digitized and 

recorded by a transient recorder board with 16 bit resolution (Spectrum). 

The initial sample temperature was controlled by a water bath connected to the sample holder. 

The final temperature (after the jump) was calculated by referencing the derived absorbance 
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change of the solvent at the respective wavelength to the corresponding temperature-

dependent FTIR spectra of D2O.
106

 Usually ∼ 2000 transients were averaged to reduce noise. 

To exclude distorted transients caused by cavitation effects,
104

 a self-developed software filter 

(MATLAB 2010, The MathWorks) was applied to save the most reliable data after collection. 

To account for solvent kinetics, both solvent and peptide sample were measured sequentially. 

The solvent-only signal was scaled appropriately and subtracted from the peptide sample sig-

nal. 

The resulting transients were subjected to a quasi-logarithmic averaging procedure so that an 

equal number of points were distributed in each time decade (20 points per decade) leading to 

a significant reduction of noise and distortion signals. The relaxation kinetics were evaluated 

in a time interval from 300 ns to 1.2 ms using a monoexponential decay function for the three-

stranded peptides as well as for the hairpins 2Y-3L and 2Y-3W (strands 2 − 3 of the three-

stranded peptides). The relaxation dynamics of the hairpins that constitute the strands 1 − 2 of 

the three-stranded peptides (i.e., 1W-2Y, 1L-2Y, and 1I-2Y) were fit best by a bi-exponential 

decay function. The relaxation time constants were determined for different final temperatures 

varying from 7 to 60 °C and fit to an Arrhenius relation 𝑘 = 𝐴 exp (−
𝐸𝑎

𝑅𝑇
) to represent rela-

tive thermal dependences. The measured transients, and thus the derived relaxation rates, have 

a reproducibility error that can be estimated from repeated measurements. For transients with 

large absorbance changes, the error is ca. ±150 ns. However, for the lowest final temperatures 

(<10 °C), where absorbance changes were often relatively small, the error was larger. 

4.3.2.4. Results 

The peptides were designed to fold into a three-stranded sheet and to allow interaction of Trp-

Tyr aromatic residues on neighboring strands (for 1W-2Y-3L or 1L-2Y-3W), in comparison 

to virtually the same sequence but without direct cross-strand interaction of aromatic side 

chains (for 1I-2Y-3L). This design succeeded, in that all three peptides were reasonably solu-

ble (up to >20 mg/mL), showed CD spectra reflecting a Trp-Tyr interaction where expected 

(1W-2Y-3L and 1L-2Y-3W), gave amide I’ IR patterns characteristic of β-structures, had 

dispersed NMR bands, and evidenced unfolding upon heating. The constituent two-stranded 

hairpins derived from these structures gave notably less well-formed sheets, as evidenced by 

their spectral patterns and less-dispersed NMR, and were less stable. The comparison of the 

three-stranded β- sheets dynamics is the core of this report, but first we give a brief summary 

of their NMR structures and equilibrium behavior, which assists our interpretation of the dy-

namics. 

NMR Structures. Each of the three-strand models gave resolved NOESY and TOCSY spec-

tra with reasonable dispersion that could be fully assigned and from which the structures 

could be evaluated. The 1W-2Y-3L (aromatic structures of each sequence are overlapped (on 

the left) and compared to the best structure (based on the fit to NMR parameters) for each 

presented with more atomic detail and the aromatic residues highlighted in red (on the right). 

The numbers of NOE and other structural parameters used as described above in the Methods 

section are enumerated for each structure in Table S1 of the Supporting Information. The 1I-

2Y-3L had significantly more assignable NOEs than the other two, including 50 more long-

range NOEs. The derived structures had very similar deviations from ideal bond lengths and 
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angles and low root-mean-square (RMS) deviations from the mean structures, but the 1I-2Y-

3L ensemble of structures again showed lower deviations from the mean than the other two, 

with 1L-2Y-3W being significantly worse, as is clearly evident in Figure 1b. 

 

Figure 1. NMR structures of the three-stranded β-sheet peptides. (a) 1W-2Y-3L (aromatic 

contact strand 1−2); (b) 1L-2Y-3W (aromatic contact strand 2−3); (c) 1I-2Y-3L (no aromatic 

contact). Ten solution structures are overlaid in the left column, and the best-fit representative 

structure is shown in the right column, together with the aromatic side chains highlighted in 

red. 

In each peptide the strands 1 − 2 formed a better hairpin than did strands 2 − 3, with the C-

terminus tending to be more disordered than the N-terminus. To form each hairpin, the 
D
Pro-

Gly turns had dominantly type I′ character;
221

 however, the ensemble of structures contained 

some examples in a type II′ form. The variation in turn type occurred more often for the sec-

ond turn, between strands 2 − 3, closer to the C-terminus, and was more evident for the 1L-

2Y-3W than for the 1W-2Y- 3L or 1I-2Y-3L peptides. The added uniformity in terms of 

turns as well as strands for 1I-2Y-3L implies that the aromatic interaction did not stabilize a 

single turn type in this design.  
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Surprisingly, with no (direct) aromatic cross-strand contacts, the 1I-2Y-3L ensemble of the 10 

best structures had the least variation in turn type and gave what appears to be the best formed 

β-sheet structure, in terms of extended strands and cross-strand H-bond formation. All the 

peptides were strongly twisted, in a right-handed sense for the strands, as often observed for 

β-sheets of L-amino acids. These are perhaps more twisted than seen in many globular pro-

teins but seem less so than most of the Trpzip hairpins we have previously studied.
133, 197, 222

  

The N-terminal hairpin, strands 1 − 2, was better formed than the C-terminal one, strands 2 − 3, 

in all structures, despite the shift of the aromatic cross strand interaction to strands 2 − 3 for 

1L-2Y-3W. The aromatic Trp−Tyr interaction is less well-defined and uniform than we pre-

viously saw in Trpzip peptides.
133, 197

 It seems to be more of a stacking than edge-to-face in-

teraction, with more offset in 1W-2Y-3L than for 1L-2Y-3W, as can be seen by the red col-

ored residues in the right-hand single conformer structures in Figure 1. 

The aromatic contact distances were quite stable, averaging 4.6 ± 0.2 Å for 1W-2Y-3L and 

4.4 ± 0.4 Å for 1L-2Y-3W (for the center of the Trp to the Tyr-Cγ position). This contrast of 

1L-2Y-3W and 1W-2Y- 3L peptides along with the striking uniformity of the 1I-2Y-3L set 

of structures argues that, despite the addition of cross-strand aromatic interaction, the turn 

constraint provided by the 
D
Pro-Gly sequences appears to be the dominant structure-forming 

element in these sequences, but there certainly is an added impact of varying the cross-strand 

hydrophobic and hydrophilic interactions. Our comparative spectral studies further address 

that variation. 

Equilibrium CD and Fluorescence. The CD spectra show evidence of cross-strand Trp-Tyr 

coupling in the form of a strong couplet at 230 (+) and 214 (-) nm, for the 1W-2Y-3L se-

quence (Figure S2, Supporting Information). From the NMR results, the orientation of the 

1W-2Y-3L Trp-Tyr pair is somewhat between that reported for the Trpzip Tyr-Trp mutants 

we previously studied (more angle, edge-on-face)
197

 and the overlapped stacking seen here 

(Figure 1) for 1L-2Y-3W. The 1W-2Y-3L CD reflects, but is not exactly the same as and is 

weaker than, what we reported for Trp-Tyr mutants of Trpzip2. Thus, the overall ECD shape 

supports a Trp-Tyr interaction. For the 1L-2Y-3W the interaction and resulting CD is clearly 

different and makes a smaller contribution to the observed CD intensity, which is here domi-

nated by a negative−positive couplet (or the opposite and also shifted sign pattern) at low 

temperature. Our previous theoretical analyses (for selected geometries only) indicated that, 

for Trp-Trp, the intensity for stacked interactions would be less than that for edge-on-face, 

which might partially explain these variations for Trp-Tyr interactions.
210

 

With no cross-strand aromatic contact, the 1I-2Y-3L peptide has a negative band at ∼ 215 nm 

and positive at ∼ 200 nm, more closely reflecting that expected for a β-sheet structure. By 

contrast, in the other two cases, the CD cannot be straightforwardly used to determine or even 

give much insight into the secondary structure but rather primarily reflects the relative cou-

pling of the aromatic residues. At high temperatures there is still a significant negative contri-

bution at 217 nm, as one might expect of a β-sheet, but that may be due to residual turn char-

acter caused by the conformationally restricted 
D
Pro-Gly structure. More importantly, there is 

also a growth in negative contribution to the band at 200 nm, which is characteristic of in-

creasing disorder. The temperature variation of the CD was fit using the second component of 
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the SVD analysis for the smoothed spectra over the entire 190 − 250 nm region. The Tm values 

for 1W-2Y-3L and 1I-2Y-3L were similar, with 1W-2Y-3L (∼65 °C) being always higher 

than for 1I-2Y-3L (∼55 °C) as summarized in Table S3, Supporting Information. By contrast, 

the 1L-2Y-3W transition was quite different with a Tm of ∼ 16 °C, which is consistent with its 

less well-formed β-sheet structure seen in the NMR (Figure 1b). 

The component hairpins that contain a Trp residue gave CD spectra that reflect those of the 

three-strand peptides from which they were abstracted. The 1W-2Y had an intense ± couplet 

at ∼ 228 and 213 nm, respectively, indicating some structure formation, patterned on that in 

1W-2Y-3L; the 2Y-3W also had a ± couplet, weaker than for 1W-2Y but stronger than for 

1L-2Y-3W, with a more dominant negative band at ∼195 nm, implying a different aromatic 

contact in the hairpin or more contribution from disorder in the peptide. The non-Trp-

containing hairpins gave much weaker CD, with complex shapes, but the most intense bands 

indicated contributions from a disordered peptide conformation. Thermal transitions for the 

hairpins were less well-defined than for the three-stranded peptides, and, even based on SVD 

analyses, we obtained physically sensible fits for only some of them. The 1W-2Y peptide had 

a high Tm with relatively low error, which is consistent with its stronger aromatic cross-strand 

interaction and more dispersed NMR than seen with the other hairpins. The other aromatic 

linked hairpin, 2Y-3W, had a much lower Tm with a similar error. Both were less sensitive to 

alternate methods of analysis than the nonaromatic linked hairpins. 

Considering the fluorescence spectra, the peptides that contain Trp gave an emission band 

with a maximum at ∼ 355 nm that dropped off sharply and nearly linearly with increase in 

temperature. This is consistent with the aromatic residues being solvated and on the surface of 

the three-strand structure, and consequently its variation offers little insight into folding or 

stability and will not be discussed further. 

Equilibrium IR. The IR spectra of all the three-stranded variants (see Figure S4, Supporting 

Information) exhibited an amide I′ (indicating H-D exchange of the amide NH in D2O) band 

pattern, which is characteristic for β-hairpins, having a more intense peak at ∼1638 cm
−1

 and 

a shoulder to higher wavenumbers at ∼ 1675 cm
−1

. Additionally, another shoulder is observed 

at ∼ 1612 cm
−1

, which can be attributed to the Xxx−
D
Pro tertiary amides that sequentially 

precede the two β-turns.
77

 The amide I′ VCD showed a relatively weak couplet band shape 

with a sharper negative at 1625 cm
−1

 and broader, weaker positive at ∼ 1670 cm
−1

 for both 

1W-2Y-3L and 1L-2Y-3W, which is consistent with β-structure formation but offers little 

insight beyond the IR results and will not be analyzed further. At high temperatures the IR 

band broadens and shifts to ∼ 1650 cm
−1

. The unfolding process is very gradual with some β-

sheet structure appearing to remain even at high temperatures. The transition temperatures 

were obtained by applying SVD to the IR temperature variation and fitting the second com-

ponent of the SVD with a sigmoidal function (results of which are illustrated in Figure 2). 
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Figure 2. Differences in thermal stability between the three-stranded β-sheet models. The 

corresponding midpoint of the thermal transitions Tm were 68 ± 4 °C for 1W-2Y-3L (blue), 

56 ± 5 °C for 1L-2Y-3W (red), and 62 ± 3 °C for 1I-2Y-3L (black) as obtained for IR of the 

amide I′ region (1600−1700 cm
−1

) using SVD and fitting the second component the SVD with 

a sigmoidal equation with flat baselines. The data shown are for a selected sample run, but the 

Tm values are derived by global fits to multiple data sets for different samples (see Table S10, 

Supporting Information).  

The band shape changes (essentially a frequency shift) yield transition temperatures of: 

Tm ≈ 68 °C for 1W-2Y-3L, Tm ≈ 62 °C for 1I-2Y-3L, and a lower Tm ≈ 56 °C for 1L-2Y-3W, 

based on global fits to separate sample data sets. The transition temperatures confirm that the 

1L-2Y-3W, which has the least developed β-sheet structure, is additionally the least stable 

(lowest 𝑇𝑚, as also seen with CD, but with less difference). The 1I-2Y-3L and 1W-2Y-3L 

have higher transition temperatures, with the 1W-2Y-3L (having hydrophobic aromatic cross-

strand stabilization) being the highest. The IR frequency changes reflected in the second SVD 

component are mostly due to loss of cross-strand coupling and H-bonds in the β-strands, 

which are well-developed but to different extents in all three peptides. Qualitatively the same 

pattern was seen with CD, which reflects the aromatic coupling where present, but the IR Tm 

values are generally higher than found with CD. Alternate fitting methods were attempted, 

including selecting intensities at characteristic frequencies and the method of Gai and co-

workers, using the integrated intensity of the 1680 cm
−1

 band.
101

 None of these gave as good 

quality of fits as found with the SVD approach reported here, which utilizes the maximal 

changes of the full band. 

The equilibrium spectra (Figures S5 and S6, Supporting Information) of the constituent hair-

pins show that the strands 1−2 form more developed β-structure than the strands 2−3, inde-

pendent of having any aromatic contact. For the N-terminal hairpins the spectra resemble 

those of the three-stranded variants with an intense peak at ∼1637 cm
−1

 and a shoulder at 

∼1675 cm
−1

 at low temperatures. Only for the 1L-2Y is the β-sheet band shifted to higher 

wavenumbers (1640 cm
−1

) indicating a more disordered structure. This is in good agreement 

with the transition temperatures and NMR structures for the three-stranded β-sheets, where 
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the 1L-2Y-3W does not have as extensive β-structure as the other two. For the C-terminal 

hairpins the β-sheet band is blue-shifted even further (∼ 1643 cm
−1

), and the high-frequency 

component is less pronounced, especially for the 2Y-3L, which contains no aromatic interac-

tion. This reflects the increased disorder of the C-terminal strands in the parent structures as 

was observed in the three-strand parent NMR results. Reinforcing these qualitative observa-

tions, the midpoint of the unfolding transition is ∼ 20 °C lower for the C-terminal hairpins 

than for the N-terminal ones (see Figures S7 − S9 and Table S10, Supporting Information). 

Temperature-Jump Dynamics. The T-jump experiments were performed at selected wave-

numbers in the amide I′ region that were determined from the maximum absorbance changes 

in the FTIR equilibrium data. Changes in the β-sheet structure were primarily sensed at 

∼ 1630 cm
−1

, and the Xxx−
D
Pro tertiary amide band at ∼ 1612 cm

−1
 was used as a potential 

probe for the turn region, although it is not exclusive, since it senses the turn-to-strand link. 

Relaxation data for all the three-stranded β-sheet peptides and constituent hairpins were 

measured by IR detected T-jump kinetics. Representative transients for the β-sheet structure 

(1632 cm
−1

, blue curve) and the Xxx−
D
Pro band (1612 cm

−1
, green curve) are shown in Fig-

ure 3 for 1I-2Y-3L as an example. The data, after correction for solvent dynamics, were fit 

well to a monoexponential function for each of the three-stranded variants; however, for some 

of the two-strand hairpins (N-terminal sequences) a biexponential function was required, as 

will be discussed below.  

 

Figure 3. Transient signal after the laser-excited temperature-jump shown for 1I-2Y-3L with 

a final temperature of 26.7 °C as an example. Relaxation kinetics were monitored at 

1612 cm
−1

 for the Xxx-
D
Pro turn amide (green) and at 1632 cm

−1
 for the β-sheet structure 

(blue). (inset) The equilibrium FTIR difference spectra of 1I-2Y-3L upon heating from 5 °C 

(reference; blue) to 95 °C (red), which were used to select the probe wavenumbers for the T-

jump experiment. 

All the variants have in common rigid 
D
Pro-Gly turns that promote hairpin formation

76, 139
 and 

inhibit total unfolding of the structure. These peptides exhibit quite fast relaxation times, less 

than 4 μs. Figure 4a summarizes the relaxation times, plotted against the final temperature, for 
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the three-stranded variants as measured at ∼1630 cm
−1

, the β-sheet band. Much as we have 

seen with various Tyr-substituted Trpzip2 mutants,
27

 the high temperature rates (>25 °C) of 

the three-stranded models were very fast (τ ≈ 500 ns), and differences between the peptides 

were not resolvable. However, at low peptide temperatures, there is variation, with the 1L-

2Y-3W being distinctly slower. In Table 2 values of relaxation times at two selected tempera-

tures are compared as obtained from the best fit of all the T-jump kinetic data to an Arrhenius 

relationship. The 1I-2Y-3L variant, with no aromatic interaction between the strands, shows 

the fastest relaxation, with, for example, τ = 1.43 ± 0.04 μs at Tfinal = 10 °C. The 1W-2Y-3L 

variant has virtually the same kinetic profile, relaxing only slightly more slowly at low tem-

peratures (τ = 1.72 ± 0.16 μs at 10 °C). However, the 1L-2Y-3W peptide, whose NMR struc-

ture and other spectral properties show more differences from the more completely formed 

sheet structures, is significantly slower (τ = 2.37 ± 0.38 μs at 10 °C). 

 

Figure 4. Relaxation times of (a) the 1630 cm
−1

 β-sheet band and (b) 1612 cm
−1

 Xxx−
D
Pro 

band for the three-stranded β-sheet variants 1W-2Y-3L (blue ■), 1L-2Y-3W (red ▼) and 1I-

2Y-3L (black ) in a temperature range of Tfinal = 5 − 60 °C. The lines indicate fits to the Ar-

rhenius equation giving a qualitative description of relative temperature variation of the relax-

ation rates. 

Table 2. Selected Relaxation Time Constants Probed at ∼ 1630 and ∼ 1612 cm
−1

 Obtained 

from Fits to the Arrhenius Relationship 

 τ
a
 [µs] at ~1630 cm

-1 
τ

a
 [µs] at ~1612 cm

-1
 

peptide 10 °C 35 °C 10 °C 35 °C 

1W-2Y-3L 1.72(±0.16) 0.65(±0.05) 2.17(±0.19) 0.55(±0.06) 

1L-2Y-3W 2.37(±0.38) 0.49(±0.14) 2.70(±0.28) 0.60(±0.11) 

1I-2Y-3L 1.43(±0.04) 0.47(±0.05) 1.65(±0.03) 0.51(±0.03) 

1W-2Y 1.16(±0.12) 0.36(±0.03)   

2Y-3L 0.55(±0.02) 0.10(±0.03) 0.55(±0.09) 0.11(±0.09) 

1L-2Y [4.18 (±1.00)]
b
 0.26(±0.09)   

2Y-3W 0.98(±0.05) 0.21(±0.04) 1.01(±0.11) 0.17(±0.06) 

1I-2Y 0.84(±0.08) 0.32(±0.03)   
a
The error was determined by the regular residual as the mean of individual measurements in a temperature range 

of T = 7.5−12.5 °C or T = 32.5−37.5 °C. 
b
Low reliability and exceptionally large error due to very low absorb-

ance changes at low temperatures. 
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A similar pattern is observed for the temperature dependence of the Xxx−
D
Pro dynamics 

measured at 1612 cm
−1

 (see Figure 4b). At high temperatures τ again is ∼500 ns, but at low 

temperatures the three peptides deviate in their relaxation time constants, with 1I-2Y-3L be-

ing clearly faster than 1W-2Y-3L and 1L-2Y-3W, the latter of which is again slowest. How-

ever, in contrast to the 1630 cm
−1

 β-sheet band, the thermal profile of the 1612 cm
−1

 Xxx-Pro 

detected kinetics for 1W-2Y-3L resembles more that of 1L-2Y-3W than of 1I-2Y-3L. These 

differences in thermal behavior of the rates for 1630 and 1612 cm
−1

 do indicate some influ-

ence of the turn dynamics on the overall relaxation process. 

As compared to the equilibrium data from CD and IR, the dynamic behaviors of the constitu-

ent hairpins show different sequence variation dependencies that provide more insight into the 

folding process. For the C-terminal hairpins, 2Y-3W and 2Y-3L, constituting strands 2 − 3 of 

the three-strand structures, the β-strand and Xxx-
D
Pro dynamics track each other very closely 

with temperature change (see Figure 5). These hairpin rates are both significantly faster than 

for the three-strand variants, but 2Y-3W, containing an aromatic cross-strand interaction, is 

slower than 2Y-3L, without one. 

 

Figure 5. Relaxation times of the Xxx-
D
Pro turn (∼1612 cm

−1
, squares, solid lines) and the β-

sheet (1636 cm
−1

, circles, dashed lines) for the C-terminal β-hairpins 2Y-3W and 2Y-3L in a 

temperature range of Tfinal = 5 − 40 °C. For both hairpins, the relaxation times for the β-sheet 

band (blue for 2Y-3W and red for 2Y-3L) are very similar to the Xxx-
D
Pro band (black for 

2Y-3W and green for 2Y-3L). The lines indicate fits to the Arrhenius equation. 

However, the N-terminal hairpins 1W-2Y, 1L-2Y, 1I-2Y had more complex behaviors, and 

their rates could be better determined with a biexponential fit (Table S11). For these, the fast 

components τ had values (Table 2) somewhat faster than the relaxation rates of the three-

stranded sheets (with the exception of 1L-2Y). By contrast, the values of τ2 were unusually 

slow for unimolecular β-hairpin dynamics.
99, 106, 136

 We could not determine the origin of this 

slow component, but it may be due to the formation and population of some type of multimer. 

We assume that the dynamics are separable and that folding rates of the secondary structure 
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elements are not affected by the slow process. Consequently, we here focus mainly on the fast 

relaxation rates for these peptides (Figure 6), which are also summarized in Table 2. 

 

Figure 6. Relaxation times of the β-sheet band for the N-terminal β-hairpins 1W-2Y (blue ■), 

1L-2Y (red ▼), and 1I-2Y (black ) in a temperature range of Tfinal = 5 − 50 °C. Shown are 

values for the fast component τ1 of a biexponential fit of the respective transients. The absorb-

ance changes of 1L-2Y at final temperatures less than 20 °C (data point in brackets) are very 

low; therefore, these values have higher error and are less reliable. The lines indicate fits to 

the Arrhenius equation. 

As seen in Figure 6, the scatter in the rates for the N-terminal hairpins is much higher than for 

the C-terminal ones, due to their smaller change in absorbance on loss of structure with in-

crease in temperature, but some trends can still be seen. Relaxation of 1I-2Y is the fastest of 

these N-terminal variants followed by 1W-2Y, with 1L-2Y being significantly slower. Since 

the absorbance change observed for 1L-2Y at final temperatures below 20 °C is very low, 

those relaxation times are likely to be not very reliable (data points in brackets, Figure 6). 

Therefore, we consider 1L-2Y as an outlier and do not evaluate these data further. Both other 

N-terminal hairpins 1I-2Y and 1W-2Y relax faster compared to the three-stranded variants, 

much as seen for the C-terminal hairpins, with the low temperature rates for 1W-2Y being 

somewhat slower than for 1I-2Y, which may be due to the 1W-2Y aromatic contact. The 

Xxx−
D
Pro band was not further evaluated for these peptides, due to its much lower absorb-

ance changes, for which kinetics could not be reliably evaluated. 
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4.3.2.5. Discussion 

Role of Aromatic Contacts on Thermal Stability and Structure. The relative thermal sta-

bilities of the three-stranded β-sheet structures studied here can be evaluated by comparison 

of their different transition temperatures (Tables S3 and S10, Supporting Information). All of 

our peptides have broad thermal transitions, and their Tm values consequently must be viewed 

more as qualitative indicators. To improve reliability, we analyzed the data using various fit-

ting approaches in an effort to highlight the role of aromatic contacts on thermal stability. The 

equilibrium IR data reflect β-strand formation, whereas CD spectra monitor primarily cross-

strand aromatic interaction, if present. The correlation between Tm values and the degree of β-

strand development in the three-strand structures is more complex than we might have antici-

pated. While 1W-2Y-3L, with strand 1 − 2 aromatic contact, has the highest Tm, it does not 

have the best defined NMR structure nor the most complete β-strand formation. The 1L-2Y-

3W, with a very similar sequence, has both the lowest Tm and the worst formed structure. The 

1I-2Y-3L, with no aromatic contact, has a somewhat lower Tm than 1W-2Y-3L, yet it devel-

ops the best defined structure with most complete β-strands. Comparison of 1W-2Y-3L and 

1I-2Y-3L suggests that the aromatic contacts of strand 1 − 2 result in the stability increase of 

1W-2Y-3L but at the same time create some distortion of the β-strands. Similarly, compari-

son of 1L-2Y-3W with 1W-2Y-3L, while keeping in mind that 1I-2Y-3L has the best devel-

oped β-strand fold, suggests the placement of the aromatic contact on strands 2 − 3 is both 

less stabilizing and leads to more distortion of the third strand. 

Our design sought to create a set of peptides with very minor differences, namely, the place-

ment of aromatic residues. To minimize residue changes and keep the aromatic contact on one 

side of the sheet, the cross-strand aromatic coupling in 1W-2Y-3L must be closer to the first 

turn than are the aromatics in 1L-2Y-3W to the second turn. The differences in these two pep-

tides suggest that having a cross-strand link far from the turn has less contribution to stability. 

Moreover, in both these aromatic cross-linked structures, the first hairpin forms much more 

completely than the second one, and the second one is even more disordered in 1L-2Y-3W, 

despite there being an aromatic link between strands 2 − 3 (see Figure 1). The variance of 

structure uniformity in the NMR ensemble and relative Tm values suggest that the overall se-

quence design acts as the structure and stability driving force and that the aromatic contact is 

secondary. Here, the 
D
Pro-Gly sequences stabilize the tight hairpin turns, and the alternation 

of hydrophobic and hydrophilic groups aids alignment of the residues. Our analyses of the 

component hairpins gives further evidence to this differentiation. 

Consistent with the three-strand data, all the component hairpins have IR spectra suggestive 

of at least partial β-strand formation (Figures S5 and S6, Supporting Information). For the N-

terminal hairpins with no aromatic contacts (1I-2Y, 1L-2Y) the low-temperature CD data 

(Figure S2, Supporting Information) are in line with this, but the C-terminal variant (2Y-3L) 

is less clear. The other two hairpins (1W-2Y and 2Y-3W) have CD dominated by aromatic 

interaction. Those with Trp-Tyr contacts could potentially be even more stabilized as hairpins, 

but IR-derived Tm values, reflecting change of β-strand structure, do not seem to differentiate 

them from similar sequences without Trp-Tyr contacts. Likewise, the β-sheet characteristics 

are more pronounced in the equilibrium IR spectra for the N-terminal hairpins, as seen from 

their somewhat sharper maxima occurring at a lower frequency (∼1637 cm
−1

), with the partial 
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exception of 1L-2Y (Figures S5 and S6, Supporting Information). Our preliminary 1D NMR 

data support this as well, with 1W-2Y and 1I-2Y having more dispersion in the N−H region 

than do the other hairpins studied. 

The IR transition temperatures also reflect the stability differences between the hairpins con-

stituting strands 1 − 2 as opposed to the hairpins forming strands 2 − 3, since the N-terminal 

variants all have a transition temperature ∼20 °C higher than the C-terminal ones (Table S10, 

Supporting Information). Taking the error limits in consideration, the Tm values are not signif-

icantly affected by the presence or absence of cross-strand aromatic contacts for either the N-

terminal or the C-terminal hairpins. The CD-determined Tm values for these hairpins do not 

provide a clear differentiation, due to their less reliable fits, but for the two with cross-strand 

aromatic contacts, having more reliable Tm values, that for 1W-2Y is much higher than for 

2Y-3W. The N-terminal hairpin is consistently seen to be the more stable form. That place-

ment of the aromatics impacted the three-strand sheet stabilities more than for the hairpins 

may be evidence of the aromatic contact causing a distortion that impacts the alignment of the 

third strand with the first two, a problem that would not impact hairpins. Note that, for the 

previously studied Trpzip2 hairpin peptides and their various mutants, the cross-strand aro-

matic interaction was a structure driving force and definitely affected the stabilities meas-

ured.
27, 29, 72, 133

 The major difference between those and the systems studied here is probably 

the 
D
Pro-Gly turn sequence, which both stabilizes the turn and prevents complete unfolding.

76-

77, 142
  

Comparison of Dynamics and Relaxation Rates. We studied the temperature dependence of 

relaxation rates and analyzed if there is a correlation between the dynamics of the three-

stranded peptides and those of the component hairpins. Table 2 shows selected relaxation 

times for all variants. They consistently decrease with increasing temperature, as would be 

expected, but to a different degree. For example, while 1W-2Y and 1I-2Y are faster than 1L-

2Y (the outlier) at Tm = 10 °C, they are not much different at a higher final temperature of 

35 °C. Similarly, while 1W-2Y-3L and 1I-2Y-3L are faster than 1L-2Y-3W at Tfnal = 10 °C, 

the rates are again quite similar at Tfinal = 35 °C. Furthermore, the relative rate pattern is the 

same in all cases where the three-stranded structure has the slowest rate and its component 

hairpins are faster with the C-terminal hairpin being in each case the fastest. The temperature 

dependencies (slopes of the Arrhenius plots) are similar but not identical for each set of fits in 

Figure 7, particularly if the outlier points for 1L-2Y are eliminated. 
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Figure 7. Arrhenius plots (probed at ∼1630 cm
−1

) for each three-stranded variant (black) to-

gether with its constituent C-terminal (red) and N-terminal hairpins (blue). (a) 1W-2Y-3L 

(black ) and its constituting hairpins 2Y-3L (red ▼) and 1W-2Y (blue ■). (b) 1L-2Y-3W 

(black ) and its constituting hairpins 2Y-3W (red ▼) and 1L-2Y (blue ■). For the N-

terminal hairpin 1L-2Y data points with very low absorbance changes (at low final tempera-

tures below 20 °C) were disregarded in the fit for the blue dotted line. (c) 1I-2Y-3L (black ) 

and its constituting hairpins 2Y-3L (red ▼) and 1I-2Y (blue ■). 

These Arrhenius plots (Figure 7 and Figure S12, Supporting Information) are only used to 

describe qualitative trends, since activation energies for relaxation processes are poorly de-

fined. The three-strand peptides studied here do not fold in an obvious two-state manner. 

Their broad equilibrium transitions are indicative of a multistate ensemble of structures, 
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whose change in distribution does not allow us to make a quantitative determination of the 

equilibrium constants and consequently prevents detailed analysis of the underlying kinetic 

steps. Furthermore, the variance in rates for strand and turn segments, although minor, further 

indicates a non-two-state process.
72

 

Variation of Dynamics: Dependence on Both Presence and Location of Aromatic Con-

tacts. In contrast to the NMR and equilibrium data, the conformational dynamics, as moni-

tored in the T-jump relaxation processes, are more strongly influenced by the presence as well 

as the location of an aromatic contact. Figure 4 illustrates the general trends for the dynamics 

of the three-stranded β-sheets. The variant without aromatic contact (1I-2Y-3L) relaxes fast-

est as was previously observed for alternate sequences with no aromatic interactions.
70, 106

 

One factor in the impact of aromatics on rates is displacement of solvent molecules to facili-

tate the formation of cross-strand hydrophobic interactions and hydrogen bonds. 

The dynamics of the structures having an aromatic contact are slower and furthermore behave 

in a site-specific manner, 1L-2Y-3W being slower than 1W-2Y-3L. This different effect of 

the aromatics on dynamics might be explained by the distance between the 
D
Pro-Gly-turn and 

the Trp-Tyr cross-strand interaction, which is shorter (two residues) in 1W-2Y-3L than for 

1L-2Y-3W (three residues). Similar effects of aromatic contacts on relaxation rates were seen 

in our previous studies of Trpzip2-based hairpins.
27

 There, mutants with two Trp residues 

substituted with Val (one aromatic contact) had faster dynamics than did Trpzip2 with four 

Trps (two aromatic contacts). This effect was more evident if the Trp residues farther from the 

turn were substituted. Thus, we also observed a slowdown by aromatic contacts and moreover 

site-specific dynamics depending on the location of the aromatic contact within the hairpin, 

namely, the closer the aromatic contact is located to the turn, the faster are the dynamics.  

Comparing the C-terminal hairpins 2Y-3W (aromatic contact) and 2Y-3L (no aromatic con-

tact) (Figure 5) the relaxation is also slower (at lower temperatures) for the hairpin with a 

cross-strand aromatic interaction. For the N-terminal hairpins (Figure 6) we also see slower 

dynamics in the presence of aromatic contacts (1W-2Y slower than 1I-2Y), although one 

hairpin (1L-2Y) is an outlier and probably has a sequence-driven effect contributing to its 

slow rate. 

Site-Specific Dynamics. Comparing the dynamics of the sheets (Figure 4a) with that of the 

Xxx-
D
Pro link, which can sense the turn region (Figure 4b), the overall trend is the same, alt-

hough the turn dynamics of 1W-2Y-3L resemble more those of 1L-2Y-3W, whereas the sheet 

dynamics of 1W-2Y-3L are closer to those of 1I-2Y-3L. A reduction in turn dynamics is cor-

related to the less-well-defined turn that we also observe as a variation in the ensemble of 

NMR structures (Figure 1), in that 1I-2Y-3L, without aromatic contact, has no turn variation 

and the fastest dynamics. The aromatic contact between the sheets may induce structural in-

stability to the turn geometry. 

The absorbance changes of the Xxx-
D
Pro band of the N-terminal hairpins were too small for a 

reliable analysis. For the C-terminal hairpins, we do not observe a difference in turn versus 

sheet dynamics, neither with nor without aromatic contact. This may be a result of the Xxx-
D
Pro band sensing the turn-to-strand link, not the central turn region, or that the differences 
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are too small to be resolved in our measurements. Selective isotopic labeling might be better 

suited to probe the turn and the strands individually. 

4.3.2.6. Conclusion 

Our study of several triple-strand and related hairpin model peptides, designed to have differ-

ent interactions between the strands, surprisingly showed that the absence of a direct aromatic 

cross-strand contact did not lead to a significant loss of thermal stability. The equilibrium 

properties seem to be dominated by the influence of the 
D
Pro-Gly turn and general hydropho-

bic and hydrophilic contacts in the largely conserved sequences and only secondarily affected 

by the cross-strand aromatic interaction. By contrast, the dynamics, as monitored by the tem-

perature dependencies of the T-jump induced relaxation processes, are more sensitively influ-

enced by the presence and the location of an aromatic interaction. These complexities suggest 

that the underlying (un)folding mechanism is a multistate process, which is already indicated 

by the small differences in dynamics observed for the Xxx-
D
Pro linkage as a site-specific 

probe. To further evaluate kinetic mechanisms on the basis of individual amino acids, more 

selective IR probes are needed. Isotope labeling potentially can provide such insight and will 

be the focus of future study on these systems. 
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4.3.2.7. Supporting Information 

Table S1: Data for the three-stranded β-sheet peptide structure determination obtained by 
1
H-

NMR spectroscopy. 

Peptide: 1I-2Y-3L 1W-2Y-3L 1L-2Y-3W 

Total NOE distance restraints 442 307 286 

  Intraresidue (i,i) 114 100 88 

  Sequential (i, i+1) 135 90 90 

  Medium range (2<=|i-j|<=4) 60 34 28 

  Long range (|i-j| > 4) 133 83 80 

Total dihedral angle restraints    

  PHI 11 11 11 

  PSI 0 0 0 

Violation analysis    

  Max dihedral angle violation (deg) 2 1 0 

  Max distance violation (A) 2.5 3.4 3.9 

Energies    

  Mean AMBER energy (kcal/mol) -651 -647 -613 

  Mean restraint energy (kcal/mol) 12 9 14 

Deviation from ideal geometry    

  Bond lengths (A) 0.0093 ± 0.0001 0.0094 ± 0.0001 0.0095 ± 0.0002 

  Bond angles (deg) 1.847 ±  0.022 1.893 ± 0.061 1.945 ± 0.083 

RMS deviations from mean structure    

  Backbone atoms (N, CA, C')(A) 0.58 0.94 1.61 

  All heavy atoms (A) 1.00 1.36 2.09 

Ramachandran analysis    

  Residues in most favorable regions (%) 94 94 81 

  Residues in additional allowed regions (%) 6 6 17 

  Residues in generous allowed regions (%) 0 0 0 

  Residues in disallowed regions (%) 0 0 2 
1
H-NMR (1-D) and 2-D COSY of all peptides studied in this work were measured at 

500 MHz, and for the three-strand models 2-D NOESY and TOCSY were obtained at 

800 MHz. The three-strand structures showed good dispersion in the NH region, the hairpin 

1-D NMR were less dispersed, but more for 1W-2Y and 1I-2Y than the others. The structures 

of the three-strand variants were determined by assignment of proton resonances using 

CYANA, manual assessment of NOE peaks and minimization under the total restraints to 100 

possible structures, for each peptide. The best 10 were further refined using AMBER8 and the 

ff99sb force field. As can be seen in the table, the 1I-2Y-3L had more resolved constraints 

and resulted in significantly lower RMS deviations from the mean structures. However all 

three structures were well determined, and the bond lengths and angles had little deviation 

from ideal geometries. None-the-less the 1L-2Y-3W definitely had worse RMS deviations 

and more residues out of favorable regions. The differences primarily showed up in strand 3, 

resulting in a much less well formed hairpin between strands 2 – 3 for 1L-2Y-3W than the 

others, but also 1W-2Y-3L was somewhat less well formed in strand 3 than was 1I-2Y-3L. 

The turn geometry favored Type I’, with the 10 best structures showing no deviations for 1I-

2Y-3L but a few Type II’ turns occurred for 1W-2Y-3L and more for 1L-2Y-3W. 
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Figure S2:  CD spectra for all peptides. Shown are a) 1W-2Y-3L, b) 1L-2Y-3W, c) 1I-2Y-

3L, d) 1W-2Y, e) 2Y-3L, f) 1L-2Y, g)  2Y-3W and h) 1I-2Y in the temperature range from 

5 °C (blue) to 85 °C (red). 1W-2Y-3L, 1L-2Y-3W, 1W-2Y and 2Y-3W contain an aromatic 

interaction leading to a negative signal at ~213 nm and a positive signal at ~229 nm (which is 

clearly distorted in 1L-2Y-3W). Most peptides without aromatic interaction (no Trp (W), i.e. 

c, f, h), show spectra indicative of forming at least partial β-strand/hairpin structure (216 nm 

negative, strong 200 nm positive) with the possible exception of 2Y-3L (e) which appears 

more disordered. Spectra clearly show temperature variation, but fits of the changes gave 

poorly determined transitions (very little curvature) for the hairpins. 
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Table S3: Transition temperatures in °C for all sequences determined by thermal analyses of 

the 2
nd

 component of a singular value decomposition of the far-UV CD spectra (190 –

 250 nm).  

Peptide Meas.1 Meas.2 Meas.3 
Tm 

Global Fit 
Fitting Error

 
Variance 

1W-2Y-3L 61 (±3) 
71 (±10)  65 ±4 ±6 

1L-2Y-3W 18 (±9) 16 (±3)  16 ±1 ±2 

1I-2Y-3L 54 (±5) 60 (±8) 48 (±3) 55 ±4 ±7 

1W-2Y 60 (±5)      

2Y-3L 63 (±61)      

1L-2Y 22 (±25)      

2Y-3W 19 (±6)      

1I-2Y 36 (±3)      

 

The very broad transitions were fit to a sigmoidal function with flat baselines and a sigmoidal 

transition 

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)/[1 + 𝑒𝑥𝑝((𝑇 − 𝑇m)/𝑑𝑇)] 

where 𝐴1 is the initial value, 𝐴2 the final value and 𝑑𝑇 the slope factor. Tm values for multiple 

measurements for one peptide variant are presented in column 2 – 4. An estimate of error was 

made as the standard deviation of the Tm values determined sequentially for the set with one 

value taken out (typically 1517 determinations) using the Jack Knife error estimates in the 

fitting program GLOVE. There was only one measurement for each of the hairpins due to a 

low reliability of the fits, but they are provided for comparison. For the three-stranded vari-

ants, global fits were determined for all the data sets having the same Tm but independent 

baseline parameters (column 5). The curves for the global fits of the three-stranded structures 

are shown below, corresponding errors (column 6) represent the quality of the fit. Scatter in 

independent measurements reflects the reproducibility between samples, therefore, the maxi-

mum variance of individual measurements from the global fit values is given in the last col-

umn.  

SVD of temperature dependent spectra was applied using MATLAB software (MathWorks, 

MA (USA)). This method transforms the raw data matrix, 𝑫, by 𝑫 = 𝑼𝑺𝑽𝑻, where 𝑼 is the 

matrix of basis set spectra that describe the data, 𝑽 is the matrix of amplitude values as a func-

tion of experimental conditions (such as temperature), and 𝑺 is the diagonal matrix containing 

singular values describing the contribution of basis spectra to the data set. The first compo-

nent spectrum represents the average of the set of spectra being analyzed, and the second 

component largest spectral variation from the average.  
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Global fits of the 2
nd

 component of a singular value decomposition far-UV CD spectra (190-

250 nm) to a sigmoidal function with flat baselines for the various measurements of the three-

stranded β-sheet structures. Fits for one data set had the same Tm value (see Table S3) but 

independent baseline parameters. 
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Figure S4:  FTIR spectra of the three-stranded β-sheets in the amide I´ region for a) 1W-2Y-

3L, b) 1L-2Y-3W and c) 1I-2Y-3L in the temperature range from 5 °C (blue) to 95 °C (red).  

At low temperatures for all variants the characteristic features of an antiparallel β-sheet can be 

observed as a strong band at ~1637 cm
-1 

and a shoulder at ~1675 cm
-1

. Also at ~1612 cm
-1

 

another shoulder is visible due to the tertiary amide of Xxx–
D
Pro. At higher temperatures the 

β-sheet band shifts to higher wavenumbers indicating the loss of β-sheet structure and the 

formation of disordered structure.  
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Figure S5: FTIR spectra of the C-terminal hairpins a) 2Y-3L and b)  2Y-3W in the amide I´ 

region in the temperature range from 5 °C (blue) to 95 °C (red). For these hairpins the β-sheet 

characteristics are less pronounced than for the three-stranded variants, the low-frequency 

band is located at 1643 cm
-1

, also the shoulder at 1674 cm
-1

 is weaker, both indicate a reduced 

amount of β-structure and increase of disorder. The tertiary amide of Xxx–
D
Pro can be ob-

served at ~1613 cm
-1

. At high temperatures the absorption maximum shifts to 1653 cm
-1

. 
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Figure S6: FTIR spectra of the N-terminal hairpins a) 1W-2Y, b) 1L-2Y and c) 1I-2Y in the 

amide I´ region in the temperature range from 5 °C (blue) to 95 °C (red). The N-terminal 

hairpins show a more developed β-strand structure than the C-terminal ones. The high-

frequency β-sheet band at ~1675 cm
-1

 is much stronger pronounced while the low-frequency 

band is sharper and observed at ~1637 cm
-1

 (for 1W-2Y and 1I-2Y). For 1L-2Y the low-

frequency band is observed at ~1640 cm
-1

 indicating less developed β-structure for this se-

quence in comparison to the other N-terminal hairpins. This is in good agreement with the 

NMR data and the transition temperatures of the three-stranded variants, where the 1L-2Y-

3W also shows a less complete β-strand formation than the other three-stranded variants.   



82 

 

 

Figure S7: Differences in thermal stability between the N-terminal and C-terminal hairpins of 

1W-2Y-3L. The very broad transitions were fit to the sigmoidal equation (solid lines). The 

corresponding midpoints of the thermal transitions gave Tm of 60 ± 5 °C for 1W-2Y (black) 

and 36 ± 4 °C for 2Y-3L (red), as obtained by thermal analyses of the 2
nd

 component of singu-

lar value decompositions of the amide I´ region (1600-1700 cm
-1

). For comparison, the re-

spective curve of the parent three-strand structure (1W-2Y-3L) is also indicated by the dashed 

blue line (Tm = 68 ± 4 °C). 
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Figure S8: Differences in thermal stability between the N-terminal and C-terminal hairpins of 

1L-2Y-3W. The corresponding sigmoidal fits are given by the solid lines, whose midpoints 

gave Tm of 58 ± 6 °C for 1L-2Y (black) and 29 ± 3 °C for 2Y-3W (red) as obtained in Figure 

S7. For comparison, the respective curve of the parent three-strand structure (1L-2Y-3W) is 

also indicated by the dashed blue line (Tm = 56 ± 5°C). 
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Figure S9: Differences in thermal stability between the N-terminal and C-terminal hairpins of 

1I-2Y-3L. The corresponding sigmoidal fits are the solid lines, whose midpoints gave Tm of 

56 ± 4 °C for 1I-2Y (black) and 36 ± 4 °C for 2Y-3L (red) as obtained for Figure S7. For 

comparison, the respective curve of the parent three-strand structure (1I-2Y-3L) is also indi-

cated by the dashed blue line (Tm= 62 ± 3 °C).   
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Table S10: Transition temperatures in °C for all sequences determined by thermal analyses of 

the 2
nd

 component of a singular value decomposition of the amide I´ region (1600-1700 cm
-1

). 

Peptide Meas.1 Meas.2 Meas.3 Meas.4 
Tm 

Global Fit 

Fitting 

Error
a Variance

a
 

1W-2Y-3L 67 (±2) 
72 (±3)   68  ±2 ±4 

1L-2Y-3W 51 (±3) 60 (±4) 54 (±10) 55 (±2) 56  ±1 ±5 

1I-2Y-3L 59 (±1) 65 (±1) 60 (±9)  62  ±1 ±3 

1W-2Y 55 (±5) 60 (±8) 59 (±9) 63 (±10) 60  ±3 ±5 

2Y-3L 33 (±3) 32 (±10) 36 (±8)  36  ±3 ±4 

1L-2Y 57 (±6) 64 (±11)   58  ±3 ±6 

2Y-3W 27 (±6) 30 (±7)   29  ±3 ±2 

1I-2Y 55 (±3) 57 (±9)   56  ±4 ±1 
a 

To account for the broad transitions, the larger of the values was chosen to be presented in the main text 

The very broad transitions were fit to a sigmoidal function with flat baselines (see above). Tm 

values for multiple measurements for one peptide variant are presented in column 2 – 5. The 

single measurements which show the transition most clearly (column 2) were chosen to be 

presented in Figure 2 and Figures S7 – S9. An estimate of error was made as the standard de-

viation of the Tm values determined sequentially for the set with one value taken out using the 

Jack Knife error estimates in the routines in GLOVE. Furthermore, global fits were deter-

mined for all the data sets having the same Tm but independent baseline parameters (column 

6). The curves for the global fits of the three-stranded structures are shown below, corre-

sponding errors (column 7) represent the quality of the fit. Scatter in independent measure-

ments reflects the reproducibility between samples, therefore, the maximum variance of indi-

vidual measurements from the global fit values is given in the last column.  

Other fit functions with additional parameters describing the slope of the baseline for the 

folded and unfolded state were tested as well, however, they were often found to be very 

prone to error and to give numbers without physical meaning. 
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Global fits of the 2
nd

 component of a singular value decomposition of the amide I´ region 

(1600 – 1700 cm
-1

) to a sigmoidal function with flat baselines for the various measurements of 

the three-stranded β-sheet structures. Fits for one data set had the same Tm value (see Table 

S10) but independent baseline parameters.  
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Table S11: Representative relaxation times of the β-sheet band for the N-terminal β-hairpins 

1W-2Y, 1L-2Y and 1I-2Y at final temperatures of 10 °C and 35 °C as fit by a biexponential 

function ∆𝑨 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆−𝒕/𝝉𝟏 + 𝑨𝟐 ∗ 𝒆𝒕/𝝉𝟐. The fast relaxation time 𝝉𝟏 was in a time range 

similar to that for the three-stranded β-sheets and the C-terminal hairpins, 𝝉𝟐 was significantly 

slower. 

Peptide 
𝝉𝟏 [µs]

a
 𝝉𝟐 [µs]

a
 

10 °C 35 °C 10 °C 35 °C 

1W-2Y 1.16(±0.12) 0.36(±0.03) 26.8(±4.36) 4.02(±1.09) 

1L-2Y [4.18(±1.00)]
b
 0.26(±0.09) 40.9(±2.04) 4.60(±0.40) 

1I-2Y 0.84(±0.08) 0.32(±0.03) 49.7(±3.85) 6.17(±0.51) 
a 

the error was determined by the regular residual as the mean of individual measurements in a temperature range 

of T = 7.5-12.5 °C or T = 32.5-37.5 °C  
b 

low reliability due to very low absorbance changes at low temperatures 
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Figure S12: Comparative Arrhenius plot of the three-stranded variants 1W-2Y-3L (blue 

squares), 1L-2Y-3W (red triangles) and 1I-2Y-3L (black hexagons) at the Xxx–
D
Pro band. 

The straight lines represent fits to the Arrhenius equation, giving a qualitative description of 

relative temperature variation of the relaxation rates. 
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4.4. Publication 4: Isotopically Site-Selected Dynamics of a Three-Stranded 

β-Sheet Peptide Detected with Temperature-Jump Infrared-Spectroscopy 

David Scheerer, Heng Chi, Dan McElheny, Timothy A. Keiderling and Karin Hauser; The 

Journal of Physical Chemistry B 2018, 122, 10445-10454; DOI: 10.1002/cphc.201501089 

(Reprinted with permission from the American Chemical Society) 

4.4.1. Author Contributions 

David Scheerer performed the FTIR equilibrium and T-jump studies on the different labeled 

variants. Besides, he was involved in the conceptualization of the project and writing, revising 

and visualizing the manuscript. The synthesis of the peptides was done by Heng Chi as well 

as the CD analysis. Dan McElheny performed NMR measurements and helped with MD sim-

ulations. Karin Hauser conceptualized and supervised the project, acquired funding and took 

part in writing and editing the manuscript. Timothy A. Keiderling performed MD and DFT 

computations and took part in the creation and acquisition of funding for the project as well as 

in writing and editing the manuscript. All authors have given approval to the final version of 

the manuscript. 

4.4.2. Full Text of Paper 

4.4.2.1. Abstract  

Infrared detected temperature jump (T-jump) 

spectroscopy and site-specific isotopic labeling 

were applied to study a model three-stranded β-

sheet peptide with the goal of individually prob-

ing the dynamics of strand and turn structural 

elements. This peptide had two 
D
Pro-Gly (pG) 

turn sequences to stabilize the two component 

hairpins, which were labeled with 
13

C=O on each 

of the Gly residues to resolve them spectroscopi-

cally. Labeling the second turn on the amide 

preceding the 
D
Pro (Xxx-

D
Pro amide) provided 

an alternate turn label as a control. Placing 
13

C=O labels on specific in-strand residues gave shifted modes that overlap the Xxx-
D
Pro am-

ide I’ modes. Their impact could be separated from the turn dynamics by a novel difference-

transient analysis approach. FTIR spectra were modeled with DFT-computations which 

showed the local, isotope-selected vibrations were effectively uncoupled from the other amide 

I modes. Our T-jump dynamics results, combined with NMR structures and equilibrium spec-

tral measurements, showed the first turn to be most stable and best formed with the slowest 

dynamics, while the second turn and first strand (N-terminus) had similar dynamics, and the 

third strand (C-terminus) had the fastest dynamics and was the least structured. The relative 

dynamics of the strands, Xxx-
D
Pro amides and 

13
C-labeled Gly residues on the turns also 

qualitatively corresponded to molecular dynamics (MD) simulations of turn and strand fluctu-

https://doi.org/10.1002/cphc.201501089
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ations. MD trajectories indicated the turns to be bistable, with the first turn being Type I’ and 

the second turn flipping from I’ to II’. The differences in relaxation times for each turn and 

the separate strands revealed that the folding process of this turn-stabilized β-sheet structure 

proceeds in a multi-step process. 

4.4.2.2. Introduction 

Structures containing β-sheets have become the focus of many protein folding studies since 

sheet-containing secondary structure is ubiquitous for many misfolded protein states, includ-

ing aggregates and fibrils.
3-4

 For controlling the more complex non-sequential structure form-

ing possibilities for β-sheets, many studies have utilized hairpin designs to create monomeric 

targets.
126, 131, 186

 Two-strand hairpins are fully solubilized unlike sheets found in most protein 

systems, but a three-strand design can have a central strand with H-bonds to the first and third 

strand, analogous to interactions in a more extended sheet structure. Several such models ex-

ist,
70, 74, 139, 141, 148, 152-153, 155, 207-208, 223-225

 and some of the most stable use 
D
Pro-Gly turn se-

quences to lock in the turn conformation and initialize formation of the component hairpins 

and/or add aromatic cross-strand hydrophobic interactions for added stability. It is important 

to test the relevance of these sheet models that use constrained turns by exploring the mecha-

nism of their formation, a topic we are studying. We have previously reported on a series of 

structural, equilibrium and dynamics studies for related sequences incorporating such de-

signs.
106, 157

 Those studies were global in nature, involved extra stabilization by aromatic hy-

drophobic interactions, and, in retrospect, provided minimal sensitivity for separate behaviors 

of the strands and turns. Here we provide site-specific dynamics for one of these sequences 

using various isotopic labeling schemes. 

Conventional β-sheet formation is best detected with infrared (IR) methods, often focused on 

the amide I band (C=O stretch),
70, 74, 99, 135, 209

 since electronic circular dichroism (ECD) in the 

ultraviolet (UV) is very weak for sheet structures and fluorescence mainly detects changes in 

tertiary structures. Vibrational spectra are much more resolved than electronic, and the result-

ant band frequencies reflect the amide backbone conformation, but the contributions of indi-

vidual amides are generally unresolved. Previously we used the Xxx-
D
Pro amide I’ band

77
 (I’ 

indicates H-D exchanged) to monitor some aspects of the turn, since such tertiary amides 

yield a uniquely resolved, lower amide I’ frequency, but in most cases their dynamics were 

not distinguishable from those of the strand.
106, 157

 A more precise and selective approach is to 

substitute the amide C=O with 
13

C which leads to a shift of ~40 cm
-1

 down in frequency for 

the associated amide I’ band (if viewed as uncoupled from other amides). This normally re-

sults in a feature that is shifted outside of the residual 
12

C amide I’ bandwidth that can be used 

to monitor changes in the local structure.
29, 63, 66, 134, 158, 163, 168, 226-227

  

To monitor the naturally fast dynamics (µsec time scale) of structure fluctuations and folding 

for such small β-sheet peptides, we utilize laser-initiated temperature jump (T-jump) relaxa-

tion kinetics measurements with IR detection.
18, 27, 29, 51, 65, 72, 91, 98, 102, 106, 120, 125, 157, 205, 228-230

 In 

our previous study, we analyzed three-stranded sheet model peptides with hairpins between 

strands 1-2 and 2-3, stabilized by 
D
Pro-Gly turns. One of our designs, that had no direct aro-

matic hydrophobic interactions, but did have various other cross-strand contacts, both hydro-

phobic and salt-bridge in design, also formed a uniform β-sheet structure. This peptide se-

quence provides a good candidate for testing the relevance of such artificially turn-stabilized 
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structures for modeling folding/unfolding processes in protein systems, independent of aro-

matic interaction effects. The dynamics of the β-strand band and the Xxx-
D
Pro band as deter-

mined in our previous study were roughly equivalent,
157

 which might indicate that the Xxx-
D
Pro amide senses the sheet-strand-link rather than, more locally, just the turn. In this study, 

we explore the utility of the Xxx-
D
Pro band as a structural probe by incorporating independ-

ent isotopic labeling of the Gly residue on each turn and on the Val linking to the second turn 

(Val-
D
Pro-Gly) as well as on selected residues in strands 1 and 3. In addition we developed 

alternative methods of data analysis to deconvolve overlapping contributions from different 

modes to the transients measured at selected wavelengths. To better understand the coupling 

of various local motions and their potential impact on the observed dynamics, detailed density 

functional theory (DFT) simulations of the amide vibrational spectra were used to model 

spectral dispersions and normal mode compositions. Additionally, molecular dynamics (MD) 

simulations based on our nuclear magnetic resonance (NMR) structures were used to correlate 

the structural fluctuations of specific structural features with the site-specific dynamics we 

have measured.   

4.4.2.3. Methods 

The peptide sequence, SVKFITS-pG-KTYTEV-pG-TKTLQE-NH2 (where p denotes 
D
Pro), 

was modeled after a design of Gellman and coworkers,
139, 199

 as was fully discussed in our 

previous report.
157

 The peptide was singly labeled with 
13

C on the amide C=O for each of the 

underlined residues. This sequence was originally denoted 1I-2Y-3L, to distinguish it from 

other sequences in that work,
157

 but to simplify the notation in this paper, we here refer to it as 

pG2, relating to the 
D
Pro-Gly turns. Five different isotopically labeled variants were prepared, 

pG2-9X, pG2-17X, labeled with 
13

C on the Gly9 and Gly17 residues of the first and second 

turns, respectively, pG2-15X labeled on Val15 next to the second turn, and pG2-5X and 

pG2-21X labeled on the Ile5 and Leu21 in strands 1 and 3, respectively, as indicated in 

Scheme 1.  

 

Scheme 1: Generic layout of the three-stranded sheet model for pG2 with the isotopically 

labeled positions: Gly9, Gly17, Val15 on turns, and Ile5, Leu21 on strands, indicated by red 

ellipses. Unique C=Os on Xxx-
D
Pro amides are indicated in blue highlights. Note that each 

peptide variant studied contains only a single label.   
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Peptide synthesis and purification. Peptides were obtained from SciLight Biotechnology 

LLC, Beijing, China, after being synthesized using standard FMOC methods, cleaved from 

the resin, purified with HPLC (95 – 99% purity) and characterized with MALDI mass spec-

troscopy. For IR studies, to eliminate spectral interference from trifluoroacetate (TFA) coun-

terions remaining from steps in the synthesis, peptide samples for IR study were dissolved in 

0.1 M DCl and lyophilized three times. These H/D exchanged peptides were redissolved in 

D2O at concentrations of ~ 10 mg/mL. Equilibrium CD for pG2 and IR spectra for all the iso-

topically labeled variants were obtained as has previously been described for the unlabeled 

peptide,
157

 for which experimental details are also given in the Supporting Information. 

Temperature-jump dynamics measurements. T-jump data were obtained using the quan-

tum cascade laser-based (QCL) spectrometer we have separately described in detail.
106, 120, 157

 

In brief, a Q-switched Ho:YAG laser (IPG Photonics Corporation, U.S.A.) operated at 

2090 nm is used to excite a D2O overtone vibration and provide a rapid increase in tempera-

ture within the focal volume. A chopper was synchronized with the pump laser to block alter-

nate pulses, resulting in an excitation repetition rate of 5 Hz with a pulse duration of 9 ns and 

a maximum pulse energy of 14 mJ. The spot size of the excitation beam is about 2 mm in di-

ameter. Different neutral density attenuators were used to adjust the magnitude of the T-jump. 

For most samples, a T-jump of ∆T ~ 8 °C was used, however a smaller jump was required to 

obtain the lowest final temperatures of about 5 °C. The relaxation dynamics were monitored 

at selected wavelengths using a probe beam from a tunable QCL. Recently, this setup was 

expanded with a MIRcat-QT laser system (Daylight Solutions Inc., U.S.A.) to enlarge the 

accessible spectral region, including one QCL (M2062-PCX) with a cw tuning range from 

1730 – 1480 cm
-1

 which is ideally suited for the 
13

C=O isotope studies. The laser beam was 

focused on a probe spot (Ø ~ 300 µm) that was significantly smaller than the diameter of the 

excitation beam. 

The initial sample temperature of the sample was controlled by a water bath connected to the 

sample holder. The samples were similarly prepared as for the equilibrium IR studies, and 

placed in a demountable CaF2 cell with a pathlength of 100 µm. The final temperature (after 

the jump) was calculated by referencing the derived absorbance change of the solvent at the 

respective wavelength to the corresponding temperature-dependent FTIR spectra of D2O.
106

 

Typically ~1000 transients were averaged to reduce noise, and a software filter was used to 

remove distorted transients caused by cavitation effects.
104

 To correct for the influence of sol-

vent kinetics, the sequentially measured solvent-only signal was scaled and subtracted from 

the peptide sample signal. The resulting transients were subjected to a quasi-logarithmic aver-

aging procedure so that an equal number of points were distributed in each time decade (20 

points per decade) leading to a significant reduction of noise and distortion in the transients. 

Relaxation kinetics were evaluated in a time interval from 300 ns up to 1.2 ms using a mono-

exponential decay function. Time constants, τ, were determined for different final tempera-

tures varying from 5 to 55 
°
C and the resultant rate constants, k, were fit to an Arrhenius rela-

tion 

𝑘 = 𝐴 exp (−
𝐸a

𝑅𝑇
) 
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where Ea is an activation energy and A is a pre-exponential scaling factor, to represent relative 

thermal dependences. The measured transients, and thus the derived relaxation rates, have a 

reproducibility error which has been estimated from repeated measurements to be 

about ± 150 ns for larger amplitude transient signals. However, the errors were larger for the 

very weak absorbance changes of the single-labeled modes.  

Spectral Computations. Density functional theory (DFT) calculations of the energies, force 

fields (FF) and atomic polar tensors (APT) were carried out for a model peptide constrained to 

the pG2 NMR-determined main chain ϕ, ψ torsional angles, but with all residues except 
D
Pro 

and Gly converted to Ala. This reduction in the number of atoms (and hence electrons) ena-

bled us to calculate the spectral data with a reliable basis set but without reduction of the pep-

tide length. Final energy optimizations and spectral parameter computations were done at the 

BPW91/6-31G*/PCM level using the Gaussian09 suite of programs.
231

 To simulate spectra of 

isotopically labeled variants, the appropriate C=O masses were converted (as well as H to D 

for all exchangeable Hs) and the FFs re-diagonalized using a set of programs provided by 

Prof. Petr Bouř, Czech Academy of Science, Prague.
232

 The resultant frequencies had normal 

DFT errors for amide harmonic FFs, resulting in amide I frequencies that are too high. Using 

a polarizable continuum model (PCM) simulated solvent only partially corrects for this error. 

To better adjust for solvent effects, minor modifications to diagonal components of the FF 

were made to improve the relative separations of the various simulated amide mode frequen-

cies and account for solvation effects on the outer strands as is described in the Supplemental 

Information. The resultant normal mode frequencies were represented with Gaussian bands, 

arbitrarily assigned 12 cm
-1

 nominal halfwidths, scaled to the dipole intensities and summed 

to simulate overall spectral envelops that reflect the experimental results. Normal modes and 

coupling between local oscillators were visualized using other programs from Petr Bouř’s 

lab.
232

 

Molecular dynamics simulations. The lowest energy NMR structure of pG2 was subjected 

to unrestrained molecular dynamics simulations for 200 ns. The 24 residue NMR structure 

was solvated into a rectangular box of TIP3P water molecules (~ 3500) extended out 12 Å 

from the nearest solute atoms. Calculations used the Amber force field FF14SB on a work-

station (Exxact Corp. with four GeForce GTX-980 GPU cards) optimized for the Amber 14 

package with GPU accelerated PMEMD.
233

   

The entire system was initially energy minimized with 5000 steps of steepest descent fol-

lowed by 5000 steps of conjugate gradient minimization. The energy minimized system was 

then subjected to seven more stages of heating and equilibration. During these steps the solute 

atoms were subject to restraints which were ramped down at each stage. All covalent bonds 

involving hydrogen atoms were restrained with the SHAKE algorithm.
234

 Electrostatic inter-

actions were treated with the particle mesh Ewald (PME) summation
235

 having a cutoff of 

12 Å. Stage 1 was NVT heating having the solute atoms held fixed with a 1 kcal•mol
-1

Å
-2 

Cartesian restraint, while the solvent was free to move for 50 ps, with 2 fs steps and a Lange-

vin dynamics temperature control with a collision frequency of 2.0 /ps. Stage 2 held the sys-

tem steady for 50 ps at 300K and the same positional restraints with a Berendsen thermostat 

switched on to allow pressure equilibration. Stage 3 was a longer run of 500 ps under NPT 

conditions and the same positional restraints.  Stages 4-8 are the same as stage 3, however the 
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Cartesian restraints are relaxed to 0.5, 0.1, 0.03, 0.007, 0.002 kcal•mol
-1

Å
-2

, respectively, for a 

total of 3.5 ns of restrained MD to attain equilibration under progressive release of the solute 

movement. 

An unrestrained NPT MD was then allowed to run for an additional 200 ns from which snap-

shots of the trajectories were stored every 10 ps. CPPTRAJ
236

 was used to analyze the trajec-

tories for information such as torsional angles and distances between atoms. Trajectories were 

viewed within the UCSF program Chimera.
237

 

4.4.2.4. Results 

This peptide was designed to fold into a soluble three-stranded sheet which has been con-

firmed by NMR structure determination, as previously reported.
157

 The 
D
Pro-Gly turns 

adapted a Type I’ character in all the examples encompassing the best 10 structures in the 

ensemble,
221

 however, the second turn (residues 16 – 17 between strands 2 – 3) does show 

more variation, on average, particularly for the Pro ω (amide torsion). For a representation of 

the best fit NMR structure, see Fig. 1 and refer to Fig. S1 in the Supplemental Information, SI, 

for an illustration of variations in NMR structures for the ten best structures in the NMR en-

semble and an expanded representation of their overlap for the turn sequences. Table S1, SI, 

provides a summary of their respective ω, ϕ and ψ angles.  

 

Figure 1. Representation of the best fit NMR structure. a) view from above sheet, showing 

anti-parallel structure and central Tyr in front; b) view on edge of sheet, showing twist. Side-

chains are indicated, but non-polar Hs are suppressed.  

Although the N-terminal residues appear disordered, the first hairpin, encompassing strands 1-

2, was somewhat better formed overall, particularly in terms of well-formed H-bonds, than 

the second one, strands 2-3. The peptide sheet was strongly right-handed twisted (as viewed 

along the strands), which is normal for β-sheets in globular proteins. Since the Tyr and Phe 

residues are on opposite sides of the sheet, there is no aromatic interaction, however aliphatic 

hydrophobic contacts are present and there are two potential salt bridges, although the latter 

are actually not well-formed in the best-fit NMR structure. 

Equilibrium CD and IR. The pG2 CD spectra show evidence of β-sheet formation with a 

minimum at ~ 216 nm and a maximum at ~ 199 nm (Fig. S2, SI). With increasing temperature 

the maximum gradually collapses, having an apparent Tm ~ 55 °C. However, a clear, coopera-

tive transition and a fully disordered structure is not obtained, implying a residual structure 

due to the constrained turns resulting from the restricted Pro (ϕ) torsional conformation.  
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The temperature dependent IR spectra of all the isotopic pG2 variants (see Fig. S3a – f, SI) 

exhibited an amide I’ pattern characteristic of β-hairpins at low temperatures, having a major 

peak at ~ 1636 – 39 cm
-1

 with a weaker shoulder to higher wavenumbers at ~1673 cm
-1

. An-

other shoulder appears at ~ 1611 – 14 cm
-1

, due to the Xxx–
D
Pro tertiary amides of the two β-

turns.
77

 For the variants labeled on Gly of each turn, pG2-9X and pG2-17X, we can detect a 

resolved sideband resulting from the labeled amide, which appears as a very weak shoulder at 

~ 1590 – 95 cm
-1

. pG2-15X, labeled on the unique Val-
D
Pro amide, at turn 2, has a band at a 

lower wavenumber, ~ 1570 cm
-1

, having shifted from 1612 cm
-1

, and its band at 1612 cm
-1

 is 

correspondingly weaker than for the other variants. The 1612 cm
-1

 band for the strand-labeled 

variants, pG2-5X and pG2-21X, is higher in intensity due to the overlap of the labeled mode 

with the Xxx-
D
Pro modes. Its intensity variation as compared to pG2 provides a possibility of 

(partially) deconvolving the strand impact on the spectra and dynamics. At high temperatures 

the IR bands broaden and shift their maxima to ~ 1648 – 52 cm
-1

, with some residual shoulders 

still evident to both higher and lower frequencies. The transition temperatures as obtained 

from fitting the 2
nd 

component of the singular variable decomposition (SVD) of the amide I’ 

band shape temperature variation with a sigmoidal fit (for an example see Fig. S4, SI, and the 

summary of fit values in Table S2, SI) were consistent for all the isotopic variants (Tm ~ 62 °C 

for pG2). 

Temperature-jump dynamics. The T-jump experiments were performed at selected wave-

numbers in the amide I′ region that were determined from the maximum absorbance changes 

in the FTIR equilibrium data, which can be best identified in the difference spectra (see Fig. 

S3a – f, SI). Changes in the β-sheet structure were primarily sensed at ~1630 cm
−1

 and those in 

the Xxx–
D
Pro tertiary amide band at ~ 1612 cm

-1
, while the Gly-labeled turn residues (in 

pG2-9X and pG2-17X) were probed at ~1590 – 95 cm
-1

. Increase in disorder was probed at 

~ 1663 cm
-1

. The band at ~ 1612 cm
-1

 probes both 
D
Pro-turns (which are effectively degener-

ated, and, in the case of pG2-5X and pG2-21X, also probes the overlapping strand-labeled 

mode) while the band at ~ 1590 – 95 cm
-1

 selectively probes each turn via its Gly residue for 

pG2-9X and pG2-17X. The label on the Val15 position, for pG2-15X, shifts the Xxx-
D
Pro 

band of the second turn to 1570 cm
-1

, allowing discrimination between the two Xxx-
D
Pro am-

ides and, consequently, selective monitoring of both turns with one peptide.   

As mentioned above, labeling the sheet-residues in pG2-5X and pG2-21X induces frequency 

shifts which overlap the Xxx–
D
Pro tertiary amide band at ~ 1612 cm

-1
. Thus detection of site-

specific relaxation of the strands was impeded by this overlap, but the relative changes com-

pared to other modes and to the unlabeled species allow alternative means of analysis.  

Relaxation kinetics for all the pG2 isotopic variants were measured for final temperatures 

over the range of ~ 5 – 55 °C. After correction for solvent contribution to the observed dynam-

ics, the modified relaxation transients were fit to a mono-exponential function, as previously 

explained in detail.
157

 The log-linear relaxation transient plot shows very good fits above 

300 ns for all wavelengths monitored, an example of which is shown in Figure S5, SI.  
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Figure 2. Variation of relaxation times for all peptide variants as a function of the respective 

final temperatures for: a) unlabeled peptide, pG2, and labeled peptides: b) pG2-5X, c) pG2-

9X, d) pG2-15X, e) pG2-17X, and f) pG2-21X. The decay of β-sheet structure was moni-

tored at 1632 cm
-1 

(blue circles), the rise in disordered structure at 1664 cm
-1 

(red triangles). 

For the strand labeled peptides, b) pG2-5X and f) pG2-21X, the Xxx-
D
Pro band at 

~ 1612 cm
-1

 (green squares) overlaps with the label band, whereas for the turn-labeled variants 

c) pG2-9X and e) pG2-17X as well as for d) pG2-15X a separate band for the labeled mode 

can be analyzed (black diamonds). The lines represent fits to the Arrhenius equation as a qual-

itative description of the temperature dependence of the relaxation times. 

The temperature dependent variation in relaxation times was probed at various wavenumbers 

(Fig. 2). All peptides were studied at 1610 – 14, 1632 and 1664 cm
-1

, as shown for the unla-

beled peptide pG2 (Fig. 2a), and the strand-labeled variants pG2-5X and pG2-21X (Fig. 2b 

and f). In addition, the isotopically turn-labeled variants, pG2-9X and pG2-17X, were probed 

at 1590 – 95 cm
-1

 (Fig. 2c and e) and the Val-
D
Pro labeled variant, pG2-15X, which discrimi-

nates between the two Xxx-
D
Pro turns, at 1568 cm

-1
 (Fig. 2d). 

As previously reported, the relaxation times are fast, less than 4 µs at 10 °C, and decrease to 

~ 500 ns at 50 °C. Consistent kinetics are seen for comparable bands in all species, but the 
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relative relaxation rates of the ~ 1612 and 1632 cm
-1

 bands do deviate at low temperatures, as 

seen previously for the unlabeled species,
157

 and this variation is made even more complex by 

the labeling. The strand-labeled component contributes to the 1612 cm
-1

 band for pG2-5X and 

pG2-21X, so that probing dynamics at this wavenumber monitors both the turn and strand. 

For most variants, dynamics at 1632 cm
-1

 are faster than at ~ 1612 cm
-1

. These trends reverse 

their relative order for the pG2-21X species (labeled on the third strand), with the ~ 1610 cm
-1

 

band showing faster dynamics, due to mixing in of contribution from the labeled residue on 

the (less-stable) third strand. By contrast, for the pG2-5X, labeled on the first strand, the ki-

netics detected at 1612 cm
-1

 are slightly, but reproducibly slower than for the unlabeled pG2, 

as better resolved in our novel differential analysis presented below.  

This overlap of strand and turn spectral components challenges the interpretation of the dy-

namics and thermal variation. Thus, we developed a novel analysis method to resolve over-

lapping modes by creating difference transients, whereby the dynamics (relaxation curves) for 

the unlabeled pG2 species (Fig. 3a) were subtracted from the corresponding relaxation curves 

of the strand labeled variants, pG2-5X (Fig. 3b) and pG2-21X (Fig. S6, SI). In principle this 

should result in isolating the dynamics of the labeled amide component, since all three species 

have the same unlabeled turn sequences, and the Xxx-
D
Pro modes in common are relatively 

uncoupled from other modes (see next section). To account for small differences in the optical 

pathlength and concentration of individual samples, the solvent-corrected transients of pG2 

were scaled by an adjustable factor so that the absorbance change at 1660 cm
-1

 is similar to 

that of pG2-5X assuming that this spectral region is affected only little by labeling. An exam-

ple application of this method, for pG2-5X at a final temperature of 11 °C, is shown in Figure 

3. In the spectral region between 1605-20 cm
-1

 (Fig. 3c, green traces), a decrease in the differ-

ential absorbance with time is evident, revealing the decay of the strand 1 contribution to the 

Xxx-
D
Pro band that arises from the label on Ile5.  

This decrease in differential absorbance can also be monitored in equilibrium by the corre-

sponding FTIR double difference spectra (Fig. 3d). A negative band is present at ~ 1611 cm
-1 

in the double difference, revealing more change for pG2-5X in comparison to pG2 due to the 

additional contribution of the strand 1 label. The spectra were obtained by subtraction of tem-

perature dependent difference spectra of pG2 (Fig. S3a, SI) from those of pG2-5X (Fig. S3b, 

SI).  

Similarly a positive band is seen at 1631 cm
-1

, indicating less change in the β-strand region 

for pG2-5X since the contribution for the strand 1 label was shifted to lower wavenumber. 

Correspondingly, the difference transient signals between 1625-35 cm
-1

 (Fig. 3c, blue traces) 

increase with relaxation in contrast to the absorbance transients (Fig. 3a and b). For the disor-

dered structure, probed at 1645 – 65 cm
-1 

(Fig. 3c, red traces), the differential transients are 

almost flat according to our assumption.  
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Figure 3. Transients for a) pG2-5X and b) pG2 probed at various wavenumbers encompass-

ing the Xxx-
D
Pro amide, the labeled and unlabeled β-strand amide I’ modes for a final tem-

perature of 11 °C. c) Difference transients obtained by the subtraction of pG2 from the la-

beled pG2-5X. To allow a suitable representation in one figure, the transients in a)-c) were 

offset. Probe wavenumbers were varied in steps of 5 cm
-1

 starting from 1605 cm
-1

 (green) to 

1665 cm
-1

 (red). d) FTIR double difference spectra of the amide I´ band of pG2-5X in the 

temperature range of 5 °C (blue) to 95 °C (red).  Spectra were obtained by subtraction of tem-

perature dependent difference spectra of pG2 from those of pG2-5X.  

 We have also compared the relaxation times derived from the conventional 1612 cm
-1

 ab-

sorbance transient for pG2-5X with the ones obtained from the difference transients. A varia-

tion in the time constants is expected since the absorbance transient reflects the dynamics of 

both, strand 1 and turns, whereas the differential relaxation isolates the Ile5 contribution and 

its time constant should reflect only strand 1. Indeed, for low final temperatures, the resultant 

relaxation rate constants from this difference analysis (Ile5 in strand 1) were observed to be 

slower than both the average of the two turns (pG2) as well as the overlapped modes of turns 

and isotope label (pG2-5X). Fits to the Arrhenius relationship (Fig. S7, SI) gave values of 

1.94 µs for the difference analysis, 1.63 µs for pG2 and 1.70 µs for pG2-5X at a final temper-

ature of 11 °C. Thus our new method can derive small changes in kinetics resulting from the 

labeled strand contribution, even though these are spectrally overlapped. This general behav-

ior could also be observed for pG2-21X (Fig. S6, SI).  

Monitoring the dynamics (Fig. 2) at 1595 cm
-1

 and individually sensing the labeled turns 

shows that the first turn (pG2-9X) has significantly slower relaxation than the second turn 

(pG2-17X). The turn 2 kinetics are in fact about the same as for the average of both turns 

probed by the unlabeled pG2 at 1612 cm
-1

. The difference between the two turns is also re-
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flected in the frequency dependent relaxation of pG2-15X. The 
13

C-labeled amide mode of
 

pG2-15X (Val15 – 
D
Pro16) at 1568 cm

-1
 that monitors the second turn relaxes very similarly 

to the 1590 cm
-1

 band of pG2-17X. By contrast, the Ser7-
D
Pro8 mode which is not shifted 

and therefore for this variant solely monitors the first turn, relaxes significantly slower, con-

sistent with the slow relaxation of pG2-9X. Furthermore, the labeled band for turn 1 (pG2-9X 

at 1590 cm
-1

) has slower relaxation than the component corresponding to the labeled strand 1 

(pG2-5X at 1612 cm
-1

). In a parallel fashion, the label on turn 2 (pG2-17X at 1595 cm
-1

) also 

has a slower relaxation than the strand 3 labeled component (pG2-21X at 1610 cm
-1

). Thus 

three different characteristic temperature variations for site-specific relaxation rates develop, 

which distinguish the turns and the contributions of the strands from the more complex 

1612 cm
-1

 Xxx-
D
Pro band. 

Spectral simulations. Computed spectra for the Ala-analog peptide constrained to the pG2 

NMR torsional structure obtained with an unmodified DFT-FF did not fully match the exper-

imental observations for specific 
13

C substitutions. However, by modest modification (see 

DFT Computation Section, SI), it was possible to correct the FF for missing solvation effects 

and qualitatively simulate the relative (β-strand, Xxx-
D
Pro and labeled amide) mode separa-

tions to reflect experimentally observed patterns (see Fig. S8 a – f, SI). The band shapes for 

the unlabeled modes of all variants qualitatively match the experimental spectra, although 

they do not have quite enough dispersion. The labeled bands then have the patterns seen ex-

perimentally with the labeled Gly9 and Gly17 turn modes being resolved from the Ala-
D
Pro 

modes, but the labeled Ala5 and Ala21 strand modes overlapping them.  

Such a FF modification provides a way to explore selected resultant normal mode composi-

tions and determine how isolated (or not) the local oscillators become after labeling. Labeling 

indeed creates local amide I’ modes, with some variation depending on the site (as shown in 

Fig. S9, SI). Consistent with our earlier assertion of their relative decoupling from the β-

strand modes,
77, 106, 157

 the Xxx-
D
Pro amides always give nearly degenerate modes, whose 

motions are nearly isolated from other amides. They are local, uncoupled probes of structure, 

but unfortunately overlap spectrally. The pG2-15X variant successfully addresses this overlap 

by selectively labeling one of them. 

4.4.2.5. Discussion 

We have shown that with isotopic labeling of a modest sized peptide we can determine site-

specific dynamic behaviors. The first turn, linking strands 1 – 2, is shown to have slower re-

laxation than the second, linking strands 2 – 3. The bands associated with isotope labels on the 

outer strands, 1 and 3, have faster relaxation kinetics than the adjacent turns. Beyond the 

global strand or turn comparison, labeling one of the Xxx-
D
Pro amides (Val15 – 

D
Pro16) al-

lowed us to separate the contributions of the two unique Xxx-
D
Pro modes.  

 Isolated labeled modes. We have tried to understand all these separate modes and their dy-

namical behavior more thoroughly with theoretical modeling. Using our DFT computed and 

solvent corrected FF, the two turn-labeled modes in pG2-9X and pG2-17X, for 
13

C=O on 

Gly9 and Gly17, respectively, are shown to be local C=O stretches with only small contribu-

tions from neighboring CH2 and N-H motions and a very small coupling to the amide C=O 
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across the turn. (See Fig. S9 a,c, SI, where the Gly9 and Gly17 labeled amides are seen to 

couple to the Ala7 → 
D
Pro8 or Ala15 → 

D
Pro16 amide C=Os, respectively.) The strand-

labeled positions, in pG2-5X and pG2-21X, for 
13

C=O on Ile5 and Leu21, respectively, are 

somewhat more coupled to the other C=O motions in their strand and across to the center 

strand (Fig. S9e, f, SI).  

These results (incorporating the full DFT computed off-diagonal FF coupling) show that the 
13

C=O labeled residues provide local probes of structure, as designed. For Gly9 or Gly17 on 

the turns, the labeled band is sufficiently resolved for the relaxation dynamics of those modes 

to be monitored and correlated to separate dynamics of the two turns. The calculated strand-

labeled modes, after correction, overlap the Xxx-
D
Pro amide I’ modes, matching our observa-

tions, and consequently their contributions are computationally shown to be partially coupled 

to the respective Xxx-
D
Pro amide mode. Comparison of the dynamics of these unresolved 

labeled peptide modes to that of the unlabeled Xxx-
D
Pro modes, as enhanced with our differ-

ence transient analyses, gives us a means of determining behavior of the strand labels. Since 

both the labeled modes and the Xxx-
D
Pro modes are relatively decoupled from the other 

modes, as our calculations make clear, the experimentally detected absorbances can be repre-

sented as a sum of contributions, which underlies the difference transient method.  

Comparison of MD analyses and relaxation rates. The spectral simulations are of course 

static, representing one structure chosen from the ensemble of NMR structure solutions. To 

explore their fluctuations we did MD simulations of the NMR structure in explicit water sol-

vent. A consistent result of these calculations is that the structures are indicated to be quite 

stable at 300 K, much as we see experimentally. In our calculated trajectories, the structure 

changed little from the NMR minimum energy conformation, as measured by the root mean 

square deviation (RMSD) with time. There are just a few larger excursions which seem uncor-

related with local conformational changes (see Fig. 4 and Fig. S10, SI).  The only significant 

variations of the fold geometry were in fact for the turns (Fig. 4). Turn 1, involving 
D
Pro8-

Gly9, appeared to be fixed in a Type I’ structure (Pro ψ ~ 30
o
, Gly ϕ ~ 90

o
, Fig. 4, black trac-

es), while turn 2 flipped back and forth between Type I’ and Type II’ (Pro ψ ~ -120
o
, Gly ϕ ~ 

-90
o
) in a bistable manner, one that did not sample intermediate , ψ values, as shown in Fig. 4 

(red traces). The variances in the Gly ϕ values directly correlate to those in Pro ψ, and, by 

contrast, the Pro ϕ and Gly ψ values for both turns were roughly constant (Pro ϕ ~ 60
o
, Gly ψ 

~ 0
o
, not shown). Other than this bistability, all torsions have small, random fluctuations about 

normal Type I’ or II’ mean values. (MD trajectories for other similar 
D
Pro-Gly turn-

containing sequences
157

 indicated significant variations in both turns, but the results were 

again bistable and consistently showed more frequent changes in the second turn.) These fluc-

tuations directly reflect the relative dynamics we see in the isotope turn-labeled T-jump re-

sults for pG2-9X, pG2-15X and pG2-17X. Gly17 and Val15 relaxation is always faster than 

for Gly9 and Ser7, particularly at low temperatures, paralleling the increased fluctuation com-

puted for turn 2 as compared to turn 1 (but here sampling the 
D
Pro16 – Gly17 vs. 

D
Pro8 – Gly9 

peptide ϕ, ψ torsions). 
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Figure 4. (top) RMSD (in Å) for pG2 for a 200 ns MD trajectory, starting from an equilibrat-

ed NMR structure. (middle) Pro ψ angles (in deg.) for 
D
Pro8 (1

st
 turn, black) and 

D
Pro16 (2

nd
 

turn, red). (bottom) Gly ϕ angles are fully correlated to these Pro ψ results for each turn (1-

black, 2-red), indicating a Type I’ to II’ conversion and return for turn 2. The Pro ϕ and Gly ψ 

torsions show little variation over this trajectory. 

The H-bond distances associated with residues adjacent to the turns have fluctuation patterns 

that only partially reflect the ϕ, ψ  bi-stabilities. The H-bonds that are formed next to the tight 

turn 1 are on average slightly shorter and show less extreme fluctuation that those associated 

with turn 2 (see Fig. S10a,b, SI). Just as for the torsional angles this difference in fluctuation 

reflects the relative dynamics found experimentally for the two turns. The variations in the 

15N – 18C and 18N – 15C H-bond distances do show some correlation with the turn flips, but 

the H-bond changes are short in duration and do not show the persistence seen in the ring 

flips, where there is a significant barrier. Overall, the fluctuations in this set of distances are 

large, obscuring details. For both turns, the H-bond closest to the 
D
Pro-Gly residues is shorter 

and, at least for turn 1, more stable than the next H-bond away from the turn. This may reflect 

unique aspects of the highly constrained 
D
Pro – Gly turn sequence, which does not completely 

unfold, yet can strain the hairpin formed (and distort H-bonds in the strands). 

The selected 5C – 12N and 12C – 5N H-bonds between strands 1 – 2 are better formed (shorter) 

and more stable (less fluctuation) than those associated with residue 20 (i.e. 13C – 20N and 

20C – 12N), which probe the strand 2 – 3 H-bonding (see Fig. S10c, d, SI). These strand fluc-

tuations again reflect the experimental relative dynamics, where we have found the band for 

our site-specific label on Ile5 in strand 1 to have slower relaxation than that for Leu21 in 
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strand 3. Alternatively, the 11N – 22C H-bond, which is quite long, evidences effects of C-

terminal residue fraying (Fig. S10e, SI). 

Analysis of site-specific dynamics. To compare site-specific relaxation kinetics, it can be 

useful to replot the thermal variations of rates in standard Arrhenius format (log k vs. 1/T) and 

overlay similar parts of each molecules, i.e. turns, strands and disordered conformation (as 

shown in Fig. 5 and S11, SI).  

 

Figure 5: Relative relaxation behavior of the individual variants shown as Arrhenius plots. a) 

Comparison of the relaxation for the turn-labeled variants (pG2-9X, pG2-17X, pG2-15X) in 

contrast to Xxx-
D
Pro band of the unlabeled variant b) Comparison of the strand-labeled vari-

ants (pG2-5X, pG2-21X) overlapping with the Xxx-
D
Pro band in contrast to the isolated 

Xxx-
D
Pro (pG2). pG2 is marked with black squares, pG2-5X with red circles, pG2-9X with 

red triangles, pG2-15X Ser7 – 
D
Pro8 with blue circles, pG2-15X Val15 – 

D
Pro16 with pink 

triangles pG2-17X with green diamonds and pG2-21X with blue triangles.  
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Both turns are monitored by the Xxx-
D
Pro band at ~ 1612 cm

-1
 and the individual ones by the 

bands at 1590 cm
-1

 and 1595 cm
-1

 of the Gly-turn-labeled variants pG2-9X and pG2-17X, 

respectively (Fig. 5a). For the (Val – 
D
Pro) turn 2 labeled pG2-15X variant, dynamics at 

1612 cm
-1

 as well as at 1568 cm
-1

 can be used to compare turn 1 and 2 dynamics. Focusing on 

the turn 1 dynamics monitored by the isotope label, pG2-9X and the isolated Ser – 
D
Pro 

(1612 cm
-1 

band ) of pG2-15X, the steeper slope implies a larger barrier for altering the turn 1 

conformation, which is qualitatively reflected in the above-discussed MD modeling. Turn 2 

has very similar relaxation times and slope with temperature as do both turns combined, when 

probed at 1612 cm
-1

 in pG2, which suggests that the Xxx – 
D
Pro probe, while sampling some 

aspects of the turns, is not very sensitive to the flipping between Type I’ and II’ that we found 

in the MD analysis. The lower conformational sensitivity of the Xxx-
D
Pro mode is consistent 

with the MD, that also shows little change in the structure adjacent to the Xxx-
D
Pro amide 

(Fig. S10a-b). Consequently, our labeling of the Gly amide as well as separating the two turns 

by labeling Val15 provides better probes of turn dynamics, and shows how isotopic labeling 

can lead to detailed dynamic and mechanistic interpretations. Almost the same relaxation time 

constants were obtained for the two resolved Xxx – 
D
Pro amides of pG2-15X (τturn1 = 2.5 µs 

and τturn2 = 1.5 µs, both measured at a final 𝑇 ~  8.8 °C) as for the respective turn-labeled 

modes of pG2-9X (τturn1 = 2.4 µs at a final 𝑇~ 8.2 °C) and pG2-17X (τturn2 = 1.7 µs at a final 

𝑇 ~ 8.2 °C). This similarity for different probe sites of each turn is indicative of a uniform 

behavior of the whole turn.  

The isotope-labeled bands arising from the strand labels on Ile5 and Leu21, for pG2-5X and 

pG2-21X, respectively, overlap the unique Xxx-
D
Pro band (~ 1612 cm

-1
), which is otherwise 

isolated for the unlabeled pG2 and the turn-labeled variants. However by comparing relaxa-

tion of the 1612 cm
-1

 bands in the different species (Fig. 5b), one can see that the less-stable 

strand 2 makes a contribution to the pG2-21X 1612 cm
-1

 band resulting in a lower slope with 

temperature, suggesting a smaller barrier for unfolding. So even with the spectral overlap, 

isotopic labeling provides a means of separating the dynamics of the two strands and shows 

that they correlate to the dynamics found in our MD analyses of the H-bond variations.  

The relaxation behavior corresponding to the loss of β-strand as monitored at ~ 1632 cm
-1

 

(Fig. S11a, SI) and development of disorder monitored at ~ 1664 cm
-1

 (Fig. S11b, SI) are vir-

tually the same in all the variants. This suggests that these measurements at frequencies show-

ing maximal absorbance change reflect more global properties of coupled amide I’ modes and 

are relatively unaffected by single isotopic label substitutions.  

4.4.2.6. Conclusion 

D
Pro-Gly residues are often used to fold model peptide sequences into a β-sheet. The rigidity 

of this turn favors a stabilized β-hairpin-like structure even if there are no strong inter-strand 

interactions. From an IR-spectroscopic perspective, the tertiary amide of the 
D
Pro has a 

uniquely resolved amide mode and thus provides the benefit of a site-specific probe of the 

turn region. We showed that probing the turn alternatively using selective isotope labeling 

resulted in the same dynamic behavior. For the three-stranded β-sheet peptide studied here, 

we could differentiate site-specific dynamics for the individual turns as well as for the strands, 

with turn 1 being more stable with a slower relaxation time than turn 2, and interactions be-
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tween strand 1-2 are better formed than between strand 2-3. Based on our data we propose a 

folding mechanism for this turn-driven multi-strand sheet model peptides. Structure formation 

progresses from the turns (with turn 1 forming more easily, and probably faster than turn 2), 

followed by the strands (strand 1 before strand 3). This is in contrast to structures such as the 

Trpzip peptides which are driven by hydrophobic cross-strand interactions of aromatic resi-

dues.
27, 131

 
D
Pro-Gly sequences, such as have been often used as turn mimetics, result in quite 

strong structural constraints and consequently can overemphasize the role of turns in the fold-

ing mechanism as compared to natural turn sequences. Future studies will seek to improve the 

design of turn sequences used to model β-sheets of proteins so that the dynamics are not dom-

inated by constrained residues, and thus resulting in a more biologically relevant design. 
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4.4.2.7. Supporting Information 

Figure S1: NMR structures of the pG2 peptide. Top: a) Overlay of 10 solution structures 

with just backbone ribbon representation, b) best fit representative structure together with the 

side-chains. The aromatic residues on opposite sides are indicated in red. Bottom: Expanded 

overlap of the turn backbone for the best ten NMR structures showing variations in side-chain 

overlap for c) turn 1 residues 
D
Pro8 – Gly9 and d) turn 2 residues 

D
Pro16 – Gly17 whose side 

chains are indicated in blue.  

 

 

   

 

 

  

a b 

c 
d 
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Table S1. Turn variation, 
D
Pro omega, psi, and Gly phi in the ten best NMR structures. 

 

 Turn 1 Turn 2 

Model 

D
Pro8 Gly9 

D
Pro16 Gly17 

ω ψ ϕ ω ψ ϕ 

1 -176.74 19.23 83.56 -177.64 24.58 72.40 

2 -178.05 19.05 78.03 -177.51 24.49 78.78 

3 -175.98 27.08 73.56 -177.69 18.48 79.81 

4 -178.15 20.46 82.21 -176.94 19.92 75.29 

5 -177.70 27.85 77.41 -177.07 19.91 74.13 

6 -177.67 23.54 73.23 179.68 21.97 86.44 

7 -177.56 21.95 79.06 -177.53 23.62 77.07 

8 -177.48 22.70 72.51 -177.66 24.95 76.97 

9 -177.14 20.68 77.52 -176.35 16.96 79.73 

10 -177.01 20.32 77.67 -177.59 24.69 76.57 
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Equilibrium CD. Samples for CD study were prepared at ~0.2 – 0.3 mg/mL in phosphate 

buffer (H2O) at pH 7.5 and were measured in a 1 mm path quartz cell on a JASCO 815 spec-

trometer using 1 s time constant, 1 nm bandwidth as an average of 8 scans (spectra were cor-

rected to molar units using UV-absorbance to determine concentrations). Temperature was 

controlled using a JASCO Peltier sample holder operated under instrument command, and 

was varied from 5 to 85 °C in steps of 5 °C. The transition temperature was determined by 

fitting the variation of the 2
nd

 component of a singular value decomposition (SVD) over the 

spectral region between 190 – 250 nm. SVD of each set of temperature dependent spectra was 

obtained using MATLAB software (MathWorks, MA (USA)). The very broad transitions were 

fit to a sigmoidal transition function with flat baselines as follows: 

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)/[1 + 𝑒𝑥𝑝((𝑇 − 𝑇𝑚)/𝑑𝑇)] 

Figure S2. a) CD spectra of pG2 as function of temperature (blue: 5 °C; brown: 85 °C)  

b) fit of the thermal variation of the second component of the SVD analysis. 
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Equilibrium IR. For IR measurements, peptide samples were dissolved in D2O at 

~ 10 mg/mL at acidic pH (after lyophilization from DCl for removal of TFA and H/D ex-

change) and were placed in a homemade demountable cell consisting of CaF2 windows sepa-

rated by a Teflon spacer (100 µm optical pathlength). IR spectra were measured with a Bruker 

Equinox 55 FTIR spectrometer equipped with a mercury cadmium telluride detector. For each 

FTIR spectrum, 128 scans with a spectral resolution of 4 cm
-1

 were averaged at each tempera-

ture. Temperature dependent IR spectra were measured in the temperature range of 5 – 95 °C 

in steps of ΔT = 5 °C. The temperature of the sample holder was controlled by a water bath 

(Lauda Ecoline E300, Germany), with the sample cell temperature recorded by a Pt100 sen-

sor. A home-built software-controlled shuttle device was used to measure the sample and ref-

erence signal successively for each temperature allowing the subtraction of the solvent signal. 

Equilibrium data agreed with previously published results for pG2.
157

  

Figure S3. Comparison of the temperature dependent IR absorption of the amide I’ band for 

all peptide variants in D2O solution between 5 and 95 
°
C a) pG2, b) pG2-5X, c) pG2-9X, d) 

pG2-15X, e) pG2-17X and f) pG2-21X. Difference spectra (right column) were obtained by 

using the 5 °C spectrum as reference.  All spectra show a strong negative band at ~ 1632 cm
-1

 

corresponding to the loss of β-sheet structure and a positive band at ~ 1664 cm
-1

 attributed to 

the rise of disordered structure. Furthermore the tertiary amide associated with the Xxx-
D
Pro 

turn sequence results in a resolved component at ~ 1612 cm
-1

. For the strand-labeled variants 

pG2-5X and pG2-21X this tertiary amide band component overlaps with the 
13

C-substituted 

modes, resulting in stronger absorbance at this wavenumber. Correspondingly, for pG2-15X 

where one of the two tertiary amides is 
13

C-substituted, a weaker absorbance is observed at 

~ 1613 cm
-1

 and another band appears at ~ 1569 cm
-1

 induced by the isotope label. Each turn-

labeled variant, pG2-9X and pG2-17X, shows a separate band at ~ 1590 cm
-1

.  
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Figure S4.  IR monitored thermal transition shown for pG2 as an example. The transition 

temperature was determined by fitting the variation of the 2
nd

 component of a SVD of the 

amide I´ region. SVD of each set of temperature dependent spectra was obtained using 

MATLAB software. The very broad transitions were fit to a sigmoidal transition function with 

flat baselines (using the same fit function as for the CD data). 

   

Table S2: Transition temperatures for all sequences determined by thermal analyses of the 2
nd 

component of a singular value decomposition of the amide I´ region (1580 – 1700 cm
-1

). 

Peptide Tm (°C)
 a
 

pG2 62 (± 1)
  

pG2-5X 57 (± 1) 

pG2-9X 55 (± 1) 

pG2-15X 61 (± 1) 

pG2-17X 55 (± 1) 

pG2-21X 62 (± 2) 
a 

Average of at least two different measurements, the numbers in brack-

ets indicate the maximum deviation of individual samples as a measure 

of reproducibility. 
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Figure S5. Example of transient relaxation after laser-excited T-jump for different probe 

wavelengths shown for pG2-17X at a final temperature of 14.2 °C. The strongest change in 

absorbance can be observed for the β-sheet band at 1632 cm
-1 

(blue triangles). The two Xxx-
D
Pro-turns are monitored at 1610 cm

-1 
(green circles), while the band resulting from the iso-

topic label is at 1590 cm
-1 

(grey squares). The rise in disordered structure can be observed at 

1664 cm
-1 

(red triangles). The inset shows the equilibrium FTIR difference spectra of pG2-

17X upon heating from 5 °C (reference; blue) to 95 °C (red), which were used to select the 

probe wavenumbers for the T-Jump experiment. Transient data below 300 ns (faded points) 

was perturbed and much less reproducible, and thus was not included in the fits. 
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Figure S6. Transients for a) pG2-21X and b) pG2 measured at a final temperature of 11 °C 

after the T-jump and at various probe frequencies (1605 – 1665 cm
-1

) encompassing the Xxx-
D
Pro amide, the labeled and unlabeled β-strand modes. c) Difference transients obtained by 

the subtraction of pG2 from the labeled pG2-21X. The transients were offset, to allow a suit-

able representation in one figure. To account for small differences in the pathlength and con-

centration in the individual samples, the solvent-corrected transients of pG2 were also scaled 

by an adjustable factor so that the absorbance change at 1660 cm
-1

 is similar to that of pG2-

21X. For the 1625 – 35 cm
-1

 region (blue traces),
 
an increase in the difference signal could be 

observed similar to pG2-5X (main text, Fig. 3c), but the differences in the spectral region of 

the isotopic label (green traces) were too small for a reliable analysis of relaxation time con-

stants. This is expected according to the d) FTIR double difference spectra of pG2-21X which 

were obtained by subtraction of temperature dependent difference spectra of pG2 (Fig. S3a, 

SI) from those of pG2-21X (Fig. S3f, SI). The double difference spectra of the amide I´ band 

are shown in the temperature range of 5 °C (blue) to 95 °C (red).  
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Figure S7. Relaxation times probed at 1612 cm
-1

 as a function of final peptide temperatures 

measured with conventional absorbance transients for the unlabeled peptide pG2 (green trian-

gles) and pG2-5X (black squares) and derived from the difference transient approach for 

pG2-5X (red circles). The absorbance transients at 1612 cm
-1

 represent the dynamics of the 

Xxx – 
D
Pro amides on both turns for pG2, and the dynamics of both those and the labeled Ile5 

for pG2-5X. In the difference approach, all Xxx-
D
Pro contributions are in principle cancelled 

out and thus only the dynamics of the labeled Ile5 is monitored. The strongest variations can 

be observed at low final temperatures, where the average of the two turns (pG2) shows the 

fastest relaxation. The difference approach isolates the slower relaxation of the Ile5 label in 

strand 1 from the Xxx – 
D
Pro-monitored dynamics. In the absorbance transients these are over-

lapped for pG2-5X (black squares) resulting in an intermediate relaxation. Experimental de-

tails can be found in the main text. 
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DFT Spectral Simulation and Computational Details. A simplified peptide analogous to 

pG2 was created by substitution of all residues, except for the two 
D
Pro-Gly turns, in its NMR 

structure with Ala. For this complete (i.e. the property tensor transfer method
238

 was not used) 

side-chain reduced structure, we computed energies, FFs and APTs using density functional 

theory (DFT) at the BPW91/6-31G**/PCM level (i.e. with implicit water solvent). The struc-

ture was locally minimized with all 23 residues constrained to the ϕ, ψ angles characteristic of 

the related pG2 NMR structure.
157

 Using software provided by Petr Bour’s lab,
232

 these DFT-

level FF and APT results were then used to simulate IR spectral frequencies and intensities for 

the unlabeled and site-specifically labeled variants, after incorporating selected mass changes 

to reflect deuteration of exchangeable protons on all residues and replacement of selected 

C=O groups with 
13

C=
16

O. The resultant computed spectral predictions are, of course, subject 

to all errors intrinsic to the approximations made, substitution of side-chains and particularly 

the lack of explicit solvation, which makes the center strand differ from the outer ones. As 

normal for DFT computed vibrational spectra, the frequencies for the C=O are too high, and 

only partially improved by the polarizable continuum model (PCM) correction. Improved 

representation of explicit solvation effects was effected by altering the masses of outward 

directed C=Os (to attempt representation of the consequences of H-bonding to water, in a 

manner analogous to selective scaling). These changes primarily impact the diagonal C=O 

stretches, hence the amide I modes, while maintaining the unaltered DFT off-diagonal interac-

tion constants that are critical for coupling. (In fact, the mode patterns that strongly involve 

the isotope labeled residues did not significantly change after FF correction, as long as there 

were no accidental spectral overlaps. Even then, mixing was limited to the near degenerate 

local mode, e.g. the Ala7 (Xxx-
D
Pro) amide with the Ala5 labeled amide for pG2-5X in Fig-

ure S9e, below. More extended coupling in unlabeled, 
12

C=
16

O modes, was seen.) Vibrational 

circular dichroism (VCD) spectra were also simulated, as a test of mode reliability, and while 

consistent with experimental results, were not used further for this study. 

After correction, the amide I frequencies (Figure S8) are computed somewhat higher (exciton 

dispersed components for pG2 range from ~ 1640 – 1700 cm
-1

, not including the Xxx – 
D
Pro 

amide I’ bands) than experimentally found (Figure S3). The intensity distribution obtained 

with the corrected FF qualitatively reflects the observed spectra quite well, with a very strong 

mode computed at ~1640 – 45 cm
-1

 (experimentally ~ 1638 cm
-1

), many weaker components 

dispersed to higher energy (up to ~ 1700 cm
-1

, experimentally a shoulder occurs at 

~ 1674 cm
-1

). A pair of distinct low frequency modes are computed at ~ 1620 – 25 cm
-1

 (exper-

imentally ~ 1613 cm
-1

), which correspond to the Xxx – 
D
Pro amide linkages. When the mode 

contributions are summed using reasonable band shapes, the IR envelop reflects the experi-

mental one, with perhaps a less-defined high frequency shoulder. (Before correction for solva-

tion of outer strands, there was less resolution of the Xxx – 
D
Pro bands, which were originally 

computed closer to the intense β-strand band.) 
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Figure S8. Amide I’ absorbance spectra simulated using DFT level calculations of an all ala-

nine peptide (except for the 
D
Pro and Gly turn residues) constrained to the NMR-determined 

pG2 torsional angles. Spectra are simulated after deuteration of all exchangeable Hs for vari-

ants that are a) unlabeled, and labeled with 
13

C=O on the b) Ala5, c) Gly9, d) Ala15, e) 

Gly17 and f) Ala21 positions. The FF was modified to reflect the effects of water solvation of 

outer strands and to better mimic the relative separation of the Xxx – 
D
Pro amide and isotope 

labeled amide bands as seen experimentally. The modes were not corrected for absolute fre-

quencies, and thus are generally higher than measured. 
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Figure S9. Depiction of selected normal modes determined from the above discussed DFT-

based FF calculations for all-Ala-based models of pG2 and its isotopically substituted vari-

ants. These illustrate local atomic motions corresponding to (a) the 
13

C-labeled amide mode 

of
 
pG2-9X (Gly9 – Ala10), (b) the Ala7 – 

D
Pro8 mode of

 
pG2-9X, (c) the 

13
C-labeled amide 

mode of
 
pG2-17X (Gly17 – Ala18), (d) the Ala15 – 

D
Pro16 mode of

 
pG2-17X, (e) the 

13
C-

labeled amide mode of
 
pG2-5X (Ala5 – Ala6), (f) the 

13
C-labeled amide mode of

 
pG2-21X 

(Ala21 – Ala22), (g) the 
13

C-labeled amide mode of
 
pG2-15X (Ala15 – 

D
Pro16), (h) the Ala7 –

 
D
Pro8 mode of

 
pG2-15X. (In each case the amide whose C=O motion dominates the mode is 

indicated by the associated linked residues.) In the schemes, red arrows represent the relative 

motion of the atoms in each mode. When motion on different C=Os occurs, the relative sizes 

indicate the relative magnitude of the motion, contribution to the normal mode, and conse-

quently are a measure of the degree of coupling between local modes. In these figures, the 

whole peptide is shown at different angles, to better illustrate those atoms involved in each 

mode. Numbers for the most involved residues are given in blue at the carbonyl carbon. 
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Figure S10. MD determined fluctuation for H-bond distances as measured from C → N at 

various locations in the peptide. In each site, two adjacent H-bonds were considered, for a 

C=O on each strand with an N-H on the other. 

a) Residue 7 → 10 H-bond variations, region neighboring turn 1 (
D
P8 – G9) 

b) Residue 15 → 18 H-bond variations, region neighboring turn 2 (
D
P16 – G17) 

c) Residue 5 → 12 H-bond variations, between strands 1 – 2 

d) Residues 13 → 20 and 11 → 22 H bond variations, between strands 2 – 3 

e) Residue 11 → 22 H-bond variations, between strands 2 – 3 

H-bond fluctuations at turn 1 (a) have less maximal amplitude (5 vs. 6.5 Å) than at turn 2 (b) 

and H-bonds between strands 1-2 (c) are more stable and shorter than between strands 2-3 (d) 

and (e). This correlates with the faster dynamics for strand 3 and turn 2 as seen experimental-

ly. 
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Figure S11. Relative relaxation behavior of the individual variants shown as Arrhenius plots. 

a) Comparison of the relaxation behavior at the β-sheet band (1632 cm
-1

) and b) the disor-

dered structure (1664 cm
-1

). pG2 is marked with black squares, pG2-5X with red triangles, 

pG2-9X with blue circles, pG2-15X with green diamonds, pG2-17X with purple triangles 

and pG2-21X with brown hexagons.  
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4.5. Submitted Manuscript 1: Enhanced Sensitivity to Local Dynamics in 

Peptides by Use of Temperature-Jump IR-spectroscopy and Isotope 

Labeling 

David Scheerer, Heng Chi, Dan McElheny, Timothy A. Keiderling and Karin Hauser; submit-

ted 

4.5.1. Author Contributions 

The FTIR equilibrium and T-jump studies on the differently labeled variants were done by 

David Scheerer. He also assisted with the calculation of theoretical vibrational frequencies in 

the DFT calculations. He took part in the design of the project and wrote and visualized the 

manuscript. The synthesis of the peptides was done by Heng Chi. Dan McElheny performed 

NMR measurements and helped with MD simulations. Karin Hauser conceptualized and su-

pervised the project, acquired funding and was involved in writing and editing the manuscript. 

Timothy A. Keiderling performed MD and DFT computations, took part in the creation and 

acquisition of funding for the project as well as in writing and editing of the manuscript. All 

authors have given approval to the final version of the manuscript. 

4.5.2. Full Text of Paper 

4.5.2.1. Abstract 

Site-specific isotopic labeling of mole-

cules is a widely used approach in IR-

spectroscopy to resolve local contribu-

tions to vibrational modes. The induced 

frequency shift of the corresponding IR 

band depends on the substituted masses, 

but also on hydrogen bonding and on vi-

brational coupling both within the molec-

ular structure and to the solvent mole-

cules. The impact of these different factors was analyzed with a designed three-stranded β-

sheet peptide and by use of selected 
13

C isotope substitutions at multiple positions in the pep-

tide backbone. Single strand labels give rise to isotopically shifted bands at different frequen-

cies depending on the specific sites, demonstrating sensitivity to the local environment. Cross-

strand double and triple labeled peptides exhibited two resolved bands, which could be 

uniquely assigned to specific residues, and indicated weak local-mode coupling. Temperature-

jump IR-laser spectroscopy was applied to monitor structural dynamics and revealed an en-

hanced sensitivity as compared to equilibrium FTIR. Site-specific relaxation rates were al-

tered upon introduction of additional cross-strand isotopes. Likewise, the rates for the global 

β-sheet dynamics were affected in a manner dependent on the distinct relaxation behavior of 

the labeled oscillator. The study demonstrates that isotope labels do not just provide local 

probes, but they rather sense the complexity of the molecular environment. 



125 

 

4.5.2.2. Introduction 

Protein activity is intimately linked to structure and dynamics, for example by positioning 

functional groups or substrates in enzymes thereby allowing the structure to execute biochem-

ical processes. A comprehensive view of protein folding mechanisms requires the understand-

ing of dynamics as well as structure.
239-240

 Determining how a protein achieves such a func-

tional and stable, low-energy state is at the core of both the overall protein folding problem 

and the growing interest in misfolded proteins, which become trapped in even lower energy 

minima. Many degenerative diseases have their pathology rooted in protein misfolding and 

aggregation, which often involves conformational transitions to β-sheets.
4, 25

 Thus delineating 

the stabilizing interactions and the factors affecting conformational dynamics of β-sheets is of 

particular interest in biophysical research on protein folding, misfolding and aggregation. De-

termination of the protein backbone structure, or fold, and its dynamics requires methods that 

sense the coupling of peptide units, which form the fundamental polymer chain, and that are 

capable of a relatively fast response upon structural changes.  

Vibrational spectroscopy provides a useful means for attaining molecular scale insights into 

structural and dynamic properties of proteins. Infrared (IR) spectra are particularly beneficial 

in analyzing β-sheet structures.
19, 99, 135, 209

 Global secondary structure changes can be moni-

tored with equilibrium and dynamic techniques by probing the amide I band, the C=O stretch-

ing modes of the polypeptide backbone. By contrast, electronic circular dichroism (ECD) in 

the ultraviolet (UV) is very weak for sheet structures, and fluorescence mainly detects chang-

es in tertiary structures. None the less, optical spectra are low resolution and lack site-specific 

sensitivity to local structural variations. However, by the use of isotopic substitution, contri-

butions of individual modes can be resolved and identified in both equilibrium and dynamic 

vibrational spectroscopic studies.
158, 163

 In particular, the substitution of selected amide C=O´s 

with 
13

C leads to IR amide I frequencies shifted down about 40 cm
-1

 from where they would 

appear in the spectrum if isolated as 
12

C=O mode. The properties of 
13

C=O modes can be at-

tributed to local conformations and their dynamic changes.
63, 66, 77, 158, 163, 226-227

 It should be 

noted that frequency shifts for single-labeled peptides alone are not sufficient to determine 

local structure, but their changes upon unfolding can be diagnostic, particularly if the stable 

structure is determined independently with other techniques. However, when two or more 

such labeled residues are incorporated into the sequence, their specific coupling can be ex-

ploited to better determine local structure, often aided by theoretical modeling.
167, 170-171, 241

 

Beyond structure, isotopic substitution provides a means of studying site-specific, fast dynam-

ics of β-sheets that can be accessed via laser-induced temperature-jump (T-jump) spectrosco-

py with tunable single wavelength IR detection.
18, 29, 51, 65, 91, 98, 106, 120, 125, 157, 205, 228-230

 In this 

study we used T-jump IR techniques to get new insights into the spectroscopic and folding 

properties of isotopically labeled β-sheet model peptides. Many studies have utilized sequence 

designs with cross-strand aromatic interactions
131, 152, 197

 and/or turn promoting sequences
76, 

141, 242
 to initialize formation of β-hairpin structures. Previously we have reported spectra and 

dynamics for a series of designs
106, 157

 based on the very stable 
D
Pro-Gly turn sequence.

70, 138, 

140-141, 157
 However, its strong structural constraints can overemphasize the role of turns in the 

folding mechanism.
166

 Substituting them with Aib-Gly turn sequences, following designs of 

Hammer and coworkers
167-168

 can relieve some of the conformational constraints and also 
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eliminate spectral overlap of 
13

C=O labeled peptide modes with those of the Xxx-Pro peptide 

link, while still promoting turn formation in aqueous solution. The sequences we study here 

form three-stranded sheets, whose center strands are H-bonded to both the first and the third 

strands, mimicking the interactions in a more extended sheet structure. We additionally incor-

porated a Trp-Tyr cross-strand interaction between the first two strands to preferentially stabi-

lize that hairpin, as shown in previous studies.
131, 157

 We analyzed the impact of various label-

ing schemes on IR spectra and in particular on T-jump induced relaxation rates. The observed 

results were compared with complementary quantum mechanical spectral calculations, NMR 

structures and molecular dynamics simulations. Unexpectedly, we observed only minor ef-

fects of cross-strand coupling for labeled residues in the equilibrium IR spectra, whereas the 

site-selected T-jump induced kinetics obtained with isotope labeled probes had significantly 

enhanced sensitivity to coupling. 

4.5.2.3. Methods 

The complete sequence (SVKLWTS-BG-KTYLEV-BG-TKVLQE-NH2, where B = Aib
168

) of 

the peptides used in this study was modeled after a design of Gellman,
139, 199

 as discussed pre-

viously,
157

 and is illustrated in Scheme 1. Isotopic labels, 
13

C on the amide C=O, were intro-

duced at specific positions roughly centered on the three β-strands of the peptide (at Leu4, 

Leu13 and Val20). These were chosen to enable cross-strand multiple-labeling that could po-

tentially increase the intensities of the shifted bands. They also provided a test for coupling 

across strand 1–2, for labels on residues Leu4–Leu13, across strand 2–3 residues, for labels on 

Leu13–Val20 and, as a comparison, labeled on all three strands. The peptides are named ac-

cording to the label positions. Consequently, the single-label variants are 1W-4, 1W-13 and 

1W-20, the double-labeled variants 1W-4-13 and 1W-13-20, and the corresponding triple-

labeled variant 1W-4-13-20. Additional residues, including Gly9, Val15, Gly17 and Leu21, 

were labeled and investigated with FTIR for further testing of the computed model force field 

(FF). 

 

Scheme 2. Generic layout of the three-stranded sheet model with the isotopically labeled po-

sitions: Leu4, Leu13, Val20, indicated by red ellipses. Note that the peptide variants studied 

here contain either single, double or triple labels.  
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Peptide sample preparation and FTIR. Peptides were obtained from SciLight Biotechnolo-

gy LLC, Beijing, China, after being synthesized using standard FMOC methods. Sample puri-

ty in each case was judged as >95 % based on MS and HPLC analyses. Sample preparation 

and temperature-dependent equilibrium IR spectra for all the isotopically labeled variants 

were obtained as described previously.
157

 Further experimental details are also given in the 

Supporting Information. The peptides were dissolved in D2O at ~10 mg/mL at acidic pH and 

lyophilized threefold to remove TFA and effect H/D exchange before being placed in a 

homemade demountable cell consisting of CaF2 (100 µm optical pathlength). Samples for T-

jump experiments were prepared similarly. 

 

Temperature-jump relaxation dynamics. Relaxation kinetics were obtained using the laser 

spectrometer as we have described in detail.
120, 166

 In brief, a pulsed Q-switched Ho:YAG la-

ser (IPG Photonics Corporation, U.S.A.) operated at 2090 nm was used to excite a solvent 

(D2O) vibration, thereby rapidly increasing the sample temperature. To improve uniform 

sample heating, the pump beam was split into two counter-propagating beams, both focused 

on the sample, with one delayed, leading to an effective pulse duration of ~15 ns. The rapid 

T-jump perturbs the folding equilibrium on a time scale faster than the molecular dynamics of 

interest. A chopper was synchronized with the 10 Hz pump laser and blocked each second 

pulse to provide a reference signal with no excitation, resulting in an excitation repetition rate 

of 5 Hz. The pump energy was set to maximum of 14 mJ to yield a T-jump magnitude of 

~8 °C, however, for experiments at the lowest final temperatures of ~5 °C, a smaller jump 

was required and obtained by adjusting the pump power with neutral density attenuators. Re-

laxation dynamics of the peptide were probed at selected wavelengths with a quantum cascade 

laser (QCL) of a MIRcat-QT laser system (Daylight Solutions Inc., USA). The cw QCL used 

(M2062-PCX) has a tuning range from 1730–1480 cm
-1

 which is ideally suited for the 
13

C=O 

isotope studies. The probe laser beam was focused on the sample with a spot (Ø ~ 300 µm) 

that was significantly smaller than that of the excitation beams (Ø ~ 2 mm), to assure meas-

urement of a homogenously heated volume.  

To correct for the influence of solvent kinetics, the sequentially measured solvent-only signal 

was scaled and subtracted from the peptide sample signal. The final temperature after the T-

jump was determined from the initial change in absorbance of the solvent, measured under the 

same pumping conditions, and by calibration using temperature-dependent FTIR spectra of 

D2O as a reference.
106

 Relaxation kinetics for ~1000 transients were averaged and evaluated 

for the time interval from 300 ns up to 1.2 ms using a mono-exponential decay function. Time 

constants, τ, were determined for different final temperatures varying from 5 to 50 °C and the 

resultant rate constants, k, were fit to an Arrhenius relation. 

NMR structures. An ensemble of potential low-energy structures was determined for a close-

ly related peptide (SVKIWTS-BG-KTYTEV-BG-TKTLQE-NH2) by analysis of 2-D 

NOESY, TOCSY and COSY. Spectra were obtained at 800 MHz for the peptide at 283 K in 

90:10, H2O:D2O, at about 6 mg/mL concentration (~2–3 mM), using the same methods de-

tailed previously.
157, 166

 Spectra were processed within NMRPipe,
212

 viewed/assigned in 

NMRView,
213

 and NOESY peaks were manually selected and assigned with CYANA 2.0.
214

  

Data regarding NMR results and structure determination are available in Table S1 of the Sup-



128 

 

porting Information (SI). The 10 lowest energy unique structures were refined by restrained 

MD within AMBER8,
215

 using the ff99sb force field,
216

 and were used to guide our subse-

quent spectral simulations and analyses. CD and IR spectra as well as T-jump kinetics of this 

sequence and that used for the T-jump studies were almost identical. 

Molecular dynamics. Simulations were carried out on the lowest energy NMR structure, 

obtained as described above. Briefly, the peptide was solvated in a box of TIP3P water, ener-

gy minimized, and annealed in a multistep process as detailed previously.
166

 Unrestrained 

200 ns NPT MD trajectories were carried out at 300 K using the Amber force field FF14SB. 

CPPTRAJ
236

 was used to analyze the trajectories for information such as variation of torsional 

angles in turn residues and interatomic distances between strands for selected H-bonds. 

  

Spectral Computations. To provide some measure of spectral sensitivity to structure varia-

tions, spectral simulations for a set of 23-residue all-Ala peptides, each constrained to selected 

conformations as determined by NMR (above), were carried out at the density functional the-

ory (DFT) level (BPW91/6-31G**/PCM) using Gaussian 16.
243

 The methods used closely 

followed our previous study
166

 and are detailed in the Supporting Information (SI). To ac-

count for the differences in center and outer strand hydration effects, the DFT force fields 

(FF) were empirically adjusted to better reflect experimental frequency shifts of single labeled 

variants 

4.5.2.4. Results and Discussion 

Structural aspects. Introduction of 
13

C=O backbone isotope labels into β-sheet structures 

maximizes the potential for structural analysis by IR spectroscopy if they are strongly cou-

pled. Ideally one might seek to design a peptide that forms three antiparallel strands fully H-

bonded to each other and interconnected by tight turns which result in only a moderate twist 

of the overall structure. DFT simulations of a fully minimized, unrestrained three-stranded 

structure show significant intensity and frequency changes indicative of strong coupling be-

tween strands for double labeled peptides, if the amide I’ (I’ indicates H-D exchanged) modes 

corresponding to the single labels are at similar frequencies. The predicted IR spectra for la-

beled variants of such a near-ideal structure are illustrated in the Supporting Information (Fig-

ure S2, SI). 

This design goal was approached in our previous study of the pG2 peptide, but the 
D
Pro-Gly 

turn sequence in that case led to spectral interferences that inhibited interpretation of the im-

pact of isotopic labeling on strand dynamics.
166

 To avoid this interference, we converted relat-

ed sequences
157

 to incorporate Aib–Gly turns, which also support hairpin formation in water 

as previously demonstrated with two-strand models.
138, 167-168

 The initially prepared variant 

with aromatic cross-strand contacts to stabilize the first, strand 1–2 hairpin (SVKIWTS-BG-

KTYTEV-BG-TKTLQE-NH2) evidenced formation of a three-strand sheet structure, as con-

firmed by NMR structure determination. This sequence was subsequently mutated, I4 → L4, 

T13 → L13, and T20 → V20, to yield SVKLWTS-BG-KTYLEV-BG-TKVLQE-NH2, which 

allowed easier isotopic labeling with only minor effects on the structure. The similarity of 

their folds was shown by IR and CD results as well as T-jump kinetics being virtually the 
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same for both sequences, although the revised sequence was somewhat more stable (based on 

temperature dependent IR).  

 

Figure 1. Overlay of the main chain of the ten lowest energy NMR solution structures. 
13

C=O 

oscillators are marked in red. While all side chains are removed for clarity, the Trp and Tyr 

aromatic side chains, which have an off-set stacking interaction, are shown highlighted in blue 

since they stabilize strands 1 and 2.  

However, the NMR-determined structures show that this modified peptide is quite twisted, 

and overlapping the ensemble of the best-fit structures suggests that the termini are disordered 

(Fig. 1). The first turns (Aib8–Gly9) are quite uniform for the ten best-fit structures, but the 

second turns (Aib16–Gly17) vary more-or-less continuously between two extrema. However, 

turn 2 maintains ϕ,ψ torsions representative of type I’ turns (see Table S3, SI), unlike the two-

state structures found for the 
D
Pro–Gly turns in our previous papers.

157, 166
 The turn 2 varia-

tions are thus not local, but are a consequence of small deviations from the mean positions in 

their neighboring residues. The 300 K MD analyses indicate somewhat different structural 

variations but also support the relative stability of the turns, which have only short deviations 

away from type I’. Similarly, the inner parts of the three-stranded structure, where the 
13

C=O 

labels are placed, remain folded in the MD, while the termini are highly dynamic, as it can be 

seen from average H-bond distances (Table S4, SI). The NMR data imply that the C-terminus 

has somewhat more disorder than the N-terminus and that the hairpin between strands 1–2 is 

more complete and uniform on average. This appears to be a direct consequence of the cross-

strand stabilization induced by the aromatic Trp-Tyr interaction (of residues 5 and 12), which 

is very stable in both NMR and MD results. Clearly, in the actual structure, the N- and C-

terminal strands are not equivalent, since both are distorted by disorder; but the hairpin 

formed with strands 1–2 is quite regular aside from the N-terminal residues, as evident in the 

overlaid structures in Figure 1. Thus one anticipates coupling between residues in these 
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strands. The other hairpin between strands 2–3 is less well-formed and the consequences for 

coupling are more difficult to predict. Finally, the computed MD trajectories showing large 

motions for the terminal residues suggest that the use of a single structure for spectral simula-

tion is likely to be incomplete at best, which has led us to compare spectral simulations for 

selected structures. 

Shifting IR frequencies by isotopic labeling. The low temperature IR spectra of all peptide 

variants (Fig. 2) exhibited characteristics of antiparallel β-sheets. For the unlabeled variant 

1W this is indicated by a major band at 1634 cm
-1

 with a weaker shoulder at ~1674 cm
-1

. Up-

on heating, the IR bands broaden and shift their maxima to 1648–1652 cm
-1

 indicating for-

mation of a disordered state (Fig. S5, SI). The very gradual transition indicates a low level of 

cooperativity with an apparent  Tm of ~80 °C which was determined by fitting the 2
nd 

compo-

nent of a singular value decomposition (SVD) of the amide I’ band shape temperature varia-

tion with a sigmoidal function (Fig. S6, SI).  

 

Figure 2. Comparison of the IR absorption spectra of the amide I’ band (top) as well as dif-

ference spectra where the unlabeled variant is used as reference (bottom) a) Single labeled 

variants 1W-4 (green), 1W-13 (blue) and 1W-20 (red) in comparison to the unlabeled variant 

1W (black). b) Multiple labeled variants 1W-4-13 (green), 1W-13-20 (blue) and 1W-4-13-20 

(red) in comparison to the unlabeled variant 1W (black). The spectra were acquired in D2O 

solution at 10 °C and normalized to the band integral between 1700 and 1570 cm
-1

. Difference 

spectra were obtained by subtracting the normalized absorbance signal of the unlabeled vari-

ant to better show the presence, relative intensities and positions of the labeled modes. 

As expected, the introduction of isotopic labels gave rise to additional bands at lower wave-

numbers (Fig. 2a, Fig. S5, SI), whose center frequencies are listed in Table 1. (Some addition-

al isotopically labeled variants were prepared, for which results are in Figure S7, SI.) In con-

trast to expectations for an ideal structure, the frequencies of these bands show a strong 

dependency on the location of the oscillator within the β-sheet. If the center strand (Leu13) is 

labeled, a shoulder at ~1607 cm
-1

 is observed, but if the peptide is labeled on outer strands, 
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lower wavenumber bands arise. Furthermore, the orientation of the labeled group has an im-

pact. Val20, with its 
13

C=O pointing in toward the center strand, leads to a band at 

~1588 cm
-1

, while Leu4, 
13

C=O pointing out toward the solvent, has a higher wavenumber 

band at ~1594 cm
-1

. (By comparison, Gly9 and Gly17 also point out and, when labeled, have 

bands at ~1591–92 cm
-1

,
 
Fig. S7, SI.) This lack of degeneracy for the various isotope posi-

tions reduces the impact of their mutual coupling. The labeled Val20 (and possibly also Leu4) 

gives rise to additional minor sidebands at ~1610 cm
-1

, which are most evident in the differ-

ence spectra (Fig. 2). These sidebands are reproducible, consistent between peptides with dif-

ferent labeling patterns and not attributable to impurities. We do not have a conclusive as-

signment of these observed features, but suggest they arise from conformational equilibria 

that encompass more structural variation in the C-terminal residues than the N-terminal ones, 

which will affect Val20 more than Leu4.  

Table 1. Maxima in cm
-1

 of 
13

C=O and β-strand bands from the IR absorption spectra 

peptide low-frequency 
13

C=O high-frequency 
13

C=O β-sheet 

1W n.a.
a
 n.a. 1634 

1W-4 1594 n.a. 1639 

1W-13 n.a. 1607 1635 

1W-20 1588 n.a. 1637 

1W-4-13 1587 1610 1641 

1W-13-20 1588 1608 1638 

1W-4-13-20 1588 1608 1642 
a 

not applicable  

 

Mixing of IR modes. The double-labeled variants 1W-4-13 and 1W-13-20 (see Fig. 2b) both 

show two distinct bands at ~1609 cm
-1

 and ~1588 cm
-1

, which can be attributed to the labeled 

Leu13 in both and the Leu4 or Val20 in each, respectively. This behavior is different from 

that observed in our previous studies of hairpins with cross-strand labels. Those peptides had 

more strongly coupled transitions for which the two isotope shifted modes generated overlap-

ping bands with quite different intensities, whose individual contributions could not be distin-

guished.
29, 167-168

 The non-degeneracy seen here obscures coupling, and the roughly equivalent 

intensity in both bands implies it is weak. However, the labeled oscillators are coupled to 

some extent, as witnessed by shifts of the double-label bands in 1W-4-13 up and down in fre-

quency from what was found in 1W-4 and 1W-13, respectively, as indicated in Table 1. The 

spectrum of the triple-labeled variant 1W-4-13-20 appears to be a combination of the respec-

tive single-/ double-labeled sequences resulting in a stronger intensity for the band at 

~1589 cm
-1

 due to contributions from both labels in the outer strands. The higher-frequency 

band is of similar intensity as for the double-labeled variants and 1W-13, which also had one 

label in the center strand. The exact frequency position monitored in the respective difference 

spectra (Fig. S5) lies in between those of the double-labeled variants (1605 cm
-1

 for 1W-4-13-

20, 1603 cm
-1

 for 1W-4-13 and 1608 cm
-1

 for 1W-13-20). Another impact of the introduction 

of multiple labels is a shift of the main β-sheet band to higher wavenumbers (Table 1), which 

is strongest for the triple-labeled variant (up to 1642 cm
-1

). Disruption of the vibrational cou-

pling in the β-strands by isotopic substitution effectively shortens the coupled segments in the 

strand and results in less excitonic splitting.
167, 170-171

 Thus, the higher intensity component 
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(1634 cm
-1

 in 1W) occurs at a higher wavenumber in the labeled variants. For variants labeled 

in strand 1, this shift is ~2–3 cm
-1

 more than for those labeled in strand 3, which indicates 

removal of Leu4 has a stronger impact on β-sheet coupling than Val20. 

Computed IR spectra. The isotope labeled three-stranded structure does not show IR fre-

quency shifts as expected from an ideal structure (Fig. S2, SI) so we computed spectra for 

several NMR structures (a representative one is shown in Fig. S8, SI). Spectra were simulated 

using peptides constructed with only Ala residues (except for two pairs of Aib–Gly turn resi-

dues) with torsions constrained to values corresponding to selected examples taken from the 

ensemble of best-fit NMR structures. Spectral computations with the lowest energy structure 

at the BPW91/6-31G** level gave the wrong relative frequency ordering for the labeled L4, 

L13 and V20 bands. Incorporating an implicit solvent correction with PCM provided im-

provement, but addition of an empirical adjustment of the FF for C=O groups pointing out at 

the solvent was required to get qualitatively improved relative frequencies. This correction 

empirically adjusts the single label frequencies to account for H-bonding to water. If this was 

done quantum mechanically for explicit solvent, it would require both a very large calculation 

and unrealistically frozen or restricted water conformations. Even after correction, the calcula-

tions should be viewed as quite approximate in that solvent and side-chain effects are only 

empirically accommodated.  

To test for sensitivity to conformational variation, we did similar calculations for three differ-

ent structures from the ten best-fits to the NMR constraints. The frequencies for single labeled 

residues varied but the relative sense remained with the position 4 and 20 amide I modes be-

ing too high with respect to that for position 13, even with PCM. Only after alteration of the 

FF to account for edge vs. central strand we could compute the qualitatively correct ordering 

for positions 4 and 13, but that for 20 was more difficult. Using these corrections, the mole-

cule’s mode character when double- or triple-labeled can be probed. The labeled residue on 

the center strand (13) is only weakly coupled to the other strands, and coupling to the neigh-

boring residues in the strand is just slightly stronger. The calculations do not show an obvious 

preference for coupling 4-13 as contrasted with coupling 13-20 (Fig. S8, SI). 

Site-Selective T-Jump Dynamics. In Figure 3, the time variation of the entire amide I’ spec-

trum after a T-jump is shown for 1W-4-13-20, the triple-labeled peptide. The disordered, β-

sheet and isotope shifted peaks give rise to four, resolved, dynamically detectable changes. 

Consistent with the equilibrium results above, the changes in the
 13

C=O band associated with 

Leu13 are clearly distinguished from those for Leu4 or Val20, however, latter two are unre-

solved kinetically as well as in equilibrium. The change of absorbance after the T-jump was 

remarkably strong for the labeled modes, in particular for the band at 1607 cm
-1

. Given the 

trends in Figure 3, it is sufficient to follow dynamics at just the peak frequencies to access the 

separate behaviors (see example single-wavenumber transients in Fig. S9, SI).  
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Figure 3. Example representation of the time-dependent absorbance change of the amide I’ 

spectrum after the T-jump for 1W-4-13-20. Data are shown over a time interval from 300 ns 

to 1 ms for a T-jump from 9.3 to 15.3 °C, with transients recorded from 1581 to 1665 cm
-1

 in 

steps of 3 cm
-1

. The probe wavenumbers highlighted indicate contributions from disordered 

structure (red), β-sheet (blue) as well as the bands resulting from labeled residues at 1608 cm
-1

 

(green) and 1588 cm
-1 

(black). The arrows refer to fit lines and the color coding bar to absorb-

ance changes. 

Relaxation dynamics of different parts of the peptide were determined at selected wave-

numbers and various temperatures in the amide I´ region based on their response in the differ-

ence spectra (Fig. S5, SI). The loss of β-sheet structure was probed at ~1629 cm
-1

 

(Fig. S10a,b, SI). Additionally, the rise of disordered structure was monitored at ~1662 cm
-1

 

(Fig. S11a,b, SI). The loss in intensity for the two 
13

C=O bands was probed at ~1586 cm
-1

 

(Fig. S12a, SI) and 1607 cm
-1

 (S12b, SI), respectively.  

After correction for solvent contribution, the relaxation transients of the peptide were fit to a 

mono-exponential function to derive rates. A representative selection of relaxation times at 

10 °C is given in Table 2. The observed time constants are less than 5 µs at 10 °C and ~1 µs at 

50 °C, values which are slightly slower than for the related pG-variants.
157

 Unlike for a two-

state folding process, which should have uniform relaxation rates, the variation seen in Table 

2 for selected wavenumbers indicates different local dynamics are sampled, both in the shifted 

isotope bands and in the β-sheet bands. These rate divergences are more evident at low tem-

peratures, as seen in Figures S10–S12, SI. 
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Table 2. Relaxation times of differently labeled peptide variants at a final temperature of 

10 °C  

peptide relaxation time [µs] 
a
 

low-frequency 
13

C=O ~1588 cm
-1

 

high-frequency 
13

C=O ~1607 cm
-1

 

β-sheet  

~1629 cm
-1

 

disordered  

~1662 cm
-1

 

1W n.a.
 b

 n.a. 2.52(±0.43) 2.34(±0.46) 

1W-4 2.74(±0.63) n.a. 2.03(±0.24) 2.66(±0.40) 

1W-13 n.a. 1.91(±0.29) 3.46(±0.36) 3.48(±0.48) 

1W-20 1.96(±0.42) n.a. 2.34(±0.40) 3.25(±0.45) 

1W-4-13 1.67(±0.44) 2.86(±0.35) 3.22(±0.24) 3.14(±0.35) 

1W-13-20  1.30(±0.20) 3.22(±0.24) 3.20(±0.21) 3.49(±0.17) 

1W-4-13-20 1.66(±0.40) 3.20(±0.48) 2.89(±0.33) 3.42(±0.33) 
a 

values were obtained by fitting the temperature dependent kinetic data to the Arrhenius relationship to facilitate 

comparison of relaxation times at one specific temperature for each band and variant; the error was determined 

by the regular residual as the mean of individual measurements in a temperature range of 10 ± 3 °C  
b
 not applicable  

 

Considering the frequency-shifted isotope modes (~1588 cm
-1

 and
 
~1607 cm

-1
), the slowest 

relaxation time (τ = 2.74 µs) is observed for the outer strand labeled carbonyl on 1W-4. The 

slow relaxation for the 
13

C=O band in the first strand is presumably due to the stabilization of 

the first hairpin by the cross-strand aromatic interaction.
106, 157

 The labeled band for 1W-13 (at 

1607 cm
-1

), mostly describing the center strand, has faster a relaxation than in 1W-4 (at 

1588 cm
-1

). The relaxation of the C-terminal outer-strand label for 1W-20 is faster than for 

1W-4 and similar to that for 1W-13. When attention is shifted to the overall β-strand dynam-

ics, measured at ~1629 cm
-1

, the opposite trends occur, in that 1W-13 has by far the slowest 

β-strand change (τ = 3.46 µs) and 1W-4 and 1W-20 are faster. These trends are general, not 

just for the 10 °C data shown in Table 2, as can be seen from their Arrhenius profiles illustrat-

ed in Figure 4. Relaxation time constants for all peptide variants were measured for final tem-

peratures over the range of ~5–50 °C (Figures S10–12, SI), and these experimental values 

were fit to an Arrhenius relation.  
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Figure 4. Relative relaxation behavior of the single labeled variants shown as Arrhenius plots. 

a) 
13

C=O modes
 
probed at

 
~ 1588 cm

-1
 for 1W-4 (green squares) and 1W-20 (blue circles) 

and ~1607 cm
-1

 for 1W-13 (red triangles), and b) β-sheet contribution probed at
 
~1629 cm

-1
 

including 1W (black diamonds). The lines represent fits to the Arrhenius equation to provide 

a qualitative description of the temperature dependence.  

Impact of labeling schemes on rate constants. Our study clearly demonstrates that the ob-

served rate constants probed at a selected wavelength change depending on the labeling 

scheme. In the double-labeled variants (Table 2) the pattern of Leu4 being slower than Val20 

is reflected in that the 
13

C=O band relaxation at ~1588 cm
-1

 for 1W-4-13 (τ = 1.67 µs) is 

slower than for 1W-13-20 (τ = 1.30 µs). Additionally, incorporation of labels on different 

strands of the peptide impacts the relaxation kinetics for both sites, as indicated schematically 

in Figure 5. Adding 
13

C=O on Leu13 decreases the time constants for both Leu4 and Val20. 

Inversely, addition of 
13

C=O on either Leu4 or Val20 increases the time constants for Leu13.  



136 

 

Figure 5. Impact of additional labels on the relaxation rates measured for the labeled oscilla-

tors at ~1590 cm
-1

 and ~1607 cm
-1

. The relaxation time constants for the single labeled resi-

dues (indicated by dashed boxes) are altered by interaction with an additional 
13

C=O. For the 

double labeled variants (indicated by solid boxes), smaller time constants are observed when 

detected at ~1590 cm
-1

 (black, Leu4 or Val20), whereas the opposite effect occurs at 

~1607 cm
-1

 (grey, Leu13).  

These changes, which are also represented in a temperature-dependent manner in Figure 6, 

reflect coupling, although cross-strand interaction is less pronounced than it would be found 

for an ideal structure. The triple-labeled variant, 1W-4-13-20, containing contributions of 

both terminal strands has relaxations partly reflecting the dynamic behavior of the double-

labeled variants. At ~1588 cm
-1

 relaxation is similar to that of 1W-4-13, and faster than for 

1W-4 and 1W-20, while at 1607 cm
-1

 the relaxation is more like that of 1W-13-20, again be-

ing slower than for 1W-13 (Table 2, Fig. 6). This might indicate that the relaxation probed at 

1588 cm
-1

 is dominated by strands 1–2, while the relaxation probed at 1607 cm
-1

 reflects the 

coupling of strands 2–3. 
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Figure 6. Relative relaxation behavior of the multiple labeled variants shown as Arrhenius 

plots. Isotope 
13

C=O modes
 
were probed at a) ~1588 cm

-1
 and b) ~1607 cm

-1 
for 1W-4-13 

(blue squares), 1W-13-20 (red circles) and 1W-4-13-20 (grey triangles). The lines represent 

fits to the Arrhenius equation to provide a qualitative description of the temperature depend-

ence. 

Alteration of kinetics by the removal of distinct residue contributions. Bands associated 

with the unlabeled residues 
12

C=O, i.e. the β-sheet band at ~1629 cm
-1

 and the disordered 

structure at ~1663 cm
-1

, are affected when selected oscillators are shifted out of the main 
12

C=O band to lower frequencies by isotopic labeling. For example, removing the relatively 

slow dynamic contribution of Leu4 from the 
12

C-β-sheet band in 1W-4 (Fig. S10, SI), leads to 

faster relaxation at 1629 cm
-1

 (2.03 µs in comparison to 2.52 µs for the unlabeled peptide, at 

10 °C). By contrast, removing Leu13 (which shows the fastest relaxation) on the center strand 

in 1W-13 results in a significantly slower β-sheet relaxation (3.46 µs, Table 2). 

To some extent, the same pattern can be seen in the disordered band dynamics. For example, 

Val20 in 1W-20 has a fast relaxation, yet the relaxation for the disordered band at ~1663 cm
-1
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in that variant is much slower than for 1W. This in particular applies to the frayed ends of the 

peptide. Dynamics for 1W-21, with the label one residue closer to the C-terminal end, were 

also measured as a control, and yielded much slower kinetics for its labeled oscillator than 

found for 1W-20 (Fig. S13, SI). Correspondingly, the kinetics for the disordered structure in 

1W-21 are faster than for 1W or 1W-20, whereas no significant difference was observed for 

its β-sheet kinetics.  

In the presence of multiple labels several, opposing effects originating from the individual 

label positions have to be considered. For the unlabeled parts, effective removal of contribu-

tions from the center of the β-structure results, in general, in slower relaxation times observed 

both at ~1629 cm
-1

 and 1663 cm
-1

, for the β-strand and disordered components, respectively, 

suggesting that the removal of the labeled residue eliminates a fast contribution.  

Local dynamics, stabilities and relaxation rates. We have made a series of isotopically la-

beled three-stranded hairpins and showed measurably different dynamics for selected posi-

tions within the strands. It seems clear from these variable rates that this model β-sheet pep-

tide is a multistate folder. Investigation of the structure and spectral consequences can provide 

some insight into the local dynamics as our data has exposed.  

With regard to the single labeled variants, substitution on the Leu4 residue (1W-4) yields the 

slowest relaxation rates. Recalling that the equilibrium thermal transition has a Tm of ~80 °C, 

at which point kf = ku, if we restrict the description to a simple two-state analogy for the over-

all folding and unfolding rate constants, then all our data sample relaxation after heating but 

well below the transition, or where the fraction folded, ff, is greater than unfolded, fu. Conse-

quently, since kf/ku ~ ff/fu > 1 for T < Tm, kf > ku and the observed relaxation rate constant, kobs 

~ kf + ku, must be dominated by kf. The stability of the first strand or first hairpin is enhanced 

by the Trp–Tyr cross-strand aromatic contact, which as we have previously shown, leads to 

slower contributions to the global relaxation kinetics.
106, 157

 Here we see that slower kobs is 

characteristic of the local dynamics of Leu4 as well, and presumably would mean kf is slower. 

By contrast, kobs for Leu13 and Val20 are similar. These two residues are H-bonded in a small 

ring, characteristic of the anti-parallel β-sheet structure.
167-168, 241

 Since we detect dynamics by 

change in absorbance at a selected wavenumber, as the strands separate in the unfold-

ing/folding process the absorbance for both will change, leading to their similar relaxation 

rates. 

For double-labeled samples we can detect and monitor the dynamics of each labeled residue 

separately, in contrast to our initial expectations. Consequently, the effects of coupling on the 

IR spectrum, intensity and frequency distribution, are reduced in such non-degenerate oscilla-

tor systems. However, the labeled residues impact each other in interesting ways that are en-

hanced in the dynamics. Monitoring the Leu13 dynamics (1607 cm
-1

, Fig.6b) under the influ-

ence of an additional label on Leu4 or Val20, we see a deceisive slowing of the relaxation for 

1W-4-13 and 1W-13-20, respectively. If we consider Leu13 to be in the most regularly folded 

part of the peptide, then kf for it should be fastest, i.e. most favored to form. Adding Leu4 to 

this in 1W-4-13 can only slow kf, since the Leu4 is in a less folded segment, but this impact 

on the Leu13 band must be due to coupling to the Leu4. If we regard the third strand as even 

more disordered, as seen in our MD and NMR results, then the additional slowing of kf for the 
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Leu13 in 1W-13-20 can be understood. Alternatively, if we consider relaxation at 1588 cm
-1

, 

i.e. for the labeled Leu4 or Val20 bands, and add Leu13, as is the case in 1W-4-13 or 1W-13-

20, respectively, then we are adding a more structured part of the molecule to the detectable 

relaxation process, and thus kf increases through coupling again, as observed. These trends are 

all seen in Table 2 for relaxation kinetics at 10 °C, but are also apparent in the global trends 

over the range of 5–50 °C, as seen in Figures 4 and 6. Viewing the data in the Arrhenius-style, 

log kobs vs. 1/T, format helps visualize these comparisons a bit more easily than in terms of 

relaxation time constants vs. T but the relative differences are also evident in the relaxation 

time plots (Fig. S10–12, SI). 

4.5.2.5. Conclusion 

Spectral effects of isotopic labeling are highly sensitive to molecular structure and dynamics. 

If multiple vibrationally coupled sites are labeled, there is a potential for a more detailed 

structural interpretation of the data. We have presented spectral and kinetic data for a stable, 

relatively well-formed three-stranded β-sheet structure that was isotopically labeled in several 

positions. Contrary to expectations based on simpler hairpin models, multiple labels yielded 

resolved IR bands occurring at about the same frequencies as for single labeled variants. 

Whereas equilibrium FTIR spectra provided little evidence of the impact of coupling, the T-

jump induced relaxation dynamics showed an enhanced sensitivity to even this weak cou-

pling, with significant alterations in relaxation time relative to the corresponding single la-

beled variants. Analysis of these coupling effects allowed us to qualitatively determine rela-

tive folding rates for localized components of the overall structure that showed distinct 

differences of dynamics for inner and outer strands in a model sheet structures. This insight is 

not possible to obtain with simple hairpins. Coupling effects became also evident in the global 

β-sheet dynamics which showed distinct alterations in relaxation times when isotopically sub-

stituted oscillators were effectively removed from the IR band being probed. There was an 

additive (or subtractive) impact of adding (removing) fast folding components from the exci-

ton-coupled strands. Our results show that probing selected dynamics can provide a new 

method of developing refined understanding of inter-residue coupling in peptides and pro-

teins.  
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4.5.2.6. Supporting Information 

Table S1. NMR structure solution data 

 

total unambiguous distance restraints       411 

intraresidue (i,i)                      114 

sequential (i, i+1)    119 

medium range (2<=|i-j|<=4)   62 

long range (|i-j| > 4)    116 

intermolecular     0 

 

total dihedral angle restraints    11 

Phi      11 

Psi      0 

Chi1      0 

 

Backbone atoms - RMSD from mean   517 

All heavy atoms - RMSD from mean   0.918 

 

Violation analysis   

  Max dihedral angle violation (deg)   0.53 

  Max distance violation (A)    2.16  

 

Mean distance violation - distance constraint (A  0.635 +/- 0.314 

Mean dihedral angle violation - dihedral constraints  0.520 +/- 2.649 

 

Deviation from ideal bond lengths – (mean of 10)     0.00979 +/- 0.00012 

Deviation from ideal bond angles – (mean of 10)       1.73540 +/- 0.04025 

 

Procheck (pdb core allowed generous disall) 

040 85.0 15.0 0.0 0.0 

016 80.0 20.0 0.0 0.0 

001 85.0 15.0 0.0 0.0 

017 90.0 10.0 0.0 0.0 

014 85.0 15.0 0.0 0.0 

050 90.0 10.0 0.0 0.0 

033 80.0 20.0 0.0 0.0 

019 95.0   5.0 0.0 0.0 

024 80.0 20.0 0.0 0.0 

011 90.0 10.0 0.0 0.0 

 

Energies 

    mean AMBER energy (kcal mol
-1

)             -710.61 

    mean restraint energy (kcal mol
-1

)                12.24 

TOP 10 Energies (kcal/mol
-1

)  

     -717.5, -714.1, -713.7, -713.1, -710.9, -710.9, -710.7, -710.4, -709.6, -709.5 
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Computational details. Density functional calculations of the force fields (FF) and IR intensities 

were carried out on a 23-residue sequence converted to all Ala, except for the two pairs of Aib–Gly 

turn residues, to reduce the calculation size but maintain the full peptide length and geometry. The 

conformations were constrained to sets of (ϕ,ψ) torsions determined from the best fits to the NMR 

structural determination of the closely related, similarly structured peptide, SVKIWTS-BG-

KTYTEV-BG-TKTLQE-NH2. Computations were realized using Gaussian16
231

 on a multi-processor 

Linux system at the BPW91/6-31G**/PCM level with implicit water simulation (PCM) as done 

previously for the related pG2 sequence with 
D
Pro-Gly turns.

166
 These relatively large calculations 

enabled an analysis of the vibrational modes and their spectral properties without the need for 

fragmentation or transfer of parameters,
238

 however, their size, even when restricted to just Ala, 

precludes full computation of explicit effects of side-chains or solvent. Spectra for isotopically 

labeled variants were simulated by incorporating the appropriate masses and re-diagonalizing the 

FFs using programs provided by Prof. Petr Bouř, Czech Academy of Science, Prague.
232

 The 

peptides, particularly for residues near the N- and C-termini have dynamic fluctuations, so depend-

ence on a static spectral simulation is limited. Consequently, we performed a few DFT-based 

simulations with different NMR-determined low-energy geometries to evaluate spectral sensitivity to 

structural variations (see representative examples in Fig S8). For comparison we also computed 

spectra for an ideal, fully minimized three-strand structure, as shown in Figure S2. 
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Figure S2. DFT simulations of a fully minimized, unrestrained three-stranded structure (top). 
13

C-

isotopic substitution was performed on the same amide C=O´s as used for the study of the 1W 

peptides, namely positions 4 (a), 13 (b) and 20 (c). Mixing of the modes was simulated by the 

introduction of multiple labels, which are 4-13 (d), 13-20 (e) and 4-13-20 (f). Spectra are simulated 

after deuteration of all exchangeable Hs. The FF was not modified to reflect the effects of water 

solvation of outer strands, therefore oscillators not H-bonded to other strands (like Leu4) show up at 

frequencies that are too high. The effects of different solvent interactions and a more realistic 

conformation are shown by example in Figure S8. The band width was chosen to be 10 cm
-1

 full 

width at half maximum. The shift of intensity to the lower frequency mode (13-20, 4-13-20) is 

indicative of coupling effects. 4-13 shows less coupling as the frequencies of the 
13

C=O oscillators 

are quite different. 
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Table S3. Comparison of the (ϕ,ψ) variation in a) turn 1 and b) turn 2. For both Aib and Gly, ϕ and 

ψ angles are given as an average of the angles in the ten best NMR structures and for sample struc-

tures from the MD trajectories (every 100 ps along the 200 ns long trajectories). 

a) 

 Aib8 Gly9 

ϕ ψ ϕ ψ 

NMR 52.7(±0.7) 32.8(±2.1) 71.0(±5.4) 19.0(±14.8) 

MD 54.7(±7.8) 30.6(±14.8) 81.0(±23.3) -4.3(±27.2) 

 

b) 

 Aib16 Gly17 

ϕ ψ ϕ ψ 

NMR 52.7(±0.7) 32.4(±1.8) 76.6(±6.8) 6.8(±19.1) 

MD 55.5(±7.3) 28.8(±11.2) 78.5(±19.4) 9.9(±26.6) 

 

 

 

Table S4. Comparison of the H-bond distances in Å between strands a) 1–2 and b) strands 2–3 in the 

ten best NMR structures and the sample structures from the MD trajectories (every 100 ps along the 

200 ns long trajectories). The pairs furthest from the turn (3N-14C and 11N–22C, respectively) 

indicate the fraying of the ends.  

a) 

 Strand 1–2 

3N–14C 3C–14N 5N–12C 5C–12N 

NMR 4.58(±0.53) 3.96(±0.10) 4.04(±0.05) 3.95(±0.05) 

MD 6.67(±0.83) 5.12(±0.58) 4.14(±0.15) 4.03(±0.12) 

 

b) 

 Strand 2–3 

11N–22C 11C–22N 13N–20C 13C–20N 

NMR 5.43(±0.98) 3.86(±0.07) 4.10(±0.01) 4.06(±0.05) 

MD 5.53(±0.54) 3.87(±0.21) 4.10(±0.13) 4.05(±0.15) 
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Equilibrium IR. For IR measurements, peptide samples were dissolved in D2O at ~10 mg/mL at 

acidic pH (after lyophilization from DCl for removal of TFA and H/D exchange) and were placed in 

a homemade demountable cell consisting of CaF2 windows separated by a Teflon spacer (100 µm 

optical pathlength). IR spectra were measured with a Bruker Equinox 55 FTIR spectrometer 

equipped with a mercury cadmium telluride detector. For each FTIR spectrum, 128 scans with a 

spectral resolution of 4 cm
-1

 were averaged at each temperature. Temperature dependent IR spectra 

were measured in the temperature range of 5–95 °C in steps of ΔT = 5 °C. The temperature of the 

sample holder was controlled by a water bath (Lauda Ecoline E300, Germany), with the sample cell 

temperature recorded by a Pt100 sensor. A home-built software-controlled shuttle device was used to 

measure the sample and reference signal successively for each temperature allowing the subtraction 

of the solvent signal. 
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Figure S5. Comparison of the temperature dependent IR absorption of the amide I’ band for all 

peptide variants in D2O solution between 5 and 95 °C a) 1W, b) 1W-4, c) 1W-13, d) 1W-20, e) 1W-

4-13, f) 1W-13-20 and g) 1W-4-13-20. Difference spectra (right column) were obtained by using the 

5 °C spectrum as a reference.  
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Figure S6. IR monitored thermal transition shown for 1W as an example. The transition temperature 

was determined by fitting the variation of the 2
nd

 component of a singular value decomposition 

(SVD) of the amide I´ region. SVD of each set of temperature dependent spectra was obtained using 

MATLAB software (MathWorks, MA (USA)). The very broad transitions were fit to a sigmoidal 

transition function with flat baselines as follows: 

 

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)/[1 + 𝑒𝑥𝑝((𝑇 − 𝑇𝑚)/d𝑇)] 

where 𝐴1 is the initial value, 𝐴2 the final value and d𝑇 the slope factor. The given value of 80(±2) °C 

is the average of multiple measurements, the number in brackets indicates the maximum deviation of 

individual samples as a measure of reproducibility. 
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Figure S7. IR absorption spectra of the amide I’ band of the single labeled variants used to correct 

the force field. In each plot the unlabeled variant 1W (black) is provided for comparison. a) Sche-

matic representation indicating the label positions b) Variants labeled on the Gly residues in the 

turns. 1W-9 (red) has a relatively intense band, the band for 1W-17 (blue) is broad. c) 1W-15 

(green) also has a relatively intense band, while that of 1W-21 (purple) is broad and located at higher 

wavenumbers, presumably due to its location close to the disordered C-terminal end. 

 

 

 

Band positions of 
13

C-labeled and β-sheet modes in cm
-1

 from the IR absorption spectra: 

peptide 
13

C=O β-sheet 

1W - 1634 

1W-9 1591 1635 

1W-17 1592 1634 

1W-15 1594 1636 

1W-21 1600 1633 
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Figure S8. Amide I’ absorbance spectra simulated using DFT level calculations of an all alanine 

peptide constrained to torsional angles of one representative NMR solution structure (shown at 

the top), for which the N- and C-terminal ends were relatively well aligned to the center strand. The 

amide C=O´s marked with black boxes were chosen for isotopic labeling, namely a) 1W-4, b) 1W-

13, c) 1W-20, d) 1W-4-13, e) 1W-13-20 and f) 1W-4-13-20. Spectra are simulated after deuteration 

of all exchangeable Hs for variants. The component bands were chosen to be 10 cm
-1

 full width at 

half maximum and summed for the overall amide I’ envelop. To better account for the spectral 

impact of different solvent interactions for the outer- and center-strands, empirical modifications of 

the FF were introduced,
166

 and the resulting amide I frequency distributions were compared to 

experimental IR results.  

 



150 

 

Figure S9. Example of transient relaxation after a laser-excited T-jump from 11.0 to 17.5 °C for 

different probe wavenumbers shown for 1W-4-13-20. The strongest change in absorbance can be 

observed for the β-sheet band at 1629 cm
-1 

(blue triangles). For the disordered structure at 1663 cm
-1 

(red diamonds) an increase in absorbance can be observed. The two bands monitored at 1608 cm
-1 

(green circles) and 1588 cm
-1 

(black squares), which result from isotopic labeling, show less but still 

significant change. Transient data below 300 ns (faded points) was perturbed and much less repro-

ducible, and thus was not included in the single-exponential fits (solid lines). 
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Figure S10. Comparison of the relaxation times at 1629 cm
-1

 for a) single labeled 1W-variants 1W-

4 (green squares), 1W-13 (blue diamonds) and 1W-20 (red circles) in comparison to the unlabeled 

1W (black triangles), and b) multiple labeled 1W-variants 1W-4-13 (green squares), 1W-13-20 

(blue diamonds), 1W-4-13-20 (red circles) in comparison to the unlabeled 1W (black triangles). The 

lines represent fits to the Arrhenius equation as a qualitative description of the temperature depend-

ence of the relaxation times. 
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Figure S11. Comparison of the relaxation times at 1663 cm
-1

 for a) single labeled 1W-variants 1W-

4 (green squares), 1W-13 (blue diamonds) and 1W-20 (red circles) in comparison to the unlabeled 

1W (black triangles), and b) multiple labeled 1W-variants 1W-4-13 (green squares), 1W-13-20 

(blue diamonds), 1W-4-13-20 (red circles) in comparison to the unlabeled 1W (black triangles). The 

lines represent fits to the Arrhenius equation as a qualitative description of the temperature depend-

ence of the relaxation times. 
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Figure S12. Comparison of the relaxation times probed at a) ~1588 cm
-1 

and b) ~1607 cm
-1

 for 1W-

4 (black triangles), 1W-20 (green squares),1W-4-13 (blue diamonds), 1W-13-20 (red circles), 1W-4-

13-20 (grey hexagons) and 1W-13 (pink triangles). The lines represent fits to the Arrhenius equation 

to provide a qualitative description of the temperature dependence of the relaxation times. 
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Figure S13. Relaxation times of the 1W-21 as compared to those of 1W-20 for a) the 
13

C=O mode, 

b) β-sheet and c) disordered structure. While both peptides are labeled at the C-terminal end and are 

adjacent residues, they show remarkable differences in the dynamics. For the 
13

C=O mode, 1W-21 

has a very slow relaxation. Being located so far out on the disordered C-terminal end might cause the 

relaxation dynamics to be dominated by the slow folding rate. Also the contribution of L21 to the 

overall β-sheet kinetics appears to be small, since its relaxation kinetics at 1629 cm
-1

 are hardly 

altered in comparison to those for 1W-20 (and therefore also the unlabeled peptide). However, the 

disordered kinetics are accelerated, if the slow contribution of 1W-21 is removed (see S13c).  
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4.6. Published conference proceedings 

4.6.1. Conference Proceedings 1: Three-Strand β-Sheet Peptide Models. IR, VCD and 

ECD SPECTRA, T-Jump Dynamics and NMR Structures Support MD and DFT 

Simulations 

Timothy A. Keiderling, Heng Chi, Dan McElheny,  Allen Walker, David Scheerer and Karin 

Hauser; Biophysical Journal 2017, 112 (Issue 3, Supplement 1), 195a; DOI: 

10.1016/j.bpj.2016.11.1082 

61
st
 Annual Meeting of the Biophysical Society, 2017  

Spectroscopic studies of peptide β-sheets is complicated by their having many forms (parallel 

vs. anti-parallel, twisted or flat, in and out of register) and being subject to aggregation so that 

the molecular state being studied experimentally becomes obscure and thus very difficult to 

model theoretically. We have used simple hairpin models (strand-turn-strand) to develop 

monomer structures that have cross-strand anti-parallel H-bonding characteristic of sheets, 

however, these strands are also solvated on each edge. Such structures have limited stability 

in isolation (outside of a protein environment), but can be accessed by either promoting the 

turn with selected sequences, or by promoting hydrophobic cross-strand interactions. The next 

step in complexity and stability are three-stranded β-sheet models, composed of a double 

hairpin whose central strand is H-bonded to two others. We have designed and prepared a 

series of related three-strand hairpins based on sequence principles first proposed by Gellman 

and co-workers. These 23-residue peptides have two stabilized turns composed of either 
D
Pro-

Gly or Aib-Gly and include cross-strand aromatic coupling of a Trp and Tyr residue to stabi-

lize hairpin formation of two strands. CD, fluorescence, IR and VCD thermal equilibrium 

spectroscopic studies as well as IR-detected temperature jump dynamics measurements are 

supported by our determination of NMR-based structures and our theoretical modeling of 

both vibrational spectra and dynamics. All these designed compounds show evidence of β-

sheet formation in both IR and CD, but with differing stabilities and extents depending on the 

aromatic residue positions. IR and VCD simulations are consistent with experimental data. 

ECD gives evidence of cross-strand coupling of the aromatics, and the NMR structures show 

them partially stacked. The structures have sharply twisted three-strand sheets with more dis-

order in the N-terminal strand for aromatics on strands 1 – 2, and less stable as well as disorder 

in the C-terminal strand for 2 – 3. MD studies show fluctuation in the turns from Type I’ to II’ 

with the 2 – 3 cross link having more fluctuations. Thermal variation equilibrium thermody-

namic studies as well as temperature jump relaxation kinetics show that the relative stabilities 

favor the strand 1 – 2 cross strand interaction and suggest folding intermediates, at least at low 

temperatures.  

https://dx.doi.org/10.1016/j.bpj.2016.11.1082
https://dx.doi.org/10.1016/j.bpj.2016.11.1082
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4.6.2. Conference Proceedings 2: Spectra and Simulation of Model Beta-Sheets and 

Hairpins. Impact of Turn Sequences and Aromatic Contacts on Equilibria and 

Dynamics 

Timothy A. Keiderling, Heng Chi, Dan McElheny, David Scheerer, Ayesha Samer, Karin 

Hauser and Frank Vazquez; Biophysical Journal 2018, 114 (Issue 3, Supplement 1), 53a; 

DOI: 10.1016/j.bpj.2017.11.344 

62
nd

 Annual Meeting of the Biophysical Society, 2018  

β-sheets can be modeled as antiparallel strands coupled by turns. Isolated model systems are 

less stable, due to amide solvation), but can be induced to fold into sheet-like structures by 

restricting the conformational space of turn residues, such as with 
D
Pro – Gly sequences, or by 

inclusion of cross-strand hydrophobic interactions, especially aromatic contacts, which tend to 

desolvate parts of the structure. Expanding to multistrand structures can provide different 

characteristics for study of physical properties. Larger structures have strand differentiation, 

since the center strand of a three-strand sheet has a different H-bonds than the outer ones. In 

larger structures, integral hairpin-like sequences of either the first two or the second two 

strands might have different stabilities and folding mechanisms, if it is overall a multistate 

process. To explore these factors, we have prepared a series of three-stranded sheet structures 

that are stabilized by either 
D
Pro – Gly or by Aib – Gly turns and contain various Trp – Tyr 

side-chain contacts. To assess the impact of the third strand we also separately synthesized the 

component hairpins and studied their relative properties with temperature dependent circular 

dichroism, fluorescence, infrared (IR) and vibrational circular dichroism for evaluation of 

global thermodynamic equilibria as well as IR-detected temperature jump relaxation dynam-

ics of selected components (strands, turns). Where possible, NMR structures were obtained 

for comparison and MD simulations of unfolding were used to aid interpretations. While all 

the sequences showed evidence of β-structure formation, the extent and stability varied mark-

edly. In terms of equilibrium properties, the turn residues (especially 
D
Pro – Gly) seemed to 

have the strongest influence, while the aromatic contacts had minor effects. However in terms 

of dynamics, the aromatic effects differentiated the structures more, suggesting a variation in 

the folding mechanisms. 

  

https://dx.doi.org/10.1016/j.bpj.2017.11.344
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4.6.3. Conference Proceedings 3: Temperature-jump induced kinetics capture the 

enhanced sensitivity of isotopes as vibrational probe 

Timothy A. Keiderling, Heng Chi, Dan McElheny, David Scheerer, Mohammad Shahid Islam 

and Karin Hauser; Biophysical Journal 2019, 116 (Issue 3, Supplement 1), 17a-18a; DOI: 

10.1016/j.bpj.2018.11.136 

63
rd

 Annual Meeting of the Biophysical Society, 2019  

Peptide β-sheets are difficult for theoretical simulation, due to multiple forms and aggrega-

tion, but multi-strand hairpin models can have monomer structures with defined cross-strand 

anti-parallel H-bonding. Hairpins can be partially stabilized with selected turn sequences (e.g. 
D
Pro – Gly or Aib – Gly) or by incorporating aromatic cross-strand interactions. In three-

stranded β-sheet models, the central strand is H-bonded to two others, possibly having a com-

plex folding mechanism, depending on the balance of cross-strand and turn effects. We stud-

ied a series of 23-residue peptides having two turns composed of either 
D
Pro – Gly or Aib –

 Gly sequences and various cross-strand aromatic couplings. IR and VCD thermal equilibrium 

spectroscopic studies are supported by NMR-based structures and DFT modeling. MD dy-

namics simulations are correlated with IR-detected temperature-jump kinetics. These all have 

β-sheet structures, but differ in stabilities for different turns and aromatic contacts. DFT com-

putations for an Ala-based structure with NMR constrained ϕ,ψ angles yield IR and VCD 

simulations consistent with experimental data. The structures are sharply twisted with the first 

hairpin being better formed. Aromatic stabilization was energetically effective for Trp-Tyr on 

strands 1 – 2, less on strands 2 – 3, but a similar sequence with no aromatic interactions formed 

better sheets. MD studies show bistable fluctuation in the 
D
Pro-Gly turns from Type I’ to II’, 

but Aib – Gly turns, with less torsional barrier, sampled more forms. These behaviors were 

evident in site-selected IR-detected T-jump relaxation kinetics. Isotopic labeling allows se-

lected monitoring of turns and strands, and Aib – Gly have less spectral interference than 
D
Pro – Gly turns. Equilibrium IR as well as T-jump dynamics reflect higher stabilities for 

strand 1 – 2 interactions. 

 
  

https://doi.org/10.1016/j.bpj.2018.11.136
https://doi.org/10.1016/j.bpj.2018.11.136
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5. Summary and Outlook 

5.1. Summary 

β-Sheet-containing structures are ubiquitous for many misfolded protein states. In regard to 

the importance of aggregates and fibrils for the onset of neurodegenerative diseases like Par-

kinson and Alzheimer,
3-5

 a better understanding of the molecular driving forces for protein 

folding or misfolding could eventually offer new therapeutic approaches. Model peptides can 

help to understand the mechanisms that either establish a stable and functional β-sheet struc-

ture or result in misfolding and the formation of aggregates. In this work, different spectro-

scopic techniques were employed to unravel the folding properties of secondary structure el-

ements. Measurements in thermodynamic equilibrium granted insight into structure and 

stability, while dynamics were monitored by time-resolved perturbation techniques. Although 

the spatial resolution of IR spectroscopy in general is limited, the specific contribution of sin-

gle residues to structure formation could be identified via site-selective isotopic labeling.  

In order to access the folding kinetics of isotopically shifted modes, the existing laser-excited 

T-jump IR spectrometer was expanded with a set of tunable QCLs, which cover a large spec-

tral range. Additionally, a Ho:YAG laser was incorporated in the setup to allow a direct exci-

tation of a T-jump,
103

 thereby bypassing unfavorable side effects of the Raman shifter.
118

 

Building on this, the impact of different perturbation techniques on relaxation kinetics was 

investigated. Laser-excited pH-jump as well as T-jump measurements were conducted on α-

helical peptide, PGA, starting from different initial conditions and ending up in the very same 

final state. Whereas the rapid decrease in pH induced helix formation, a T-jump resulted in an 

unfolding of the helix. In both experiments similar kinetic steps were observed, thus inde-

pendent from the perturbation technique, indicating the same mechanism for helix folding and 

unfolding.  

 

Ensuing these method-oriented studies, focus was put on β-structured peptides as a model for 

sheet formation. Particular emphasis was dedicated to three-stranded β-sheets, which are able 

to adopt a well-defined β-structure while depicting the complex properties of multi-stranded 

systems. However, the generation of small β-structures in aqueous solutions, i.e. in the ab-

sence of stabilizing tertiary contacts, is impeded by their high tendency for aggregation. There 

are different design strategies for the stabilization of these structures, which are either linking 

the strands together using strong cross-strand interactions or using geometrically constrained 

residues to favor the formation of a turn. It could be shown that formation of a β-structure is 

intrinsically rapid for a strong turn, as the folding process is driven by local forces at the turn. 

If hydrophobic cross-strand interactions are involved, the folding process must involve a hy-

drophobic collapse and is slowed down. 

 

A subsequent investigation of various three-stranded β-sheet peptides was focusing on intra-

strand structure stabilization by aromatic side-chain interactions. The study revealed that the 

presence of an aromatic interaction in an otherwise folded peptide does not automatically re-

sult in an increased thermal stability. In these structures, which all had the rigid 
D
Pro – Gly 

turn sequences, the equilibrium properties seem to be dominated by general hydrophobic and 
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hydrophilic contacts as well as by the turn, while they are only secondarily affected by a 

cross-strand aromatic interaction. These observations were supported by a comparison to the 

constituent hairpins, which represented either strands 1–2 or 2–3 of the three-stranded struc-

tures. For the N-terminal hairpins a higher stability was found than for the C-terminal hair-

pins. In contrast to equilibrium data, dynamics were more sensitive to the presence and loca-

tion of an aromatic interaction. These deductions could already be drawn from the 

conformational dynamics of the global β-sheet and disordered structure. Additional site-

specific insight was obtained by using the unique band of 
D
Pro, which was built into the se-

quence to promote turn formation, as a site-specific probe. Differences to the β-sheet kinetics 

were small, reflecting the strong influence of the rigid turn sequences on the formation of the 

three-stranded structure. Furthermore, the three-stranded structures contain two 
D
Pro residues, 

one in each turn. As the two 
D
Pro bands were overlapping, different contributions to the dy-

namics could not be distinguished. 

 

Using isotopic labeling, it was possible to resolve the contribution of each mode. Labeling 

one of the Xxx – 
D
Pro linkages resulted in an isolated band at ~ 1570 cm

-1
, while the other one 

remained unchanged at ~ 1612 cm
-1

. This provided two distinct probes within one single pep-

tide variant. T-jump measurements revealed a significantly slower relaxation for the first turn 

than for the second one. This was in very good agreement with two peptide variants which 

had the labels on the glycine residues in turn 1 or 2, respectively, and also differences in sta-

bility revealed by NMR structures. For the strand labels, a similar relationship between struc-

tural stability and dynamics could be observed, the most flexible strand showed the fastest 

relaxation. Hereby, spectral overlap of the modes of the 
13

C=O labels within the strands and 

the Xxx – 
D
Pro amide was resolved using a novel difference transient analysis approach. As all 

differently labeled peptide variants share the same turn sequence, and therefore also the con-

tribution of the 
D
Pro, subtracting the kinetics of the unlabeled peptide from the combined ki-

netics isolates the dynamics of the label. This approach was supported by DFT calculations, 

which showed local, isotope-selected vibrations to be effectively uncoupled from other am-

ide I modes. On the basis of our experimental data and supportive MD simulations a folding 

mechanism was proposed, where structure formation progresses from the turns, followed by 

the strands. 

 

While this demonstrates the possibilities of the isotopic labeling approach to gain site-specific 

information, it has to be noted that single isotopic labels may exhibit bands weak in intensity 

in comparison to a possibly large number of 
12

C amide oscillators in the peptide backbone. It 

was shown before that coupling of multiple labeled carbonyls within one β-sheet structure can 

alter the relative intensity of the modes and the specific coupling can be exploited to better 

determine local structure.
29, 87

 A set of peptides with a varying number of cross-strand isotopic 

labels was created to study the effects of coupling emerging in dependence on the structure of 

the peptide. In contrast to the expectations for an ideally folded β-structure, multiple labels 

yielded resolved IR bands occurring at about the same frequencies as for single labeled vari-

ants. Although little impact of this weak coupling was observed in equilibrium IR spectra, the 

T-jump induced relaxation dynamics showed an enhanced sensitivity. The coupling of multi-

ple labeled variants change the relaxation time in comparison to the corresponding single la-

beled variant significantly, reflecting different rates for folding and unfolding in the various 
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segments of the peptide. Similarly, also the global β-sheet and disordered kinetics were al-

tered. Removing one oscillator with a distinct contribution from the 
12

C=O oscillator system 

by 
13

C=O labeling changed the observed rates in an opposing manner, suggestive of an addi-

tive interaction among the C=O oscillators of the peptide backbone. These results reflect 

structural characteristics of the NMR data as well as the dynamics obtained by MD simula-

tions and illustrate the high sensitivity of isotopes as vibrational probes. 

 

In conclusion, the studies performed in this thesis demonstrate the versatility of using non-

equilibrium dynamics and isotopic labeling to explore the folding energy landscape of pro-

teins and peptides. Insights gained on these model systems contribute to the understanding of 

complex processes like protein aggregation. 

5.2. Outlook 

The findings presented here allowed the characterization of secondary structure elements us-

ing small model peptides. Novel model systems, which may be peptides or proteins, might 

deepen our knowledge about elementary principles of protein folding. In future, particular 

attention will continuously be paid to β-sheet formation and aggregation processes, as they 

play a key role in triggering a number of neurodegenerative diseases.  

 

In this thesis, different sequences which depict a β-structure within a small model peptide are 

presented. Different design strategies for the stabilization of these model β-peptides were 

compared with each other. These studies could be continued in order to find models that 

match biological conditions in the best way. For example, labeling the turn residues within a 

set of structures having identical strand sequences but different turns (Aib-Gly, 
D
Pro-Gly,..) 

would allow for a direct comparison of different turn promoting sequences.
166

 This could help 

finding the most biomimetic, but still β-structure-favoring design. 

 

One possible application of those three-stranded structures would be the introduction of mul-

tiple glutamine residues. Expanded glutamine repeats (polyQ) are found in proteins associated 

with genetically inherited neurodegenerative diseases
8-9

 and have been studied in our group 

before.
244-246

 Whereas polyQ rich hairpins based on Trpzip2
131

 are suited as templates for the 

generation of monomeric β-hairpins,
126

 formation of multi-stranded polyQ peptides might be 

enabled by the use of the three-stranded structures presented in this thesis. Isotopic labeling of 

these peptides can help to understand the contribution originating from the glutamine side 

chain on the aggregation process. 

 

This work showed how sensitive individual isotope-labeled modes are to their environment 

and how subtle changes in the dynamics can be monitored by time-resolved IR spectroscopy. 

Further studies on related β-sheet peptides can help to understand the complex interdependen-

cies between structure and the coupling of individual modes. Preliminary studies on a slightly 

modified sequence with multiple labels have already been performed. The insights gained on 

our models might help to understand the coupling behavior of isotopically labeled modes in 

other β-stranded systems or even whole proteins. 
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The study of isotopically labeled bands was facilitated by extending of the accessible spectral 

range by the use of new QCLs. The high intensity infrared radiation of QCLs for specific fre-

quency ranges cannot only be used for T-jump/pH-jump experiments, but also for other areas 

of science. The frequency ranges accessible with our setup allow, for example, the investiga-

tion of the protonation state of given amino acids during the photocycle of a photochemically 

active protein.
247

 Due to the high performance of QCLs, small changes in the absorption 

bands can be resolved with a higher sensitivity than with an FTIR spectrometer. 

 

Moreover, the dynamics of different site-specific IR probes
163

 can be investigated using the 

new set of QCLs. Unnatural amino acids like p-cyano-phenylalanine
248

 or 

azidohomoalanine
164

 can be incorporated within peptides or proteins of interest and be used as 

site-specific probes, also in combination with other probes or isotopic labels. Labeling car-

bonyl groups with 
13

C=
18

O can be advantageous if a better isolation of the labeled mode is 

desired, for example to overcome spectral overlap with tertiary amides or to enable analysis 

without the need for deconvolution or peak fitting procedures.
160, 162

 Since these probes can 

easily be integrated into peptide sequences by solid phase synthesis, numerous possibilities 

for the investigation of peptide and protein folding open up, for β-structured peptides as well 

as for other important systems. 
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6. Zusammenfassung 

In vielen fehlgefalteten Proteinagglomeraten sind β-Faltblatt-Strukturen allgegenwärtig. Im 

Hinblick auf die Bedeutung von Aggregaten und Fibrillen für den Ausbruch von neurodege-

nerativen Krankheiten wie Parkinson und Alzheimer
3-5

 kann ein besseres Verständnis der mo-

lekularen Triebkräfte der Proteinfaltung oder –fehlfaltung eventuell neue therapeutische An-

sätze bieten. Modellpeptide können neue Einblicke in die Mechanismen bieten, die entweder 

den Aufbau einer stabilen und funktionalen β-Struktur bewirken oder in Fehlfaltung und der 

Bildung von Aggregaten resultieren. In dieser Arbeit wurden verschiedene spektroskopische 

Techniken angewendet, um die Faltungseigenschaften der grundlegenden Sekundärstruktu-

relemente aufzuklären. Messungen im thermischen Gleichgewicht gewährten dabei Einblicke 

in Struktur und Stabilität, während die Dynamik mithilfe zeitaufgelöster Störungstechniken 

dargestellt werden konnte. Obwohl die räumliche Auflösung von Infrarot (IR)-Spektroskopie 

im Allgemeinen limitiert ist, konnte mithilfe von punktuellen Isotopenmarkierungen der spe-

zifische Einfluss einzelner Residuen identifiziert werden. 

Um die Dynamik der Modellpeptide besser untersuchen zu können, wurde das existierende 

IR-Laserspektrometer mit neuen Elementen erweitert. Es wurde ein Set an durchstimmbaren 

Quantenkaskadenlasern implementiert, die einen großen spektralen Bereich abdecken, 

wodurch unter anderem der Frequenzbereich isotopenverschobener Amidmoden zugänglich 

wurde. Zusätzlich wurde ein Ho:YAG Laser in den Aufbau integriert, wodurch die direkte 

Anregung eines Temperatursprungs (T-Sprungs) möglich wurde
103

 und unvorteilhafte Neben-

effekte durch die Raman-Verschiebung vermieden werden.
118

 Darauf aufbauend wurde auch 

der Einfluss verschiedener Störungstechniken auf die Relaxationskinetiken untersucht. Laser-

induzierte pH-Sprung- wie auch T-Sprung-Messungen wurden an einem α-helikalen Peptid, 

Polyglutaminsäure, durchgeführt. Während der schnelle Anstieg der Protonenkonzentration 

aufgrund eines pH-Sprunges zur Bildung von Helixstrukturen führt, resultiert ein T-Sprung in 

deren Entfaltung. Hierbei wurde das Peptid ausgehend von unterschiedlichen Startbedingun-

gen auf denselben Endzustand gebracht, und die jeweiligen Entfaltungs-, beziehungsweise 

Faltungsdynamiken aufgezeichnet. In den beiden Störungsexperimenten wurden ähnliche ki-

netische Schritte beobachtet, was auf einen ähnlichen Mechanismus für die Faltung und Ent-

faltung hindeutet. 

Aufbauend auf diesen methodenorientierten Studien, wurde im Folgenden Aufmerksamkeit 

vor allem auf β-strukturierte Peptide als Modelle für die Ausbildung von Faltblattstrukturen 

gelegt. Ein besonderer Fokus lag dabei auf dreisträngigen β-Faltblatt-Peptiden, die eine wohl-

definierte β-Struktur annehmen, während sie gleichzeitig die komplexen Eigenschaften 

mehrsträngiger Systeme abbilden. Die Analyse kleiner β-Strukturen wird durch ihre geringe 

Stabilität in wässriger Lösung, das heißt in Abwesenheit stabilisierender Wechselwirkungen 

durch die Tertiärstruktur, erschwert. Es gibt jedoch verschiedene Ansätze, um diese Struktu-

ren zu stabilisieren. Genutzt werden entweder starke hydrophobe Wechselwirkungen zwi-

schen den Strängen
131

 oder Sequenzen, die aufgrund ihrer geometrischen Einschränkungen 

die Bildung eines Turns fördern.
76, 141

 Es konnte gezeigt werden, dass die Bildung von β-

Strukturen für einen starken Turn intrinsisch schnell ist, da der Faltungsprozess durch lokale 

Kräfte im Turn gesteuert wird. Sind hydrophobe Wechselwirkungen involviert, muss der Fal-

tungsprozess einen hydrophoben Kollaps beinhalten und wird dadurch verlangsamt. 
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Eine nachfolgende Untersuchung verschiedener dreisträngiger Strukturen legte den Fokus auf 

den stabilisierenden Effekt von Interaktionen zwischen aromatischen Seitenketten. Diese Stu-

die hat gezeigt, dass die Anwesenheit einer aromatischen Wechselwirkung in einer von sich 

aus gefalteten Struktur nicht automatisch in einer erhöhten thermischen Stabilität resultiert. In 

diesen Strukturen, die die rigiden 
D
Pro–Gly Turn-Sequenzen beinhalten, scheinen die Eigen-

schaften im thermischen Gleichgewicht hauptsächlich von den Turns und generellen hydro-

phoben und hydrophilen Kontakten dominiert zu werden, während die strangübergreifende 

aromatische Wechselwirkung nur eine sekundäre Bedeutung besitzt. Diese Beobachtungen 

werden durch einen Vergleich der zugrunde liegenden Hairpins gestützt, die entweder die 

Stränge 1–2 oder 2–3 der dreisträngigen Struktur repräsentieren. Für die N-terminalen Hair-

pins wurde eine höhere Stabilität gefunden als für die C-terminalen. Im Vergleich zu den Da-

ten im thermischen Gleichgewicht ist die Dynamik sensibler für die Anwesenheit und die 

Platzierung einer aromatischen Wechselwirkung in der Peptidsequenz. Diese Schlussfolge-

rungen können bereits aus den Konformationsdynamiken der globalen β-Faltblatt- und unge-

ordneten Struktur gezogen werden. Zusätzliche ortsaufgelöste Informationen konnten durch 

die Verwendung der spezifischen Bande des 
D
Pro gewonnen werden. 

D
Pro wurde in die Se-

quenz integriert, um die Bildung eines Turns zu fördern und kann als Sonde für die Turnregi-

on angesehen werden. Die Unterschiede zur β-Faltblatt-Kinetik waren gering, was den starken 

Einfluss der rigiden Turn-Sequenzen auf die Bildung der dreisträngigen Struktur reflektiert. 

Zusätzlich besitzen die dreisträngigen Strukturen zwei 
D
Pro-Residuen, eines in jedem Turn. 

Da die beiden 
D
Pro-Banden überlappen, konnten die unterschiedlichen Beiträge zur Dynamik 

nicht differenziert werden.  

Durch das Ausnutzen von Isotopenmarkierungen konnte dieser Überlapp aufgelöst werden. 

Die Markierung einer der Xxx–
D
Pro-Verknüpfungen resultierte in einer isolierten Bande bei 

~1570 cm
-1

, während die andere unverändert bei ~1612 cm
-1

 verbleibt. Dadurch stehen zwei 

eigenständige Sonden innerhalb einer einzigen Peptidvariante zur Verfügung. T-Sprung-

Messungen zeigten eine deutlich langsamere Relaxation für den ersten Turn als für den zwei-

ten. Dies stimmte sehr gut mit den beiden Varianten, die Sonden auf den Glycinresiduen in 

Turn 1, bzw. Turn 2 aufweisen, überein, wie auch mit strukturellen Unterschieden, die in den 

NMR-Ergebnissen beobachtet werden konnten. Ein ähnliches Muster findet sich in den im 

Strang markierten Varianten wieder, der flexibelste und am schwächsten gebundene Strang 

zeigt dementsprechend eine sehr schnelle Relaxation. Spektraler Überlapp der 
13

C-Sonden in 

den Strängen mit den Xxx–
D
Pro-Amiden wurde dabei mithilfe einer neuartigen Differenztran-

sienten-Analyse aufgelöst. Die verschieden markierten Peptide besitzen allen dieselbe Turn-

Sequenz und damit auch denselben Beitrag der 
D
Pro-Bande. Der Abzug der Kinetik des nicht 

markierten Peptids von der kombinierten Kinetik isoliert daher die Dynamik der Isotopenson-

de. Dieser Ansatz wurde durch Dichte-Funktional-Theorie-Rechnungen unterstützt, die die 

lokalen, isotopenselektierten Schwingungen als effektiv entkoppelt von anderen Amid I-

Moden zeigten. Auf Basis der experimentellen Daten und unterstützender Molekulardynamik-

Simulationen konnte ein Faltungsmechanismus vorgeschlagen werden, in dem die Struktur-

bildung an den Turns beginnt und die Stränge nachfolgen. 

Während dies die Möglichkeiten von Isotopenmarkierungen für das Erlangen von ortsaufge-

lösten Informationen demonstriert, muss angemerkt werden, dass einzelne Isotopenmarkie-

rungen Banden von geringer Intensität besitzen können, im Vergleich zu der großen Anzahl 

an 
12

C-Amid-Oszillatoren im Peptidrückgrat. Es ist bekannt, dass die Wechselwirkungen 
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mehrerer markierter Carbonyle eine deutliche Verschiebung der Intensitäten der einzelnen 

Moden hervorrufen können und dass das spezifische Kopplungsverhalten genutzt werden 

kann, um lokale Strukturen zu bestimmen.
29, 87

 Dabei wurde ein Set an Peptiden mit einer 

variierenden Zahl an Isotopenmarkierungen kreiert, um die Effekte der Kopplung zu untersu-

chen, die sich abhängig von der Peptidstruktur ausbilden. Im Gegensatz zu den Erwartungen 

für eine ideal gefaltete Struktur zeigten die mehrfach markierten Peptide isolierte Banden, die 

sich ungefähr bei denselben Frequenzen befanden wie für die einfach markierten Peptide. 

Obwohl nur ein geringer Einfluss dieser schwachen Kopplung in den IR-Gleichgewichts-

messungen festgestellt werden konnte, zeigten die dynamischen Daten, die in den T-Sprung-

Experimenten ermittelt wurden, eine wesentlich höhere Sensitivität. Die Interaktionen mit 

zusätzlichen markierten Oszillatoren verändern die Relaxationszeiten im Vergleich mit den 

einfach markierten Varianten signifikant, was durch unterschiedliche Raten für die Faltung 

und Entfaltung in den verschiedenen Segmenten des Peptids reflektiert wird.  

Das Einbringen von Isotopenmarkierungen beeinflusst zudem auch die Kinetik der globalen 

β-Faltblatt- und ungeordneten Strukturen. Das Entfernen des spezifischen Beitrags eines be-

stimmten Oszillators aus dem 
12

C-Oszillatorsystem durch die 
13

C=O-Markierung verändert 

die beobachtbare Relaxationsrate der verbleibenden 
12

C-Carbonyle in die entgegengesetzte 

Richtung. Dies deutet auf eine additive Wechselwirkung zwischen den C=O-Oszillatoren des 

Peptidrückgrats hin. Der Einfluss auf die Kinetik der β-Faltblatt- und ungeordneten Struktur 

steht in Beziehung zum Faltungsgrad des entsprechenden Peptidsegments, wie er in den 

NMR-Strukturen und MD-Simulationen beobachtet wird. Es ist dabei anzumerken, dass signi-

fikante Unterschiede in der Relaxationszeit für Residuen beobachtet werden können, die di-

rekt benachbart sind, was einmal mehr die Sensitivität von Isotopenmarkierungen als Sonden 

zeigt. 

Zusammenfassend zeigen die Ergebnisse dieser Arbeit die Möglichkeiten von Nichtgleichge-

wichtsdynamiken und Isotopenmarkierungen, um die Faltungslandschaft von Peptiden und 

Proteinen zu untersuchen. Die Erkenntnisse, die für kleine Modellpeptide gewonnen wurden, 

können dazu beitragen, das Verständnis komplexer Vorgänge wie der Proteinaggregation zu 

verbessern. 
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Early events of protein folding can be studiedwith fast perturbation techniques triggering non-equilibrium relax-
ation dynamics. A nanosecond laser-excited pH-jump or temperature-jump (T-jump) was applied to initiate
helix folding or unfolding of poly-L-glutamic acid (PGA). PGA is a homopolypeptide with titratable carboxyl
side-chains whose protonation degree determines the PGA conformation. A pH-jumpwas realized by the photo-
chemical release of protons and induces PGA folding due to protonation of the side-chains. Otherwise, the helical
conformation can be unfolded by a T-jump. We operated under conditions where PGA does not aggregate and
temperature and pH are the regulatory properties of its conformation. The experiments were performed in
such a manner that the folding/unfolding jump proceeded to the same PGA conformation. We quantified the in-
crease/decrease in helicity induced by the pH-/T-jump and demonstrated that the T-jump results in a relatively
small change in helical content in contrast to the pH-jump. This is caused by the strong pH-dependence of the
PGA conformation. The conformational changes were detected by time-resolved single wavelength IR-spectros-
copy using quantum cascade lasers (QCL). We could independently observe the kinetics for α-helix folding and
unfolding in PGA by using different perturbation techniques and demonstrate the high sensitivity of time-re-
solved IR-spectroscopy to study protein folding mechanisms.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding the molecular mechanisms of protein folding is of
fundamental importance since misfolded proteins can lose their func-
tion or even cause diseases. Much of our knowledge has been derived
from in vitro studies revealing that protein folding involves several
structural transitions including backbone ordering, hydrogen bond for-
mation and side-chains packing. These fundamental processes are diffi-
cult to observewith equilibriummeasurements and are better analyzed
with perturbation techniques. Infrared (IR) spectroscopy is well
established to investigate secondary structure formation and to gain in-
sights into the molecular mechanisms of protein folding on all relevant
time-scales. In order to observe early events in protein folding, sub-mil-
lisecond time-resolution and fast triggering methods are required.
Pulsed laser-excitation can be used to generate fast jumps in tempera-
ture or in pH and to study relaxation dynamics of peptides and proteins
[1,2].

We built-up a quantum cascade laser based IR-spectrometer com-
bined with a laser-excited temperature-jump (T-jump) or alternatively
with a pH-jump for the fast (nanosecond) initiation of non-equilibrium
ser).
protein folding dynamics. The T-jump was induced by a Q-switched
Ho:YAG laser pulse exciting the frequency of an overtone vibration of
the solvent D2O. The change in water absorbance acts as an internal
thermometer and is used to determine the magnitude of the T-jump
spectroscopically. The perturbation in a T-jump experiment is often
small resulting in a transition of overlapping ensembles of states. How-
ever, even if the induced conformational dynamics might be minor, T-
jump studies can provide insights into protein folding mechanisms as
we and others have shown. For example, we have probed differences
in relaxation dynamics on the basis of individual amino acids using
site-specific labeling or mutations [3,4]. A larger perturbation might be
induced by a pH-jump if titratable amino acid side-chains have a sig-
nificant impact on the protein conformation. The pH-jump was in-
duced photochemically by UV photolysis of o-nitrobenzaldehyde
(oNBA) resulting in the formation of an o-nitrosobenzoic acid prod-
uct, the release of protons and a persistent reduction of the pH [5–8].
The photoreaction of oNBA has been characterized in detail [6] and is
not infinitely fast, but the proton release occurs after a few tens of
nanoseconds which limits the time-resolution of the pH-jump ex-
periment. The UV pulse was produced by a Q-switched Nd:YAG
laser equipped with a fourth harmonic generator. Since all experi-
ments were performed in D2O, a “pD-jump” rather than a “pH-
jump” was applied. However, we use the expression “pH-jump”
when we refer to our triggering method in order to be consistent

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2017.03.053&domain=pdf
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mailto:karin.hauser@uni-konstanz.de
http://dx.doi.org/10.1016/j.saa.2017.03.053
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/saa


193A. Popp et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 181 (2017) 192–199
with the literature. IR folding studies commonly use the amide I band
for secondary structure analysis (mainly C_O stretching vibration of
the polypeptide backbone) and are performed with the solvent D2O
instead of H2O since the strong absorbance of the OH bending vibra-
tion overlays the amide I region (1700 cm−1–1600 cm−1). Due to
the isotope effect, the OD bending vibration is frequency-shifted to
lower wavenumbers and the amide I band is called amide I′. In our
spectrometer setup we use a quantum cascade laser (QCL) as IR
source. The QCL is tunable over the whole amide I′ region and confor-
mational dynamics can be probed after perturbation at various single
wavelengths.

Poly-L-glutamic acid (PGA) is a homopolypeptide with solely ti-
tratable side-chains and an ideal model peptide to study helix forma-
tion. At neutral pH, disordered (coil) conformation is favored due to
the electrostatic Coulomb repulsion of the ionized side chains. At
acidic pH, more side-chains of PGA are protonated and the fraction
of helical conformation increases. The conformation respectively
the free energy of PGA depends on several factors, e.g. concentration,
temperature, the ionic strength of the solvent and the number of ti-
tratable groups (chain length). Several T-jump [9–11] and pH-jump
[5,7] measurements on PGA have been carried out recently. These
and other studies [12–17] analyzed the stability and folding mecha-
nism of PGA including helix nucleation, H-bond formation and helix
propagation. The methods and measurement conditions differ
among the studies and thus the conclusions about folding mecha-
nisms are sometimes difficult to compare.

In this study, we compare the relaxation dynamics of PGA after a T-
jump and after a pH-jump. The T-jump shifts the new equilibrium to a
conformation with less helical content upon thermal unfolding and at
a constant pD. In the pH-jump experiment, the released protons neu-
tralize the carboxylate groups of the side-chains of the peptide that in
turn folds into anα-helix due to the diminished repulsive charges. Con-
formational dynamics were induced at a constant temperature towards
an increased helical content. The starting conditions of both experi-
ments were different, i.e. the initial temperature Ti in the T-jump exper-
iment (pDf, Ti → Tf) and the initial pDi in the pH-jump experiment (Tf,
pDi → pDf), but the magnitudes of the jumps were adjusted to proceed
to the same final conditions (pDf, Tf). Thus, presumably the same final
conformation was adopted by PGA after perturbation to the new equi-
librium in both experiments as illustrated schematically in Fig. 1. We
measured the relaxation times for the pH-induced folding and the tem-
perature-induced unfolding towards equal PGA helicity and evaluated if
there are mechanistic differences or similarities. Both, T-jump and pH-
Fig. 1. Scheme illustrating the change in helicity of poly-L-glutamic acid (PGA) in dependence o
jump, were applied to study relaxation dynamics. A pH-jump initiatesα-helix folding whereas
perturbation experiments proceed to the same final conformation.
jump methods have been applied to PGA previously, however never in
combination with each other.

2. Experimental section

2.1. Sample preparation for IR measurements

Poly-L-glutamic acid sodium salt (PGA) with an average degree of
polymerization of 136 residues was obtained from Sigma-Aldrich and
used without further purification. All IR experiments were performed
in D2O as solvent using CaF2 cells with a path length of 100 μm. The
pH values were measured by a calibrated glass electrode (BIOTRODE,
Metrohm AG, Switzerland) and corrected by 0.4 in order to obtain the
corresponding pD value [18]. For pH jump experiments, PGA was dis-
solved at a concentration of 2 mg/mL in a saturated solution of oNBA
in D2O. Accordingly, the concentration of the protonatable glutamic
acid side chains amounts to 13 mM. Before addition of PGA, the oNBA
solution was filtered and the final oNBA concentration was measured
by the absorbance at λ = 266 nm leading to a value of c = 8 mM
(using an extinction coefficient ε of 8300 M−1 cm−1 [5]). An initial pD
of 6 was adjusted by adding 0.1 M DCl to the PGA/oNBA/D2O solution.
For T-jump measurements, a PGA concentration of c = 20 mg/mL in
D2Owas prepared. As the sample has a basic pD directly after dissolving,
addition of 0.1 M DCl was necessary to obtain the desired pD value of
5.8. In order to reach the same (pH- and temperature-dependent)
PGA conformationwith both perturbation techniques, the final temper-
ature (Tf) and pD value (pDf) were chosen to be nearly identical, i.e. Tf
= 25.6 °C at pD 5.8 after the T-jump and pDf 5.8 at T = 24.9 °C after
the pH-jump.

2.2. CD measurements

CD measurements were carried out with a J815 spectrometer
(JASCO). Data were recorded between 300 nm and 180 nmwith a scan-
ning speed of 200 nm/min and a digital integration time of 0.25 s. The
spectral resolution was 1 nm. Final spectra were averaged out of five
scans, smoothed and a D2O background spectrum was subtracted. The
temperature was controlled by a regulated flow from a water bath
(FL300, Julabo) through the cell holder. Themeasurementswere carried
out in Quartz cells (Starna) with 1 mm path length and at a concentra-
tion of 0.5 mg/mL. To adjust the desired pD value, deuterated sulfuric
acid (D2SO4) was used instead of DCl due to the strong absorbance of
chloride ions at low wavelengths. According to Rohl et al. [15], the
f temperature and pD. Nanosecond perturbation techniques, a laser-excited T-jump or pH-
a T-jump induces unfolding of PGA. The parameters were chosen in thatmanner that both



194 A. Popp et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 181 (2017) 192–199
ellipticity recorded at 222 nm, θ222, is assumed to be linearly related to
the mean helix content fH. The conversion of θ222 to fH requires the
knowledge of the base line ellipticities for the disordered (coil) confor-
mation, θC, and for θH, assumed for a completely folded α-helix,

f H ¼ θ222−θCð Þ= θH−θCð Þ ð1Þ

θC and θH are dependent on temperature and are given by the follow-
ing expressions [19]:

θC ¼ 2220−53 T ð2Þ

θH ¼ −44000þ 250Tð Þ 1−3=Nrð Þ ð3Þ

where T is the temperature in °C and Nr is the chain length in residues.
The helix content fH was set to zero when θ222 values become positive
and indicate a complete disordered conformation. Errors which were
mostly caused by uncertainties in the amount of added acid are estimat-
ed to be in the range±4%helix content for the pH-jumpmeasurements.

2.3. Time-resolved IR measurements using a quantum cascade laser
spectrometer

The quantum cascade laser (QCL) spectrometerwas described in de-
tail previously [20] and the current setup is shown in Fig. 2. Briefly, the
mid-IR single wavelength emission of the QCL (Daylight Solutions Inc.,
U.S.A.) is used as cw probe source to monitor the relaxation dynamics.
The tunable range lies between 1715 cm−1 and 1580 cm−1 and covers
the whole amide I′ region. The QCL beam (Fig. 2, red beam line) is fo-
cused to a diameter of ~300 μm at the center of the excited volume. A
photovoltaic HgCdTe detector (18MHz, KMPV11-1-J2, Kolmar Technol-
ogies, U.S.A.) was used to measure the transient changes in
Fig. 2. Scheme of the quantum cascade laser spectrometer combined with laser-excited perturb
beam line) initiated by a T-jump (excitation at 2090 nm, purple beam line) or by a photochemic
tunable between 1715 and 1580 cm−1 (IR probe laser); LP: long pass filter; T: telescope; A: at
pulse for the T-jump); FI: Faraday isolator; λ/2: λ/2 plate; ND: neutral density attenuator; Ch
Q-switched Nd:YAG laser (pump pulse for the pH-jump); BBO, KD*P: non-linear crystals fo
neutral density attenuator; LUV: focusing lens for the 266 nm pump pulse.
transmission. The signals were digitized and recorded by a transient re-
corder board with 16 bit resolution (Spectrum, Germany).

2.3.1. Laser-excited T-jump
Somemodifications related to the T-jump excitation were made re-

cently in our spectrometer setup described in [20]. The previously used
combination of a Nd:YAG laser and a Raman-shifter was replaced by a
Q-switched Ho:YAG laser (IPG Photonics Corporation, U.S.A.) with an
emission wavelength of 2090 nm. The Ho:YAG laser pulses excite di-
rectly (without need of Raman-shifting) an overtone vibration of D2O
leading to a rapid temperature jump within the excited volume. The
pulse duration is 9 ns and the maximum pulse energy E = 14 mJ at
10 Hz repetition rate. A chopper was synchronized with the pump
laser for acquisition of reference signals without pump light resulting
in a repetition rate of 5 Hz for the excitation of the sample. The spot
size of the beam was adjusted by the use of lenses and dichroic mirrors
to heat an area of about 2 mm in diameter in the center of the sample
cell. To enable a homogeneous heating of the sample volume, the
pump pulse is split by a 50:50 beam splitter into two counter-propagat-
ing beams. Different neutral density attenuators were used in order to
adjust the magnitude of the temperature jump, in this study to ΔT =
6.6 °C. Thefinal temperaturewas calculated at the respectivewavenum-
ber used for the T-jump measurement by referencing the temperature
change to temperature-dependent FTIR spectra of the solvent D2O.
The final temperature of the excited volume was 25.6 °C. The pD of
the peptide sample was set to 5.8, corresponding to the final pD value
in the pH-jump experiments.

2.3.2. Laser-excited pH-jump
A 5 ns UV light pump pulse at 266 nm is produced by a Q-switched

Nd:YAG laser equipped with a fourth harmonic generator as described
previously [20]. The pulse energy E = 85 μJ and spot size ~1 mm in di-
ameter were adjusted by neutral density attenuators and a UV focusing
ation techniques. A quantum cascade laser is used to monitor the relaxation kinetics (red
ally induced pH-jump (excitation at 266 nm, blue beam line). QCL: quantum cascade laser
tenuator; MCT: photovoltaic HgCdTe detector; Ho:YAG: Q-switched Ho:YAG laser (pump
: chopper; BS: beamsplitter; L: focusing lenses for the pump pulse at 2090 nm; Nd:YAG:
r fourth harmonic generation; WSB: wavelength separation box; GP: glass plate; ND:
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lens to ensure an appropriate proton release from oNBA to initiate the
folding of PGA, but also to prevent distortions and damage of the IR
cell. As the pH-jump experiment was performed in a non-reversible
manner, the sample was placed in a flow-through IR cell. In this exper-
iment the repetition rate of the pump laser was set to 10 Hz. The sample
was pumped through the cell by use of a peristaltic pump and the
pumping velocity was adjusted in the way that the bleached volume
was removed from the probed volume just before the next excitation
pulse. The excited volume remained undisplaced for at least 1 ms as
long as the relaxation kinetics were monitored. A small temperature
jump of ~1 °C was identified in the recorded transients caused by the
heating of the 266 nm excitation pulses. It was monitored by a negative
change in the transient absorbance spectra ΔA directly after the excita-
tion pulse. This absorbance change is attributed to the change in the
sample temperature and it was quantified by reference measurements
of oNBA in D2O in the absence of PGA. Accordingly, the final sample
temperature for the pH-jump measurements including this heating
was T = 24.9 °C. The pH-jump was estimated indirectly by calculating
the number of released protons into the solution. One laser pulse con-
sists of nph = 1.14·1014 photons. Due to the quantum yield of the pho-
ton absorption and proton release by oNBA, the number of released
protons is 1

4 nph = 2.85·1013 [5,7,21]. As the number of protonatable
side chains of PGA in the excited volume is 6.4·1014 (c = 2 mg/mL
and Vex = 0.0785 μL) only a small part of the side chains, 4.5%, is addi-
tionally protonated. From this change in protonation, the corresponding
pH-jump can be calculated. For the initial pD of 6.0 and using Table 1,
the final pDf after the pH-jump was determined to be 5.8.
2.3.3. Data evaluation
In both experiments, pH-jump and T-jump, the solvent and peptide

sample were measured separately in a refillable IR cell. This has the ad-
vantage of highly reproducible measurement conditions, e.g. the path
length and the positioning of the IR cell in respect to the overlap adjust-
ment of the pump and probe beams in the excited sample volume,what
leads to a more reliable subtraction of the solvent from the peptide ki-
netics. Several thousands of transients were collected and processed
using an in-house developed software filter (Matlab software) to in-
crease the data quality by discarding those transients distorted by cavi-
tation. About 900 transients for the T-jump and 1200 transients for the
pH-jump were averaged. The solvent signal subtraction is an important
step which has to be performed carefully. As PGA does not show any
millisecond kinetics its transient signal reaches a final value in this
time region. The solvent signal (~1000 transients, for both T-jump and
pH-jump) was scaled appropriately and subtracted from the peptide/
solvent mixture signal. The solvent-corrected transients were further
subjected to averaging, so that an equal number of points (20 points
per decade) were distributed in each time decade. This quasi-
Table 1
Helical content (fH) and protonation degree of PGA in dependence of pD (at T = 25 °C).

Degree of protonation pD
θ222
[deg cm−2 dmol−1] fH [%]

0% 8.3 4.81E+05 0
10% 7.6 3.86E+05 0
20% 7.2 3.67E+05 0
30% 6.9 2.22E+05 0
40% 6.7 2.76E+03 0
50% 6.4 −1.71E+05 4.4
60% 6.3 −5.88E+05 14.9
65% 6.2 −1.75E+06 44.4
70% 5.9 −2.56E+06 64.8
75% 5.7 −3.66E+06 92.8
80% 5.2 −3.75E+06 94.9
90% 4.8 −4.09E+06 103.5
100% 4.1 (−3.59E+06) (91)
logarithmic averaging procedure leads to a significant reduction of
noise and signal distortions (Fig. 3). Furthermore, the weighting of the
data points in every decade is evenly distributed and the data points
at early time scale are not underrepresented in the fit procedure, as it
is often the case with linear data recording. The method ensures a
more reliable data fitting of transient spectra on a logarithmic time
scale. After evaluation of several fit functions, the transients of PGA at
1630 cm−1 were fitted by a bi-exponential function

ΔA ¼ A0 þ A1e
− t

τ1 þ A2e
− t

τ2 ð4Þ

and in the time interval between 340 ns and 1 ms.
3. Results and discussion

3.1. Helical content in dependence of temperature and pH

CD measurements of PGA have been performed in dependence of
temperature (at a pD of 5.8) as well as in dependence of pD (at T =
25 °C) in order to determine the helical content. The titration data for
PGA are the cornerstone for the design of the kinetic pH-jump experi-
ments since they provide the correlation between pD, side chain pro-
tonation and helicity of PGA. Accordingly, an exactly known amount
of PGA was titrated with D2SO4. The pD was measured as a function of
the added titrant starting from pD 8.3 down to pD 4.1. No additional
buffers were present in the solution, therefore a 1:1 neutralization reac-
tion between D2SO4 and PGA was assumed neglecting the minimal
presence of hydroxyl groups at the initial pD and of free protons at pD
4.1.

Table 1 depicts the helical content of PGA (fH) in dependence of the
degree of protonation at a temperature of 25 °C. The helix content was
determined by the CD signal at 222 nm as described in the
Experimental section and fH was set to zero for positive values of θ222
which indicate a complete disordered conformation [15]. A threshold
of about 40% protonation was observed before folding starts. Above
80% protonation, the peptide adopts an almost complete helical struc-
ture. However, the strongly protonated PGA molecules also tend to ag-
gregate due to the loss of the electrostatic repulsion. Aggregation is
indicated for pD 4.1 since the continuous decrease in band intensity at
222 nmupon lowering the pH is interrupted and the intensity increases
again between pD 4.8 and 4.1 (Table 1). In addition, at pD 4.1, the rela-
tive intensity of the band at 222 nm is increased in comparison to the
band at 208 nm in contrast to all other pD values (data not shown)
what was interpreted as evidence for aggregation [22]. Thus the data
point at pD 4.1 was disregarded for the fit in the helix content (Fig. 4,
blue curve). The sigmoidal shape of the curve was described by a
Boltzmann function with an inflection point at 66% protonation what
corresponds to a pD of 6.1. The initial pD was chosen to be close to the
inflection point and set to 6.0 in the pH-jump experiment. As pointed
out in the Experimental Section 2.3.2, the pH-jump increases the pro-
tonation of the side chains of about 4.5%. This change in protonation
leads to an increase in helix content from 60% to 80%. With the quanti-
fication of 20% helicity change, the magnitude of the pH-jump can be
derived from the calibration curve. A pH-jump of ΔpD=−0.2 was de-
termined leading to the final value pDf 5.8. For comparison with the T-
jump experiment, thermal unfolding of PGA at pDf 5.8 was also moni-
tored (Fig. 4, red curve). Due to the repulsion of negatively charged glu-
tamate groups at pD 5.8, PGA is not completely helical even at low
temperatures about 5 °C. The helix content decreases from 90% to 31%
with increasing temperature. The thermal unfolding transition is
much broader than the pH induced folding transition under the chosen
conditions. Therefore, a T-jump of 6.6 °C from Ti = 19 °C to Tf = 25.6 °C
corresponds to an unfolding and loss of helicity of just 4%.



Fig. 3.Quasi-logarithmic averaging. A comparison of the rawdatawith previous solvent subtraction is shownbefore and after a quasi-logarithmic averagingwithN=20points per decade.
A significant reduction of the noise amplitude is achieved and the data points at early time scale are not underrepresented in the fit procedure.
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3.2. Kinetic studies and data evaluation

For a reliable interpretation of the kinetic data, the choice of an ap-
propriate fit function is very important. Relaxation dynamics of PGA
have previously been described with mono-exponential [7,10,23], bi-
exponential [5] or stretched exponential [9] functions. We applied all
these functions to our T-jump and pH-jump kinetic data in order to
Fig. 4. Temperature- and pD-dependent helix content of PGA. The thermal unfolding process w
temperature of Tm = 44 °C. The applied T-jump corresponds to a change in helix content of
content of 20% corresponds to a to a pH-jump of ΔpD of −0.2. The dotted line indicates tha
helix content.
evaluate the best fit (Fig. 5). Compared to our previous PGA measure-
ments [10] where we applied a mono-exponential fit function, we
now have a much better data quality in particular due to a significantly
reduced signal noise and the accessibility of an extended fit interval in-
cluding time points below 500 ns.

Several efficient improvements were made in our spectrometer
setup. One is the replacement of the previously used lead salt diodes
as monitored from 5 °C to 90 °C at pD 5.8 (red curve). Fitting the data yields a transition
about 4%. The titration of PGA was carried out at 25 °C (blue curve). An increase in helix
t both perturbation experiments proceed to the same final PGA conformation with 80%



Fig. 5. Relaxation dynamics of PGA probed at 1630 cm−1 after laser-excited perturbation. The transients of PGA were fitted by a mono-exponential (dashed green line), a bi-exponential
(red line) and a stretched exponential function (blue line). Residuals of thefits are shown in the lower panels. a) T-jump andunfoldingb) pH-jump and folding of PGA to the helical content
of ~80% at pD 5.8 and T≈ 25 °C.
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[24] by quantum cascade lasers [20]. The power of the emission spec-
trum is increased by a factor of 100–1000 resulting in a significantly bet-
ter signal-to-noise of the data. In addition, QCLs are characterized by a
continuous tunability of the IR modes in contrast to lead salt diodes
which exhibited mode hopping and thereby restricting the accessibility
of probe wavelengths. Furthermore, for excitation of the T-jump, the
Nd:YAG/Raman shifter combination was replaced by a Ho:YAG laser.
As has been shown recently, the Ho-YAG laser's fundamental
wavelength can be used to excite the water overtone vibration directly
without a Raman shifter [25]. The Ho:YAG laser provides a much better
shot-to-shot stability and beamprofile quality compared to the Raman-
shifted Nd:YAG laser. The non-linear processes in Raman shifting result
in a non-uniform beam profile with hot spots and large shot-to-shot
fluctuations. Thus the use of a Ho:YAG laser contributes significantly
to improve the T-jump data since the T-jump magnitude is better de-
fined and also the adjustment of the pump pulse with the probe beam
can be performed more accurately. Due to the reduced distortions
caused by the excitation, we could extend the evaluable data and thus
the fit interval to earlier data points compared to [10], but also to later
data points due to a different treatment of the water dynamics. In [10]
we included the water cooling in a bi-exponential model to decompose
the contributions from thewater and the peptide, each represented by a
mono-exponential function. This is a decent approximation only for
early time scales since thewater dynamics becomes strongly non-expo-
nential on longer time scales [26]. Previously we used a fit-interval re-
stricted up to 200 μs [10]. Here, we subtracted the water dynamics by
separate measurements and thus the water dynamics had not to be im-
plemented in the fit model as before. A better data quality could also be
achieved by the quasi-logarithmic averaging procedure as describe
above.

Fig. 5 shows the relaxation dynamics of PGA probed at 1630 cm−1

after the T-jump/pH-jump and the evaluation of the transientswith var-
ious fit functions. Fig. 5a reveals that the decrease of α-helical content
measured at 1630 cm−1 is only poorly described by a mono-exponen-
tial function (dashed green line). This becomes also obvious in the cor-
responding residuals of the fits shown in the lower panels. In contrast,
bi-exponential (red line) or stretched exponential (blue line) functions
fit the experimental data well. However, for the stretched exponential
function the stretching factor β strongly varies upon the evaluated fit-
interval (e.g. β = 0.44 for 340 ns–1 ms and β= 0.31 for 500 ns–1 ms)
and adapts values far below 1 indicating a heavily stretched function.
In contrast, the bi-exponential function is very robust and shows only
marginal changes in the resulting relaxation times if the fit-interval is
varied. A similar behavior is observed for the pH-jump relaxation data
(Fig. 5b). We concluded that a bi-exponential function is best-suited
to describe our data. The relaxation times obtained for the T-Jump and
pH-Jump measurements are given below.

3.3. T-jump induced conformational dynamics

The T-jump experiment was performed in the amide I′ region at
1630 cm−1 reflecting the changes in the α-helical structure of PGA
under the influence of the elevated temperature from 19 °C to 25.6 °C.
The pD was adapted to 5.8, the final value in the pH-jump experiment.
Under those conditions unfolding of PGA remains fully reversible and
shows no signs of aggregation confirmed by FTIR-measurements (data
not shown). The temperature-dependent FTIR measurements show an
absorbance change ΔA ~ 3.6 mOD at 1630 cm−1 upon temperature in-
crease from 18.8 °C to 25.5 °C correlating well with ΔA ~ 3.4 mOD in
our T-jump measurements (Fig. 5a). Thus the FTIR-measurements con-
firm our estimate of the T-jump magnitude. The applied T-jump in-
duced a relatively small change in helicity decreasing from ~84% to
80% α-helical conformation (Fig. 4). Fig. 5a presents the relaxation ki-
netics for the decrease in helical content. The bi-exponential fit function
yields one fast component τ1 = 548 ns with an amplitude of 1.71 mOD
and a slow component τ2= 2.84 μs with an amplitude of 0.43mOD.We
could now resolve an additional kinetic step compared to our previous
T-jump studies on PGA [10] that were performed using lead salt diodes
as IR source yielding a much poorer signal-to-noise as compared to the
now used QCL.

3.4. pH-Jump induced conformational dynamics

The CD-calibration curve shown in Fig. 4 indicates the steepest tran-
sition in the pD range between 6.5 and 5.5. Thus the initial pD valuewas
chosen to be at pD6.0. Despite the relatively small pH-jump of−0.2, the
amplitude of the folding signal was high enough tomonitor the growth
of the α-helical content. The temperature was adjusted to T = 23.9 °C
since the final sample temperaturewas elevated by ~1 °C due to the ad-
ditional temperature jumpwhich arises from the UV excitation beam as
described in Section 2.3.2. Thus the pH-experimentwas performedwith
a final temperature of Tf = 24.9 °C. The bi-exponential fit function
yielded the time constants τ1 = 629 ns with an amplitude of −1.91
mOD and τ2 = 3.00 μs with an amplitude of −0.2 mOD. The pH-jump
induced an increase in helicity from ~60% to ~80% (Fig. 4). The helix
unfolding due to the intrinsic T-jump is marginal and was neglected in
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the quantification of the helicity. The pH-jump experimentwas not car-
ried out in a double beam geometry (as it was the case for the T-jump
experiment) and the estimated pH-jump amplitude is an average. The
used oNBA concentration is relatively high and thus the strong absor-
bance at 266 nm will cause an inhomogeneity along the beam path
since the pump beam intensity at the back face of the sample is signifi-
cantly less than that at the front face. The beam inhomogeneity along
the optical path contributes to the deviations from amono-exponential
behavior observed here, however not to a sufficient extent.

3.5. Comparison of both perturbation techniques

PGA is a well suited peptide model system to gain insights into the
process of α-helix folding, a multi-step mechanism involving helix nu-
cleation, hydrogen bond formation and helix propagation. The peptide
is particularly challenging for pH-jump and T-jump measurements
since both, pH and temperature are parameters that control its confor-
mation, but not in an independent manner. The pH determines the pro-
tonation degree of the PGA side-chains and in turn the degree in
helicity. Acidic pH is necessary for PGAhelix folding and it can be revers-
ibly unfolded and refolded by temperature in a certain pH range, but
there are also pH/temperature conditions where it irreversibly aggre-
gates [10,27]. Previous pH-jump studies of PGA revealed that helix nu-
cleation occurs in less than 40 ns and that the folding kinetics depend
on the initial fraction of helical residues [5] and peptide length/number
of residues [7]. Also T-jump studies have been performed and relaxation
dynamics were observed with IR [9,10] and CD probing [11,23]. The ab-
solute values and numbers of observed relaxation times depend on the
experimental conditions used and it becomes obvious that PGA helix
formation is a process with several kinetic steps.

In the current study, we performed T-jump and pH-jump measure-
ments on the same PGA sample and thus could directly compare the
two perturbation techniques. We designed the experiments in that
way that the same pD and temperature, and thus a comparable final
conformation is captured at the new equilibrium. We assume that we
operate under experimental conditions where the PGA conformation
is only determined by the two parameters temperature and pH. One
should note that the two excitation paths, one changing the tempera-
ture whereas the other changes the proton concentration, are not
completely independent. For example, the proton concentration de-
pends on the pKa and the pKa is temperature-dependent. Thus a T-
jump might result in a pH change. However, in the case of glutamic
acid, the temperature dependence of the pKa is very weak [28,29] so
that we assume to have a negligible T-jump induced protonation
change in our PGA studies. The starting conformations were different,
but both had a significant initial helix fraction, ~84% for the T-jump ex-
periment and ~60% for the pH-jump experiment. The change in helicity
wasmuch less upon T-jumpunfolding (4%) than pH-jump folding (20%)
what can be explained by the strong pH-dependence of this specific
homopolypeptide with solely titratable side-chains. The observed tran-
sients were best described by a bi-exponential fit for both perturbation
experiments. In comparison to our previous PGA T-jump study [10], we
could now resolve an additional kinetic step due to the significant im-
provements in our spectrometer setup, as described in Section 3.2,
resulting in a much higher data quality. The replacement of lead salt di-
odes by quantum cascade lasers was a crucial contribution. Although
the helicity change is significantly larger in the pH-jump than in the T-
jump experiment, the time constants are only marginally slower and
might be regarded as similar within the experimental error.

As shown in Fig. 5, a bi-exponential function fits our data very well.
The deviations from amono-exponential behavior which the data show
for both, T-jump and pH-jumpmeasurements, are relativelyminor (also
indicated by the relative amplitudes of the time constants given in
Sections 3.3. and 3.4) and may have a number of reasons. Some of
these are experimental, e.g. the inhomogeneity of the pH-jump asmen-
tioned in Sections 3.4, or the inhomogeneous molecular weight of the
polypeptide sample. However, non-exponential helix-coil relaxation
has been observed before [9] and is in fact expected for this process,
since helical polypeptides do not adopt a homogeneous state, but rather
a very broad and dynamic distribution of stateswithmore or less helical
content, which could easily have slightly different helix relaxation ki-
netics. Also, helical unfolding of 4% of a peptide with 136 residues
means that five residues lose helical structure (on average), which
most likely occurs consecutively, i.e. in a multi-step behavior, necessar-
ily yielding small deviations fromexponential behavior even if each step
has the same rate constant. Residue reorientation upon helix propaga-
tion might also contribute to a non-exponential relaxation.

Since we have partially folded helices before and after the perturba-
tion in both of our experiments and we never reach a completely un-
folded state, we cannot observe any helix nucleation step. Our applied
T-jumps and pH-jumps are relatively small and inducemelting or prop-
agation of the helix by a limited number of residues. The initial and the
jump conditions were chosen to achieve the same final state in both
perturbation experiments. Thus, by applying the combination of laser-
excited T-jump and pH-jump perturbation methods, we observe helix
folding and unfolding of PGA under comparable conditions. The ob-
served time constants are similar and indicate that helix folding and
unfolding proceed with the same molecular mechanism.

4. Conclusion

We have built a quantum cascade laser-based IR-spectrometer to
study folding mechanisms with perturbation techniques. Pulsed lasers
are used to induce a nanosecond pH-jump or T-jump, and to monitor
the relaxation dynamics of the biomolecule to the new equilibrium.
We applied both perturbationmethods to study the conformational dy-
namics of PGA and compared pH-induced folding and T-jump induced
unfolding by the quantitatively determined change in helicity. Temper-
ature and pH are the main determinants for the conformation of PGA.
Small perturbations have been applied (ΔpD = −0.2 °C, ΔT = 6.6 °C)
and relaxation dynamics to the same final degree in helicity weremon-
itored upon folding respectively unfolding. In both experiments the ob-
served kinetics were similar thus independent from the perturbation
technique indicating the same mechanism for helix folding and
unfolding. Probing non-equilibrium dynamics is useful, in particular
when the protein under study folds in a multi-step process with a vari-
ety of intermediate states.
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1. Introduction

The early kinetic steps in protein folding provide insights into
the molecular driving forces of protein structure formation.

Particular interest in understanding the factors affecting b-
sheet formation is prompted by the fact that b-sheet struc-

tures are often involved or even initiate protein aggregation.

Peptides are ideal model systems to assess the relative impor-
tance of individual residues in forming a stable b-sheet. A com-

plex balance of factors is involved in structural stabilization,
that is, hydrogen bonding, side chain–side chain interactions,

and turn geometry, and varying the sequence can systemati-
cally test the impact of specific interactions on the structure.

However, the generation of nonaggregating, water-soluble b-

sheet models is not trivial. Isolated sequences that form sheet
segments in folded proteins do not often result in independ-

ent, soluble b-sheet structures, as tertiary contacts and, in par-

ticular, hydrophobic interactions in the protein fold are missing
and these are important for stability.

Model sequences of b-hairpins and three-stranded b-sheets
that are stable in aqueous solutions have been designed by

utilizing residues that favor a turn, cross-strand hydrophobic

interactions, or both.[1] One example of a turn-initiated folding
of a three-stranded b-sheet model is the sequence

Ac-VFITSDPGKTYTEVDPGOKILQ-NH2 (abbreviated to DPDP), which
was originally designed by Gellman and Schenck.[2] The two
DPro–Gly segments promote the formation of tight b-turns, re-
sulting in a structure having two b-hairpins with one strand in

common (Scheme 1). The sequence was designed to have

a net charge of � + 2 at acidic pH to discourage aggregation
and to form a monomeric triple-stranded antiparallel b-sheet

in aqueous solutions. Its b-sheet structure was confirmed by

Turn residues and side-chain interactions play an important

role for the folding of b-sheets. We investigated the conforma-
tional dynamics of a three-stranded b-sheet peptide (DPDP) and

a two-stranded b-hairpin (WVYY–DP) by time-resolved tempera-
ture-jump (T-jump) infrared spectroscopy. Both peptide se-

quences contain DPro–Gly residues that favor a tight b-turn.
The three-stranded b-sheet (Ac-VFITSDPGKTYTEVDPGOKILQ–

NH2) is stabilized by the turn sequences, whereas the b-hairpin

(SWTVEDPGKYTYK–NH2) folding is assisted by both the turn se-

quence and hydrophobic cross-strand interactions. Relaxation
times after the T-jump were monitored as a function of tem-

perature and occur on a sub-microsecond time scale, DPDP
being faster than WVYY–DP. The Xxx–DPro tertiary amide pro-

vides a detectable IR band, allowing us to probe the dynamics
site-specifically. The relative importance of the turn versus the

intrastrand stability in b-sheet formation is discussed.

Scheme 1. The sequence of DPDP. The peptide consists of 20 amino acids
with three antiparallel strands that are connected by two highly constrained
DPro–Gly turns.
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NMR spectroscopy,[2] and subsequently, by equilibrium infrared
(IR), vibrational circular dichroism (VCD), and fluorescence reso-

nance energy transfer (FRET) studies.[3]

Kinetic studies of b-sheet model peptides with DPro–Gly

turns have shown folding and refolding dynamics on a sub-mi-
crosecond time scale by using various methodological ap-

proaches.[4] Besides the turns, cross-strand interactions be-
tween nonsequential residue side chains can assist b-sheet

folding. For example, Trp residues have been utilized to stabi-

lize small b-hairpin peptides through cross-strand hydrophobic
interactions.[1a, 5] Side-chain interactions have significant impact

on conformational stability and dynamics, as we have
shown for variants based on Cochran’s Trpzip2 sequence

(SWTWENGKWTWK¢NH2), which has an Asn–Gly turn and four
Trp (W) residues that form cross-strand pairs, due to strong

edge-on-face hydrophobic interactions. Substitutions of the

Trp–Trp pairs by either Tyr or Val destabilize the structure and
have an influence on the folding pathway.[5c, 6] Furthermore, we

studied different turn residues with respect to their role in b-
hairpin conformation and stability. Substitution of Asn–Gly

with a DPro–Gly sequence stabilizes the turn, but at the same
time, the b-structure (cross-strand H bonds) becomes less
stable, owing to the constraints of the DPro–Gly turn.[7] This
demonstrates that turn and sheet residues can have a signifi-
cant impact on b-sheet folding. Here, we designed a b-hairpin
with the sequence SWTVEDPGKYTYK–NH2 (abbreviated to
WVYY-DP), which combines turn-enhanced folding by the use

of a DPro-Gly turn as well as strand-assisted folding by cross-
strand interactions of pairs of hydrophobic residues, Trp–Tyr

and Val–Tyr.

Time-resolved infrared spectroscopy (TRIR) is a versatile tech-
nique for the analysis of peptide and protein folding dynamics,

as it is structure sensitive and offers high temporal resolution.
Whereas stopped-flow methods are restricted to folding

events on the millisecond or slower time scale, due to limita-
tions of rapid mixing, laser-initiated relaxation measurements

can access faster kinetics. The dead time of such experiments

is effectively limited only by the length of the excitation pulses
and the response function of the detection electronics and is

short enough to access the fast processes in peptide and pro-
tein folding.[8] We utilize a laser-excited temperature-jump (T-

jump) technique that shifts the thermal equilibrium and moni-
tors the relaxation of the excited system to a new equilibrium

at the higher temperature. An appropriate infrared laser pulse

excites solvent vibrational modes, the fast nonradiative relaxa-
tion of which thereby generates a rapid T-jump. Thermalization

of the solvent occurs on a picosecond timescale[9] and is com-
pleted within the width of the nanosecond excitation pulse

used in our spectrometer setup. By following the time course
of the spectral changes in the amide I’ region (mainly the C=O

stretching vibrations of the polypeptide backbone), the relaxa-

tion dynamics of the backbone structural rearrangement can
be monitored.

In this study, we analyze a three-stranded b-sheet and b-
hairpin with DPro–Gly turns. The Xxx–DPro amide yields a dis-

tinct amide I’ component and was used to probe the dynamics
site-specifically for the turn-to-strand link, as well as monitor-

ing the overall b-hairpin decay and the rise of disordered struc-
ture. Relaxation times were determined as a function of tem-

perature to provide insights into the interplay between turn-
and sheet-stabilizing residues and their contribution to folding

dynamics. Modifications and improvements of our current T-
jump laser IR setup are described in detail in the Experimental

Section.

2. Results

2.1. Three-Stranded b-Sheet DPDP

FTIR spectra were used to monitor the thermal unfolding of
DPDP under equilibrium conditions. Figure 1 shows a set of
temperature-dependent and solvent-corrected FTIR spectra. At

low temperatures, DPDP has an antiparallel b-sheet structure, as

seen by the characteristic amide I’ absorbance, having a strong
component with a maximum at 1636 cm¢1 and a weak compo-

nent, which is observed as a shoulder at 1675 cm¢1 (Figure 1 a).
In addition, a shoulder is observed at 1610 cm¢1, which can be

attributed to the Xxx–DPro tertiary amides that sequentially
precede the two b-turns.[3, 10] This band component can be

used as a site-specific probe that, for DPDP, represents the links
of strand 1 with the first turn (Ser–DPro) and strand 2 with the
second turn (Val–DPro; Scheme 1).

The amide I’ maximum at 1636 cm¢1 shifts to 1643 cm¢1

upon heating, thus indicating unfolding to a disordered struc-
ture. The thermal transition, which was monitored by the
amide I’ frequency shift, lacks a sigmoidal shape; consequently

Figure 1. Equilibrium FTIR absorbance (a) and difference (b) spectra of DPDP
at acidic pD as a function of temperature. The temperature variation be-
tween 7 (blue spectrum) and 85 8C (red spectrum) in steps of DT�5 8C re-
veals the increase in the disordered structure at 1663 cm¢1, the loss of b-
sheet at 1630 cm¢1, and additionally a decrease of the Xxx-.DPro amide I’
component corresponding to the turn region at 1612 cm¢1.
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the fitted transition temperature, Tm = 55 8C, is subject to larger
errors. We performed the measurements at acidic pD, where

thermal unfolding and refolding is completely reversible,
which is not the case at neutral pD (data not shown). Reversi-

bility is a prerequisite for the T-jump measurements, as several
thousands of transients are averaged. Difference spectra (Fig-

ure 1 b) are a useful means to better identify the major absorb-
ance changes upon thermal unfolding and were used to select

the probe wavenumbers for the T-jump experiments, that is,

1630 cm¢1 to monitor the decay of the b-hairpin structure,
1612 cm¢1 for the dynamics of the turn-to-strand link, and

1663 cm¢1 for the increase in the disordered structure.
T-jump studies were performed with our home-built quan-

tum cascade laser (QCL)-based T-jump spectrometer. The cur-
rent design, improvements, measurement procedure, and the

data analysis approach used are described in detail in the Ex-

perimental Section. Transients were measured at three differ-
ent probe wavenumbers described above as a function of tem-

perature between 6 and 50 8C. Figure 2 shows the relaxation

kinetics for DPDP at T�8 8C (the final temperature after the T-
jump). The signal amplitudes when the probe was tuned to

the turn (1612 cm¢1) and b-sheet (1630 cm¢1) amide I’ compo-

nents both have negative amplitudes, but different magni-
tudes, as expected. Relaxation time constants, which were de-

termined for different final temperatures, are shown in
Figure 3 in the form of an Arrhenius plot. All values are given

in Table S2 in the Supporting Information. The relaxation time
constants probed for the b-sheet (Figure 3, blue data points)

and the turn region (Figure 3, green data points) are similar

and reveal similar temperature dependencies. It becomes obvi-
ous that the time constants for the increase of the disordered

structure are slower overall than those for the loss of sheets or
change in the turn, and thus, correspond to lower rates in the

Arrhenius plot (Figure 3, red data points). The apparent activa-
tion energies derived from fits of the rate constants to the

Arrhenius relationship are summarized in Table 1. The disorder
rate constants also show less temperature dependence, and

thus, a smaller apparent activation energy (Ea) of 23.9 kJ mol¢1

was derived, compared with the turn and strand loss of 37.8

and 42.5 kJ mol¢1, respectively. Within the experimental error,
these latter two values can be considered as equal.

2.2. b-Hairpin WVYY-DP

Scheme 2 shows the sequence of the b-hairpin WVYY–DP. The
sequence is based on the Trpzip2 sequence of Cochran,[1a] with

substitution of the Asn–Gly turn by DPro–Gly and substitution
of the two cross-strand Trp–Trp pairs by Trp–Tyr and Val–Tyr.

Thus, the turn rigidity is enhanced and the hydrophobic cross-

strand interactions are somewhat weakened, but remain
strong enough to assist the folding.[11] The antiparallel b-hair-
pin structure was confirmed by the FTIR equilibrium data (Fig-
ure S1 in the Supporting Information). There is a distinct
shoulder in the amide I’ band at 1612 cm¢1, which can be as-
signed to the tertiary Glu–DPro amide and used as a site-specif-

Figure 2. Relaxation of DPDP after the laser-excited temperature-jump, shown
as an example for one temperature (18 8C) at each wavenumber probed.
The transient signal reflects the decay of the b-sheet and Xxx–DPro turn
region (1630 and 1612 cm¢1, blue and green, respectively) and the increase
in the disordered structure (1663 cm¢1, red). Shorter time kinetics for the
latter were distorted by cavitation interference.

Figure 3. Arrhenius plot for the relaxation kinetics of DPDP shows the tem-
perature dependencies of the rate constants measured at selected wave-
numbers (1630 cm¢1, blue squares: b-sheet; 1612 cm¢1, green triangles: Xxx-
DPro turn region; 1663 cm¢1, red dots: disordered structure). The tempera-
ture refers to the final peptide temperature after the T-jump. Apparent acti-
vation energies were obtained by fitting each data set to the Arrhenius
equation: ln kð Þ ¼ ¢Ea

RT þ ln Að Þ.

Table 1. Relaxation times t (ms) at ~25 8C (final peptide temperature) and
apparent activation energies Ea (kJ mol¢1) for DPDP, WVYY-DP.

DPDP[b] WVYY-DP[b]

t [ms][a]

DP-band 0.32 0.53
b-band 0.27 0.41
disordered 0.60 0.81

Ea [kJ mol¢1]
DP-band 37.8�4.5 49.8�3.3
b-band 42.5�4.3 48.3�3.7
disordered 23.8�3.0 36.8�3.1

[a] Relaxation times for all studied temperatures can be found in Tables
S1 and S2 in the Supporting Information, for DPDP and WYYY–DP, respec-
tively. [b] The error of repeated measurements is in the range of 150 ns.
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ic probe for the turn region. Upon heating, the peptide un-

folds reversibly, for which we determined a transition tempera-

ture of Tm�33 8C by fitting the temperature-dependent varia-
tion of the first component and SVD analysis of the equilibrium

FTIR data. The melting temperature (Tm) is much lower than for
Trpzip2 (Tm = 67 8C at acidic pH) and also lower than for the
previously studied Trpzip2 variants that contained substitu-
tions of just one of the Trp–Trp pairs by either Val or Tyr.[5c, 6, 11]

For the latter variants, two of the four Trp (WWWW) of the
Trpzip2 sequence were substituted pairwise (WYWY, WYYW,
YWWY, WVVW, VWWV) to modify the hydrophobic cross-strand
interactions. All of these formed a b-hairpin structure, but with
reduced thermal stability and lower Tm and resembled the sub-

stitutions of the peptide studied here in terms of strength of
the hydrophobic interactions. The folding of the Trpzip2 var-

iants is driven by cross-strand hydrophobic interactions with

minor stabilization by the Asn–Gly turn, which we term “sheet-
assisted” folding. In the peptide variant studied here (WVYY–
DP) the hairpin folding is additionally enhanced by the DPro–
Gly turn, which we term as “sheet-assisted and turn-enhanced

folding”.
The T-jump relaxation dynamics were probed at selected

wavenumbers derived from the maximum absorbance changes

in the FTIR data (Figure S1 in the Supporting Information),
namely at 1632 (b-sheet decay), 1659 (rise of disorder), and

1612 cm¢1 (turn-sheet link). An example of WVYY–DP relaxation
and values of all measured time constants are given in the

Supporting Information (Figure S2 and Table S1, respectively).
Figure 4 summarizes the rates in an Arrhenius plot. The

change in the 1659 cm¢1 component, corresponding to in-

creasing disorder, is again slower than the changes at 1632
and 1612 cm¢1 for the loss of sheet and the turn-sheet link, re-

spectively. The latter two, related to the strands, have almost
the same rates and similar slopes with temperature variation,

whereas the former, that is, the gain in disorder, has less slope,
and consequently, a lower apparent activation energy.

3. Discussion

3.1. A Comparison between DPDP and WVYY–DP

Both peptides have relaxation kinetics in the sub-microsecond
time range. Table 1 summarizes the relaxation times deter-

mined at 25 8C for the decay of the b-sheet probed at
1630 cm¢1 for DPDP and at 1632 cm¢1 for WVYY–DP (b-band),

the Xxx–DPro band probed at 1612 cm¢1 for both peptides (DP-
band) and the rise of the disordered structure probed at
1663 cm¢1 for DPDP and at 1659 cm¢1 for WVYY–DP (disor-

dered). The complete set of our measured relaxation times can
be found in the Supporting Information (Tables S1 and S2). As

noted in Section 2, for both peptides, the relaxation dynamics
of the disordered structure are slower in comparison to those

for the strand and turn decay, and overall, the relaxation dy-

namics of the three-stranded sheet DPDP are faster than for the
hairpin WVYY–DP.

Comparing the relaxation times of WVYY–DP (hundreds of
nanoseconds) with those of the Trpzip2 variants WYWY, WYYW,

and YWWY (microseconds),[6] the turn influence on the dynam-
ics is clearly observed. For example, at 25 8C, WYWY has a relax-

ation time of approximately 3.5 ms for the b-sheet component

and that of WVYY–DP is approximately 400 ns (Table 1). The
strength of hydrophobic interactions for these two hairpins is

similar, but the more constrained turn geometry in the DPro–
Gly turn enhances the relaxation rate for the WVYY–DP hairpin.

From the Arrhenius plots for both peptides (Figures 3 and
4), the rates show no significant difference for the strand (blue)

and turn region (green), but slower rates are seen for the disor-

dered state (red). However, there are some noticeable differen-
ces: the loss of sheet is systematically faster than the turn-as-

sociated change for WVYY–DP, which is not the case for DPDP,
where the fit lines and data points are more overlapped. This

suggests that in the case of the WVYY–DP hairpin, the b-sheet
change has a faster component than that of the turn (Glu–DPro
turn-to-strand link), whereas in DPDP, sheet and turn dynamics

cannot be differentiated. This difference doesn’t have a sub-
stantial impact on the apparent activation energies (Table 1),

and for both peptides no significant difference can be ob-
served for the fits to the strand (blue) and turn region (green)
dynamics within the experimental error. The apparent activa-
tion energies that were determined for the rise of disordered

Scheme 2. The sequence of WVYY–DP. The b-hairpin consists of 12 amino
acids stabilized by a DPro–Gly turn and cross-strand hydrophobic interactions
of Trp (W) with Tyr (Y) and Val (V) with Tyr (Y).

Figure 4. Arrhenius plot for the relaxation kinetics of WVYY–DP. Rates were
measured at selected wavenumbers characteristic for strand (1630 cm¢1,
blue squares), Xxx-DPro turn region (1612 cm¢1, green triangles) and disorder
(1663 cm¢1, red dots). Lines indicate best fits to the Arrhenius relation as for
Figure 3.
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state are smaller than for the loss of strand and change of turn
regions, as evidenced by less slope in the Arrhenius plots.

Comparing the two peptides, the gain in disorder for the
three-stranded b-sheet DPDP has a lower apparent activation

energy (23.8 kJ mol¢1) than for the hairpin WVYY–DP
(36.8 kJ mol¢1). The apparent activation energies were deter-

mined from the temperature dependencies of the observed re-
laxation rates, which must include contributions from both

folding and unfolding changes. In a two-state model the rate

constants for folding and unfolding can be extracted by using
the equilibrium constant (Keq). The folding and unfolding pro-

cesses can then be described by evaluating their associated ac-
tivation energies. However, the folding/unfolding mechanism

of the peptides studied here is more complex, the transition
curves are nonsigmoidal and broad, and separate probes indi-

cate different relaxation processes, thus a multistate mecha-

nism. Nevertheless, we can use the observed rates measured
at characteristic wavenumbers and compare their temperature

dependence, and apparent activation energies, relative to each
other to gain insights into differences in the energy barriers on

the energy landscape for different structural components.

3.2. Turn-Initiated and/or Strand-Assisted Folding

The DPro–Gly segment is known to facilitate the formation of

a stable type II’ b-turn.[12] The DPDP sequence forms an antipar-
allel three-stranded b-sheet in aqueous solution without stabi-

lization of the structure by strong cross-strand interactions.

The cross-strand residues, Phe–Thr, Thr–Thr, Glu–Lys and Tyr–
Leu do not form hydrophobic interactions or a salt bridge at

acidic pH. The observed relaxation kinetics are extremely fast
(on the sub-microsecond time scale) and agree well with other

studies of similar three-stranded peptide sequences.[4] The fast
kinetics suggest that DPDP folding encounters either a relatively

small free energy barrier between two distinguishable confor-

mational states or downhill folding without well-defined
minima for folded and unfolded states. A previous study of

a b-hairpin stabilized by a DPro–Gly turn that involved 2D-IR
and dispersed vibrational echo (DVE) T-jump spectroscopy

showed it to also have fast dynamics, again on the sub-micro-
second time scale.[13] They proposed a multistep mechanism

with the initial steps attributed to the disordering of the cross-
strand hydrogen bond contacts of the midstrand region fol-

lowed by unfolding of the rest of the peptide strand structure,

except for the turn region, which does not undergo significant
structural variations.

If the folding initiated by the DPro–Gly turn is assisted by hy-
drophobic cross-strand interactions of the strands, the kinetics

are still in the sub-microsecond time scale, but are slower, as
we have measured for WVYY–DP (Table 1 and the Supporting
Information). Studies of the dynamics associated to the col-

lapse of the hydrophobic side chains have been reported pre-
viously for other b-sheet peptides with DPro–Gly turns[4a, b] or
cross-linking modifications near the turn region.[14] The nuclea-
tion of the hairpin should be slower as the solvent molecules
must be displaced to facilitate the formation of cross-strand
hydrophobic interactions and hydrogen bonds in the folding

mechanisms. The apparent activation energies measured for
WVYY–DP are higher than for DPDP (Table 1), which is consistent

with the reduced rates for WVYY–DP. The folding of the WVYY–
DP b-hairpin is turn-enhanced and strand-assisted and its kinet-

ics reflect the contribution of different forces from the turn
and the hydrophobic residues.

The turn has a strong influence on b-sheet folding, as many
studies have shown.[5, 7] However, a hairpin can be stabilized,

mainly by the hydrophobic interactions of the strands, and

have a weak turn-promoting sequence, as is the case for
Trpzip2 and its variants. The hydrophobic interactions in

Trpzip2 are significantly stronger than those in WVYY–DP, but
the Asn–Gly turn is a much weaker turn promoter than DPro–

Gly. The kinetics for solely strand-assisted hairpin folding are
significantly slower (microseconds), again reflecting the effects

of turn and strand stabilization.

3.3. DPro as Site-Specific IR Probe

The distinct amide I’ component of the Xxx–DPro amide group
provides the possibility of studying site-specific dynamics of

the turn region with residue-specific resolution. For both pep-
tides, DPDP and WVYY–DP, we measured the same dynamics for
the Xxx–DPro amide as for the overall b-strand components
(Table 1). One reason might be that the central part of the turn
is not probed directly, rather the turn-to-strand link is sensed
and that matches the b-strand dynamics. It would be interest-

ing to determine if Gly–DPro turns might provide a suitable
probe for turn dynamics in the center of the turn, while still

contributing to the stability of the turn.

4. Conclusions

Our studies illustrated the interplay between turn stability and

cross-strand hydrophobic interactions in influencing the kinet-

ics of b-sheet folding. The contribution of different forces to
the nucleation of a hairpin in the b-sheet folding process was

reflected by differences in the T-jump relaxation kinetics. Hair-
pin formation that is nucleated by a turn is expected to be in-

trinsically rapid for a strong turn, as the folding process is
driven by local forces at the turn. This was confirmed by the

fast dynamics of the three-stranded b-sheet DPDP, which is sta-
bilized by two rigid DPro–Gly turns. For a hairpin with addition-

al hydrophobic cross-strand interactions, the folding process

must involve hydrophobic collapse, resulting in slower nuclea-
tion, as solvent molecules must be displaced, structural rear-

rangements occur, and interactions of the hydrophobic resi-
dues must be formed. The b-hairpin WVYY–DP, which is stabi-

lized by one constrained DPro–Gly turn plus modest hydropho-
bic cross-strand interactions (Trp–Tyr, Val–Tyr), revealed dynam-

ics that were still on the sub-microsecond time scale, but

slower than those of DPDP. If the hydrophobic interactions of
the sheets are the main contributors to stabilizing a hairpin

and the turn is weakly promoted, the hydrophobic collapse
mediated dynamics lead to significantly slower folding, on the
microsecond time scale, which has been observed by many
groups for Trpzip2 variants, b-hairpins that are stabilized by
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hydrophobic residues, and the less rigid Asn-Gly turn. The
weaker turn-promoting sequence does not enhance the

strand-assisted folding.

Experimental Section

Peptide Synthesis and Sample Preparation

The WVYY—DP peptide sample was synthesized at the University
of Illinois at Chicago (UIC) using standard Fluorenylmethoxycarbon-
yl (Fmoc)-based solid-state methods.[15] Crude peptides were puri-
fied by HPLC. The DPDP peptide was obtained from SciLight Bio-
technology LLC, Beijing, China. To eliminate spectral interference
from trifluoroacetate counterions remaining from the peptide syn-
thesis, peptides were dissolved in 0.1 m DCl and lyophilized three
times. After lyophilization, the peptide DPDP was redissolved in
a 20 mm deuterated phosphate buffer at a concentration of
20 mg mL¢1 and adjusted to pD�5 by the addition of DCl. The b-
hairpin WVYY–DP was dissolved at 20 mg mL¢1 in D2O (pD�1.5).

FTIR Spectra at Thermal Equilibrium

The FTIR spectra were acquired with a Bruker Equinox 55 FTIR
spectrometer (Bruker, Germany) equipped with a mercury cadmi-
um telluride (MCT) detector. At each temperature, 128 scans with
a spectral resolution of 4 cm¢1 were averaged for one FTIR spec-
trum. The acquisition of each set of spectra was carried out in the
temperature range of 7–85 8C in steps of DT�5 8C. The tempera-
ture of the sample holder was controlled by a water bath (Lauda
Ecoline E300, Germany) and the exact temperature of the sample
cell was recorded by a Pt100 sensor. A home-built software-con-
trolled shuttle device was used to measure the sample and refer-
ence signal successively for each temperature.

Temperature-Jump Experiments and Spectrometer Setup

Relaxation methods allow the fast relaxation of a system into
a new equilibrium state after a previous disturbance to be moni-
tored. This can be initiated by a rapid change in pressure, tempera-
ture, or another physical quantity related to the equilibrium con-
stant. We use the laser-excited, direct solvent absorbance initiated
temperature-jump technique for time-resolved studies of peptide
folding. One of the main advantages of this method is the absence
of any additives in the sample, which are used in other studies,[16]

to initiate the rapid increase of the sample temperature. In this
way any disturbing chemical or spectral interactions between the
additive and sample are avoided. Moreover, a distinct vibrational
band of the solvent can be excited in a spectral region where the
peptide has no absorbance. The choice of the band is dependent
on the solvent used (e.g. H2O, D2O, and MeOH), the peptide
sample (solubility) and the available excitation wavelengths (of the
pump laser). Frequency and intensity variations in the amide I
region reflect changes in the secondary structure of polypeptides.
By monitoring the spectral changes at single wavelengths, it is
possible to differentiate the dynamics for different secondary-struc-
ture components, for example, b-sheets or a-helices.
Figure 5 shows a schematic drawing of our laser spectrometer. To
generate a rapid increase of temperature in the D2O-based sample,
the fundamental (1064 nm) of a Q-switched Nd:YAG laser (5 ns full
width at half maximum, 700 mJ, Continuum, Excel Technology,
Europe) was Raman shifted to 1.9 mm. The 1.06 mm laser pulse was
focused into the Raman shifter, a gas cell (Radiant Dyes, Cologne,

Germany) filled with H2 gas at 30 bar as the active medium. Raman
shifting produced several (Stokes and Anti-Stokes) lines simultane-
ously, which were then separated by a Pellin-Broca prism. The
Stokes line at 1909 nm (5238 cm¢1) was used to excite an overtone
of the stretching vibration of the D2O solvent and to heat the illu-
minated sample volume rapidly. Filters and apertures prevented
the other Raman-shifted lines and scattered light from reaching
the sample chamber and interfering with the probe beam, as well
as from hitting the detector element and risking damage.

The NIR pump pulse was split by a 50:50 beam splitter into two
counter-propagating beams, leading to homogeneous sample
heating at the sample to minimize cavitation, with one delayed by
5 ns, the pulse length of the Nd:YAG laser. The small absorbance
coefficient of D2O at 5238 cm¢1 in combination with counter-prop-
agation by two subsequently arriving pump pulses prevented un-
wanted temperature gradients in the excited sample volume. The
pump beams were focused behind the sample cell, to avoid burn-
ing the sample–cell interface, by use of two CaF2 lenses and were
adjusted by dichroic mirrors to overlap spatially, thus forming
a heated area (Ø ~2 mm) in the center of the sample. The pump
energy excites the solvent on the time scale of ps[9] and the final
temperature is reached within the 10 ns pumping length of the
two consecutive 5 ns heating pulses.

An additional excitation branch (Figure 5; dark-blue beam line) was
added to enable measurement of photochemically-induced pH-
jump relaxation kinetics.[17] This technique allowed the study of
pH-sensitive conformational changes of the proteins.[18] Dissolved
o-nitrobenzaldehyde, a photoreactive compound, can for example
be used as caged proton source that releases protons rapidly after
irradiation by a UV light pulse.[19] The excitation pulse was provided
by generation of the fourth harmonic at 266 nm of a Q-switched
Nd:YAG laser. The intensity of the 266 nm pump pulse and illumi-
nated area controlled the amount of free protons produced in the
sample per pulse and in this manner adjusted the size of the pH-
jump in the excited volume.

Figure 5. IR spectrometer setup. The home-built spectrometer was used to
monitor the relaxation kinetics that were either triggered by a T-jump (exci-
tation at 1909 nm) or by a photochemically induced pH-jump (excitation at
266 nm). QCL: quantum cascade laser tunable between 1715–1580 cm¢1,
probe laser; LP: long pass filter ; T: telescope; A: attenuator; MCT: photovol-
taic HgCdTe detector; Nd:YAG: Q-switched Nd:YAG laser, pump laser ; WSB:
wavelength separation box; FI : Faraday isolator; l/2: l/2 plate; RS: Raman
shifter ; PP: Pellin–Broca prism; Ch: chopper; FF: color filters; BS: beam split-
ter ; L1, L2: focusing lenses for the pump pulse at 1909 nm; BBO, KD*P: non-
linear crystals for fourth harmonic (266 nm) generation; GP: glass plate; ND:
neutral density attenuator; LUV: focusing lens for 266 nm pump pulse.
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To probe the relaxation kinetics in the amide I region, a quantum
cascade laser (QCL, Daylight Solutions Inc. , USA) was used as a tun-
able cw IR source. The mid infrared emission could be tuned be-
tween 1715 and 1580 cm¢1 to obtain a single wavelength output
with a narrow line width (<100 MHz). The QCL was built with an
external cavity in a Littrow configuration, allowing the suppression
of all laser modes except for the particular mode needed for the
measurement. The probe laser provides energies up to about
100 mW, depending on wavenumber and the applied current. The
high power output of the QCL, as the IR probe source, has a dra-
matically improved signal-to-noise ratio, as compared with that of
the formerly used lead salt diodes.[20] The laser beam was focused
on a probe spot (Ø~300–400 mm) that was significantly smaller
than the excitation spot used for the T-jump or pH-jump.
There are different approaches to separate solvent from peptide
dynamics,[16, 21] one of which is to measure the solvent separately
and to subtract it, which is the approach that we used in this
study. The absorbance change of the solvent after the T-jump is
much higher than that of the peptide of our samples, thus tracking
relatively small peptide absorbance changes upon unfolding re-
quires that the subtraction of the solvent contribution is done as
precisely as possible. Due to the small probe volume we used, the
absolute absorbance value was sensitive to the sample position
and slight differences in sample positioning could cause big errors
when measuring the solvent reference. Thus, we used a refillable
cell composed of two CaF2 windows separated by a Teflon spacer
with a path length of 100 mm (Figure 6). To allow simple exchange
of the solvent by the peptide sample, the top window was
equipped with two holes, one of them connected by a tube for pi-
petting. To minimize the peptide sample required, the volume of
the cell was adjusted to �10 mL, by limiting the aperture. The cell
openings were sealed for the measurements to prevent evapora-
tion and loss of the sample in the cell. Firstly, the entire series of T-
jump experiments with different starting temperatures was mea-
sured for only the solvent. Next, the cell was refilled with the pep-
tide sample and the same series of T-jump experiments was per-

formed. The averaged solvent transi-
ents were subtracted from the aver-
aged peptide (plus solvent) transi-
ents resulting in the pure peptide
kinetics without the solvent contribu-
tions and/or the convoluted instru-
ment response.
The main advantage of the refillable
cell is the ability to obtain the exact
same configuration and position of
the CaF2 cell with respect to the
overlap adjustment of the pump and
probe beams in the excited sample
volume, as the exact positioning of
the beams is crucial for the quality of
the T-jump experiments.[22] We addi-
tionally tested a home-built split cell
consisting of two compartments, one
for the solvent and the other filled
with the peptide sample, modeled
on a cell geometry that has been
used before.[23] An advantage of
a split cell is that both peptide and
solvent are thermally equilibrated in
one cell, and thus, have the same
starting temperature for the T-jump
experiments. However, we found that
the major drawback of the split cell

was that lateral translation of the split cell resulted in a different
overlap of the beams within the cell in our setup. This effect could
be minimized by readjustment of the angle between the cell and
the probe beam, but this could not always be achieved perfectly
and in addition was time consuming, as it had to be done at each
repositioning step. Moreover, the compartments in our design had
a slightly different path length, due to uneven window and spacer
surfaces. In both cell configurations (refillable and split), the final T-
jump magnitude and final temperature could be controlled with
an overall error of DT = 1–2 8C. Better reproducibility of the results
was obtained by use of the refillable cell, which was employed in
this study.
After passing through the sample, the IR probe beam was redirect-
ed and refocused onto a fast, liquid-N2-cooled photovoltaic
HgCdTe detector (18 MHz, KMPV11–1 J2, Kolmar Technologies, USA,
19 ns response time). To operate the QCL in a stable mode, the
high energy density of the probe beam had to be attenuated to
prevent damage of the detector element. Several apertures and
bandpass filters were introduced into the beam path, as scattered
light and thermal radiation from the heated sample can perturb
the signal. Scattered light may also be back-reflected into the laser
optics, thus causing damage to the QCL. The entire spectrometer
setup was encased in purpose-built boxes and purged with dried
air to minimize the absorbance of water vapor in the MIR. The
signal was digitized by a transient recorder board (16 bit, 105 MHz,
Spectrum, Germany), triggered by the TTL signals from the Nd:YAG
laser. The time interval was evaluated up to 1.2 ms. Usually around
2000 transients were averaged to reduce noise before further eval-
uating the data.
To account for the background signal, a chopper was synchronized
to the pump laser to create different illumination conditions for
a series of pulses. Correction for a reference signal S(-/ +) (without
pump, with probe) was necessary to eliminate any remaining elec-
tronic distortion signals, as well as background light contributions
at the detector. Additionally, a signal without pump and without
probe light [S(-/-)] was recorded. The reference signals [S (-/ +),
S(-/-)] were used for the proper calculation of the transient absorb-
ance changes (DA). To exclude distorted transients caused by cavi-
tation effects, a self-developed software filter (MATLAB2010, The
MathWorks, MA, U.S.A.) was applied to sort out the most reliable
data after collection. The final solvent-corrected transient traces for
each temperature were further subjected to an averaging proce-
dure, so that an equal number of points were distributed in each
time decade (20 points per decade). This resulted in a significant
reduction of signal distortions, such as detector ringing and ther-
mal lensing effects. Furthermore, the fast time points were then
not underrepresented in the fit procedure, as is often the case
with linear signal recording. These modifications allowed the fast
time range between 100–200 ns to be investigated, which im-
proved the quality of the final transient data. This method ensured
a more reliable fitting of transient spectra on a logarithmic time
scale.
The magnitude of the instantaneous absorbance change (DA) after
the laser pulse was used to determine the related T-jump. The final
temperature of the peptide (after the T-jump) was calculated by
referencing the temperature change to the temperature depen-
dent FTIR spectra of the solvent at the wavenumber and initial
sample temperature used for the measurement. Solvent and pep-
tide sample kinetics were recorded separately as described above.
The solvent kinetics were scaled before the subtraction from the
peptide signal. Due to the remaining distorted signal in the early
phase for the 1663 cm¢1 measurements, the data for DPDP could
only be fitted from 270–500 ns to 1.2 ms, whereas the 1630 and
1612 cm¢1 measurements were evaluated starting from 160 ns. The

Figure 6. Refillable cell for T-
jump experiments. The cell
consists of two CaF2 windows
separated by a Teflon spacer.
Two holes were drilled in one
window allowing the ex-
change of the reference and
sample solutions without
changing the alignment of
the pump and probe beams
and their overlap in the cell.
Darker area schematically rep-
resents the region excited by
the pump beam, and red spot
in the center that probed by
the QCL beam. For FTIR meas-
urements a non-refillable cell
consisting of two plane CaF2

windows (no holes) was used.
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WVYY–DP data for 1612, 1632, and 1659 cm¢1 were evaluated from
150–300 ns up to 1.2 ms depending on the quality of the transi-
ents. A monoexponential decay function DA ¼ A0 þ A1 ¡ e¢t=t was
sufficient to fit both the three-stranded b-sheet DPDP and the b-
hairpin WVYY-DP data for all probed wavenumbers.
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Figure S1:  FTIR equilibrium measurements of the -hairpin WVYY-DP. 
 
FTIR absorbance (a) and difference (b) spectra in thermal equilibrium. The 
temperature variation between 7°C (blue spectrum) and 85 °C (red spectrum) in 

steps of T≈5°C reveals the rise of a disordered structure at 1659 cm-1, the loss of 

-sheet at 1632 cm-1 and the Xxx-DPro amide signal of the turn region at 1612 cm-1. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

  



 
 

Figure S2: Exemplary transients of the - hairpin  WVYY-DP. 
 

Relaxation of WVYY-DP after the laser-excited temperature-jump of ~ 4-5°C, shown 
as an example for one final temperature (T = 25°C) at each wavenumber probed. 

The transient signal reflects the decay of the -sheet and Xxx-DPro turn region 
(1632 cm-1 and 1612 cm-1, blue and green, respectively) and the rise of the 
disordered structure (1659 cm-1, red). The probed wavenumbers were selected from 

the FTIR difference spectra. Black lines represent a mono-exponential fit 𝛥𝐴 =
𝐴0 + 𝐴1 ⋅ 𝑒−𝑡/𝜏. The corresponding relaxation constants can be found  in Table S1. 
 
          

 

 

 

 

 

 

 

 

 

 

  



 
 

Figure S3: Dependence of the relaxation times on the final peptide temperature   

                   for WVYY-DP.  

A decrease of relaxation times with increasing temperature T can be observed for 

all wavenumbers probed (1632 cm-1, blue squares: -sheet; 1612 cm-1, green 

triangles: Xxx-DPro turn region; 1659 cm-1, red dots: disordered structure). Trend 

lines show differences between different structural features in respect of the 

relaxation kinetics over the whole experimental temperature region. 

   



 
 

Table S1: Time constants and apparent activation energies for WVYY-DP. 
 
The temperature given in the Table S1 refers to the final sample temperature after a 

temperature-jump of ~ 4-5°C (1632 cm-1: -sheet; 1612 cm-1: Xxx-DPro turn region; 
1659 cm-1: disordered structure). The experimental error for the measurement is 
approx. 150 ns. The values for the apparent activation energy were determined by 

evaluating the Arrhenius equation ln(𝑘) =
−𝐸𝑎

𝑅𝑇
+ ln(𝐴). 

 
 

1612 cm-1 
 

1632 cm-1 
 

1659 cm-1 
 

T /°C τ/ µs T /°C τ/ µs T /°C τ/ µs 

9.3 1.81 9.0 1.39 9.3 2.05 

18.9 0.84 15.7 1.03 15.8 1.34 

24.6 0.53 19.1 0.70 19.1 0.79 

25.4 0.65 20.9 0.67 20.5 0.90 

28.9 0.36 24.6 0.41 25.0 0.81 

28.9 0.45 29.2 0.30 28.8 0.68 

33.8 0.37 34.6 0.28 29.7 0.58 

38.7 0.24 39.5 0.21 34.3 0.44 

38.8 0.23 
  

38.5 0.50 

    
38.8 0.39 

  
    43.6 0.32 

Ea (kJ*mol-1) 
  

  

49.8 ± 3.3 48.3 ± 3.7 36.8 ± 3.1 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure S4: Dependence of the relaxation times on the final peptide temperature   

                   for the three-stranded -sheet  DPDP. 

A decrease of relaxation times with increasing temperature T can be observed for 

all wavenumbers probed (1630 cm-1, blue squares: -sheet; 1612 cm-1, green 

triangles: Xxx-DPro turn region; 1663 cm-1, red dots: disordered structure). Trend 

lines show differences between the structural components in respect of the relaxation 

kinetics over the whole experimental temperature region. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Table S2: Time constants and apparent activation energies for DPDP. 
 
The temperature given in the Table S2 refers to the final sample temperature after a 

temperature-jump of ~ 1-3°C (1630 cm-1: -sheet; 1612 cm-1: Xxx-DPro turn region; 
1663 cm-1: disordered structure). The experimental error for the measurement is 
approx. 150 ns. The values for the apparent activation energy were determined by 

evaluating the Arrhenius equation ln(𝑘) =
−𝐸𝑎

𝑅𝑇
+ ln(𝐴). 

 
 

 

1612 cm-1 1630 cm-1 1663 cm-1 

T/°C τ/ µs T /°C τ/ µs T /°C τ/ µs 

6.3 1.26 6.2 1.64 6.2 1.38 
7.8 1.53 7.8 1.07 7.8 1.25 

15.8 0.44 12.1 1.07 12.1 1.19 
17.2 0.42 15.5 0.73 13.1 0.80 
26.4 0.32 15.7 0.36 15.5 0.98 
28.7 0.27 18.6 0.48 18.2 0.79 
36.3 0.26 22.3 0.40 18.6 0.70 
38.6 0.17 26.2 0.27 23.6 0.60 
46.7 0.18 28.7 0.34 28.7 0.56 
48.9 0.13 36.3 0.16 33.4 0.37 

  39.0 0.22 39.0 0.56 
  46.8 0.10 44.5 0.30 
  49.2 0.14 49.2 0.36 

Ea (kJ*mol-1) 
  

  

37.8 ± 4.5 42.5 ± 4.3 23.8 ± 3.0 
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ABSTRACT: A series of closely related peptide sequences that
form triple-strand structures was designed with a variation of cross-
strand aromatic interactions and spectroscopically studied as models
for β-sheet formation and stabilities. Structures of the three-strand
models were determined with NMR methods and temperature-
dependent equilibrium studies performed using circular dichroism
and Fourier transform infrared spectroscopies. Our equilibrium data
show that the presence of a direct cross-strand aromatic contact in
an otherwise folded peptide does not automatically result in an
increased thermal stability and can even distort the structure. The effect on the conformational dynamics was studied with
infrared-detected temperature-jump relaxation methods and revealed a high sensitivity to the presence and the location of the
aromatic cross-links. Aromatic contacts in the three-stranded peptides slow down the dynamics in a site-specific manner, and the
impact seems to be related to the distance from the turn. With a Xxx-DPro linkage as a probe with some sensitivity for the turn,
small differences were revealed in the relative relaxation of the sheet strands and turn regions. In addition, we analyzed the
component hairpins, which showed less uniform dynamics as compared to the parent three-stranded β-sheet peptides.

■ INTRODUCTION

β-Sheets are essential elements of protein secondary structure
and have become a prime focus for analysis of initial steps in
protein misfolding. Experimental study of sheets is impaired by
their nonsequential character in which strand segments must
come together to form sheets in a manner that can be
independent of their sequence in a larger molecule (polypep-
tide). If single, separate strands interact in this way, the result is
an oligomer of indeterminate size, which can even grow
(sometimes irreversibly) to become a larger aggregate or
fibril.1,2 Folding studies of peptide models then must be able to
discriminate intermolecular from intramolecular cross-strand
H-bonds leading to β-sheet formation. One approach used in
many laboratories has been to design and study hairpins, where
a single strand folds back on itself to create two antiparallel
segments that are cross-strand H-bonded with a turn or loop
between them.3,4 These hairpins can then be studied as
monomeric species, but each strand has intramolecular H-
bonds on only one side, being solvated on the other. In practice
such structures are also highly twisted, and the ends tend to
fray.5,6 Designing a sequence with added turns and thus more
β-strands thereby creating a multistrand sheet model is the
natural extension of the hairpin approach. In such a design the

inner segments can be fully cross-strand H-bonded, assuming
minimal distortion at the turns or loops and the termini. Several
examples of such structures exist in the literature.7−11

Analysis of β-sheet formation is best done with infrared (IR)
methods,11−15 since electronic circular dichroism (ECD) yields
very weak bands in the near-UV for sheet structures. By
contrast, ECD has been used to monitor changes in the
interactions of aromatic side chains, particularly for the Trpzip
series of molecules that were initially designed by Cochran and
co-workers.16−20 Such an aromatic interaction is essentially a
tertiary effect that is at some level independent of the cross-
strand H-bonding of the sheet secondary structure. Using ECD
to monitor temperature variation of structures with interacting
aromatic residues can yield insight into the stabilizing effects of
hydrophobic interactions distinct from structure formation
associated with backbone H-bonds. IR of the amide CO
stretch (amide I band) is sensitive to the H-bonding but even
more to the coupling of these amide modes both in the strand
(through-bond) and cross-strand (through-space). Following
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the IR absorbance changes with variation in temperature
permits determination of stability and equilibria of folded and
unfolded β-sheet-like conformers, assuming simple behavior. In
contrast to the ECD, the IR changes are independent of and
resolved from the spectral effects of aromatic coupling.
Dynamics of the folding and unfolding processes can be
followed using IR methods, but peptide folding processes are
quite fast (sub-millisecond),21−23 so that conventional mixing
or denaturant dilution experiments are inadequate. To address
this, laser-induced temperature-jump (T-jump) relaxation
kinetics methods are employed here to access these faster rates.
In this study, three related triple-strand model peptides

(Scheme 1) were designed and synthesized along with their
constituent (two-stranded) hairpins. The peptide folds were
stabilized by use of DPro-Gly residues to initiate the turns, but
the sequences varied in the location of cross-strand hydro-
phobic interaction by Trp-Tyr aromatic residues. Modeling the
folding is enhanced by determination of the folded structure for
the target three-stranded peptides by NMR methods. Stabilities
of the β-sheet structures were studied with equilibrium
temperature-dependent circular dichroism (CD) and IR. The
focus of this report is the comparison of their β-strand
dynamics as determined with amide I′ IR-detected T-jump
relaxation kinetics.

■ METHODS

The peptides used in this study are modeled after the sequence
design principles developed by Gellman and co-workers for
their DPro-Gly stabilized hairpins,7,24 with additional stabiliza-
tion by cross-strand Trp-Tyr interactions following designs of
Cochran and Waters.16,20 Three different three-stranded β-
sheet peptides were prepared (see Table 1 and Scheme 1): 1W-
2Y-3L has a Trp-Tyr interaction between strands 1 (Trp) and 2
(Tyr) with a Leu on strand 3, while 1L-2Y-3W interchanges the
Leu and Trp residues to give an aromatic interaction between
strands 2 (Tyr) and 3 (Trp). As a control, 1I-2Y-3L has an
alternate design with essentially the same sequence but with the
aromatic residues, in this case Phe and Tyr, now on opposite
sides of the designed sheet. Naturally this requires the exchange
of an added residue to eliminate the cross-strand stabilizing
interaction but still retains the DPro-Gly turns as the main
structure-forming element and maintains the relative hydro-
phobicity of the three-stranded structure. For comparison, a
series of two-stranded β-hairpins were prepared, which have
sequences identical to either the strands 1−2 or 2−3 of the
corresponding three-stranded peptides. These are used to
investigate the relative influence of the first or third strand on
the equilibria and dynamics of the other two.

Peptide Synthesis and Purification. Peptides were
obtained from SciLight Biotechnology LLC, Beijing, China,
after being synthesized using standard fluorenyl-methyloxy-
carbonyl (FMOC) methods, cleaved from the resin, purified

Scheme 1. Generic Layout of the Three-Stranded Sheet Modela

aRed boxes indicate residues interchanged, dashed black frame shows the location of possible aromatic crosslinks. Positions 5 and 21 are Trp and
Leu for 1W-2Y-3L and vice versa for 1L-2Y-3W. To place the aromatics on opposite sides, so there can be no interaction, three changes are needed,
where positions 4, 5, and 21 are Phe, Ile, and Leu, respectively, for 1I-2Y-3L. The component hairpins make up either the N-terminal strands 1 and 2
or the C-terminal strands 2 and 3 of the corresponding three-stranded β-sheet.

Table 1. Sequences of the Studied Three-Stranded and Two-Stranded Peptides

sequencea

type peptideb strand 1 - turn 1 strand 2 turn 2 - strand 3 side-chain variation

three-stranded 1W-2Y-3L SVKIWTS-pG KTYTEV pG-TKTLQE-NH2 aromatic contact strand 1−2
1L-2Y-3W SVKILTS-pG KTYTEV pG-TKTWQE-NH2 aromatic contact strand 2−3
1I-2Y-3L SVKFITS-pG KTYTEV pG-TKTLQE-NH2 no aromatic contact

two-strandedc 1W-2Y SVKIWTS-pG KTYTEV-NH2 strand 1−2 of 1W-2Y-3L
2Y-3L KTYTEV pG-TKTLQE-NH2 strand 2−3 of 1W-2Y-3L/1I-2Y-3L
1L-2Y SVKILTS-pG KTYTEV-NH2 strand 1−2 of 1L-2Y-3W
2Y-3W KTYTEV pG-TKTWQE-NH2 strand 2−3 of 1L-2Y-3W
1I-2Y SVKFITS-pG KTYTEV-NH2 strand 1−2 of 1I-2Y-3L

aStrand 2 is the same for all variants, the amino acids interchanged in the strands 1 and 3 are underlined, and residues responsible for the
nomenclature are marked in bold font. bNomenclature used emphasizes the strand on which the interacting/exchanged hydrophobic group is
located. cThe 2-stranded peptides are the constituent hairpins of the three-stranded ones.
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with HPLC (95−99% purity), and characterized with matrix-
assisted laser desorption/ionization (MALDI) mass spectros-
copy. For IR studies, to eliminate spectral interference from
trifluoroacetate (TFA) counterions remaining from the peptide
preparation, peptides were dissolved in 0.1 M DCl and
lyophilized three times. Then the peptides were redissolved
in D2O at concentrations of ∼10 mg/mL.
NMR Structure Determination. Peptides were dissolved

in 90:10, H2O/D2O, at ∼6 mg/mL concentration (∼2−3 mM).
One-dimensional (1D) 1H NMR and two-dimensional (2D)
COSY spectra were obtained on a Bruker 500 MHz instrument,
and NOESY and TOCSY spectra were obtained with a Bruker
Avance 800 MHz instrument, all at 283 K, with gradient
selection and excitation sculpting for water suppression.25 2D
NOESY were acquired (mixing times = 80 and 300 ms) with 12
ppm sweep widths, 2048 × 1024 complex points in t2 × t1, and
16 scans per increment. 2D TOCSY were acquired under
similar conditions with DIPSI2 mixing of 70 ms and a radio
frequency field of 8 kHz. All spectra were processed within
NMRPipe26 and viewed/assigned in NMRView.27 Data
regarding spectra accumulation and results used for the
structure determinations are available in Table S1 of the
Supporting Information. The NOESY peaks were manually
selected and assigned with CYANA 2.0.28 The lowest-energy
structures were selected from an ensemble of 100 and further
refined by restrained molecular dynamics (MD) following a
previously described methodology within AMBER8,29 using the
ff99sb force field.30 The resulting 10 unique structures with the
lowest AMBER and restraint violation energies were subjected
to structure validation within PROCHECK_NMR.31

Equilibrium CD, Fluorescence, and IR. Samples for CD
study were prepared at ∼0.2−0.3 mg/mL in phosphate buffer
(H2O) at pH 7.5 and were measured in a 1 mm path quartz cell
on a JASCO 815 spectrometer using 1 s time constant, 1 nm
bandwidth, and averaging 8−12 scans (spectra were corrected
using UV absorbance to determine actual concentrations, which
ranged from 0.1 to 0.6 mM). Temperature was fixed by a
JASCO Peltier sample holder operated under instrument
control and varied from 5 to 85 °C in steps of 5 °C.
Fluorescence of the same samples was measured on a Horiba
Fluoromax 4, also with a Peltier sample temperature control
accessory. Spectra were measured every 5 °C from 5 to 80 °C
by scanning emission from 300 to 500 nm with excitation at
270 nm.
IR and vibrational circular dichroism (VCD) samples were

prepared in D2O at ∼10 mg/mL at acidic pH (after
lyophilization from DCl) and were placed in homemade
demountable cells consisting of CaF2 windows separated by a
Teflon spacer with 100 μm optical path length. IR and VCD
spectra for the same samples were acquired on a Bruker Vertex
80 FTIR with a deuterated triglycine sulfate (DTGS) detector
and on a homemade dispersive VCD spectrometer32 (in
Chicago) or on a Bruker Equinox 55 FTIR spectrometer
equipped with a mercury cadmium telluride (MCT) detector
(in Konstanz). IR measurements in both laboratories were in
agreement, and only IR spectra done in Konstanz, on the same
samples as used for the T-jump experiments, are further
discussed here. The room-temperature VCD confirmed
formation of β-sheet conformation in the three-stranded
constructs but, for this dynamics-oriented study, did not add
to the analyses and will not be discussed further. For each
Fourier transform infrared (FTIR) spectrum, 128 scans with a
spectral resolution of 4 cm−1 were averaged at each

temperature. Thermal variation of the IR spectra was
performed in the temperature range of 5−95 °C in steps of
ΔT = 5 °C. The temperature of the sample holder was
controlled by a water bath (Lauda Ecoline E300, Germany),
with the sample cell temperature recorded by a Pt100 sensor. A
home-built software-controlled shuttle device was used to
measure the sample and reference signal successively for each
temperature allowing the subtraction of the solvent signal.
Temperature variations of the CD and IR data were typically

quite gradual, with no characteristics of a sharp transition.
Several methods of analyses were attempted, and the best fits in
terms of scatter of the data points, statistical quality of fit, and
reproducibility of repeated measurements on separate samples
were obtained by use of singular value decomposition (SVD).33

SVD naturally segregates the noise to higher components and
utilizes changes in the entire band shape being considered. The
second component represents the major variance from the
average (or first component), and its loading is typically the
most sensitive to the change being studied, particularly for
amide I′ IR spectra, where the absorbance is roughly constant
and the differences are relatively small band shape and
frequency shifts. The fits were made to a sigmoidal equation
with flat baselines (for details see Supporting Information) to
obtain just the transition temperature Tm (inflection point),
since the data sets did not have enough curvature to fit more
variables (e.g., sloped baselines or ΔH). Parameters describing
such gradual transitions might be sensitive to singular poor data
points, so this was tested using the Jack Knife error analysis in
the fitting program GLOVE,34 whereby the data set with one
data point successively left out was fit, and the process was
repeated dropping the next point and continuing through the
entire set. The standard error of this set of fits provides a
measure of quality of fit and sensitivity to data point deviations.
Further details on analyses of multiple sample data sets are in
the Supporting Information.

Temperature-Jump Dynamics Measurements. T-Jump
data were obtained on similarly prepared samples as used for IR
thermal studies. Some samples showing small absorbance
changes were rerun at higher concentration without qualitative
changes in the kinetics. T-Jump measurements were performed
using the quantum cascade laser-based (QCL) spectrometer
that has been described in detail previously.35,36 Briefly, the T-
jump excitation is provided by a Q-switched Ho:YAG laser
(IPG Photonics Corporation, U.S.A.) operated at 2090 nm.
The Ho:YAG laser pulses excite a D2O overtone vibration
leading to a rapid increase in temperature within the excited
volume. For a 10 Hz repetition rate the pulse duration is 9 ns,
and the maximum pulse energy is 14 mJ. A chopper was
synchronized with the pump laser to block alternate pulses,
which allows acquisition of reference signals under identical
conditions but with no pump light at the sample and results in
an excitation repetition rate of 5 Hz. The pump pulse is split by
a 50:50 beam splitter into two counter-propagating beams to
provide more homogeneous heating. The spot size of the
excitation beam is ∼2 mm in diameter. To adjust the
magnitude of the T-jump, different neutral density attenuators
were used to reduce the excitation energy. For most samples, a
T-jump of ΔT ≈ 8 °C was used, but a smaller jump was needed
to obtain the lowest final temperatures of ∼5 °C.
To monitor the relaxation dynamics, the single wavelength

emission of the QCL (Daylight Solutions Inc), with a tunable
range between 1715 and 1580 cm−1, was used as a continuous
wave (cw) probe source. The QCL beam was focused to a
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diameter of ∼300 μm at the center of the excited volume. A
photovoltaic MCT detector (18 MHz, KMPV11−1-J2, Kolmar
Technologies) was used to detect the transient changes in the
probe beam transmission. The signals were digitized and
recorded by a transient recorder board with 16 bit resolution
(Spectrum).
The initial sample temperature was controlled by a water

bath connected to the sample holder. The final temperature
(after the jump) was calculated by referencing the derived
absorbance change of the solvent at the respective wavelength
to the corresponding temperature-dependent FTIR spectra of
D2O.

35 Usually ∼2000 transients were averaged to reduce
noise. To exclude distorted transients caused by cavitation
effects,37 a self-developed software filter (MATLAB2010, The
MathWorks) was applied to save the most reliable data after
collection. To account for solvent kinetics, both solvent and
peptide sample were measured sequentially. The solvent-only
signal was scaled appropriately and subtracted from the peptide
sample signal.
The resulting transients were subjected to a quasi-logarithmic

averaging procedure so that an equal number of points were
distributed in each time decade (20 points per decade) leading
to a significant reduction of noise and distortion signals. The
relaxation kinetics were evaluated in a time interval from 300 ns
to 1.2 ms using a monoexponential decay function for the
three-stranded peptides as well as for the hairpins 2Y-3L and
2Y-3W (strands 2−3 of the three-stranded peptides). The
relaxation dynamics of the hairpins that constitute the strands
1−2 of the three-stranded peptides (i.e., 1W-2Y, 1L-2Y, and 1I-
2Y) were fit best by a biexponential decay function. The
relaxation time constants were determined for different final
temperatures varying from 7 to 60 °C and fit to an Arrhenius

relation = −( )k A exp E
RT

a to represent relative thermal

dependences. The measured transients, and thus the derived
relaxation rates, have a reproducibility error that can be
estimated from repeated measurements. For transients with
large absorbance changes, the error is ca. ±150 ns. However,
for the lowest final temperatures (<10 °C), where absorbance
changes were often relatively small, the error was larger.

■ RESULTS

The peptides were designed to fold into a three-stranded sheet
and to allow interaction of Trp-Tyr aromatic residues on
neighboring strands (for 1W-2Y-3L or 1L-2Y-3W), in
comparison to virtually the same sequence but without direct
cross-strand interaction of aromatic side chains (for 1I-2Y-3L).
This design succeeded, in that all three peptides were
reasonably soluble (up to >20 mg/mL), showed CD spectra
reflecting a Trp-Tyr interaction where expected (1W-2Y-3L
and 1L-2Y-3W), gave amide I′ IR patterns characteristic of β-
structures, had dispersed NMR bands, and evidenced unfolding
upon heating. The constituent two-stranded hairpins derived
from these structures gave notably less well-formed sheets, as
evidenced by their spectral patterns and less-dispersed NMR,
and were less stable. The comparison of the three-stranded β-
sheets dynamics is the core of this report, but first we give a
brief summary of their NMR structures and equilibrium
behavior, which assists our interpretation of the dynamics.
NMR Structures. Each of the three-strand models gave

resolved NOESY and TOCSY spectra with reasonable
dispersion that could be fully assigned and from which the
structures could be evaluated. The 1W-2Y-3L (aromatic

contact strand 1−2) and 1I-2Y-3L (no aromatic contact)
variants formed more complete β-sheet folds than the 1L-2Y-
3W (aromatic contact strand 2−3), and this structural
difference is reflected in all the spectral results that follow.
Nonetheless all three peptides had structures showing the
essential elements of a three-stranded antiparallel sheet with
two β-turns as can be seen in Figure 1, where the 10 best

structures of each sequence are overlapped (on the left) and
compared to the best structure (based on the fit to NMR
parameters) for each presented with more atomic detail and the
aromatic residues highlighted in red (on the right). The
numbers of NOE and other structural parameters used as
described above in the Methods section are enumerated for
each structure in Table S1 of the Supporting Information. The
1I-2Y-3L had significantly more assignable NOEs than the
other two, including 50 more long-range NOEs. The derived
structures had very similar deviations from ideal bond lengths
and angles and low root-mean-square (RMS) deviations from
the mean structures, but the 1I-2Y-3L ensemble of structures
again showed lower deviations from the mean than the other
two, with 1L-2Y-3W being significantly worse, as is clearly
evident in Figure 1b.
In each peptide the strands 1−2 formed a better hairpin than

did strands 2−3, with the C-terminus tending to be more
disordered than the N-terminus. To form each hairpin, the
DPro-Gly turns had dominantly type I′ character;38 however,
the ensemble of structures contained some examples in a type
II′ form. The variation in turn type occurred more often for the
second turn, between strands 2−3, closer to the C-terminus,

Figure 1. NMR structures of the three-stranded β-sheet peptides. (a)
1W-2Y-3L (aromatic contact strand 1−2); (b) 1L-2Y-3W (aromatic
contact strand 2−3); (c) 1I-2Y-3L (no aromatic contact). Ten
solution structures are overlaid in the left column, and the best-fit
representative structure is shown in the right column, together with
the aromatic side chains highlighted in red.
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and was more evident for the 1L-2Y-3W than for the 1W-2Y-
3L or 1I-2Y-3L peptides. The added uniformity in terms of
turns as well as strands for 1I-2Y-3L implies that the aromatic
interaction did not stabilize a single turn type in this design.
Surprisingly, with no (direct) aromatic cross-strand contacts,

the 1I-2Y-3L ensemble of the 10 best structures had the least
variation in turn type and gave what appears to be the best
formed β-sheet structure, in terms of extended strands and
cross-strand H-bond formation. All the peptides were strongly
twisted, in a right-handed sense for the strands, as often
observed for β-sheets of L-amino acids. These are perhaps more
twisted than seen in many globular proteins but seem less so
than most of the Trpzip hairpins we have previously
studied.17,18,39 The N-terminal hairpin, strands 1−2, was better
formed than the C-terminal one, strands 2−3, in all structures,
despite the shift of the aromatic cross strand interaction to
strands 2−3 for 1L-2Y-3W.
The aromatic Trp−Tyr interaction is less well-defined and

uniform than we previously saw in Trpzip peptides.17,18 It
seems to be more of a stacking than edge-to-face interaction,
with more offset in 1W-2Y-3L than for 1L-2Y-3W, as can be
seen by the red colored residues in the right-hand single
conformer structures in Figure 1. The aromatic contact
distances were quite stable, averaging 4.6 ± 0.2 Å for 1W-2Y-
3L and 4.4 ± 0.4 Å for 1L-2Y-3W (for the center of the Trp to
the Tyr-Cγ position). This contrast of 1L-2Y-3W and 1W-2Y-
3L peptides along with the striking uniformity of the 1I-2Y-3L
set of structures argues that, despite the addition of cross-strand
aromatic interaction, the turn constraint provided by the DPro-
Gly sequences appears to be the dominant structure-forming
element in these sequences, but there certainly is an added
impact of varying the cross-strand hydrophobic and hydrophilic
interactions. Our comparative spectral studies further address
that variation.
Equilibrium CD and Fluorescence. The CD spectra show

evidence of cross-strand Trp-Tyr coupling in the form of a
strong couplet at 230 (+) and 214 (−) nm, for the 1W-2Y-3L
sequence (Figure S2, Supporting Information). From the NMR
results, the orientation of the 1W-2Y-3L Trp-Tyr pair is
somewhat between that reported for the Trpzip Tyr-Trp
mutants we previously studied (more angle, edge-on-face)18

and the overlapped stacking seen here (Figure 1) for 1L-2Y-
3W. The 1W-2Y-3L CD reflects, but is not exactly the same as
and is weaker than, what we reported for Trp-Tyr mutants of
Trpzip2. Thus, the overall ECD shape supports a Trp-Tyr
interaction. For the 1L-2Y-3W the interaction and resulting CD
is clearly different and makes a smaller contribution to the
observed CD intensity, which is here dominated by a negative−
positive couplet (or the opposite and also shifted sign pattern)
at low temperature. Our previous theoretical analyses (for
selected geometries only) indicated that, for Trp-Trp, the
intensity for stacked interactions would be less than that for
edge-on-face, which might partially explain these variations for
Trp-Tyr interactions.19

With no cross-strand aromatic contact, the 1I-2Y-3L peptide
has a negative band at ∼215 nm and positive at ∼200 nm, more
closely reflecting that expected for a β-sheet structure. By
contrast, in the other two cases, the CD cannot be
straightforwardly used to determine or even give much insight
into the secondary structure but rather primarily reflects the
relative coupling of the aromatic residues. At high temperatures
there is still a significant negative contribution at 217 nm, as
one might expect of a β-sheet, but that may be due to residual

turn character caused by the conformationally restricted DPro-
Gly structure. More importantly, there is also a growth in
negative contribution to the band at 200 nm, which is
characteristic of increasing disorder. The temperature variation
of the CD was fit using the second component of the SVD
analysis for the smoothed spectra over the entire 190−250 nm
region. The Tm values for 1W-2Y-3L and 1I-2Y-3L were
similar, with 1W-2Y-3L (∼65 °C) being always higher than for
1I-2Y-3L (∼55 °C) as summarized in Table S3, Supporting
Information. By contrast, the 1L-2Y-3W transition was quite
different with a Tm of ∼16 °C, which is consistent with its less
well-formed β-sheet structure seen in the NMR (Figure 1b).
The component hairpins that contain a Trp residue gave CD

spectra that reflect those of the three-strand peptides from
which they were abstracted. The 1W-2Y had an intense ±
couplet at ∼228 and 213 nm, respectively, indicating some
structure formation, patterned on that in 1W-2Y-3L; the 2Y-
3W also had a ± couplet, weaker than for 1W-2Y but stronger
than for 1L-2Y-3W, with a more dominant negative band at
∼195 nm, implying a different aromatic contact in the hairpin
or more contribution from disorder in the peptide. The non-
Trp-containing hairpins gave much weaker CD, with complex
shapes, but the most intense bands indicated contributions
from a disordered peptide conformation. Thermal transitions
for the hairpins were less well-defined than for the three-
stranded peptides, and, even based on SVD analyses, we
obtained physically sensible fits for only some of them. The
1W-2Y peptide had a high Tm with relatively low error, which is
consistent with its stronger aromatic cross-strand interaction
and more dispersed NMR than seen with the other hairpins.
The other aromatic linked hairpin, 2Y-3W, had a much lower
Tm with a similar error. Both were less sensitive to alternate
methods of analysis than the nonaromatic linked hairpins.
Considering the fluorescence spectra, the peptides that

contain Trp gave an emission band with a maximum at ∼355
nm that dropped off sharply and nearly linearly with increase in
temperature. This is consistent with the aromatic residues being
solvated and on the surface of the three-strand structure, and
consequently its variation offers little insight into folding or
stability and will not be discussed further.

Equilibrium IR. The IR spectra of all the three-stranded
variants (see Figure S4, Supporting Information) exhibited an
amide I′ (indicating H-D exchange of the amide NH in D2O)
band pattern, which is characteristic for β-hairpins, having a
more intense peak at ∼1638 cm−1 and a shoulder to higher
wavenumbers at ∼1675 cm−1. Additionally, another shoulder is
observed at ∼1612 cm−1, which can be attributed to the
Xxx−DPro tertiary amides that sequentially precede the two β-
turns.40 The amide I′ VCD showed a relatively weak couplet
band shape with a sharper negative at 1625 cm−1 and broader,
weaker positive at ∼1670 cm−1 for both 1W-2Y-3L and 1L-2Y-
3W, which is consistent with β-structure formation but offers
little insight beyond the IR results and will not be analyzed
further. At high temperatures the IR band broadens and shifts
to ∼1650 cm−1. The unfolding process is very gradual with
some β-sheet structure appearing to remain even at high
temperatures. The transition temperatures were obtained by
applying SVD to the IR temperature variation and fitting the
second component of the SVD with a sigmoidal function
(results of which are illustrated in Figure 2).
The band shape changes (essentially a frequency shift) yield

transition temperatures of: Tm ≈ 68 °C for 1W-2Y-3L, Tm ≈ 62
°C for 1I-2Y-3L, and a lower Tm ≈ 56 °C for 1L-2Y-3W, based
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on global fits to separate sample data sets. The transition
temperatures confirm that the 1L-2Y-3W, which has the least-
developed β-sheet structure, is additionally the least stable
(lowest Tm, as also seen with CD, but with less difference). The
1I-2Y-3L and 1W-2Y-3L have higher transition temperatures,
with the 1W-2Y-3L (having hydrophobic aromatic cross-strand
stabilization) being the highest. The IR frequency changes
reflected in the second SVD component are mostly due to loss
of cross-strand coupling and H-bonds in the β-strands, which
are well-developed but to different extents in all three peptides.
Qualitatively the same pattern was seen with CD, which reflects
the aromatic coupling where present, but the IR Tm values are
generally higher than found with CD. Alternate fitting methods
were attempted, including selecting intensities at characteristic
frequencies and the method of Gai and co-workers, using the
integrated intensity of the 1680 cm−1 band.41 None of these
gave as good quality of fits as found with the SVD approach
reported here, which utilizes the maximal changes of the full
band.
The equilibrium spectra (Figures S5 and S6, Supporting

Information) of the constituent hairpins show that the strands
1−2 form more developed β-structure than the strands 2−3,
independent of having any aromatic contact. For the N-
terminal hairpins the spectra resemble those of the three-
stranded variants with an intense peak at ∼1637 cm−1 and a
shoulder at ∼1675 cm−1 at low temperatures. Only for the 1L-
2Y is the β-sheet band shifted to higher wavenumbers (1640
cm−1) indicating a more disordered structure. This is in good
agreement with the transition temperatures and NMR
structures for the three-stranded β-sheets, where the 1L-2Y-
3W does not have as extensive β-structure as the other two. For
the C-terminal hairpins the β-sheet band is blue-shifted even
further (∼1643 cm−1), and the high-frequency component is
less pronounced, especially for the 2Y-3L, which contains no
aromatic interaction. This reflects the increased disorder of the
C-terminal strands in the parent structures as was observed in
the three-strand parent NMR results. Reinforcing these

qualitative observations, the midpoint of the unfolding
transition is ∼20 °C lower for the C-terminal hairpins than
for the N-terminal ones (see Figures S7−S9 and Table S10,
Supporting Information).

Temperature-Jump Dynamics. The T-jump experiments
were performed at selected wavenumbers in the amide I′ region
that were determined from the maximum absorbance changes
in the FTIR equilibrium data. Changes in the β-sheet structure
were primarily sensed at ∼1630 cm−1, and the Xxx−DPro
tertiary amide band at ∼1612 cm−1 was used as a potential
probe for the turn region, although it is not exclusive, since it
senses the turn-to-strand link. Relaxation data for all the three-
stranded β-sheet peptides and constituent hairpins were
measured by IR detected T-jump kinetics. Representative
transients for the β-sheet structure (1632 cm−1, blue curve) and
the Xxx−DPro band (1612 cm−1, green curve) are shown in
Figure 3 for 1I-2Y-3L as an example. The data, after correction

for solvent dynamics, were fit well to a monoexponential
function for each of the three-stranded variants; however, for
some of the two-strand hairpins (N-terminal sequences) a
biexponential function was required, as will be discussed below.
All the variants have in common rigid DPro-Gly turns that

promote hairpin formation7,42 and inhibit total unfolding of the
structure. These peptides exhibit quite fast relaxation times, less
than 4 μs. Figure 4a summarizes the relaxation times, plotted
against the final temperature, for the three-stranded variants as
measured at ∼1630 cm−1, the β-sheet band. Much as we have
seen with various Tyr-substituted Trpzip2 mutants,43 the high-
temperature rates (>25 °C) of the three-stranded models were
very fast (τ ≈ 500 ns), and differences between the peptides
were not resolvable. However, at low peptide temperatures,
there is variation, with the 1L-2Y-3W being distinctly slower. In
Table 2 values of relaxation times at two selected temperatures
are compared as obtained from the best fit of all the T-jump
kinetic data to an Arrhenius relationship. The 1I-2Y-3L variant,
with no aromatic interaction between the strands, shows the
fastest relaxation, with, for example, τ = 1.43 ± 0.04 μs at Tfinal
= 10 °C. The 1W-2Y-3L variant has virtually the same kinetic

Figure 2. Differences in thermal stability between the three-stranded
β-sheet models. The corresponding midpoint of the thermal
transitions Tm were 68 ± 4 °C for 1W-2Y-3L (blue), 56 ± 5 °C for
1L-2Y-3W (red), and 62 ± 3 °C for 1I-2Y-3L (black) as obtained for
IR of the amide I′ region (1600−1700 cm−1) using SVD and fitting
the second component the SVD with a sigmoidal equation with flat
baselines. The data shown are for a selected sample run, but the Tm
values are derived by global fits to multiple data sets for different
samples (see Table S10, Supporting Information).

Figure 3. Transient signal after the laser-excited temperature-jump
shown for 1I-2Y-3L with a final temperature of 26.7 °C as an example.
Relaxation kinetics were monitored at 1612 cm−1 for the Xxx-DPro
turn amide (green) and at 1632 cm−1 for the β-sheet structure (blue).
(inset) The equilibrium FTIR difference spectra of 1I-2Y-3L upon
heating from 5 °C (reference; blue) to 95 °C (red), which were used
to select the probe wavenumbers for the T-Jump experiment.
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profile, relaxing only slightly more slowly at low temperatures
(τ = 1.72 ± 0.16 μs at 10 °C). However, the 1L-2Y-3W
peptide, whose NMR structure and other spectral properties
show more differences from the more completely formed sheet
structures, is significantly slower (τ = 2.37 ± 0.38 μs at 10 °C).
A similar pattern is observed for the temperature dependence

of the Xxx−DPro dynamics measured at 1612 cm−1 (see Figure
4b). At high temperatures τ again is ∼500 ns, but at low
temperatures the three peptides deviate in their relaxation time
constants, with 1I-2Y-3L being clearly faster than 1W-2Y-3L
and 1L-2Y-3W, the latter of which is again slowest. However, in
contrast to the 1630 cm−1 β-sheet band, the thermal profile of
the 1612 cm−1 Xxx-Pro detected kinetics for 1W-2Y-3L
resembles more that of 1L-2Y-3W than of 1I-2Y-3L. These
differences in thermal behavior of the rates for 1630 and 1612
cm−1 do indicate some influence of the turn dynamics on the
overall relaxation process.
As compared to the equilibrium data from CD and IR, the

dynamic behaviors of the constituent hairpins show different
sequence variation dependencies that provide more insight into
the folding process. For the C-terminal hairpins, 2Y-3W and
2Y-3L, constituting strands 2−3 of the three-strand structures,
the β-strand and Xxx-DPro dynamics track each other very
closely with temperature change (see Figure 5). These hairpin
rates are both significantly faster than for the three-strand
variants, but 2Y-3W, containing an aromatic cross-strand
interaction, is slower than 2Y-3L, without one.

However, the N-terminal hairpins 1W-2Y, 1L-2Y, 1I-2Y had
more complex behaviors, and their rates could be better
determined with a biexponential fit (TableS11). For these, the

Figure 4. Relaxation times of (a) the 1630 cm−1 β-sheet band and (b) 1612 cm−1 Xxx−DPro band for the three-stranded β-sheet variants 1W-2Y-3L
(blue ■), 1L-2Y-3W (red ▼) and 1I-2Y-3L (black ⬢) in a temperature range of Tfinal = 5−60 °C. The lines indicate fits to the Arrhenius equation
giving a qualitative description of relative temperature variation of the relaxation rates.

Table 2. Selected Relaxation Time Constants Probed at ∼1630 and ∼1612 cm−1 Obtained from Fits to the Arrhenius
Relationship

τa [μs] at ∼1630 cm−1 τa [μs] at ∼1612 cm−1

peptide 10 °C 35 °C 10 °C 35 °C

1W-2Y-3L 1.72(±0.16) 0.65(±0.05) 2.17(±0.19) 0.55(±0.06)
1L-2Y-3W 2.37(±0.38) 0.49(±0.14) 2.70(±0.28) 0.60(±0.11)
1I-2Y-3L 1.43(±0.04) 0.47(±0.05) 1.65(±0.03) 0.51(±0.03)
1W-2Y 1.16(±0.12) 0.36(±0.03)
2Y-3L 0.55(±0.02) 0.10(±0.03) 0.55(±0.09) 0.11(±0.09)
1L-2Y [4.18 (±1.00)]b 0.26(±0.09)
2Y-3W 0.98(±0.05) 0.21(±0.04) 1.01(±0.11) 0.17(±0.06)
1I-2Y 0.84(±0.08) 0.32(±0.03)

aThe error was determined by the regular residual as the mean of individual measurements in a temperature range of T = 7.5−12.5 °C or T = 32.5−
37.5 °C. bLow reliability and exceptionally large error due to very low absorbance changes at low temperatures.

Figure 5. Relaxation times of the Xxx-DPro turn (∼1612 cm−1,
squares, solid lines) and the β-sheet (1636 cm−1, circles, dashed lines)
for the C-terminal β-hairpins 2Y-3W and 2Y-3L in a temperature
range of Tfinal = 5−40 °C. For both hairpins, the relaxation times for
the β-sheet band (blue for 2Y-3W and red for 2Y-3L) are very similar
to the Xxx-DPro band (black for 2Y-3W and green for 2Y-3L). The
lines indicate fits to the Arrhenius equation.
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fast components τ1 had values (Table 2) somewhat faster than
the relaxation rates of the three-stranded sheets (with the
exception of 1L-2Y). By contrast, the values of τ2 were
unusually slow for unimolecular β-hairpin dynamics.13,35,44 We
could not determine the origin of this slow component, but it
may be due to the formation and population of some type of
multimer. We assume that the dynamics are separable and that
folding rates of the secondary structure elements are not
affected by the slow process. Consequently, we here focus
mainly on the fast relaxation rates for these peptides (Figure 6),
which are also summarized in Table 2.

As seen in Figure 6, the scatter in the rates for the N-terminal
hairpins is much higher than for the C-terminal ones, due to
their smaller change in absorbance on loss of structure with
increase in temperature, but some trends can still be seen.
Relaxation of 1I-2Y is the fastest of these N-terminal variants
followed by 1W-2Y, with 1L-2Y being significantly slower.
Since the absorbance change observed for 1L-2Y at final
temperatures below 20 °C is very low, those relaxation times
are likely to be not very reliable (data points in brackets, Figure
6). Therefore, we consider 1L-2Y as an outlier and do not
evaluate these data further. Both other N-terminal hairpins 1I-
2Y and 1W-2Y relax faster compared to the three-stranded
variants, much as seen for the C-terminal hairpins, with the low
temperature rates for 1W-2Y being somewhat slower than for
1I-2Y, which may be due to the 1W-2Y aromatic contact. The
Xxx−DPro band was not further evaluated for these peptides,
due to its much lower absorbance changes, for which kinetics
could not be reliably evaluated.

■ DISCUSSION
Role of Aromatic Contacts on Thermal Stability and

Structure. The relative thermal stabilities of the three-stranded
β-sheet structures studied here can be evaluated by comparison
of their different transition temperatures (Tables S3 and S10,
Supporting Information). All of our peptides have broad

thermal transitions, and their Tm values consequently must be
viewed more as qualitative indicators. To improve reliability, we
analyzed the data using various fitting approaches in an effort to
highlight the role of aromatic contacts on thermal stability. The
equilibrium IR data reflect β-strand formation, whereas CD
spectra monitor primarily cross-strand aromatic interaction, if
present. The correlation between Tm values and the degree of
β-strand development in the three-strand structures is more
complex than we might have anticipated. While 1W-2Y-3L,
with strand 1−2 aromatic contact, has the highest Tm, it does
not have the best defined NMR structure nor the most
complete β-strand formation. The 1L-2Y-3W, with a very
similar sequence, has both the lowest Tm and the worst formed
structure. The 1I-2Y-3L, with no aromatic contact, has a
somewhat lower Tm than 1W-2Y-3L, yet it develops the best
defined structure with most complete β-strands. Comparison of
1W-2Y-3L and 1I-2Y-3L suggests that the aromatic contacts of
strand 1−2 result in the stability increase of 1W-2Y-3L but at
the same time create some distortion of the β-strands. Similarly,
comparison of 1L-2Y-3W with 1W-2Y-3L, while keeping in
mind that 1I-2Y-3L has the best developed β-strand fold,
suggests the placement of the aromatic contact on strands 2−3
is both less stabilizing and leads to more distortion of the third
strand.
Our design sought to create a set of peptides with very minor

differences, namely, the placement of aromatic residues. To
minimize residue changes and keep the aromatic contact on
one side of the sheet, the cross-strand aromatic coupling in 1W-
2Y-3L must be closer to the first turn than are the aromatics in
1L-2Y-3W to the second turn. The differences in these two
peptides suggest that having a cross-strand link far from the
turn has less contribution to stability. Moreover, in both these
aromatic cross-linked structures, the first hairpin forms much
more completely than the second one, and the second one is
even more disordered in 1L-2Y-3W, despite there being an
aromatic link between strands 2−3 (see Figure 1). The variance
of structure uniformity in the NMR ensemble and relative Tm
values suggest that the overall sequence design acts as the
structure and stability driving force and that the aromatic
contact is secondary. Here, the DPro-Gly sequences stabilize the
tight hairpin turns, and the alternation of hydrophobic and
hydrophilic groups aids alignment of the residues. Our analyses
of the component hairpins gives further evidence to this
differentiation.
Consistent with the three-strand data, all the component

hairpins have IR spectra suggestive of at least partial β-strand
formation (Figures S5 and S6, Supporting Information). For
the N-terminal hairpins with no aromatic contacts (1I-2Y, 1L-
2Y) the low-temperature CD data (Figure S2, Supporting
Information) are in line with this, but the C-terminal variant
(2Y-3L) is less clear. The other two hairpins (1W-2Y and 2Y-
3W) have CD dominated by aromatic interaction. Those with
Trp-Tyr contacts could potentially be even more stabilized as
hairpins, but IR-derived Tm values, reflecting change of β-strand
structure, do not seem to differentiate them from similar
sequences without Trp-Tyr contacts. Likewise, the β-sheet
characteristics are more pronounced in the equilibrium IR
spectra for the N-terminal hairpins, as seen from their
somewhat sharper maxima occurring at a lower frequency
(∼1637 cm−1), with the partial exception of 1L-2Y (Figures S5
and S6, Supporting Information). Our preliminary 1D NMR
data support this as well, with 1W-2Y and 1I-2Y having more

Figure 6. Relaxation times of the β-sheet band for the N-terminal β-
hairpins 1W-2Y (blue ■), 1L-2Y (red ▼), and 1I-2Y (black ⬢) in a
temperature range of Tfinal = 5−50 °C. Shown are values for the fast
component τ1 of a biexponential fit of the respective transients. The
absorbance changes of 1L-2Y at final temperatures less than 20 °C
(data point in brackets) are very low; therefore, these values have
higher error and are less reliable. The lines indicate fits to the
Arrhenius equation.
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dispersion in the N−H region than do the other hairpins
studied.
The IR transition temperatures also reflect the stability

differences between the hairpins constituting strands 1−2 as
opposed to the hairpins forming strands 2−3, since the N-
terminal variants all have a transition temperature ∼20 °C
higher than the C-terminal ones (Table S10, Supporting
Information). Taking the error limits in consideration, the
Tm values are not significantly affected by the presence or
absence of cross-strand aromatic contacts for either the N-
terminal or the C-terminal hairpins. The CD-determined Tm
values for these hairpins do not provide a clear differentiation,
due to their less reliable fits, but for the two with cross-strand
aromatic contacts, having more reliable Tm values, that for 1W-
2Y is much higher than for 2Y-3W. The N-terminal hairpin is
consistently seen to be the more stable form. That placement of
the aromatics impacted the three-strand sheet stabilities more
than for the hairpins may be evidence of the aromatic contact
causing a distortion that impacts the alignment of the third
strand with the first two, a problem that would not impact
hairpins. Note that, for the previously studied Trpzip2 hairpin
peptides and their various mutants, the cross-strand aromatic
interaction was a structure driving force and definitely affected
the stabilities measured.6,17,43,45 The major difference between
those and the systems studied here is probably the DPro-Gly
turn sequence, which both stabilizes the turn and prevents
complete unfolding.40,42,46

Comparison of Dynamics and Relaxation Rates. We
studied the temperature dependence of relaxation rates and
analyzed if there is a correlation between the dynamics of the
three-stranded peptides and those of the component hairpins.
Table 2 shows selected relaxation times for all variants. They
consistently decrease with increasing temperature, as would be
expected, but to a different degree. For example, while 1W-2Y
and 1I-2Y are faster than 1L-2Y (the outlier) at Tfinal = 10 °C,
they are not much different at a higher final temperature of 35
°C. Similarly, while 1W-2Y-3L and 1I-2Y-3L are faster than 1L-
2Y-3W at Tfinal = 10 °C, the rates are again quite similar at Tfinal
= 35 °C. Furthermore, the relative rate pattern is the same in all
cases where the three-stranded structure has the slowest rate
and its component hairpins are faster with the C-terminal
hairpin being in each case the fastest. The temperature
dependencies (slopes of the Arrhenius plots) are similar but
not identical for each set of fits in Figure 7, particularly if the
outlier points for 1L-2Y are eliminated.
These Arrhenius plots (Figure 7 and Figure S12, Supporting

Information) are only used to describe qualitative trends, since
activation energies for relaxation processes are poorly defined.
The three-strand peptides studied here do not fold in an
obvious two-state manner. Their broad equilibrium transitions
are indicative of a multistate ensemble of structures, whose
change in distribution does not allow us to make a quantitative
determination of the equilibrium constants and consequently
prevents detailed analysis of the underlying kinetic steps.
Furthermore, the variance in rates for strand and turn segments,
although minor, further indicates a non-two-state process.45

Variation of Dynamics: Dependence on Both Pres-
ence and Location of Aromatic Contacts. In contrast to
the NMR and equilibrium data, the conformational dynamics,
as monitored in the T-jump relaxation processes, are more
strongly influenced by the presence as well as the location of an
aromatic contact. Figure 4 illustrates the general trends for the
dynamics of the three-stranded β-sheets. The variant without

aromatic contact (1I-2Y-3L) relaxes fastest as was previously
observed for alternate sequences with no aromatic inter-
actions.11,35 One factor in the impact of aromatics on rates is
displacement of solvent molecules to facilitate the formation of
cross-strand hydrophobic interactions and hydrogen bonds.
The dynamics of the structures having an aromatic contact

are slower and furthermore behave in a site-specific manner,
1L-2Y-3W being slower than 1W-2Y-3L. This different effect of
the aromatics on dynamics might be explained by the distance
between the DPro-Gly-turn and the Trp-Tyr cross-strand
interaction, which is shorter (two residues) in 1W-2Y-3L
than for 1L-2Y-3W (three residues). Similar effects of aromatic
contacts on relaxation rates were seen in our previous studies of
Trpzip2-based hairpins.43 There, mutants with two Trp
residues substituted with Val (one aromatic contact) had faster

Figure 7. Arrhenius plots (probed at ∼1630 cm−1) for each three-
stranded variant (black) together with its constituent C-terminal (red)
and N-terminal hairpins (blue). (a) 1W-2Y-3L (black ⬢) and its
constituting hairpins 2Y-3L (red ▼) and 1W-2Y (blue ■). (b) 1L-2Y-
3W (black ⬢) and its constituting hairpins 2Y-3W (red ▼) and 1L-
2Y (blue ■). For the N-terminal hairpin 1L-2Y data points with very
low absorbance changes (at low final temperatures below 20 °C) were
disregarded in the fit for the blue dotted line. (c) 1I-2Y-3L (black ⬢)
and its constituting hairpins 2Y-3L (red ▼) and 1I-2Y (blue ■).
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dynamics than did Trpzip2 with four Trps (two aromatic
contacts). This effect was more evident if the Trp residues
farther from the turn were substituted. Thus, we also observed
a slowdown by aromatic contacts and moreover site-specific
dynamics depending on the location of the aromatic contact
within the hairpin, namely, the closer the aromatic contact is
located to the turn, the faster are the dynamics.
Comparing the C-terminal hairpins 2Y-3W (aromatic

contact) and 2Y-3L (no aromatic contact) (Figure 5) the
relaxation is also slower (at lower temperatures) for the hairpin
with a cross-strand aromatic interaction. For the N-terminal
hairpins (Figure 6) we also see slower dynamics in the presence
of aromatic contacts (1W-2Y slower than 1I-2Y), although one
hairpin (1L-2Y) is an outlier and probably has a sequence-
driven effect contributing to its slow rate.
Site-Specific Dynamics. Comparing the dynamics of the

sheets (Figure 4a) with that of the Xxx-DPro link, which can
sense the turn region (Figure 4b), the overall trend is the same,
although the turn dynamics of 1W-2Y-3L resemble more those
of 1L-2Y-3W, whereas the sheet dynamics of 1W-2Y-3L are
closer to those of 1I-2Y-3L. A reduction in turn dynamics is
correlated to the less-well-defined turn that we also observe as a
variation in the ensemble of NMR structures (Figure 1), in that
1I-2Y-3L, without aromatic contact, has no turn variation and
the fastest dynamics. The aromatic contact between the sheets
may induce structural instability to the turn geometry.
The absorbance changes of the Xxx-DPro band of the N-

terminal hairpins were too small for a reliable analysis. For the
C-terminal hairpins, we do not observe a difference in turn
versus sheet dynamics, neither with nor without aromatic
contact. This may be a result of the Xxx-DPro band sensing the
turn-to-strand link, not the central turn region, or that the
differences are too small to be resolved in our measurements.
Selective isotopic labeling might be better suited to probe the
turn and the strands individually.

■ CONCLUSION

Our study of several triple-strand and related hairpin model
peptides, designed to have different interactions between the
strands, surprisingly showed that the absence of a direct
aromatic cross-strand contact did not lead to a significant loss
of thermal stability. The equilibrium properties seem to be
dominated by the influence of the DPro-Gly turn and general
hydrophobic and hydrophilic contacts in the largely conserved
sequences and only secondarily affected by the cross-strand
aromatic interaction. By contrast, the dynamics, as monitored
by the temperature dependencies of the T-jump induced
relaxation processes, are more sensitively influenced by the
presence and the location of an aromatic interaction. These
complexities suggest that the underlying (un)folding mecha-
nism is a multistate process, which is already indicated by the
small differences in dynamics observed for the Xxx-DPro linkage
as a site-specific probe. To further evaluate kinetic mechanisms
on the basis of individual amino acids, more selective IR probes
are needed. Isotope labeling potentially can provide such
insight and will be the focus of future study on these systems.
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Table S1: Data for the three-stranded β-sheet peptide structure determination obtained by 1H-
NMR spectroscopy. 

Peptide: 1I-2Y-3L 1W-2Y-3L 1L-2Y-3W 
Total NOE distance restraints 442 307 286 
  Intraresidue (i,i) 114 100 88 
  Sequential (i, i+1) 135 90 90 
  Medium range (2<=|i-j|<=4) 60 34 28 
  Long range (|i-j| > 4) 133 83 80 
Total dihedral angle restraints    
  PHI 11 11 11 
  PSI 0 0 0 
Violation analysis    
  Max dihedral angle violation (deg) 2 1 0 
  Max distance violation (A) 2.5 3.4 3.9 
Energies    
  Mean AMBER energy (kcal/mol) -651 -647 -613 
  Mean restraint energy (kcal/mol) 12 9 14 
Deviation from ideal geometry    
  Bond lengths (A) 0.0093 ± 0.0001 0.0094 ± 0.0001 0.0095 ± 0.0002 
  Bond angles (deg) 1.847 ±  0.022 1.893 ± 0.061 1.945 ± 0.083 
RMS deviations from mean structure    
  Backbone atoms (N, CA, C')(A) 0.58 0.94 1.61 
  All heavy atoms (A) 1.00 1.36 2.09 
Ramachandran analysis    
  Residues in most favorable regions (%) 94 94 81 
  Residues in additional allowed regions (%) 6 6 17 
  Residues in generous allowed regions (%) 0 0 0 
  Residues in disallowed regions (%) 0 0 2 

 

1H-NMR (1-D) and 2-D COSY of all peptides studied in this work were measured at 
500MHz, and for the three-strand models 2-D NOESY and TOCSY were obtained at 800 
MHz. The three-strand structures showed good dispersion in the NH region, the hairpin 1-D 
NMR were less dispersed, but more for 1W-2Y and 1I-2Y than the others. The structures of 
the three-strand variants were determined by assignment of proton resonances using CYANA, 
manual assessment of NOE peaks and minimization under the total restraints to 100 possible 
structures, for each peptide. The best 10 were further refined using AMBER8 and the ff99sb 
force field. As can be seen in the table, the 1I-2Y-3L had more resolved constraints and 
resulted in significantly lower RMS deviations from the mean structures. However all three 
structures were well determined, and the bond lengths and angles had little deviation from 
ideal geometries. None-the-less the 1L-2Y-3W definitely had worse RMS deviations and 
more residues out of favorable regions. The differences primarily showed up in strand 3, 
resulting in a much less well formed hairpin between strands 2-3 for 1L-2Y-3W than the 
others, but also 1W-2Y-3L was somewhat less well formed in strand 3 than was 1I-2Y-3L. 
The turn geometry favored Type I’, with the 10 best structures showing no deviations for 1I-
2Y-3L but a few Type II’ turns occurred for 1W-2Y-3L and more for 1L-2Y-3W. 

  



S3 
 

 

Figure S2:  CD spectra for all peptides. Shown are a) 1W-2Y-3L, b) 1L-2Y-3W, c) 1I-2Y-
3L, d) 1W-2Y, e) 2Y-3L, f) 1L-2Y, g)  2Y-3W and h) 1I-2Y in the temperature range from 
5 °C (blue) to 85 °C (red). 1W-2Y-3L, 1L-2Y-3W, 1W-2Y and 2Y-3W contain an aromatic 
interaction leading to a negative signal at ~213 nm and a positive signal at ~229 nm (which is 
clearly distorted in 1L-2Y-3W). Most peptides without aromatic interaction (no Trp (W), i.e. 
c, f, h), show spectra indicative of forming at least partial β-strand/hairpin structure (216 nm 
negative, strong 200 nm positive) with the possible exception of 2Y-3L (e) which appears 
more disordered. Spectra clearly show temperature variation, but fits of the changes gave 
poorly determined transitions (very little curvature) for the hairpins. 
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Table S3: Transition temperatures in °C for all sequences determined by thermal analyses of 
the 2nd component of a singular value decomposition of the far-UV CD spectra (190-250 nm).  

Peptide Meas.1 Meas.2 Meas.3 Tm 
Global Fit 

Fitting 
Error Variance 

1W-2Y-3L 61 (±3) 71 (±10)  65  ±4 ±6 
1L-2Y-3W 18 (±9) 16 (±3)  16 ±1 ±2 
1I-2Y-3L 54 (±5) 60 (±8) 48 (±3) 55 ±4 ±7 
1W-2Y 60 (±5)      
2Y-3L 63 (±61)      
1L-2Y 22 (±25)      
2Y-3W 19 (±6)      
1I-2Y 36 (±3)      

 

The very broad transitions were fit to a sigmoidal function with flat baselines and a sigmoidal 
transition 

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)/[1 + 𝑒𝑥𝑝((𝑇 − 𝑇𝑚)/𝑑𝑇)] 

where 𝐴1 is the initial value, 𝐴2 the final value and 𝑑𝑇 the slope factor. Tm values for multiple 
measurements for one peptide variant are presented in column 2-4. An estimate of error was 
made as the standard deviation of the Tm values determined sequentially for the set with one 
value taken out (typically 15-17 determinations) using the Jack Knife error estimates in the 
fitting program GLOVE. There was only one measurement for each of the hairpins due to a 
low reliability of the fits, but they are provided for comparison. For the three-stranded 
variants, global fits were determined for all the data sets having the same Tm but independent 
baseline parameters (column 5). The curves for the global fits of the three-stranded structures 
are shown below, corresponding errors (column 6) represent the quality of the fit. Scatter in 
independent measurements reflects the reproducibility between samples, therefore, the 
maximum variance of individual measurements from the global fit values is given in the last 
column.  

SVD of temperature dependent spectra was applied using Matlab software (MathWorks, MA 
(USA)). This method transforms the raw data matrix, 𝑫, by 𝑫 = 𝑼𝑺𝑽𝑻, where 𝑼 is the matrix 
of basis set spectra that describe the data, 𝑽 is the matrix of amplitude values as a function of 
experimental conditions (such as temperature), and 𝑺 is the diagonal matrix containing 
singular values describing the contribution of basis spectra to the data set. The first 
component spectrum represents the average of the set of spectra being analyzed, and the 
second component largest spectral variation from the average.  
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Global fits of the 2nd component of a singular value decomposition far-UV CD spectra (190-
250 nm) to a sigmoidal function with flat baselines for the various measurements of the three-
stranded β-sheet structures. Fits for one data set had the same Tm value (see Table S3) but 
independent baseline parameters. 
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Figure S4:  FTIR spectra of the three-stranded β-sheets in the amide I´ region for a) 1W-2Y-
3L, b) 1L-2Y-3W and c) 1I-2Y-3L in the temperature range from 5 °C (blue) to 95 °C (red).  
At low temperatures for all variants the characteristic features of an antiparallel β-sheet can be 
observed as a strong band at ~1637 cm-1 and a shoulder at ~1675 cm-1. Also at ~1612 cm-1 
another shoulder is visible due to the tertiary amide of Xxx–DPro. At higher temperatures the 
β-sheet band shifts to higher wavenumbers indicating the loss of β-sheet structure and the 
formation of disordered structure.  
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Figure S5: FTIR spectra of the C-terminal hairpins a) 2Y-3L and b)  2Y-3W in the amide I´ 
region in the temperature range from 5 °C (blue) to 95 °C (red). For these hairpins the β-sheet 
characteristics are less pronounced than for the three-stranded variants, the low-frequency 
band is located at 1643 cm-1, also the shoulder at 1674 cm-1 is weaker, both indicate a reduced 
amount of β-structure and increase of disorder. The tertiary amide of Xxx–DPro can be 
observed at ~1613 cm-1. At high temperatures the absorption maximum shifts to 1653 cm-1. 
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Figure S6: FTIR spectra of the N-terminal hairpins a) 1W-2Y, b) 1L-2Y and c) 1I-2Y in the 
amide I´ region in the temperature range from 5 °C (blue) to 95 °C (red). The N-terminal 
hairpins show a more developed β-strand structure than the C-terminal ones. The high-
frequency β-sheet band at ~1675 cm-1 is much stronger pronounced while the low-frequency 
band is sharper and observed at ~1637 cm-1 (for 1W-2Y and 1I-2Y). For 1L-2Y the low-
frequency band is observed at ~1640 cm-1 indicating less developed β-structure for this 
sequence in comparison to the other N-terminal hairpins. This is in good agreement with the 
NMR data and the transition temperatures of the three-stranded variants, where the 1L-2Y-
3W also shows a less complete β-strand formation than the other three-stranded variants.   
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Figure S7: Differences in thermal stability between the N-terminal and C-terminal hairpins of 
1W-2Y-3L. The very broad transitions were fit to the sigmoidal equation (solid lines). The 
corresponding midpoints of the thermal transitions gave 𝑻𝒎  of 60±5 °C for 1W-2Y (black) 
and 36±4 °C for 2Y-3L (red), as obtained by thermal analyses of the 2nd component of 
singular value decompositions of the amide I´ region (1600-1700 cm-1). For comparison, the 
respective curve of the parent three-strand structure (1W-2Y-3L) is also indicated by the 
dashed blue line (𝑻𝒎 = 68±4 °C). 
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Figure S8: Differences in thermal stability between the N-terminal and C-terminal hairpins of 
1L-2Y-3W. The corresponding sigmoidal fits are given by the solid lines, whose midpoints 
gave 𝑇𝑚  of 58±6 °C for 1L-2Y (black) and 29±3 °C for 2Y-3W (red) as obtained in Figure 
S7. For comparison, the respective curve of the parent three-strand structure (1L-2Y-3W) is 
also indicated by the dashed blue line (𝑇𝑚 = 56±5°C). 
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Figure S9: Differences in thermal stability between the N-terminal and C-terminal hairpins of 
1I-2Y-3L. The corresponding sigmoidal fits are the solid lines, whose midpoints gave 𝑻𝒎 of 
56±4 °C for 1I-2Y (black) and 36±4 °C for 2Y-3L (red) as obtained for Figure S7. For 
comparison, the respective curve of the parent three-strand structure (1I-2Y-3L) is also 
indicated by the dashed blue line (𝑻𝒎 = 62±3 °C).   
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Table S10: Transition temperatures in °C for all sequences determined by thermal analyses of 
the 2nd component of a singular value decomposition of the amide I´ region (1600-1700 cm-1). 

Peptide Meas.1 Meas.2 Meas.3 Meas.4 Tm 
Global Fit 

Fitting 
Errora Variancea 

1W-2Y-3L 67 (±2) 72 (±3)   68  ±2 ±4 
1L-2Y-3W 51 (±3) 60 (±4) 54 (±10) 55 (±2) 56  ±1 ±5 
1I-2Y-3L 59 (±1) 65 (±1) 60 (±9)  62  ±1 ±3 
1W-2Y 55 (±5) 60 (±8) 59 (±9) 63 (±10) 60  ±3 ±5 
2Y-3L 33 (±3) 32 (±10) 36 (±8)  36  ±3 ±4 
1L-2Y 57 (±6) 64 (±11)   58  ±3 ±6 
2Y-3W 27 (±6) 30 (±7)   29  ±3 ±2 
1I-2Y 55 (±3) 57 (±9)   56  ±4 ±1 

a To account for the broad transitions, the larger of the values was chosen to be presented in the main text 

The very broad transitions were fit to a sigmoidal function with flat baselines (see above). Tm 
values for multiple measurements for one peptide variant are presented in column 2-5. The 
single measurements which show the transition most clearly (column 2) were chosen to be 
presented in Figure 2 and Figures S7-S9. An estimate of error was made as the standard 
deviation of the Tm values determined sequentially for the set with one value taken out using 
the Jack Knife error estimates in the routines in GLOVE. Furthermore, global fits were 
determined for all the data sets having the same Tm but independent baseline parameters 
(column 6). The curves for the global fits of the three-stranded structures are shown below, 
corresponding errors (column 7) represent the quality of the fit. Scatter in independent 
measurements reflects the reproducibility between samples, therefore, the maximum variance 
of individual measurements from the global fit values is given in the last column.  

Other fit functions with additional parameters describing the slope of the baseline for the 
folded and unfolded state were tested as well, however, they were often found to be very 
prone to error and to give numbers without physical meaning. 
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Global fits of the 2nd component of a singular value decomposition of the amide I´ region 
(1600-1700 cm-1) to a sigmoidal function with flat baselines for the various measurements of 
the three-stranded β-sheet structures. Fits for one data set had the same Tm value (see Table 
S10) but independent baseline parameters.  
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Table S11: Representative relaxation times of the β-sheet band for the N-terminal β-hairpins 
1W-2Y, 1L-2Y and 1I-2Y at final temperatures of 10 °C and 35 °C as fit by a bi-exponential 
function ∆𝑨 = 𝑨𝟎 + 𝑨𝟏 ∗ 𝒆−𝒕/𝝉𝟏 + 𝑨𝟐 ∗ 𝒆𝒕/𝝉𝟐. The fast relaxation time 𝝉𝟏 was in a time range 
similar to that for the three-stranded β-sheets and the C-terminal hairpins, 𝝉𝟐 was significantly 
slower. 

Peptide 
𝝉𝟏 [µs]a 𝝉𝟐 [µs]a 

10 °C 35 °C 10 °C 35 °C 

1W-2Y 1.16(±0.12) 0.36(±0.03) 26.8(±4.36) 4.02(±1.09) 

1L-2Y [4.18(±1.00)]b 0.26(±0.09) 40.9(±2.04) 4.60(±0.40) 

1I-2Y 0.84(±0.08) 0.32(±0.03) 49.7(±3.85) 6.17(±0.51) 

 

a the error was determined by the regular residual as the mean of individual measurements in a temperature range 
of T = 7.5-12.5 °C or T = 32.5-37.5 °C  
b low reliability due to very low absorbance changes at low temperatures 
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Figure S12: Comparative Arrhenius plot of the three-stranded variants 1W-2Y-3L (blue 
squares), 1L-2Y-3W (red triangles) and 1I-2Y-3L (black hexagons) at the Xxx–DPro band. 
The straight lines represent fits to the Arrhenius equation, giving a qualitative description of 
relative temperature variation of the relaxation rates. 
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ABSTRACT: Infrared detected temperature-jump (T-jump) spectroscopy and
site-specific isotopic labeling were applied to study a model three-stranded β-sheet
peptide with the goal of individually probing the dynamics of strand and turn
structural elements. This peptide had two DPro-Gly (pG) turn sequences to
stabilize the two component hairpins, which were labeled with 13CO on each of
the Gly residues to resolve them spectroscopically. Labeling the second turn on the
amide preceding the DPro (Xxx-DPro amide) provided an alternate turn label as a
control. Placing 13CO labels on specific in-strand residues gave shifted modes
that overlap the Xxx-DPro amide I′ modes. Their impact could be separated from
the turn dynamics by a novel difference transient analysis approach. Fourier-
transform infrared spectra were modeled with density functional theory-
computations which showed the local, isotope-selected vibrations were effectively
uncoupled from the other amide I modes. Our T-jump dynamics results, combined
with nuclear magnetic resonance structures and equilibrium spectral measure-
ments, showed the first turn to be most stable and best formed with the slowest dynamics, whereas the second turn and first
strand (N-terminus) had similar dynamics, and the third strand (C-terminus) had the fastest dynamics and was the least
structured. The relative dynamics of the strands, Xxx-DPro amides, and 13C-labeled Gly residues on the turns also qualitatively
corresponded to molecular dynamics (MD) simulations of turn and strand fluctuations. MD trajectories indicated the turns to
be bistable, with the first turn being Type I′ and the second turn flipping from I′ to II′. The differences in relaxation times for
each turn and the separate strands revealed that the folding process of this turn-stabilized β-sheet structure proceeds in a
multistep process.

■ INTRODUCTION

Structures containing β-sheets have become the focus of many
protein folding studies because a sheet-containing secondary
structure is ubiquitous for many misfolded protein states,
including aggregates and fibrils.1,2 For controlling the more
complex nonsequential structure forming possibilities for β-
sheets, many studies have utilized hairpin designs to create
monomeric targets.3−5 Two-strand hairpins are fully solubi-
lized unlike sheets found in most protein systems, but a three-
strand design can have a central strand with H-bonds to the
first and third strand, analogous to interactions in a more
extended sheet structure. Several such models exist,6−18 and
some of the most stable use DPro-Gly turn sequences to lock in
the turn conformation and initialize formation of the
component hairpins and/or add aromatic cross-strand hydro-
phobic interactions for added stability. It is important to test
the relevance of these sheet models that use constrained turns
by exploring the mechanism of their formation, a topic we are
studying. We have previously reported on a series of structural,
equilibrium, and dynamics studies for related sequences
incorporating such designs.19,20 Those studies were global in
nature, involved extra stabilization by aromatic hydrophobic

interactions, and, in retrospect, provided minimal sensitivity for
separate behaviors of the strands and turns. Here, we provide
site-specific dynamics for one of these sequences using various
isotopic labeling schemes.
Conventional β-sheet formation is best detected with

infrared (IR) methods, often focused on the amide I band
(CO stretch),10,11,21−23 because electronic circular dichro-
ism (CD) in the ultraviolet is very weak for sheet structures
and fluorescence mainly detects changes in tertiary structures.
Vibrational spectra are much more resolved than electronic,
and the resultant band frequencies reflect the amide backbone
conformation, but the contributions of individual amides are
generally unresolved. Previously, we used the Xxx-DPro amide
I′ band24 (I′ indicates H−D exchanged) to monitor some
aspects of the turn because such tertiary amides yield a
uniquely resolved, lower amide I′ frequency, but in most cases,
their dynamics were not distinguishable from those of the
strand.19,20 A more precise and selective approach is to
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substitute the amide CO with 13C which leads to a shift of
∼40 cm−1 down in frequency for the associated amide I′ band
(if viewed as uncoupled from other amides). This normally
results in a feature that is shifted outside the residual 12C amide
I′ bandwidth that can be used to monitor changes in the local
structure.25−33

To monitor the naturally fast dynamics (microsecond
timescale) of structure fluctuations and folding for such small
β-sheet peptides, we utilize laser-initiated temperature-jump
(T-jump) relaxation kinetics measurements with IR detec-
tion.19,20,29,34−47 In our previous study, we analyzed three-
stranded sheet model peptides with hairpins between strands
1−2 and 2−3, stabilized by DPro-Gly turns. One of our
designs, that had no direct aromatic hydrophobic interactions,
but did have various other cross-strand contacts, both
hydrophobic and salt-bridge in design, also formed a uniform
β-sheet structure. This peptide sequence provides a good
candidate for testing the relevance of such artificially turn-
stabilized structures for modeling folding/unfolding processes
in protein systems, independent of aromatic interaction effects.
The dynamics of the β-strand band and the Xxx-DPro band as
determined in our previous study were roughly equivalent,20

which might indicate that the Xxx-DPro amide senses the sheet-
strand-link rather than, more locally, just the turn. In this
study, we explore the utility of the Xxx-DPro band as a
structural probe by incorporating independent isotopic labeling
of the Gly residue on each turn and on the Val linking to the
second turn (Val-DPro-Gly) as well as on selected residues in
strands 1 and 3. In addition, we developed alternative methods
of data analysis to deconvolve overlapping contributions from
different modes to the transients measured at selected
wavelengths. To better understand the coupling of various
local motions and their potential impact on the observed
dynamics, detailed density functional theory (DFT) simu-
lations of the amide vibrational spectra were used to model
spectral dispersions and normal mode compositions. Addi-
tionally, molecular dynamics (MD) simulations based on our
nuclear magnetic resonance (NMR) structures were used to
correlate the structural fluctuations of specific structural
features with the site-specific dynamics we have measured.

■ METHODS
The peptide sequence, SVKFITS-pG-KTYTEV-pG-TKTLQE-
NH2 (where p denotes DPro), was modeled after a design of
Gellman and co-workers,6,48 as was fully discussed in our

previous report.20 The peptide was singly labeled with 13C on
the amide CO for each of the underlined residues. This
sequence was originally denoted 1I-2Y-3L, to distinguish it
from other sequences in that work,20 but to simplify the
notation in this paper, we here refer to it as pG2, relating to
the DPro-Gly turns. Five different isotopically labeled variants
were prepared, pG2-9X, pG2-17X, labeled with 13C on the
Gly9 and Gly17 residues of the first and second turns,
respectively, pG2-15X labeled on Val15 next to the second
turn, and pG2-5X and pG2-21X labeled on the Ile5 and
Leu21 in strands 1 and 3, respectively, as indicated in Scheme
1.

Peptide Synthesis and Purification. Peptides were
obtained from SciLight Biotechnology LLC, Beijing, China,
after being synthesized using standard FMOC methods,
cleaved from the resin, purified with high-performance liquid
chromatography (95−99% purity) and characterized with
matrix-assisted laser desorption/ionization mass spectroscopy.
For IR studies, to eliminate spectral interference from
trifluoroacetate counterions remaining from steps in the
synthesis, peptide samples for IR study were dissolved in 0.1
M DCl and lyophilized three times. These H/D exchanged
peptides were redissolved in D2O at concentrations of ∼10
mg/mL. Equilibrium CD for pG2 and IR spectra for all of the
isotopically labeled variants were obtained as has previously
been described for the unlabeled peptide,20 for which
experimental details are also given in the Supporting
Information.

Temperature-Jump Dynamics Measurements. T-jump
data were obtained using the quantum cascade laser (QCL)-
based spectrometer that we have described separately in
detail.19,20,42 In brief, a Q-switched Ho:YAG laser (IPG
Photonics Corporation, U.S.A.) operated at 2090 nm is used to
excite a D2O overtone vibration and provide a rapid increase in
temperature within the focal volume. A chopper was
synchronized with the pump laser to block alternate pulses,
resulting in an excitation repetition rate of 5 Hz with a pulse
duration of 9 ns and a maximum pulse energy of 14 mJ. The
spot size of the excitation beam is about 2 mm in diameter.
Different neutral density attenuators were used to adjust the
magnitude of the T-jump. For most samples, a T-jump of ΔT
≈ 8 °C was used; however, a smaller jump was required to
obtain the lowest final temperatures of about 5 °C. The
relaxation dynamics were monitored at selected wavelengths
using a probe beam from a tunable QCL. Recently, this setup

Scheme 1. Generic Layout of the Three-Stranded Sheet Model for pG2 with the Isotopically Labeled Positions: Gly9, Gly17,
Val15 on Turns, and Ile5, Leu21 on Strands, Indicated by Red Ellipsesa

aUnique COs on Xxx-DPro amides are indicated in blue highlights. Note that each peptide variant studied contains only a single label.
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was expanded with a MIRcat-QT laser system (Daylight
Solutions Inc., U.S.A.) to enlarge the accessible spectral region,
including one QCL (M2062-PCX) with a cw tuning range
from 1730−1480 cm−1 which is ideally suited for the 13CO
isotope studies. The laser beam was focused on a probe spot
(Ø ≈ 300 μm) that was significantly smaller than the diameter
of the excitation beam.
The initial sample temperature of the sample was controlled

by a water bath connected to the sample holder. The samples
were similarly prepared as for the equilibrium IR studies and
placed in a demountable CaF2 cell with a path length of 100
μm. The final temperature (after the jump) was calculated by
referencing the derived absorbance change of the solvent at the
respective wavelength to the corresponding temperature-
dependent Fourier-transform infrared (FTIR) spectra of
D2O.

19 Typically, ∼1000 transients were averaged to reduce
noise, and a software filter was used to remove distorted
transients caused by cavitation effects.49 To correct for the
influence of solvent kinetics, the sequentially measured solvent-
only signal was scaled and subtracted from the peptide sample
signal. The resulting transients were subjected to a
quasilogarithmic averaging procedure so that an equal number
of points were distributed in each time decade (20 points per
decade), leading to a significant reduction of noise and
distortion in the transients. Relaxation kinetics were evaluated
in a time interval from 300 ns up to 1.2 ms using a
monoexponential decay function. Time constants, τ, were
determined for different final temperatures varying from 5 to
55 °C, and the resultant rate constants, k, were fit to an

Arrhenius relation = −( )k A exp E
RT

a where Ea is an activation

energy and A is a pre-exponential scaling factor, to represent
relative thermal dependences. The measured transients, and
thus the derived relaxation rates, have a reproducibility error
which has been estimated from repeated measurements to be
about ±150 ns for larger amplitude transient signals. However,
the errors were larger for the very weak absorbance changes of
the single-labeled modes.
Spectral Computations. DFT calculations of the energies,

force fields (FF) and atomic polar tensors were carried out for
a model peptide constrained to the pG2 NMR-determined
main chain ϕ,ψ torsional angles, but with all residues except for
DPro and Gly converted to Ala. This reduction in the number
of atoms (and hence electrons) enabled us to calculate the
spectral data with a reliable basis set but without reduction of
the peptide length. Final energy optimizations and spectral
parameter computations were done at the BPW91/6-31G*/
PCM level using the Gaussian09 suite of programs.50 To
simulate spectra of isotopically labeled variants, the appropriate
CO masses were converted (as well as H to D for all
exchangeable Hs) and the FFs re-diagonalized using a set of
programs provided by Prof. Petr Bour,̌ Czech Academy of
Science, Prague.51 The resultant frequencies had normal DFT
errors for amide harmonic FFs, resulting in amide I frequencies
that are too high. Using a polarizable continuum model
(PCM) to simulate effects of the solvent only partially corrects
for this error. To better adjust for solvent effects, minor
modifications to diagonal components of the FF were made to
improve the relative separations of the various simulated amide
mode frequencies and account for solvation effects on the
outer strands as is described in the Supporting Information.
The resultant normal mode frequencies were represented with
Gaussian bands, arbitrarily assigned 12 cm−1 nominal half-

widths, scaled to the dipole intensities and summed to simulate
overall spectral envelops that reflect the experimental results.
Normal modes and coupling between local oscillators were
visualized using other programs from Petr Bour’̌s lab.51

Molecular Dynamics Simulations. The lowest energy
NMR structure of pG2 was subjected to unrestrained MD
simulations for 200 ns. The 24 residue NMR structure was
solvated into a rectangular box of TIP3P water molecules
(∼3500) extended out 12 Å from the nearest solute atoms.
Calculations used the Amber force field FF14SB on a
workstation (Exxact Corp. with four GeForce GTX-980
GPU cards) optimized for the Amber 14 package with GPU-
accelerated PMEMD.52

The entire system was initially energy minimized with 5000
steps of steepest descent followed by 5000 steps of conjugate
gradient minimization. The energy minimized system was then
subjected to seven more stages of heating and equilibration.
During these steps, the solute atoms were subject to restraints
which were ramped down at each stage. All covalent bonds
involving hydrogen atoms were restrained with the SHAKE
algorithm.53 Electrostatic interactions were treated with the
particle mesh Ewald (PME) summation54 having a cutoff of 12
Å. Stage 1 was NVT heating having the solute atoms held fixed
with a 1 kcal·mol−1 Å−2 Cartesian restraint, while the solvent
was free to move for 50 ps, with 2 fs steps and a Langevin
dynamics temperature control with a collision frequency of
2.0/ps. Stage 2 held the system steady for 50 ps at 300 K and
the same positional restraints with a Berendsen thermostat
switched on to allow pressure equilibration. Stage 3 was a
longer run of 500 ps under NPT conditions and the same
positional restraints. Stages 4−8 are the same as stage 3;
however, the Cartesian restraints are relaxed to 0.5, 0.1, 0.03,
0.007, and 0.002 kcal·mol−1 Å−2, respectively, for a total of 3.5
ns of restrained MD to attain equilibration under progressive
release of the solute movement.
An unrestrained NPT MD was then allowed to run for an

additional 200 ns from which snapshots of the trajectories were
stored every 10 ps. CPPTRAJ55 was used to analyze the
trajectories for information such as torsional angles and
distances between atoms. Trajectories were viewed within
the UCSF program Chimera.56

■ RESULTS
This peptide was designed to fold into a soluble three-stranded
sheet which has been confirmed by NMR structure
determination, as previously reported.20 The DPro-Gly turns
adapted a Type I′ character in all examples encompassing the
best 10 structures in the ensemble;57 however, the second turn
(residues 16−17 between strands 2 and 3) does show more
variation, on average, particularly for the Pro ω (amide
torsion). For a representation of the best-fit NMR structure,
see Figure 1 and refer to Figure S1 in the Supporting
Information, for an illustration of variations in NMR structures
for the 10 best structures in the NMR ensemble and an
expanded representation of their overlap for the turn
sequences. Table S1, Supporting Information, provides a
summary of their respective ω, ϕ, and ψ angles.
Although the N-terminal residues appear disordered, the first

hairpin, encompassing strands 1−2, was somewhat better
formed overall, particularly in terms of well-formed H-bonds,
than the second one, strands 2−3. The peptide sheet was
strongly right-handed twisted (as viewed along the strands),
which is normal for β-sheets in globular proteins. Because the
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Tyr and Phe residues are on opposite sides of the sheet, there
is no aromatic interaction; however, aliphatic hydrophobic
contacts are present and there are two potential salt bridges,
although the latter are actually not well-formed in the best-fit
NMR structure.
Equilibrium CD and IR. The pG2 CD spectra show

evidence of β-sheet formation with a minimum at ∼216 nm
and a maximum at ∼199 nm (Figure S2, Supporting

Information). With increasing temperature the maximum
gradually collapses, having an apparent Tm ≈ 55 °C. However,
a clear, cooperative transition and a fully disordered structure is
not obtained, implying a residual structure because of the
constrained turns resulting from the restricted Pro (ϕ)
torsional conformation.
The temperature-dependent IR spectra of all isotopic pG2

variants (see Figure S3a−f, Supporting Information) exhibited
an amide I′ pattern characteristic of β-hairpins at low
temperatures, having a major peak at ∼1636−1639 cm−1

with a weaker shoulder to higher wavenumbers at ∼1673
cm−1. Another shoulder appears at ∼1611−1614 cm−1 due to
the Xxx-DPro tertiary amides of the two β-turns.24 For the
variants labeled for Gly on each turn, pG2-9X and pG2-17X,
we can detect a resolved sideband resulting from the labeled
amide, which appears as a very weak shoulder at ∼1590−1595
cm−1. pG2-15X, labeled on the unique Val-DPro amide, at turn
2, has a band at a lower wavenumber, ∼1570 cm−1, having
shifted from 1612 cm−1, and its band at 1612 cm−1 is
correspondingly weaker than that for the other variants. The

Figure 1. Representation of the best-fit NMR structure. (a) View
from above sheet, showing anti-parallel structure and central Tyr in
front; (b) view on edge of sheet, showing twist. Side-chains are
indicated, but nonpolar Hs are suppressed.

Figure 2. Variation of relaxation times for all peptide variants as a function of the respective final temperatures for (a) unlabeled peptide, pG2, and
labeled peptides: (b) pG2-5X, (c) pG2-9X, (d) pG2-15X, (e) pG2-17X, and (f) pG2-21X. The decay of β-sheet structure was monitored at 1632
cm−1 (blue circles), the rise in disordered structure at 1664 cm−1 (red triangles). For the strand-labeled peptides, (b) pG2-5X and (f) pG2-21X,
the Xxx-DPro band at ∼1612 cm−1 (green squares) overlaps with the label band, whereas for the turn-labeled variants (c) pG2-9X and (e) pG2-
17X as well as for (d) pG2-15X a separate band for the labeled mode can be analyzed (black diamonds). The lines represent fits to the Arrhenius
equation as a qualitative description of the temperature dependence of the relaxation times.
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1612 cm−1 band for the strand-labeled variants, pG2-5X and
pG2-21X, is higher in intensity because of the overlap of the
labeled mode with the Xxx-DPro modes. Its intensity variation
as compared to pG2 provides a possibility of (partially)
deconvolving the strand impact on the spectra and dynamics.
At high temperatures, the IR bands broaden and shift their
maxima to ∼1648−1652 cm−1, with some residual shoulders
still evident to both higher and lower frequencies. The
transition temperatures as obtained from fitting the second
component of the singular value decomposition of the amide I′
band shape temperature variation with a sigmoidal fit (for an
example see Figure S4, Supporting Information, and the
summary of fit values in Table S2, Supporting Information)
were consistent for all of the isotopic variants (Tm ≈ 62 °C for
pG2).
Temperature-Jump Dynamics. The T-jump experiments

were performed at selected wavenumbers in the amide I′
region that were determined from the maximum absorbance
changes in the FTIR equilibrium data, which can be best
identified in the difference spectra (see Figure S3a−f,
Supporting Information). Changes in the β-sheet structure
were primarily sensed at ∼1630 cm−1 and those in the
Xxx-DPro tertiary amide band at ∼1612 cm−1, whereas the Gly-
labeled turn residues (in pG2-9X and pG2-17X) were probed
at ∼1590−1595 cm−1. An increase in disorder was probed at
∼1663 cm−1. The band at ∼1612 cm−1 probes both DPro-turns
(which are effectively degenerated, and, in the case of pG2-5X
and pG2-21X, also probes the overlapping strand-labeled
mode), whereas the band at ∼1590−1595 cm−1 selectively
probes each turn via its Gly residue for pG2-9X and pG2-17X.
The label on the Val15 position, for pG2-15X, shifts the
Xxx-DPro band of the second turn to 1570 cm−1, allowing
discrimination between the two Xxx-DPro amides and,

consequently, selective monitoring of both turns with one
peptide.
As mentioned above, labeling the sheet-residues in pG2-5X

and pG2-21X induces frequency shifts which overlap the
Xxx-DPro tertiary amide band at ∼1612 cm−1. Thus detection
of site-specific relaxation of the strands was impeded by this
overlap, but the relative changes compared with other modes
and to the unlabeled species allow alternative means of
analysis.
Relaxation kinetics for all of the pG2 isotopic variants were

measured for final temperatures over the range of ∼5−55 °C.
After correction for solvent contribution to the observed
dynamics, the modified relaxation transients were fit to a
monoexponential function, as previously explained in detail.20

The log-linear relaxation transient plot shows very good fits
above 300 ns for all wavelengths monitored, an example of
which is shown in Figure S5, Supporting Information.
The temperature-dependent variation in relaxation times

was probed at various wavenumbers (Figure 2). All peptides
were studied at 1610−1614, 1632, and 1664 cm−1, as shown
for the unlabeled peptide pG2 (Figure 2a), and the strand-
labeled variants pG2-5X and pG2-21X (Figure 2b,f). In
addition, the isotopically turn-labeled variants, pG2-9X and
pG2-17X, were probed at 1590−1595 cm−1 (Figure 2c,e), and
the Val-DPro-labeled variant, pG2-15X, which discriminates
between the two Xxx-DPro turns, were probed at 1568 cm−1

(Figure 2d).
As previously reported, the relaxation times are fast, less than

4 μs at 10 °C, and decrease to ∼500 ns at 50 °C. Consistent
kinetics are seen for comparable bands in all species, but the
relative relaxation rates of the ∼1612 and 1632 cm−1 bands do
deviate at low temperatures, as seen previously for the
unlabeled species,20 and this variation is made even more
complex by the labeling. The strand-labeled component

Figure 3. Transients for (a) pG2-5X and (b) pG2 probed at various wavenumbers encompassing the Xxx-DPro amide, the labeled and unlabeled β-
strand amide I′ modes for a final temperature of 11 °C. (c) Difference transients obtained by the subtraction of pG2 from the labeled pG2-5X. To
allow a suitable representation in one figure, the transients in (a−c) were offset. Probe wavenumbers were varied in steps of 5 cm−1 starting from
1605 cm−1 (green) to 1665 cm−1 (red). (d) FTIR double difference spectra of the amide I′ band of pG2-5X in the temperature range of 5 °C
(blue) to 95 °C (red). Spectra were obtained by subtraction of temperature-dependent difference spectra of pG2 from those of pG2-5X.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b08336
J. Phys. Chem. B 2018, 122, 10445−10454

10449

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b08336/suppl_file/jp8b08336_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b08336/suppl_file/jp8b08336_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b08336/suppl_file/jp8b08336_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b08336/suppl_file/jp8b08336_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b08336


contributes to the 1612 cm−1 band for pG2-5X and pG2-21X,
so that probing dynamics at this wavenumber monitors both
the turn and strand. For most variants, dynamics at 1632 cm−1

are faster than at ∼1612 cm−1. These trends reverse their
relative order for the pG2-21X species (labeled on the third
strand), with the ∼1610 cm−1 band showing faster dynamics,
because of mixing in of contribution from the labeled residue
on the (less-stable) third strand. By contrast, for the pG2-5X,
labeled on the first strand, the kinetics detected at 1612 cm−1

are slightly but reproducibly slower than for the unlabeled
pG2, as better resolved in our novel differential analysis
presented below.
This overlap of strand and turn spectral components poses a

challenge to the interpretation of the dynamics and thermal
variation. Thus, we developed a novel analysis method to
resolve overlapping modes by creating difference transients,
whereby the dynamics (relaxation curves) for the unlabeled
pG2 species (Figure 3a) were subtracted from the correspond-
ing relaxation curves of the strand-labeled variants, pG2-5X
(Figure 3b) and pG2-21X (Figure S6, Supporting Informa-
tion). In principle, this should result in isolating the dynamics
of the labeled amide component because all three species have
the same unlabeled turn sequences, and the Xxx-DPro modes in
common are relatively uncoupled from other modes (see next
section). To account for small differences in the optical path
length and concentration of individual samples, the solvent-
corrected transients of pG2 were scaled by an adjustable factor
so that the absorbance change at 1660 cm−1 is similar to that of
pG2-5X assuming that this spectral region is affected only little
by labeling. An example application of this method, for pG2-
5X at a final temperature of 11 °C, is shown in Figure 3. In the
spectral region between 1605 and 1620 cm−1 (Figure 3c, green
traces), a decrease in the differential absorbance with time is
evident, revealing the decay of the strand 1 contribution to the
Xxx-DPro band that arises from the label on Ile5.
This decrease in differential absorbance can also be

monitored in equilibrium by the corresponding FTIR double
difference spectra (Figure 3d). A negative band is present at
∼1611 cm−1 in the double difference, revealing more change
for pG2-5X in comparison to pG2 because of the additional
contribution of the strand 1 label. The spectra were obtained
by subtraction of temperature-dependent difference spectra of
pG2 (Figure S3a, Supporting Information) from those of pG2-
5X (Figure S3b, Supporting Information).
Similarly, a positive band is seen at 1631 cm−1, indicating

less change in the β-strand region for pG2-5X because the
contribution for the strand 1 label was shifted to lower
wavenumber. Correspondingly, the difference transient signals
between 1625 and 1635 cm−1 (Figure 3c, blue traces) increase
with relaxation in contrast to the absorbance transients (Figure
3a,b). For the disordered structure, probed at 1645−1665
cm−1 (Figure 3c, red traces), the differential transients are
almost flat according to our assumption.
We have also compared the relaxation times derived from

the conventional 1612 cm−1 absorbance transient for pG2-5X
with the ones obtained from the difference transients. A
variation in the time constants is expected because the
absorbance transient reflects the dynamics of both, strand 1
and turns, whereas the differential relaxation isolates the Ile5
contribution and its time constant should reflect only strand 1.
Indeed, for low final temperatures, the resultant relaxation rate
constants from this difference analysis (Ile5 in strand 1) were
observed to be slower than both the average of the two turns

(pG2) as well as the overlapped modes of turns and isotope
label (pG2-5X). Fits to the Arrhenius relationship (Figure S7,
Supporting Information) gave values of 1.94 μs for the
difference analysis, 1.63 μs for pG2 and 1.70 μs for pG2-5X at
a final temperature of 11 °C. Thus, our new method can derive
small changes in kinetics resulting from the labeled strand
contribution, even though these are spectrally overlapped. This
general behavior could also be observed for pG2-21X (Figure
S6, Supporting Information).
Monitoring the dynamics (Figure 2) at 1595 cm−1 and

individually sensing the labeled turns shows that the first turn
(pG2-9X) has significantly slower relaxation than the second
turn (pG2-17X). The turn 2 kinetics are in fact about the same
as that for the average of both turns probed by the unlabeled
pG2 at 1612 cm−1. The difference between the two turns is
also reflected in the frequency-dependent relaxation of pG2-
15X . The 13C-labeled amide mode of pG2-15X
(Val15-DPro16) at 1568 cm−1 monitoring the second turn
relaxes very similarly to the 1590 cm−1 band of pG2-17X. By
contrast, the Ser7-DPro8 mode which is not shifted and
therefore for this variant solely monitors the first turn, relaxes
significantly slower, consistent with the slow relaxation of pG2-
9X. Furthermore, the labeled band for turn 1 (pG2-9X at 1590
cm−1) has slower relaxation than the component correspond-
ing to the labeled strand 1 (pG2-5X at 1612 cm−1). In a
parallel fashion, the label on turn 2 (pG2-17X at 1595 cm−1)
also has a slower relaxation than the strand 3 labeled
component (pG2-21X at 1610 cm−1). Thus, three different
characteristic temperature variations for site-specific relaxation
rates develop, which distinguish the turns and the contribu-
tions of the strands from the more complex 1612 cm−1

Xxx-DPro band.
Spectral Simulations. Computed spectra for the Ala-

analog peptide constrained to the pG2 NMR torsional
structure obtained with an unmodified DFT-FF did not fully
match the experimental observations for specific 13C
substitutions. However, by modest modification (see DFT
Computation Section, Supporting Information), it was possible
to correct the FF for missing solvation effects and qualitatively
simulate the relative (β-strand, Xxx-DPro and labeled amide)
mode separations to reflect experimentally observed patterns
(see Figure S8a−f, Supporting Information). The band shapes
for the unlabeled modes of all variants qualitatively match the
experimental spectra, although they do not have quite enough
dispersion. The labeled bands then have the patterns seen
experimentally with the labeled Gly9 and Gly17 turn modes
being resolved from the Ala-DPro modes but the labeled Ala5
and Ala21 strand modes overlapping them.
Such a FF modification provides a way to explore selected

resultant normal mode compositions and determine how
isolated (or not) the local oscillators become after labeling.
Labeling indeed creates local amide I′ modes, with some
variation depending on the site (as shown in Figure S9,
Supporting Information). Consistent with our earlier assertion
of their relative decoupling from the β-strand modes,19,20,24 the
Xxx-DPro amides always give nearly degenerate modes, whose
motions are virtually isolated from other amides. They are
local, uncoupled probes of structure, but unfortunately overlap
spectrally. The pG2-15X variant successfully addresses this
overlap by selectively labeling one of them.
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■ DISCUSSION

We have shown that with isotopic labeling of a modest-sized
peptide, we can determine site-specific dynamic behaviors. The
first turn, linking strands 1−2, is shown to have slower
relaxation than the second, linking strands 2−3. The bands
associated with isotope labels on the outer strands, 1 and 3,
have faster relaxation kinetics than the adjacent turns. Beyond
the global strand or turn comparison, labeling one of the
Xxx-DPro amides (Val15-DPro16) allowed us to separate the
contributions of the two unique Xxx-DPro modes.
Isolated Labeled Modes. We have tried to understand all

these separate modes and their dynamical behavior more
thoroughly with theoretical modeling. Using our DFT
computed and solvent-corrected FF, the two turn-labeled
modes in pG2-9X and pG2-17X, for 13CO on Gly9 and
Gly17, respectively, are shown to be local CO stretches with
only small contributions from neighboring CH2 and N−H
motions and a very small coupling to the amide CO across
the turn (see Figure S9a,c, Supporting Information, where the
Gly9- and Gly17-labeled amides are seen to couple to the Ala7
→ DPro8 or Ala15 → DPro16 amide COs, respectively).
The strand-labeled positions, in pG2-5X and pG2-21X, for
13CO on Ile5 and Leu21, respectively, are somewhat more
coupled to the other CO motions in their strand and across
to the center strand (Figure S9e,f, Supporting Information).
These results (incorporating the full DFT computed off-

diagonal FF coupling) show that the 13CO-labeled residues
provide local probes of structure, as designed. For Gly9 or
Gly17 on the turns, the labeled band is sufficiently resolved for
the relaxation dynamics of those modes to be monitored and
correlated to separate dynamics of the two turns. The
calculated strand-labeled modes, after correction, overlap the
Xxx-DPro amide I′ modes, matching our observations, and
consequently their contributions are computationally shown to
be partially coupled to the respective Xxx-DPro amide mode.
Comparison of the dynamics of these unresolved labeled
peptide modes to that of the unlabeled Xxx-DPro modes, as
enhanced with our difference transient analyses, gives us a
means of determining behavior of the strand labels. Because
both the labeled modes and the Xxx-DPro modes are relatively
decoupled from the other modes, as our calculations make
clear, the experimentally detected absorbances can be
represented as a sum of contributions, which underlies the
difference transient method.
Comparison of MD Analyses and Relaxation Rates.

The spectral simulations are of course static, representing one
structure chosen from the ensemble of NMR structure
solutions. To explore their fluctuations, we did MD simulations
of the NMR structure in an explicit water solvent. A consistent
result of these calculations is that the structures are indicated
to be quite stable at 300 K, much as we see experimentally. In
our calculated trajectories, the structure changed little from the
NMR minimum energy conformation, as measured by the root
mean square deviation (rmsd) with time. There are just a few
larger excursions which seem uncorrelated with local
conformational changes (see Figure 4 and Figure S10,
Supporting Information). The only significant variations of
the folded geometry were in fact for the turns (Figure 4). Turn
1, involving DPro8-Gly9, appeared to be fixed in a Type I′
structure (Pro ψ ≈ 30°, Gly ϕ ≈ 90°, Figure 4, black traces),
whereas turn 2 flipped back and forth between Type I′ and
Type II′ (Pro ψ ≈ −120°, Gly ϕ ≈ −90°) in a bistable manner,

one that did not sample intermediate ϕ,ψ values, as shown in
Figure 4 (red traces). The variances in the Gly ϕ values
directly correlate to those in Pro ψ, and, by contrast, the Pro ϕ
and Gly ψ values for both turns were roughly constant (Pro ϕ
≈ 60°, Gly ψ ≈ 0°, not shown). Other than this bistability, all
torsions have small, random fluctuations about normal Type I′
or II′ mean values. (MD trajectories for other similar DPro-Gly
turn-containing sequences20 indicated significant variations in
both turns, but the results were again bistable and consistently
showed more frequent changes in the second turn.) These
fluctuations directly reflect the relative dynamics we see in the
isotope turn-labeled T-jump results for pG2-9X, pG2-15X, and
pG2-17X. Gly17 and Val15 relaxation is always faster than for
Gly9 and Ser7, particularly at low temperatures, paralleling the
increased fluctuation computed for turn 2 as compared to turn
1 (but here sampling the DPro16-Gly17 vs DPro8-Gly9 peptide
ϕ,ψ torsions).
The H-bond distances associated with residues adjacent to

the turns have fluctuation patterns that only partially reflect the
ϕ,ψ bistabilities. The H-bonds that are formed next to the tight
turn 1 are on average slightly shorter and show less extreme
fluctuation than those associated with turn 2 (see Figure
S10a,b, Supporting Information). Just as that for the torsional
angles, this difference in fluctuation reflects the relative
dynamics found experimentally for the two turns. The
variations in the 15N−18C and 18N−15C H-bond distances
do show some correlation with the turn flips, but the H-bond
changes are short in duration and do not show the persistence
seen in the ring flips, where there is a significant barrier.
Overall, the fluctuations in this set of distances are large,
obscuring details. For both turns, the H-bond closest to the
DPro-Gly residues is shorter and, at least for turn 1, more stable
than the next H-bond away from the turn. This may reflect
unique aspects of the highly constrained DPro-Gly turn
sequence, which does not completely unfold, yet can strain
the hairpin formed (and distort H-bonds in the strands).
The selected 5C−12N and 12C−5N H-bonds between

strands 1−2 are better formed (shorter) and more stable (less

Figure 4. (Top) rmsd (in angstrom) for pG2 for a 200 ns MD
trajectory, starting from an equilibrated NMR structure. (Middle) Pro
ψ angles (in deg) for DPro8 (1st turn, black) and DPro16 (2nd turn,
red). (Bottom) Gly ϕ angles are fully correlated to these Pro ψ results
for each turn (1-black, 2-red), indicating a Type I′ to II′ conversion
and return for turn 2. The Pro ϕ and Gly ψ torsions show little
variation over this trajectory.
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fluctuation) than those associated with residue 20 (i.e., 13C−
20N and 20C−12N), which probe the strand 2−3 H-bonding
(see Figure S10c,d, Supporting Information). These strand
fluctuations again reflect the experimental relative dynamics,
where we have found the band for our site-specific label on Ile5
in strand 1 to have slower relaxation than that for Leu21 in
strand 3. Alternatively, the 11N−22C H-bond, which is quite
long, evidences effects of C-terminal residue fraying (Figure
S10e, Supporting Information).
Analysis of Site-Specific Dynamics. To compare site-

specific relaxation kinetics, it can be useful to replot the
thermal variations of rates in standard Arrhenius format (log k
vs 1/T) and overlay similar parts of each molecules, that is,
turns, strands, and disordered conformation (as shown in
Figures 5 and S11, Supporting Information).

Both turns are monitored by the Xxx-DPro band at ∼1612
cm−1 and the individual ones by the bands at 1590 cm−1 and
1595 cm−1 of the Gly-turn-labeled variants pG2-9X and pG2-
17X, respectively (Figure 5a). For the (Val-DPro) turn 2
labeled pG2-15X variant, dynamics at 1612 cm−1 as well as at
1568 cm−1 can be used to compare turn 1 and 2 dynamics.

Focusing on the turn 1 dynamics monitored by the isotope
label, pG2-9X and the isolated Ser-DPro (1612 cm−1 band) of
pG2-15X, the steeper slope implies a larger barrier for altering
the turn 1 conformation, which is qualitatively reflected in the
above-discussed MD modeling. Turn 2 has very similar
relaxation times and slope with temperature as do both turns
combined, when probed at 1612 cm−1 in pG2, which suggests
that the Xxx-DPro probe, while sampling some aspects of the
turns, is not very sensitive to the flipping between Type I′ and
II′ that we found in the MD analysis. The lower conforma-
tional sensitivity of the Xxx-DPro mode is consistent with the
MD, that also shows little change in the structure adjacent to
the Xxx-DPro amide (Figure S10a,b). Consequently, our
labeling of the Gly amide as well as separating the two turns
by labeling Val15 provides better probes of turn dynamics, and
shows how isotopic labeling can lead to detailed dynamic and
mechanistic interpretations. Almost the same relaxation time
constants were obtained for the two resolved Xxx-DPro amides
of pG2-15X (τturn1 = 2.5 μs and τturn2 = 1.5 μs, both measured
at a final T ≈ 8.8 °C) as for the respective turn-labeled modes
of pG2-9X (τturn1 = 2.4 μs at a final T ≈ 8.2 °C) and pG2-17X
(τturn2 = 1.7 μs at a final T ≈ 8.2 °C). This similarity for
different probe sites of each turn is indicative of a uniform
behavior of the whole turn.
The isotope-labeled bands arising from the strand labels on

Ile5 and Leu21, for pG2-5X and pG2-21X, respectively,
overlap the unique Xxx-DPro band (∼1612 cm−1), which is
otherwise isolated for the unlabeled pG2 and the turn-labeled
variants. However, by comparing relaxation of the 1612 cm−1

bands in the different species (Figure 5b), one can see that the
less-stable strand 2 makes a contribution to the pG2-21X 1612
cm−1 band resulting in a lower slope with temperature,
suggesting a smaller barrier for unfolding. Therefore, even with
the spectral overlap, isotopic labeling provides a means of
separating the dynamics of the two strands and shows that they
correlate to the dynamics found in our MD analyses of the H-
bond variations.
The relaxation behavior corresponding to the loss of β-

strand as monitored at ∼1632 cm−1 (Figure S11a, Supporting
Information) and development of disorder monitored at
∼1664 cm−1 (Figure S11b, Supporting Information) are
virtually the same in all of the variants. This suggests that
these measurements at frequencies showing maximal absorb-
ance change reflect more global properties of coupled amide I′
modes and are relatively unaffected by single isotopic label
substitutions.

■ CONCLUSION
DPro-Gly residues are often used to fold model peptide
sequences into a β-sheet. The rigidity of this turn favors a
stabilized β-hairpin-like structure even if there are no strong
interstrand interactions. From an IR-spectroscopic perspective,
the tertiary amide of the DPro has a uniquely resolved amide
mode and thus provides the benefit of a site-specific probe of
the turn region. We showed that probing the turn alternatively
using selective isotope labeling resulted in the same dynamic
behavior. For the three-stranded β-sheet peptide studied here,
we could differentiate site-specific dynamics for the individual
turns as well as for the strands, with turn 1 being more stable
with a slower relaxation time than turn 2, and interactions
between strands 1 and 2 are better formed than between
strands 2 and 3. On the basis of our data, we propose a folding
mechanism for these turn-driven multistrand sheet model

Figure 5. Relative relaxation behavior of the individual variants shown
as Arrhenius plots. (a) Comparison of the relaxation for the turn-
labeled variants (pG2-9X, pG2-17X, pG2-15X) in contrast to
Xxx-DPro band of the unlabeled variant. (b) Comparison of the
strand-labeled variants (pG2-5X, pG2-21X) overlapping with the
Xxx-DPro band in contrast to the isolated Xxx-DPro (pG2). pG2 is
marked with black squares, pG2-5X with red circles, pG2-9X with red
triangles, pG2-15X Ser7-DPro8 with blue circles, pG2-15X
Val15-DPro16 with pink triangles pG2-17X with green diamonds
and pG2-21X with blue triangles.
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peptides. Structure formation progresses from the turns (with
turn 1 forming more easily, and probably faster than turn 2),
followed by the strands (strand 1 before strand 3). This is in
contrast to structures such as the Trpzip peptides which are
driven by hydrophobic cross-strand interactions of aromatic
residues.5,41 DPro-Gly sequences, such as those that have been
often used as turn mimetics, result in quite strong structural
constraints and consequently can overemphasize the role of
turns in the folding mechanism as compared to natural turn
sequences. Future studies will seek to improve the design of
turn sequences used to model β-sheets of proteins so that the
dynamics are not dominated by constrained residues and thus
may result in a more biologically relevant design.
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Figure S1: NMR structures of the pG2 peptide. Top: a) overlay of 10 solution structures 
with just backbone ribbon representation, b) best fit representative structure together 
with the side chains. The aromatic residues on opposite sides are indicated in red. 
Bottom: expanded overlap of the turn backbone for the best ten NMR structures 
showing variations in side-chain overlap for c) turn 1 residues DPro8-Gly9 and d) turn 2 
residues DPro16-Gly17 whose side chains are indicated in blue.  
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Table S1. Turn variations: DPro omega, psi, and Gly phi in the ten best NMR structures. 
 

 Turn 1 Turn 2 

Model 
DPro8 Gly9 DPro16 Gly17 

ω ψ φ ω ψ φ 

1 -176.74 19.23 83.56 -177.64 24.58 72.40 

2 -178.05 19.05 78.03 -177.51 24.49 78.78 

3 -175.98 27.08 73.56 -177.69 18.48 79.81 

4 -178.15 20.46 82.21 -176.94 19.92 75.29 

5 -177.70 27.85 77.41 -177.07 19.91 74.13 

6 -177.67 23.54 73.23 179.68 21.97 86.44 

7 -177.56 21.95 79.06 -177.53 23.62 77.07 

8 -177.48 22.70 72.51 -177.66 24.95 76.97 

9 -177.14 20.68 77.52 -176.35 16.96 79.73 

10 -177.01 20.32 77.67 -177.59 24.69 76.57 
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Equilibrium CD. Samples for CD study were prepared at ~0.2-0.3 mg/mL in phosphate 
buffer (H2O) at pH 7.5 and were measured in a quartz cell (1 mm optical pathlength) on a 
JASCO 815 spectrometer using 1 s time constant, 1 nm bandwidth as an average of 8 
scans (spectra were corrected to molar units using UV-absorbance to determine 
concentrations). Temperature was controlled using a JASCO Peltier sample holder 
operated under instrument command, and was varied from 5 to 85 °C in steps of 5 °C. The 
transition temperature was determined by fitting the variation of the 2nd component of a 
singular value decomposition (SVD) over the spectral region between 190-250 nm. SVD of 
each set of temperature-dependent spectra was obtained using Matlab software 
(MathWorks, MA (USA)). The very broad transitions were fit to a sigmoidal transition 
function with flat baselines as follows: 

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)/[1 + 𝑒𝑥𝑝((𝑇 − 𝑇𝑚)/𝑑𝑇)] 

 

 

Figure S2: a) CD spectra of pG2 as function of temperature (blue: 5 °C; brown: 85 °C)  
b) fit of the thermal variation of the second component of the SVD analysis. 
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Equilibrium IR. For IR measurements, peptide samples were dissolved in D2O at 
~10 mg/mL at acidic pH (after lyophilization from DCl for removal of TFA and H/D 
exchange) and were placed in a homemade demountable cell consisting of CaF2 
windows separated by a Teflon spacer (100 µm optical pathlength). IR spectra were 
measured with a Bruker Equinox 55 FTIR spectrometer equipped with a mercury 
cadmium telluride (MCT) detector. For each FTIR spectrum, 128 scans with a spectral 
resolution of 4 cm-1 were averaged at each temperature. Temperature-dependent IR 
spectra were measured in the temperature range of 5-95 °C in steps of ΔT = 5 °C. The 
temperature of the sample holder was controlled by a water bath (Lauda Ecoline E300, 
Germany), with the sample cell temperature recorded by a Pt100 sensor. A home-built 
software-controlled shuttle device was used to measure the sample and reference 
signal successively for each temperature allowing the subtraction of the solvent signal. 
Equilibrium data agreed with previously published results for pG2.1 
 
Figure S3. Comparison of the temperature-dependent IR absorption (left) and 
difference (right) spectra of the amide I’ band for all peptide variants in D2O solution 
between 5 and 95 °C a) pG2, b) pG2-5X, c) pG2-9X, d) pG2-15X, e) pG2-17X and f) 
pG2-21X. Difference spectra were obtained by using the 5 °C spectrum as reference.  
All spectra show a strong negative band at ~1632 cm-1 corresponding to the loss of β-
sheet structure and a positive band at ~1664 cm-1 attributed to the rise of disordered 
structure. Furthermore the tertiary amide associated with the Xxx-DPro turn sequence 
results in a resolved component at ~1612 cm-1. For the strand-labeled variants pG2-5X 
and pG2-21X this tertiary amide band component overlaps with the 13C-substituted 
modes, resulting in stronger absorbance at this wavenumber. Correspondingly, for pG2-
15X where one of the two tertiary amides is 13C-substituted, a weaker absorbance is 
observed at ~1613 cm-1 and another band appears at ~1569 cm-1 induced by the 
isotope label. Each turn-labeled variant, pG2-9X and pG2-17X, shows a separate band 
at ~1590 cm-1.  
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Figure S4:  IR monitored thermal transition shown for pG2 as an example. The transition 
temperature was determined by fitting the variation of the 2nd component of a SVD of the 
amide I´ region. SVD of each set of temperature-dependent spectra was obtained using 
Matlab software. The very broad transitions were fit to a sigmoidal transition function with 
flat baselines (using the same fit function as for the CD data). 

   

 

 

Table S2: Transition temperatures for all sequences determined by thermal analyses of the 
2nd component of a singular value decomposition of the amide I´ region (1580-1700 cm-1). 

Peptide Tm (°C) a 

pG2 62 (± 1)  

pG2-5X 57 (± 1) 

pG2-9X 55 (± 1) 

pG2-15X 61 (± 1) 

pG2-17X 55 (± 1) 

pG2-21X 62 (± 2) 
a Average of at least two different measurements, the numbers in 
brackets indicate the maximum deviation of individual samples as a 
measure of reproducibility.  
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Figure S5: Example of transient relaxation after laser-excited T-jump for different probe 
wavelengths shown for pG2-17X at a final temperature of 14.2 °C. The strongest change in 
absorbance can be observed for the β-sheet band at 1632 cm-1 (blue triangles). The two 
Xxx-DPro-turns are monitored at 1610 cm-1 (green circles), while the band resulting from the 
isotopic label is at 1590 cm-1 (grey squares). The rise in disordered structure can be 
observed at 1664 cm-1 (red triangles). The inset shows the equilibrium FTIR difference 
spectra of pG2-17X upon heating from 5°C (reference; blue) to 95 °C (red), which were 
used to select the probe wavenumbers for the T-Jump experiment. Transient data below 
300 ns (faded points) were perturbed and much less reproducible, and thus were not 
included in the fits. 
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Figure S6. Transients for a) pG2-21X and b) pG2 measured at a final temperature of 11 °C 
after the T-jump and at various probe frequencies (1605 – 1665 cm-1) encompassing the 
Xxx-DPro amide, the labeled and unlabeled β-strand modes. c) Difference transients 
obtained by the subtraction of pG2 from the labeled pG2-21X. The transients were offset, 
to allow a suitable representation in one figure. To account for small differences in the 
pathlength and concentration in the individual samples, the solvent-corrected transients of 
pG2 were also scaled by an adjustable factor so that the absorbance change at 1660 cm-1 
is similar to that of pG2-21X. For the 1625-35 cm-1 region (blue traces), an increase in the 
difference signal could be observed similar to pG2-5X (main text, Fig. 3c), but the 
differences in the spectral region of the isotopic label (green traces) were too small for a 
reliable analysis of relaxation time constants. This is expected according to the d) FTIR 
double difference spectra of pG2-21X which were obtained by subtraction of 
temperature-dependent difference spectra of pG2 (Fig. S3a, SI) from those of pG2-21X 
(Fig. S3f, SI). The double difference spectra of the amide I´ band are shown in the 
temperature range of 5 °C (blue) to 95 °C (red).  
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Figure S7. Relaxation times probed at 1612 cm-1 as a function of final peptide 
temperatures measured with conventional absorbance transients for the unlabeled 
peptide pG2 (green triangles) and pG2-5X (black squares) and derived from the 
difference transient approach for pG2-5X (red circles). The absorbance transients at 
1612 cm-1 represent the dynamics of the Xxx-DPro amides on both turns for pG2, and 
the dynamics of both those and the labeled Ile5 for pG2-5X. In the difference 
approach, all Xxx-DPro contributions are in principle cancelled out and thus only the 
dynamics of the labeled Ile5 is monitored. The strongest variations can be observed 
at low final temperatures, where the average of the two turns (pG2) shows the 
fastest relaxation. The difference approach isolates the slower relaxation of the Ile5 
label in strand 1 from the Xxx-DPro-monitored dynamics. In the absorbance 
transients these are overlapped for pG2-5X (black squares) resulting in an 
intermediate relaxation. Experimental details can be found in the main text. 
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DFT Spectral Simulation and Computational Details. A simplified peptide 
analogous to pG2 was created by substitution of all residues, except for the two 
DPro-Gly turns, in its NMR structure with Ala. For this complete side-chain reduced 
structure (i.e. the property tensor transfer method2 was not used), we computed 
energies, FFs and APTs using density functional theory (DFT) at the BPW91/6-
31G**/PCM level (i.e. with implicit water solvent). The structure was locally minimized 
with all 23 residues constrained to the φ,ψ angles characteristic of the related pG2 
NMR structure.1 Using software provided by Petr Bour’s lab,3 these DFT-level FF and 
APT results were then used to simulate IR spectral frequencies and intensities for the 
unlabeled and site-specifically labeled variants, after incorporating selected mass 
changes to reflect deuteration of exchangeable protons on all residues and 
replacement of selected C=O groups with 13C=16O. The resultant computed spectral 
predictions are, of course, subject to all errors intrinsic to the approximations made, 
substitution of side-chains and particularly the lack of explicit solvation, which makes 
the center strand differ from the outer ones. As normal for DFT computed vibrational 
spectra, the frequencies for the C=O are too high, and only partially improved by the 
polarizable continuum model (PCM) correction. Improved representation of explicit 
solvation effects was effected by altering the masses of outward directed C=Os (to 
attempt representation of the consequences of H-bonding to water, in a manner 
analogous to selective scaling). These changes primarily impact the diagonal C=O 
stretches, hence the amide I modes, while maintaining the unaltered DFT off-
diagonal interaction constants that are critical for coupling. (In fact, the mode patterns 
that strongly involve the isotope labeled residues did not significantly change after FF 
correction, as long as there were no accidental spectral overlaps. Even then, mixing 
was limited to the near degenerate local mode, e.g. the Ala7 (Xxx-DPro) amide with 
the Ala5 labeled amide for pG2-5X in Figure S9e, below. More extended coupling 
was seen between the unlabeled, 12C=16O, modes.) Vibrational circular dichroism 
(VCD) spectra were also simulated, as a test of mode reliability, and while consistent 
with experimental results, were not used further for this study. 

After correction, the amide I’ frequencies (Figure S8) are computed somewhat 
higher (exciton dispersed components for pG2 range from ~1640-1700 cm-1, not 
including the Xxx-DPro amide I’ bands) than experimentally found (Figure S3). The 
intensity distribution obtained with the corrected FF qualitatively reflects the observed 
spectra quite well, with a very strong mode computed at ~1640-45 cm-1 
(experimentally ~1638 cm-1), many weaker components dispersed to higher energy 
(up to ~1700 cm-1, experimentally a shoulder occurs at ~1674 cm-1). A pair of distinct 
low frequency modes are computed at ~1620-25 cm-1 (experimentally ~1613 cm-1), 
which correspond to the Xxx-DPro amide linkages. When the mode contributions are 
summed using reasonable band shapes, the IR envelop reflects the experimental 
one, with perhaps a less-defined high frequency shoulder. (Before correction for 
solvation of outer strands, there was less resolution of the Xxx-DPro bands, which 
were originally computed closer to the intense β-strand band.) 
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Figure S8. Amide I’ absorbance spectra simulated using DFT level calculations of an 
all alanine peptide (except for the DPro and Gly turn residues) constrained to the 
NMR-determined pG2 torsional angles. Spectra are simulated after deuteration of all 
exchangeable Hs for variants that are a) unlabeled, and labeled with 13C=O on the 
b) Ala5, c) Gly9, d) Ala15, e) Gly17 and f) Ala21 positions. The FF was modified to 
reflect the effects of water solvation of outer strands and to better mimic the relative 
separation of the Xxx-DPro amide and isotope labeled amide bands as seen 
experimentally. The modes were not corrected for absolute frequencies, and thus are 
generally higher than measured. 
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Figure S9. Depiction of selected normal modes determined from the above discussed 
DFT-based FF calculations for all-Ala-based models of pG2 and its isotopically 
substituted variants. These illustrate local atomic motions corresponding to (a) the 13C-
labeled amide mode of pG2-9X (Gly9-Ala10), (b) the Ala7-DPro8 mode of pG2-9X, (c) 
the 13C-labeled amide mode of pG2-17X (Gly17-Ala18), (d) the Ala15-DPro16 mode of 
pG2-17X, (e) the 13C-labeled amide mode of pG2-5X (Ala5-Ala6), (f) the 13C-labeled 
amide mode of pG2-21X (Ala21-Ala22), (g) the 13C-labeled amide mode of pG2-15X 
(Ala15-DPro16), (h) the Ala7-DPro8 mode of pG2-15X. (In each case the amide whose 
C=O motion dominates the mode is indicated by the associated linked residues.) In the 
schemes, red arrows represent the relative motion of the atoms in each mode. When 
motion on different C=Os occurs, the relative sizes indicate the relative magnitude of the 
motion, contribution to the normal mode, and consequently are a measure of the degree 
of coupling between local modes. In these figures, the whole peptide is shown at 
different angles, to better illustrate those atoms involved in each mode. Numbers for the 
most involved residues are given in blue at the carbonyl carbon. 
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Figure S10. MD determined fluctuation for H-bond distances as measured from 
CN at various locations in the peptide. In each site, two adjacent H-bonds were 
considered, for a C=O on each strand with an N-H on the other. 

a) Residue 710 H-bond variations, region neighboring turn 1 (DP8-G9) 
b) Residue 1518 H-bond variations, region neighboring turn 2 (DP16-G17) 
c) Residue 512 H-bond variations, between strands 1-2 
d) Residues 1320 and 1122 H bond variations, between strands 2-3 
e) Residue 1122 H-bond variations, between strands 2-3 

 
H-bond fluctuations at turn 1 (a) have less maximal amplitude (5 vs. 6.5 Å) than at turn 
2 (b) and H-bonds between strands 1-2 (c) are more stable and shorter than between 
strands 2-3 (d, e). This correlates with the faster relaxation dynamics for strand 3 and 
turn 2 as seen experimentally. 
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Figure S11: Relative relaxation behavior of the individual variants shown as 
Arrhenius plots. a) Comparison of the relaxation behavior at the β-sheet band 
(1632 cm-1) and b) the disordered structure (1664 cm-1). pG2 is marked with black 
squares, pG2-5X with red triangles, pG2-9X with blue circles, pG2-15X with green 
diamonds, pG2-17X with purple triangles and pG2-21X with brown hexagons.  
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